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Cyclophane natural products comprise an intriguing class of structurally diverse compounds. As
inherent for all cyclic compounds regardless of their origin, macrocyclization is naturally the most
decisive step, which defines the overall efficiency of the synthetic pathway. Especially in small
cyclophane molecules, this key step constitutes an even greater challenge. Due to the strain imparted by
the macrocyclic system, free rotation of the benzene ring(s) is often restricted depending on both the
constitution of the tether and the aromatic portions. Not surprisingly, the synthesis of natural
cyclophanes with their often outstanding pharmaceutical activities and the inherent issues associated
with their preparation has attracted much attention among the synthetic community. In particular, it
stimulated the development of new strategies for the ring-closing step, as often otherwise well
established and robust reactions fail to perform effectively. In this review, we describe the challenges
synthetic chemists are facing during the synthesis of this small, but structurally and biologically
fascinating class of natural products, concentrating on the representatives exhibiting configurational
stability. The main focus will be on the different concepts for the installation of the macrocyclic system,

in most cases the central problem in assembling these extremely rigid molecules.
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1 Introduction

Molecular strain has intrigued organic chemists over the past
century and has thus been an inspiration for the development of
new chemical reactions as well as for the exploration of novel
reactivities and physical properties. Cyclophanes constitute an
intriguing class of rigid molecules. These bridged aromatic
compounds exhibit extraordinary physical and chemical proper-
ties that can be attributed to their unusual molecular architecture
and the immense strain caused by their cyclic frameworks.
Although the first cyclophane molecule, [2.2Jmetacyclophane (1),
was already synthesized at the end of the 19th century,' the
development of cyclophane chemistry began to flourish after the
serendipitous discovery of [2.2]paracyclophane (2) by Brown and
Farthing in 1949 followed by the directed construction of 2 by
Cram and Steinberg two years later (Fig. 1a).® This latter work
truly set the basis for the entry of a new group of aromatic
compounds onto the stage of chemistry and helped to evolve them
from a chemical curiosity to an attractive and intensively studied
branch of modern organic chemistry.*?®

Within the last 60 years, the focus of cyclophane chemistry has
shifted dramatically. At the beginning, the main emphasis was on
exploring the chemical space of this compound class and on
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Fig. 1 a) The first cyclophane representatives [2.2]metacyclophane (1) and [2.2]paracyclophane (2), as well as the more complex multilayered and

multibridged representatives 3 and 4; b) selected examples of cyclophanes applied to asymmetric synthesis,

science.!”

tackling the synthetic challenge these structures represent. This
started a race for the preparation of a series of analogs of 1 and 2
with more and more ‘exotic’ frameworks showing, e.g., multiple
layers (like in 3)° and bridges, as in the superphane 4 (Fig. 1a).®
With the development of reliable, efficient, and high yielding
synthetic methods to cyclophane derivatives over the decades,
extensive findings emerged on novel and often surprising struc-
tural, spectroscopic, and chemical properties arising from their
stiff structure and the often “bent and battered benzene”!! rings
contained in these layered compounds.

Due to their configurational as well as chemical robustness,
planar chiral cyclophanes are applied in different fields of ster-
eoselective synthesis.'>* In this context they either serve as chiral
auxiliaries'*!® in, e.g., Diels—Alder cycloadditions*>!' and aldol
condensations,**?* or as ligands in catalytic systems, such as
PHANEPHOS (5),%* which is used in Ru-catalyzed asymmetric
hydrogenations (Fig. 1b). The formation of precise cavities by

12-14 supramolecular chemistry,'>'® or material

functionalized cyclophanes, such as the cation receptor crypto-
phane E (6), makes them also an interesting supramolecular host
for small molecules.*2* Furthermore, these carbocyclic
substrates can be found in polymer chemistry,’” e.g. in the
Gorham process,®® or as key building blocks in materials
science,'”313 such as the [2.2]paracyclophane 7.33-%7

Despite intensive studies on artificial cyclophanes, naturally
occurring representatives were added to the repertoire of this class
of compounds not before 1990 when Moore et al.***° reported the
isolation of the [7.7]paracyclophanes cylindrocyclophane A (8)
from the terrestrial blue-green algae Cylindrospermum lichen-
iforme Kuetzing (Fig. 2). Due to the unprecedented C, symmetric
structure along with the high in vitro cytotoxicity, 8 and its natural
analogs cylindrocyclophanes B-F (not shown) constitute an
attractive target for synthetic chemists, which has culminated in
several elegant total syntheses by the groups of Smith, Hoye,
Iwabuchi, and Nicolaou over the years.**=
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Fig.2 Naturally occurring cyclophanes: cylindrocyclophane A (8), the first cyclophane isolated, vancomycin (9), longithorone A (10), and galeon (11).

Meanwhile, a huge number of cyclophane-containing
secondary metabolites of different biosynthetic origins and with
fascinating biological activities have been found in diverse living
organisms. These macrocycles, albeit extending over a broad
structural spectrum reaching from ‘simple’ cyclophane-contain-
ing substrates, such as the diarylheptanoid galeon (11),* to more
complex molecules, like longithorone A (10)*’*° and the glyco-
peptide vancomycin (9),° all exhibit an intrinsic three-dimen-
sional structure which has a significant impact on their
properties, such as their distinguished bioactivities.’*>* Although
the focus in preparation of the majority of structurally complex
natural products has shifted from feasibility to elegance and
efficiency (e.g. step, atom, and redox economy, chemo- regio-,
and stereoselectivity, protecting-group free, efc.) over the last
years,”*® the main problem in the synthesis of macrocyclic
structures still remains in the strategy of tying up both ends of the
linear precursor. For the macrocyclization of cyclophane natural
products the synthetic bar is raised due to the rigidity of the ring
structure to be formed, in many cases accompanied by the
introduction of axial, planar and/or helical chirality into the
cyclic framework.

In this review we describe the challenges associated with the
synthesis of members of the structurally intriguing class of
cyclophane natural products, concentrating on the most strained
representatives that show configurational stability at the
aromatic ring(s). Our main focus lies on evaluating the different
concepts for the installation of the highly strained macrocyclic
carbon skeleton, which in most cases is the key step in assembling
these extremely rigid molecules that affects the efficiency of the
complete synthetic pathway.

The group of cyclophane natural products comprises a huge
variety of most diverse compounds with unprecedented struc-
tures and outstanding biological activities. Regardless of their
overall constitution, including the size of the macrocycle, ring
closure is certainly the central issue faced in the preparation of
these targets and determines the efficacy of the overall synthetic
strategy. In general, the outcome of this key step highly depends
on both the choice of the strategic bond formation and the

method selected for this reaction. Not surprisingly, this problem
has attracted tremendous attention from synthetic chemists and
provided impetus for the alteration of existing and the develop-
ment of new synthetic methodologies in this field.

2 Strain in cyclophane natural products

In general, the name cyclophane is composed of three words
cyclo, phenyl, and alkane.®” It was originally introduced for
molecules with two para phenylene moieties held together face-
to-face by an aliphatic chain.>'* In 1969, Vogtle®®® extended this
concept to characterize cyclic compounds built up by at least one
aromatic portion and a (CH,),-handle with n = 1. Today the
name cyclophane is classified by more complex rules. According
to IUPAC, substrates belong to this group of compounds if they
bear (1) a cyclic or a system of cyclic units having (formally) the
maximum number of noncumulative double bonds (mancude-
ring system) and (2) atoms and/or saturated or unsaturated
chains, with or without heteroatoms, as alternate components of
a macrocycle.” This very general definition meets the structural
properties of a wide range of compounds. However, aromatic
units present in cyclophanes are mostly carbocyclic rings, such as
benzene or naphthalene derivatives. In principle, cyclophanes
can be divided into two categories, which differ fundamentally in
their chemical properties and behavior: the ‘small’ cyclophanes
and their macrocyclic analogs. While the main interest in the
latter group arises from a supramolecular point of view origi-
nating from their ability of being interesting vehicles for host—
guest chemistry,>*#2>2 the ‘small’ phanes, with [n]cyclophanes
as the archetype of this group, constitute a model for studies on
fundamental aspects of strain and aromaticity.!”*#® The short
bridges in such cyclophanes often prohibit free rotation of the
rings and thus place these molecular portions into unusual and
thermodynamically often disfavored orientations to each other,
which would never be observed in open-chain systems. The cyclic
core can even impart such strain on the whole system that the
benzene ring is twisted out of plane and adopts a boat- or
chairlike configuration, depending on the type of cyclophane.

This journal is © The Royal Society of Chemistry 2012
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Even if the existence of such bent aromatic rings in nature was
deemed unlikely due to the strain energy required for the
distortion of bond angles, such deformations of benzene rings are
not restricted to artificial cyclophanes, but can also be found in
natural representatives (Fig. 3), such as the alkaloid haouamine
B (12)* or the fungal metabolite hirsutellone A (13).32#3

The rigidity of these molecules, and consequently the restricted
rotation of the benzene ring(s), highly depends on the length and
the constitution of the bridge. The tremendous influence of small
variations in the constitution of the handle in small cyclophanes
is clearly visible, e.g., within the family of acerogenine-type
compounds (Fig. 4).** Although all members comprise a 15-
membered macrocyclic framework, the hydrogen atoms in the
para disubstituted phenyl ring (ring A) show different splitting
patterns in acerogenin A (14) and C (15).%5 While only two sets of
protons (AB quartet) are observed in the "H-NMR spectrum of
15, the same H atoms in 14 resonate as four distinct doublets of
doublets. This observation might indicate that the rotational
barrier of the endo diaryl ether moiety is higher in 14 than in 15.
The only structural difference between the two molecules is
located within their tethers, which in 14 bears only sp* carbon
atoms, in contrast to the occurrence of a sp® center (carbonyl
group) in 15. Because of the smaller bond angle of sp? compared
to sp? hybridized carbons, the angle strain as well as the van der
Waals hydrogen—hydrogen interactions are increased, leading to
a more biased and thus rotationally restricted ring system in
acerogenin A (14).

The point of attachment of the aliphatic bridge to the aryl
moiety also plays an important role for the strain exhibited by the
macrocycle. While in paracyclophanes the shortest unstrained
handle possible consists of eleven sp’-hybridized atoms, the
respective meta ansa compounds can contain one atom less to
guarantee rotational freedom of the aromatic portion.®¢ For that
reason, cyclopeptide alkaloids of the frangulanine class, such as
mauritine A (16), which contain a 14-membered macrocycle,
show significant rigidity of their scaffold, whereas the handle in
their meta-bridged congeners (zizyphine-A type), like, e.g.,
zizyphine A (17), is flexible (Fig. 4).57# X-ray analysis of 16**°
showed the extent of strain within this natural product. A high
degree of distortion of the styrylamide system was obvious,
which avoids the overlap of the m-orbitals and thus conjugation
of the m-systems of the olefin and the endocyclic aromatic ring.
Furthermore, this benzene moiety is slightly bent and the atoms
at the benzylic position are thus considerably twisted out of the
aromatic plane.

The described phenomena can result in the formation of
configurationally stable isomers if the aryl moiety is sufficiently

Me™

HO
haouamine B (12)

hirsutellone A (13)

Fig. 3 Natural cyclophanes with bent benzene rings.

substituted, leading to strain-induced, geometrically chiral
compounds, even in the absence of any traditional chiral
element, like, e.g., stereocenters. Such structures might thus be
considered as a ‘special form of planar and axial-chirality’.**
Cyclic bisbibenzyl natural products are such asymmetric
compounds, as any of their non-planar conformations possess
a mirror-imaged partner.®>*®* These secondary metabolites are
exclusively found in bryophytes and originate biosynthetically
from two lunularine units (18) connected by biaryl and/or biaryl
ether bonds formed in phenol oxidative coupling processes
(Fig. 5a). The coupling reactions can occur ortho or para to the
phenol functions and thus give rise to various sub-groups of
compounds in which all members are devoid of any stereogenic
center and equipped with biaryl axes appearing to be configu-
rationally unstable. This renders them achiral molecules at first
sight. Nevertheless, optical rotation was found among isolated
cyclic bisbibenzyls. The rotational barriers of these compounds
are, however, distributed over a wide range and thus their
macrocyclic scaffolds vary from configurationally stable to
slowly interconverting stereoisomers at room temperature.
Studies on the origin of chirality of these compounds showed
that, in principle, all macrocyclic bisbibenzyls are restricted in
their conformational flexibility and thus are chiral at sufficiently
low temperatures.®**?

One well studied example of this class of natural compounds is
isoplagiochin C (19, Fig. 5a), which has been obtained from
nature in different enantiomeric ratios depending on the plant
source and the isolation protocol.'®*'** Experimental as well as
computational investigations by Bringmann et al.®® revealed that
the chirality of 19 does not arise from isolated stereogenic
elements as such, but from the combination of two biaryl axes
and one helical stilbene unit disposed in a rigid macrocyclic
framework, which largely decreases the configurational freedom
of the entire molecule. Determination of the rotational barriers
of the different stereogenic elements identified the axis between
ring C and D as the only rotationally restricted structural scaf-
fold in 19 with 102-115 kJ mol~' needed for isomerization. The
energy required to cause atropisomerization of the other biaryl
axis (ring A and B) and of the double bond, however, can be
easily overcome at room temperature. These stereochemical
features in 19 lead to a mixture of rapidly interconverting dia-
stereomers for each of the two enantiomeric series of P- and M-
isoplagiochin C (19).

An example within the bisbibenzyl family that impressively
demonstrates the influence of small structural alterations onto
the ring strain of the whole molecular framework, and, as
a consequence, their impact on the configurational stability as
well as on the distortion of the aryl portion, are the members of
the riccardin subgroup (Fig. 5b). While all isolated samples of
riccardin C (20), regardless of their natural source, display no
optical activity,'5'% its regioisomer riccardin D (21) has been
isolated recently in enantio-enriched form from Reboulia hemi-
sphaerica.’® NMR spectroscopic studies by Harrowven®
showed that the cyclic array of 20 has sufficient conformational
freedom at ambient conditions that fast interconversion of the
different enantiomeric forms occurs on the NMR time scale, thus
making 20 an achiral molecule at room temperature. Only by
cooling the NMR sample of 20 to 243 K, do the signals of the
aromatic protons start to resolve as expected for increasingly
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Fig. 4 Examples of the influence of the substitution pattern of the ansa bridge and its points of attachment to the benzene ring(s) on the rigidity of the

cyclophane skeleton.

hampered rotation of the biaryl portion. By varying solely the
position of the hydroxy function in ring B from para in riccardin
C (20) to ortho in riccardin D (21), the atropisomerization barrier
of the biaryl axis rises significantly. Thus, at room temperature
riccardin D (21) displays two separable, configurationally stable
atropenantiomers. It is noteworthy that this single, minimal
structural change, that does not change the constitution of atoms
within the macrocyclic system itself, has such a dramatic influ-
ence on the flexibility and, as a consequence, on the chirality of
these cyclophane natural products. The only macrocyclic bisbi-
benzyl compound obtained as a single enantiomer so far also
belongs to the riccardins and is named cavicularin (22). This
structurally intriguing molecule is derived from the liverwort
Cavicularia densa Steph.®' and shows the overall riccardin C
architecture with an additional biaryl linkage between C-10’ (ring

a)

HO . @
g : ‘
biosynthesis @

o

HO
lunularine (18)

P-isoplagiochin C (P-19)

A) and C-3' (ring D), altogether resulting in dibenzyl and dihy-
drophenanthrene units connected by aryl-aryl bonds and a dia-
ryl ether bridge. This contraction of the flexible riccardin C
skeleton induces such a strain on the system of cavicularin (22)
that one of the benzene rings (C) is twisted out of plane by as
much as 15° in the solid state and thus adopts a boatlike
configuration. The atropisomerization barrier of the biaryl axis
between the phenyl moieties A and B guarantees the configura-
tional stability of 22, locking its configuration as a single enan-
tiomer. Although the occurrence of strain-induced chirality is
one of the most fascinating aspects of cyclophane natural
products, its exploration has often been neglected during the
structure elucidation process in the past. Predictions of whether
a compound is geometrically chiral, based only on the overall
constitution of the molecule, is very difficult if not impossible.

OH OH

o configurationally
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Fig. 5 a) The biosynthetic precursor lunularine (18) and the atropisomers of isoplagiochin C (P-19) and (M-19), which are configurationally stable at
room temperature; b) influence of structural alterations on the ring strain of the cyclophane core and thus on the geometrical chirality as well as on the
conformation of the aryl portions as exemplified by members of the riccardin subclass.

This journal is © The Royal Society of Chemistry 2012

Nat. Prod. Rep., 2012, 29, 899-934 | 903


http://dx.doi.org/10.1039/c2np20034a

Published on 25 June 2012. Downloaded by Ufa Federal research centre of RAS on 4/19/2019 11:11:42 AM.

View Article Online

Detailed studies on the conformational and configurational
properties are needed to unambiguously determine the strain-
induced chirality of cyclophanes, which comprises extended
experimental as well as theoretical investigations. Because of the
lack of such studies we assume that many more cyclophane
natural products, which are drawn with a ‘flat’ macrocyclic
structure in the literature, are indeed configurationally stable, but
were not described as such as they were obtained as racemates or
their optical activity was attributed to other, more obvious
stereoelements, like e.g. stereocenters, appearing in the overall
structure of the compound. Due to the complexity of this aspect
in small cyclophane chemistry, only natural products that were
described as configurationally stable in the literature are included
in this review.

The rigidity of the skeleton of these often chiral target
compounds makes their preparation even more challenging
compared to configurationally flexible macrocycles: Here, not
only the kinetic barrier has to be overcome during the cyclization
event, but simultaneously chirality has to be introduced into the
system. Not surprisingly, the synthesis of natural cyclophanes
with their often outstanding biological activities and the inherent
challenges associated with their synthesis has attracted much
attention among the synthetic community for decades and has
encouraged the development of new strategies for the macro-
cyclization step as often otherwise well established and robust
reactions fail to perform effectively.

3 Spynthesis of natural cyclophanes with rotationally
restricted aryl moieties

3.1 Diaryl heptanoids

Among cyclophane natural products the diarylheptanoids are
the structurally simplest sub-class with their scaffold consisting
of two benzene rings tethered by an oxygenated aliphatic heptyl
chain.3*1° These secondary metabolites are mainly found in
plants of the genera Alpinia, Zingiber, Curcuma, and Alnus and
count more than 300 representatives.®''® The diaryl heptanoids
have caught attention over the last 25 years due to their
outstanding anticancer, antiemetic, estrogenic, anti-Alzheimer,
antimicrobial, and antioxidant properties."'**>* The cyclic
members of the diaryl heptanoid family can be classified into
biphenyls ([7.0]-metacyclophanes), such as alnusdiol (24),"** and
diphenyl ethers (14-oxa-[7.1]-metaparacyclophanes) like max-
imowicziol (25, Fig. 6).'*> Because of the high ring strain caused
by the short carbon bridge, rotation of the biaryl and biaryl ether

[7.0]-metacyclophanes

X
HO/©/\/\*\}5\©\OH <:

23 alnusdiol (24)

macrocyclization by
linkage of the aryl moieties

bond is prohibited or at least restricted in certain macrocycles.
This phenomenon, resulting in axially and/or planar chiral dia-
rylheptanoids, however, has only been described for a few
compounds 110126129 byt we assume that several additional
diarylheptanoids are showing strain-induced chirality. In prin-
ciple, two retrosynthetic disconnections for closing the macro-
cycle have been invoked for both types of diarylheptanoids. As
depicted in Fig. 6, this can either proceed by linking the two aryl
portions in the linear biphenyl 23 or by forming the seven-
membered handle starting with biaryl 26. Both approaches have
been probed and led to numerous synthetic protocols.'*®

The first synthetic approach to a diarylheptanoid was con-
ducted by Semmelhack and co-workers*®!3! in 1975 applying
their zerovalent nickel-promoted biaryl coupling procedure.™!
The pseudo-symmetry of metacyclophane alnusone (29), which
can be found in the wood of Alnus japonica Steud. along with its
close analogs alnusonol and alnusoxide,** indicated that
a straightforward strategy involving intramolecular coupling of
the arylhalide units in 27 should be possible (Scheme 1a). In this
key step a solution of diiodide 27 in DMF was treated with
superstoichiometric amounts (1.5 equiv.) of tetrakis-
(triphenylphosphine)nickel(0) resulting in the formation of the
desired 13-membered macrocycle 28 in 46% yield. Subsequent
acidic hydrolysis of the MOM-ethers gave the natural product 29
in overall seven linear steps.

Semmelhack’s Ullmann-type reductive coupling method
was later also utilized by Whiting et al. in the synthesis of other
meta-bridged biphenyls,'**13* like e.g., myricanol (33), which has
been isolated from the bark of different Myricaceae
species.'26-128:135-137 Heating of precursor 30 in the presence of the
zero-valent nickel species gave macrocycle 32, but only in 7%
yield (Scheme 1b, top). During ring-closure, de-iodination of the
linear diaryl heptanoid 30 occurred as the major side reaction
and led to degradation of starting material. Comparison of the
outcome of the cyclization in the synthesis of alnusone (29) and
myricanol (33) showed tremendous erosion in efficacy using the
same Ni(0) reagent, which can be traced back to the presence of
three sp? instead of sp® carbon atoms in the bridge of alnusone
(29). Like already described for the acerogenins A (14) and C (15,
¢f- chapter 2), these differently hybridized carbon atoms result in
less distinct H-H steric interactions as well as reduced bond angle
strain in 29. Furthermore, steric hindrance at the coupling site is
dramatically increased in myricanol-type compounds due to the
buttressing effect of the substituents at the trisubsituted aryl
portion. All these effects together build up so much strain in
myricanol (33) that the biphenyl unit is even twisted out of plane

[7.1]-metaparacyclophanes

0\ 7

maximowicziol (25) 26

macrocyclization by
formation of the handle

Fig. 6 General retrosynthetic analysis for the macrocyclization step of both types of diaryl heptanoids.
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Scheme 1 Synthesis of [7.0lmetacyclophane natural products a) alnusone (29) by Semmelhack'***3! and b) myricanol (33) by Whiting.'33134

and its biaryl bond is distorted from linearity in both
directions. 26128

As an alternative to the transition metal-mediated ring-closure
described above, Whiting also attempted to apply a photochem-
ically induced radical cyclization (Scheme 1b, bottom).!33-13*
Irradiation of arylbromide 31 with UV light (254 nm) in basic
medium gave 32 in only a slightly better yield (10%), once more
reflecting the rigidity of the ring closed product. Further
manipulations of the aryl substituents in 32 yielded the natural
product myricanol (33) after hydrogenolytic removal of the
O-benzyl groups followed by saponification of the ester function.

For the preparation of the first metaparacyclophane diaryl-
heptanoid, Nogradi targeted garugambline-1  (38),'*®
a compound originating from the Indian plant Garuga gam-
blei,*® featuring a Wurtz coupling in the key step (Scheme 2). In
order to generate the radical carbanion, the biaryl ether 34 was
treated with sodium in tetraphenylethylene. This ring closing
procedure accompanied with reductive cleavage of the isoxazole
ring afforded the enaminoketone 35 in low yield (16%), but due
to hydrogen bonding, exclusively in form of the Z-isomer.
Hydrolysis of the enamine functionality followed by O-methyl-
ation of the enol using diazomethane gave the corresponding
enolether as a mixture of the two regioisomers 36 and 37. The
synthesis of garugambline-1 (38) was finalized by isomerization
of the double bond in the tether to the desired E-enolether upon
standing of 36 and 37 in chloroform at room temperature for two
weeks. This spontaneous inversion was not expected as the E
form should lead to higher ring strain in the macrocycle.

Because of the unsatisfying outcome of the cyclization step
using a Wurtz coupling, Négradi and co-workers envisaged
a Wittig reaction to perform ring closure by building the C;
tether in the synthesis of garuganin III (42).'*° Therefore, cycli-
zation precursor 40, equipped with a phosphonium salt moiety
and an aldehyde function, was prepared (Scheme 3a). Treatment
of a dilute solution of 40 with KO¢Bu produced the 15-membered
macrocycle 41 in surprisingly high yield (67%). It is important to
note that the isoxazoline fragment may play an important role

during the macrocyclization event. It can be speculated that the
heterocycle causes a bent conformation and thus helps to pre-
organize 40 in such a way that the entropically disfavored
intramolecular reaction is indeed facile and can compete with
intermolecular pathways.'"® Although no conformational anal-
ysis of 40 has been conducted, this hypothesis is supported as
cyclizations by an aldol reaction, Claisen condensation, or
Wittig-Horner olefination with starting materials 44 and 46,
which are devoid of the isoxazole, failed during the attempted
synthesis of acerogenins (Scheme 3b).'*!

N Na,
§ N tetraphenyl-
(o} ethylene
e

16%

Br

garugamblin-1 (38)

Scheme 2 Formation of garugamblin-1 (38) featuring an intramolecular
Wurtz coupling.'3®
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Scheme 3 a) Construction of the macrocycle 41 in the synthesis of garuganin III (42)'*° by Wittig reaction and b) macrocyclization attempts using

precursors 44 and 46 without the isoxazole moiety.'*!

Garuganin III (42) was finally obtained from the cyclization
product 41 in three further steps (Scheme 3a). Hydrogenation of
41 over PtO, doped with RANEY® Ni reduced the olefin and
cleaved the isoxazole ring. Subsequent acidic hydrolysis of the
resulting enaminoketone followed by O-methylation afforded
four different products identified as the Z and E isomer as well as
the C-10- and C-12-keto regioisomers of 42. As already observed
for garugamblin-1 (38, see Scheme 2),"3® isomerization of the
kinetically more favored Z enolether to the more strained E form
occurred spontaneously enhancing the yield of the natural
product 42 to ca. 24%. Another diarylheptanoid, namely gar-
ugamblin-2 (43), was obtained by Nogradi’s group following the
same procedure.'*?

The bark of Acer nikoense Maxim, which has been used in
traditional medicine against liver diseases and as an eyewash,'*?
contains several acerogenin-type biaryl ethers.'**'*® Although
acerogenin A (14) was isolated by Nagai er al as the first
representative of this class of compounds in 1976,'* it took over
twenty years until the first total synthesis of acerogenins was
reported, most likely owing to a lack of suitable macrocyclization
methods.’™® With the development of a mild, intramolecular
SNAr reaction, an efficient protocol for the facile construction of
endo aryl-aryl ether bonds became available, which was
employed in the preparation of different natural prod-
ucts, 35110150152 - the diarylheptanoids acerogenin A (14), C
(15), and aceroside IV (49) by Zhu.?>'>° By stirring the linear
compound 47 in DMF in the presence of CsF, ring closure to the
metaparacyclophane 48 occurred in excellent 90-95% yield
(Scheme 4). Even at higher concentrations (¢ = 1.0 M), at which
intermolecular reaction pathways should dominate, 48 was still
obtained in 50%. The surprising tendency of 47 for macro-
cyclization was attributed to the fact that the tether in the
cyclization precursor 47 does not predominately exist in an
extended conformation,’* but preferentially adopts a turn
structure that is stabilized by interactions of the electron-rich
with the electron-poor aromatic ring. This preorganization'™*
brings the two ends of 47, in particular the phenolic hydroxy

function and the carbon bearing the fluoro atom, in close prox-
imity and thus accounts significantly for the success of this
conformationally directed'*® macrocyclization. From the central
building block 48, acerogenin C (15) was accessible after reduc-
tive removal of the nitro substituent followed by O-demethyla-
tion in 79% yield. Reduction of the carbonyl function of 15 gave

CsF, (o]

DMF, rt
S O Wk
F 90-95%

MeO
OH NO, MeO O O
a7 48 onN
1. H,, Pd/IC
2. tBUONO 0
3.AlCl; 79%
0

1.  BzO.
HO © @ BBéOD.Z'o
2
acerogenin C (15) Bz0" | , NaOH

r
NaBl'y \\2 aq. NaOH
quant. 88%

OH [0}

acerogenin A (14) aceroside 1V (49)

HO 0 HO O

acerogenin B (50) acerogenin L (51)

Scheme 4 Conformation-directed' biaryl ether bond formation by Zhu
and co-workers in the synthesis of acerogenins 14, 15, and 49-51.3%15°
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acerogenin A (14) quantitatively, while glycosidation of 15
afforded aceroside IV (49) in 88%. It is noteworthy that this
slight structural alteration (15 — 49) in the periphery of the
cyclophane scaffold causes a change in the overall strain of the
systems and thus on the rotational freedom of the macrocycle.
With the conversion of acerogenin C (15) into its glycosylated
analogue aceroside IV (49) all aromatic protons become chemi-
cally and magnetically distinguishable. This can be explained by
the presence of a now buttressed substituent next to the biaryl
linkage in 49 resulting in a configurationally hampered diaryl
ether bond.®* Other diarylheptanoids, acerogenine B (50) and L
(51, Scheme 4), were synthesized by the same group likewise
applying the conformation-directed strategy described here.?
In parallel to Zhu’s work, Noégradi also reported on the
synthesis of acerogenin A (14) and C (15). In this case, macro-
cyclization was carried out by biaryl ether formation featuring
a modified Ullmann coupling (Scheme 5a)."** Applying Boger’s
protocol (¢f. chapter 3.2),'*%¢! aryl iodide 52 in pyridine was
heated with CuBr-SMe, in the presence of KOzBu. This method
gave the diarylheptanoid scaffold 53 in low yield (16%), which
was transformed to acerogenin C (15) by removal of the
O-methyl group. The use of classical Ullmann conditions for the
formation of the cyclophane skeleton proved to be very efficient
in the preparation of galeon (11) by Jahng et al (Scheme
5b).162163 The copper oxide promoted ring closure of 54 yielded
O-benzyl galeon (55) in 52% yield. O-Debenzylation under
hydrogenolytic conditions furnished galeon (11). Subsequent
Lewis-acid mediated O-demethylation of 11 yielded another
diarylheptanoid, pterocarine (56). This reaction sequence was
used by the same group to target acerogenins A—C (14, 15, and
50) and L (51).%* Another example for the application of a clas-
sical Ullmann reaction for the formation of a diaryl ether linkage
constitutes the synthesis of ovalifoliolatin (58) by Natarajan
(Scheme 5c¢).'%* Treatment of ketone 57 with CuO and K,CO; in
refluxing pyridine afforded the natural product 58 in only 28%

yield and as a 13 : 1 mixture of its E/Z-isomers in favor of the
desired product. The poor yield for the macrocyclization of 57
can be attributed to the high ring strain in 58 originating from the
trans configured double bond in its aliphatic bridge. Applying the
same reaction conditions to compounds missing this olefin
moiety (not shown) resulted in increased yields for the saturated
system (50% vs. 28%), which should possess less ring strain
compared to the trans-configured 58.'°* The rigidity of the
macrocycle was also evident as other methods, like, e.g. ring-
closing metathesis (RCM) of compound 59, were unsuccessful
under several conditions using diverse catalysts.

3.2 Cyclic peptides

This class of natural products comprises a gigantic and steadily
growing number of members present in all types of organisms.
These compounds, which are exclusively composed of protei-
nogenic and non-proteinogenic amino acid building blocks, span
a huge range of different molecular shapes and sizes, varying
from just a few amino acids to hundreds. The cyclic congeners
are classified by the bond type that holds together the amino acid
residues in the ring. This leads, in general, to homodetic and
heterodetic peptides, in which the first group exclusively contains
peptide bonds. In heterodetic cyclic peptides at least one non-
amide bond, like, e.g., an ester functionality, disulfide bridge,
etc., links the amino acid building blocks in the cyclic system. A
subdivision of cyclic peptides are those showing a cyclophane
unit, which can be both conformational flexible and/or restricted.
The rotationally fixed derivatives (Fig. 7) can further be distin-
guished into the amsa bridged cyclopeptide alkaloids, such as
sanjoinine A (60),''¢7 and the dityrosine-containing diaryl
ethers, like, e.g., renieramide (61),'® as well as the 4-hydroxy-
phenylglycine-containing cyclopeptides, such as chloropeptin I
(62).1%17° The unique molecular architecture of cyclophane
peptides combined with the often stunning biological properties

a) o CuBr - SMey,
KOtBu, pyridine,
O 3 O 130 °C pyridine - HCI
—,,—,
MeO 1 16% 59%
OH
52 acerogenin C (15)
CuO, K2CO3 Hz,
pyndlne reflux Pd/C AICl3
——>» galeon (11) ——>»
BnO 52% 99% 88%
54 pterocarine (56)
CuO, KyCOs, \
pyrldlne 175°C
/Q/\F) 28% fo)
57

ovalifoliolatin (58)

Scheme 5 Classical and modified Ullmann couplings in the synthesis of diarylheptanoids.
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Fig. 7 Different classes of cyclophane-containing peptides: cyclopeptide alkaloids, dityrosine- and hydroxyphenylglycine-containing cyclopeptides.

of these natural products sparked the interest of many research
groups,®*'71-181 regulting in the development of new methodolo-
gies as well as numerous creative total syntheses of these target
compounds, which are described below.

3.2.1 Cyclopeptide alkaloids. With over 200 isolated
members, the cyclopeptide alkaloids!”'768! are a group of
steadily growing, closely related polyamide bases mostly origi-
nating from plants of the Rhamnacea family, where they are
usually present as complex mixtures. As Rhamnacea plant
extracts have been used as remedies in folk medicine, in partic-
ular for the treatment of insomnia,®* the bioactivity of these ansa
peptides has been subject of extensive studies,!’6-17%:181:183 which,
however, have been often hampered by the lack of availability of
these minor constituents from natural sources. Cyclopeptide
alkaloids can be found as 13, 14, and 15-atoms containing
macrocycles with a benzene ring embedded in a 1,3 or a 1,4-
orientation within the peptidic ring system. Among these three
categories, only the 14-membered p-ansa representatives (fran-
gulanine-type) show restricted motion of the aromatic portion
due to the huge ring strain exhibited by the framework (cf.
mauritine A (16), chapter 2, Fig. 4), which makes their synthesis
more challenging when compared to their meta-bridged analogs.
However, not only the macrocyclization turned out to be the
major difficulty in this endeavor, but the formation of the
characteristic alkyl-aryl-ether bond and the introduction of the
styrylamine unit also had to be solved during the synthesis.'””

Pioneering work, especially for the ring closure of 14-
membered compounds, was done by the group of Schmidt,!8+185
which advanced the field of cyclopeptide alkaloid preparation
substantially. In the synthesis of frangulanine (66), Schmidt
activated the carboxyl group of cyclization precursor 63 as its
pentafluorophenyl ester (Scheme 6).*° Upon hydrogenolytic
removal of the N-Cbz-protecting group at the other end of 63,
formation of the amide bond occurred spontaneously, affording
the macrocycle 64 in moderate yield (44%) as a mixture of C-11
epimers (3 : 2) separable by HPLC. Conversion of the hydroxy
functionality into the desired enamide unit turned out to be
challenging, which may be due to an increase of ring strain in
product 65. Standard procedures, e.g. using Martin sulfurane or
Burgess’ reagent, did not lead to dehydration of compound 64.1%
The cis double bond was finally established by Grieco elimina-
tion yielding 65 in 77% if the R-epimer was used as the starting
material. Subjecting the corresponding epimer (C-11 S) to Grieco

conditions also resulted in 65, but in a diminished yield (11%)
along with numerous by-products. Attachment of the N,N-
dimethylisoleucine moiety to 65 in two further steps finalized
frangulanine (66). Influenced by Schmidt’s macrocyclization
strategy, the groups of Han'®” and Joullié'®-188-191 gccomplished
the synthesis of other frangulanine-type alkaloids, namely san-
joinine A (60, Fig. 7) and G1 (67), nummularine F (68), as well as
the synthetic derivative 69 of mauritine A (16).

In the synthesis of sanjoinine G1 (67) by Zhu and co-workers,
macrocyclization was achieved using a SNAr reaction in the key
step.”®*'%5  Intermediate 70 underwent cycloetherification
smoothly upon heating in DMSO in the presence of TBAF
(Scheme 7). This aryl-alkyl-ether bond forming procedure
worked equally well as the corresponding endo aryl-aryl ether
formations towards diarylheptanoids (¢f. Scheme 4), giving the
ansa compound 71 after in situ O-acetylation in 45% yield and as
a single atropdiasterecomer. As with the diaryl cyclization
precursor 47 (see Scheme 4), used in the preparation of acer-
ogenine C (15), the intramolecular preorganization of 70
favoring a bent conformer supported the ring-closure reaction.
The moderate yield of the cyclization of the sanjoinine Gl
building block 70, however, may be explained by the high steric
hindrance at the secondary alcohol in 70, since its adjacent
carbon atoms are equipped with a bulky i-propyl and a N,N-
dibenzylamino group. Attempts to change the residue at the C-4
amine in 70 and thus to reduce the steric demand at the reactive
site showed that the N-protecting group is crucial for the feasi-
bility of the SyAr-based cyclization reaction. Installation of an
N-Boc group, for example, resulted in complete decomposition
of the material. Having cyclophane 71 in hand, the nitro group,
which is decisive for the aromatic substitution reaction, had to be
removed following a reduction/reductive deamination sequence.
Subsequent N-debenzylation was carried out by hydrogenolysis
using Pearlman’s catalyst, giving amine 72 in excellent yield.
Interestingly, the benzylic acetoxy group (C-11) stayed intact
during these transformations. The inherent ring strain associated
with the target molecule 67 positions the C-11 carbon atom out
of plane of the aromatic ring, which results in a decrease in
benzylic character of C-11 and is therefore responsible for the
unusual stability of the carbon-oxygen bond under reductive
conditions.

Attachment of the phenylalanine side chain and basic sapon-
ification of the acetyl ester function in 72 finalized the natural
product sanjoinine G1 (67) in eight steps and 21% overall yield.

908 | Nat. Prod. Rep., 2012, 29, 899-934

This journal is © The Royal Society of Chemistry 2012


http://dx.doi.org/10.1039/c2np20034a

Published on 25 June 2012. Downloaded by Ufa Federal research centre of RAS on 4/19/2019 11:11:42 AM.

View Article Online

H,, Pd/C,
OH 4- pyrrol|d|no-
H pyridine, dioxane,

tBuOH 90°C
CszNZ{

Boc HN 44% BocHN

3:2 mixture of epimers

fDﬁ

64

1. p-N0206H4SeCN
2. HZOZ, pyridine

O—<>—\
k 00\

N
7% BocHN HN y H

65

1

Mo H— M NGy H
Me,N 0
Ho NMez NH MeN—GQh
Me o
Me Me
. . “"IMe . L. .
sanjoinine G1 (67) nummularine F (68) Me,N dihydromauritine A (69) frangulanine (66)
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Scheme 7 Total synthesis of sanjoinine G1 (67) by Zhu et al. ***'%*

The versatility of this straightforward route to cyclopeptide
alkaloids was proven in its application to the synthesis of the
even more strained mauritine A (16, see chapter 2, Fig. 4) and its
derivatives mauritine B, C, and F,%' the latter only differing
from 16 in their terminal amino acid residues.

3.2.2 Isodityrosine-containing peptides. Isodityrosine is a key
fragment in a number of highly bioactive natural products
(Fig. 8) whose characteristic structural feature is the presence of
two aromatic rings connected by an oxygen atom. The struc-
turally simplest member of this class is the antifungal piper-
azinomycin (73),"*'? in which the 14-membered macrocycle is
equipped with a piperazine moiety. The two tyrosine building
blocks involved in the formation of the cycloisodityrosine skel-
eton can either be directly joined, like in RP-66453 (74)**° and
bouvardin (75),2*! or be separated by one amino acid resulting in
17-membered macrocycles, such as the protease inhibitor K-13

(79)%22%% and OF4949-II1 (80).2°+2% In both cases, the two
possible connection modes can be observed, one having the
N-terminus at the phenol moiety containing amino acid
(compare structure 74 and 80) and vice versa (compounds 75-79).
More complex compounds, e.g. showing bicyclic structures, have
also been isolated with RP-66453 (74), a neurotensin receptor
antagonist, and the members of the antitumor antibiotics bou-
vardin (75),2°! deoxybouvardin (76),2'RA-IV (77), and RA-VII
(78).2927 In many cases, the formation of an additional ring
fused to the cycloisodityrosine moiety contributes to a higher
conformational stability and thus has a pronounced influence on
the biological activity of the natural products. Among the
bouvardin-type molecules 75-78, the tetrapeptide within the
18-membered cyclic subunit (southern fragment) is responsible
for the maintenance of an active, normally inaccessible
conformation (e.g. s—cis amide bond) within the annulated
14-membered cyclic array and thus increases the potency of the
pharmacophore, the N-methyl cycloisodityrosines (northern
fragment).208213

The difficulty in accessing fully synthetic 14-membered cyclo-
isodityrosine compounds has hampered in-depth studies on their
medicinal potential and their mode of action for many
years.210214225 The severe ring strain in these derivates led to
many failures in their attempted preparation, especially in the
macrocyclization step.’$**'° The most obvious reaction for ring
closure of cyclopeptides would of course be a macro-
lactamization,??®??” which has, however, never been achieved for
cycloisodityrosine-containing compounds. Other biosyntheti-
cally inspired approaches towards these compounds applying
phenol oxidative coupling conditions?!*?'* also did not result in
the elusive macrocycle. The first successful example of the
synthesis of a 14-membered cycloisodityrosine compound was
reported by Yamamura ef al. in 1986.%* In their synthesis of
piperazinomycin (73) they utilized a thallium(ir) nitrate (TTN)
induced indirect intramolecular phenol coupling procedure to
assemble the cyclic framework (Scheme 8). Treatment of the
tetrabromodiphenol 81 with TTN in methanol directly followed
by a reductive rearomatization of the over-oxidized intermediate
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Scheme 8 Application of an indirect phenol oxidative coupling reaction
in the synthesis of piperazinomycin (73).>*

with zinc powder in acetic acid afforded the diketopiperazine 82
in low yield (19%) and as an inseparable mixture of products.
Further transformations i.a. dehalogenation and reduction of the
amide functions furnished the synthesis of piperazinomycin (73)
in poor overall yield (2%). Nevertheless, this method was again
chosen by Yamamura,?®2* as well as by the groups of
Inoue®'2** and Evans®** to access deoxybouvardin (76), RA-VII
(78), K-13 (79), OF4949-111 (80), and eurypamides, like e.g., 83
and 84.

In the search for an alternative ring closure procedure towards
natural product 73, Boger’s group developed a method to obtain
the cyclic diketopiperazine 87 featuring a modified Ullmann
synthesis (Scheme 9, left).’*° Tt turned out that the success of this
diaryl ether formation is highly dependent on which arene the
carbon-oxygen bond is formed (C-1-0 vs. C-3-0). The reaction

proceeded smoothly when the hydroxy function is located at ring
A and the iodide substituent at ring B, as realized in the cycli-
zation precursor 85, while the optional macrocyclization with
inverse location of the phenol and halogen functions did not
provide the cyclic compound at all.>'***5 Macrocyclization to
establish the 14-membered ring was conducted by adding
CuBr-SMe, and NaH as the base to phenol 85 in refluxing DMF.
The product 87 was obtained in good yield (53%). The major
drawbacks of this reaction were, in general, the harsh conditions,
which makes it not applicable for substrates bearing sensitive
substituents, combined with the use of a huge excess of copper
reagent (10 equiv.) and base (4 equiv.), both necessary for
a satisfying conversion of 85 to 87. This intramolecular Ullmann
ether synthesis was further extended by employing it in the
preparation of other cycloisodityrosine compounds, such as
bouvardin (75)," deoxybouvardin (76)*'?% and RA-VII
(78)*1936¢ as well as a number of synthetic derivates
thereof.212,213,237

H H H
N” ~O | ="N” SO0 OH
H HH
85 86
OMe OMe

B(OH),
CuBr - SMe,, Cu(OAc),,
NaH, DMF, NEt3 DMF,
reflux
53% 33%
@ — 3 piperazinomycin (73)

Scheme 9 Copper-mediated macrocyclization reactions used in the
preparation of 73.16%-238
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Another copper-induced macrocyclization applied for the
formation of the aryl-aryl ether bond was described by Sen in
2009 (Scheme 9, right).?*® Here, the Chan—Lam-Evans procedure
was used,?**2*! producing the cyclic intermediate 87 from the
boronic acid 86. This reaction proceeded at room temperature,
but gave the constrained diketopiperazine 87 only in 33% yield.

The antitumor compounds bouvardin (75), deoxybouvardin
(76) and their analogs belonging to the family of RA antibiotics,
like e.g., RA-IV (77) and RA-VII (78, Fig. 8), have drawn
significant attention among the synthetic community due to their
potential as chemotherapeutics, and their unique bicyclic struc-
ture, which comprises an unprecedented, strain-induced
conformation. Especially the preparation of the very rigid
S,S-cyclodiisotyrosine ring 92, the pharmacophore of this class
of natural products,206-212-213:232.242-250 5 fyeled research towards
new macrocyclization strategies. Despite the methods described
above’159,210.212,213,231,232,236,249,250 Zhu and CO_Workers apphed
their intramolecular nucleophilic aromatic substitution reaction
to forge the 14-membered ring scaffold of N,N-dimethylcyclo-
diisotyrosine methyl ester (92, Scheme 10), the key building block
towards 76 and 78.%5"*52 Within this synthetic pathway, the linear
starting material 88 bearing an electron-poor nitro-fluoro aryl
and an electron-rich phenol moiety as the two reaction partners
was readily transformed to the cyclic compound 89 in good yield
(65%) under standard conditions using K,CO, at room
temperature. Investigations on the stereochemistry of 89 by Zhu
and Boger showed that epimerization at the C-9 carbon atom
occurred readily under these mild conditions.>*?** The inversion
of the C-9 and not the C-12 stereogenic center, leading to the
unnatural, but thermodynamically more favored 9R,12S-dia-
sterecomer of 89, was very surprising as in general N-methyl
amino acids*® are more prone to racemization, thus rendering
C-12 normally as the more stereochemically labile center.
Switching to more basic conditions accompanied with a shorter
reaction time reduced the amount of epimerized 9R,125-89. The
desired diastereomer 95,125-89 was obtained in 54% by treat-
ment of cyclization precursor 88 with NaH in THF for four

NO,

Mezoé

NaH, o

THF

54% H
NMeBoc 9 _N

hours. Subsequent N-methylation of the amide function followed
by reduction of the nitro group afforded aniline 90 in 88% yield
and without any further loss of stereochemical integrity. Formal
exchange of the aromatic amino by a hydroxy group was realized
in a two-step sequence delivering phenol 91 in moderate yield
(48%). O-Methylation and final deprotection of the terminal
N-methyl amine at C-12 gave the 14-membered ring of deoxy-
bouvardin (76) and RA-VII (78) in the form of their methyl ester
92. A similar route was used to gain access to the tripeptidic
ionophore K-13 (79). This time no epimerization during
macrocyclization was observed.?*”

An improved route to cycloisodityrosine 92 was published by
Zhu again featuring a SyAr reaction in the endo aryl-aryl ether
forming step (Scheme 11).2*2® In this second-generation
approach, the electrophilic partner in the cyclization reaction
was changed from 3-fluoro-4-nitrophenylalanine used in the
synthesis described above (c.f. compound 88, Scheme 10), into
the corresponding 4-fluoro-3-nitrophenylalanine 93 in order to
prevent the undesired epimerization, which might be facilitated
by the p-nitro substituent in 88.*! In addition, the cumbersome
transformation of the nitro group into a methoxy function within
the synthesis of 92 from 88 can be replaced in this case by
reductive removal of the nitro substituent in 94, which can be
achieved more easily. With catechol 93, ring closure proceeded
smoothly with K,CO; in polar aprotic solvents like DMSO or
DMEF at rt followed directly by in situ O-methylation. The two
atropisomers of the metaparacyclophane M-94 and P-94 were
exclusively obtained in high yield (75%). The likewise possible
cyclization involving the C-4’ OH-group, which should be almost
equally reactive as the hydroxy function at C-3’, was not
observed. This phenomenon may be attributed to the high ring
strain appearing in the regioisomeric paraparacyclophane
product 96, which would be formed if C-4’ is the reaction
partner. The synthesis of 92 was continued by removal of the
nitro group in a reduction/diazotation/reduction sequence
yielding compound 95. N-Methylation and acid-mediated
deprotection of the amino group finalized the second-generation
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—>
88%
12
ey

H NMeBoc z NMeBoc
MeO,C o MeO,C
88 9S5,125-89
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NO, OMe OH

MeO,C o)
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(o) O “TFA o
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N “s, s %
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MeO,C
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Scheme 10 Formation of the pharmacophore 92 of deoxybouvardin (76) and RA-VII (78) by SNAr reaction and epimerization during aryl-aryl ether

synthesis of cyclization precursor 88.235:251:2%5
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synthesis of 92 by Zhu et al. The same concept was used to stitch
together the 14-membered ring fragment of the bacterial
metabolite RP-66453 (74, see Fig. 8) by Boger** and Zhu.**° In
a conceptually similar approach Rich et al. accomplished the
synthesis of the tripeptide OF4949-I11I (80, Fig. 8).2¢!

Since the intermolecular nucleophilic aromatic substitution of
amino acid derivatives activated by complexation of a RuCp
moiety,*?3?6226¢ proceeded smoothly under mild conditions
forming the linear tripeptide biaryl ether analogs in good
yields,?%*?% this method was also tested for the construction of
cyclic ether skeletons. Subjecting the transition metal complex 97
to standard SyAr reaction conditions, here KOrBu in THF/
DMEF, afforded the cyclic ether 98 in good yield (66%) without
any epimerization (Scheme 12). Removal of the ruthenium metal
complex occurred photolytically giving the metal-free tripeptide
99 (74%). Saponification of the methyl ester and liberation of the
primary amine finalized the short synthesis of OF4949-I1I (80) in
only six steps from commercially available amino acid building
blocks. The good yields in the macrocyclization can be attributed
to a preorganization of the cyclization precursor 97. In this
conformation-directed cyclization reaction's® the two reacting

PF,"
® ® om
MeQ  Cl HQ RuCp,
— KOtBu,
\| / THF/DMF
e R, 66% s {NHBoc
pRu A g
®] e HN-">co,Me
BocHN W N7 TcoMe N
o o) H O 08
pES © 97
NH,
1. LIOH
2. HCI
OF4949-I1l (80) -
76%

Scheme 12 SyAr macrocyclization of the w-arene complex 97.

partners are placed in close proximity by non-covalent interac-
tions, like 7t,7-stacking, intramolecular hydrogen bonding, and
attractive electrostatic interactions of the electron-rich phenol
ring with the electron-deficient chlorobenzene-ruthenium
complex, thus being conducive for the ring formation to occur.
The same strategy was used in the preparation of the para-
metacyclophane natural product K-13 (79).2¢!

Enlargement of the cycloisodityrosine scaffold by one amino
acid resulting in the formation of the corresponding tripeptides,
such as K-13 (79) and OF4949-III (80, see Fig. 8), reduces the
transannular strain significantly compared to their dipeptide
analogs. The less strained, but still conformationally stable cyclic
framework in compounds, such as 79 and 80, allows for the
application of more conservative macrocyclization approaches
towards these substrates. Even ring closure via peptide-bond
formation, which could not been realized for the 14-membered
systems, was possible, e.g. in the synthesis of OF4949-III (80).
Schmidt accomplished the construction of the peptide ring in
natural product 80 in a two-step conversion (Scheme 13, top).2”
After cleavage of the N-Boc protecting group of 100 in acidic
medium, the amino compound was added into a NaHCO;
solution where the free amino group reacted immediately with
the activated carboxyl group of the pentafluorophenyl ester to
obtain cyclophane 101 in 40% yield. Subsequent removal of the
Cbz-group and saponification of the benzyl ester gave 80 in
eleven linear steps.

Macrocyclization was performed by construction of the C-10—
N-11 amide bond in the synthesis of OF4949-I1I (80) by Boger’s
group (Scheme 13, bottom).'® In this synthesis the carboxyl
function in 102 was in situ activated by its reaction with DPPA
under basic conditions followed by immediate formation of
the amide bond giving the cyclic compound 104 in 58% yield.
O-Methylation of the phenol and subsequent deprotection of the
acid and the amino group yielded target compound 80. During
this synthesis of 80 as well as the application of this strategy to
access K-13 (79) by the same group,'®® it appeared that the ring
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Scheme 13 Construction of the macrocycle in OF4949-111 (80) by formation of the C-13-N-14 and C-10-N-11 amide bond, respectively.'**2¢7

closure event is very sensitive towards the substituent at the C-4
oxygen function. Performance of the cyclization with the corre-
sponding O-methyl derivative 103 resulted in an unexpected rate
deceleration for the formation of 105. This observation is
explained by the fact that the methoxy group enforces the
adoption of conformers in the transition state, which disfavors
macrolactamization, while the hydroxy function leads to the
opposite result, the preferential formation of conformers facili-
tating ring closure. Giving this example, it is again demonstrated
that small structural changes, even at remote sites of the mole-
cule, can have a huge impact for the assembly of the macrocyclic
skeleton of cyclophanes. Further approaches to cyclotripeptides
following the retrosynthetic scissions of both amide bonds, were
reported, e.g. for the syntheses of renieramide (61, Fig. 7), by the
groups of Lygo*® and Jackson.?®®

A completely new strategy to build up the macrocycle in the
preparation of the angiotensin-converting-enzyme (ACE)
inhibitor K-13 (79) was envisaged by Jackson et al. (Scheme 14).
In their synthetic entry, macrocyclization was achieved by de
novo synthesis of the tyrosine amino acid concomitant by closing
the tripeptide ring.?®® This sequence was realized by utilizing an
intramolecular Negishi alkyl-aryl cross coupling reaction of the
diiodo compound 106 using Pd,dba; and P(o-Tol); as the cata-
lytic system. The cyclic ether 107 was obtained in moderate yield
(35%). Functional group manipulations afforded the natural
product 79 in three further steps via the N-acetyl derivative 108.

3.2.3 4-Hydroxyphenylglycine-containing  cyclic  natural
products. Cyclopeptides containing the non-proteinogenic amino
acid 4-hydroxyphenylglycine (109, 4-Hpg, Fig. 9) have emerged
as a growing class of highly bioactive natural products. Lip-
ohexapeptides,?’*?"" such as the arylomycins 110 as well as
glycopeptides, like e.g., teicoplanin (111),"7%27>275 belong to this
class of antibiotics and have been the focus of many excellent
research programs dealing with their biological activity, medic-
inal relevance, and total synthesis.!74175:276-278

The synthetic accessibility of many cyclic natural products
containing a peptidic endo aryl-aryl linkage has, in general, been
already restricted by the lack of general and efficient methods for
the stereoselective construction of this structural motif due to the
inherent strain associated with the small cyclophane core.?”
With a 4-Hpg unit present in the amino acid chain, the methods
available for macrocyclization are even further limited, as the
stereocenter in 4-Hpg is very prone to racemization. This diffi-
culty has triggered the search for mild strategies towards these
target molecules, which have already been summarized in several
excellent review articles.'31:17%:174.175.276.278-282

The arylomycin-type lipopetides display only moderate
antibacterial activity against several Gram-positive human

OMe Zn, cat. Iy,
o szdba3,
P(o-Tol)s,
THF, 60 °C
- _— COzMe
. 9 ‘
: E o) "NHBoc 07 ‘NHBoc
MeO,C™ N~ “y,\H 2
H /
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88% 2 ACZO
pyridine
AlBr;, EtSH
K-13 (79) <-—
83% COzMe

Scheme 14 Ring closure by Negishi cross coupling reaction exemplified
in the synthesis of the ACE inhibitor K-13 (79).2¢°
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Fig. 9 Both naturally occurring enantiomers of 4-hydroxyphenylglycine (109) and a selection of cyclic peptides containing this racemization-prone

amino acid: arylomycin B, (110) and teicoplanin A,-2 (111).

pathogens,?70271:283-285 [t investigations on their mode of action
showed that they are potent inhibitors of bacterial signal pepti-
dase I (SPase I), an enzyme responsible for bacterial vitality and
growth.?%¢-288 This novel mechanism of action, however, makes
them excellent lead compounds for the development of new
drugs, especially against multi-resistant, fatal bacterial strains.
From a structural point of view, the 4-Hpg fragment in lipo-
hexapetides of the arylomycin-type forms, together with one
tyrosine and one alanine building block, a metametacyclophane.
Because of the high ring strain in the 14-membered macrocycle,
rotation of the biaryl axis is restricted, for which reason arylo-
mycins appear as a mixture of two atropdiastereomers in NMR.
Interestingly, X-ray structure analysis of a SPase-arylomycin A,
complex showed that only the P atropisomer can bind to this
enzyme and is therefore the active species. The groups of
Romesberg®®® and Zhu?***° consecutively reported on the
synthesis of arylomycin A, (121) using a similar strategy in the
key step (Scheme 15). First attempts by Romesberg and co-
workers to achieve macrocyclization by peptide bond formation
were not successful. Under already optimized conditions (EDC,
HOBY, Scheme 15a, left) a mixture of different cyclic compounds
was obtained with the desired product present in <10%.
Furthermore, the reaction had to be conducted under very high
dilution (0.0005 M), which prevented the application of this
strategy on large scale. Since ring closure by macrolactamization
turned out to be a problem in the preparation of cyclophane 113,
attention was shifted to use a Suzuki-Miyaura reaction for the
linkage of the two ends in compound 115. Therefore, pinacol
boronic acid ester 115 was subjected to cross coupling conditions
with PdCl, and dppf as the catalytic system and K,COj; as the
base, giving the key intermediate 114 in 49% yield (Scheme 15a,
right). In this case, the yield was independent from the concen-
tration of the reaction mixture, which points at a conformational
preorganization of starting material 115 conducive for the
intramolecular reaction.'*s

Following Romesberg’s work, who employed the same
strategy later to access analogs of arylomycin A, (121) for studies
of the structure—activity relationship and mode of action of
these compounds,?®**'22 Zhu prepared arylomycin A, (121,

Scheme 15b)*%2*° and B, (110) at the same time.?*® In the mac-
rocyclization step, they initially used boronic acid ester 116
bearing an unprotected hydroxy substituent at ring A as the
cyclization precursor, as it was assumed that the presence of
a phenol moiety would minimize the risk of epimerization caused
by the base needed during the cross coupling reaction. The best
yields (39%) of macrocycle 117 without any observable epime-
rization were obtained applying Pd(ir) with SPhos as the ligand
and K,COj; as the base under microwave irradiation. Parallel
attempts to perform the Suzuki-Miyaura reaction with the cor-
responding O-methyl ester 119 as starting material indeed
resulted in better chemical yields, but always along with the
diastereomer having the opposite absolute configuration at C-1.
The amount of this epimer was minimized to 9% by switching to
a weaker base, thus giving compound 118 in 54% when NaHCO;
was used. It is noteworthy that the ring-closing event occurred
under complete substrate-control thus delivering solely the
P-configured atropdiastereomer of 117 and 118. After removal of
the Boc-protecting group the lipopeptidic side chain was installed
under standard peptide coupling conditions. Final O-demethy-
lation under Lewis acidic conditions yielded the natural product
arylomycin A, (121).

With vancomycin (9, see chapter 1, Fig. 2) being the most
prominent member, the glycopeptides have been one of the most
intensely studied family of natural products in the last
decades.!7*175:276278 Ag the antibiotic of last resort, 9 is applied
clinically to treat i.a. methicillin-resistant Staphylococcus aureus
(MRSA) infections.'7*175:278:2%3 Recently described resistances of
Enterococci (VRE) and S. aureus (VRSA) against this
drug,'73175:29429% however, has urged the development of a new
generation of active agents based on the cyclopeptidic structure
in industry as well as in academia.?”® The assembly of the hep-
tapeptidic backbone in several highly strained rings, e.g. three in
vancomycin (9) and four in teicoplanin (111, Fig. 9), results in
a very rigid central, axial and planar chiral three-dimensional
structure of the glycopeptides, which accounts for their
pronounced bioactivity.?” In principle, the glycopeptides can be
divided into three different subfamilies in which the five
“western” amino acid modules are aromatic and identical in
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Scheme 15 Total synthesis of arylomycin A, (121) by a) Romesberg®? and b) Zhu.

almost all substrates. The remaining two “eastern” amino acid
building blocks are aliphatic, normally leucine and asparagines,
in the vancomycin-type representatives, like e.g. leucine and
asparagines in vancomycin (9), while avoparcin-type metabolites
have 4-Hpgs in this position. Teicoplanin (111) belongs to the
ristocetin subspecies, which bear an additional, but flexible
14-membered macrocycle (metametacyclophane) with another
aryl-aryl ether bond (ring FG) together with a fatty acid side
chain attached to the sugar moiety. Because of the numerous
synthetic efforts towards these natural products and their
summary in several review articles!’>174175:276.278-282 we wij]]
concentrate here on the discussion of only one selected example
per macrocyclization methodology.

The first total synthesis of a glycopeptide was achieved by
Evans and co-workers with the preparation of the orienticin C
aglycon (127), which resembles the overall vancomycin core
structure but lacks the chloro substituents at ring C and E. As for
the cycloisodityrosine-containing compounds, such as piper-
azinomycin (73, c¢f. chapter 3.2.1) or RA-VII (78), ring closure of
the 16-membered rings CD and DE was not successful via
macrolactamization.??>?>> Therefore, Evans made use of another
strategy choosing the endo aryl-aryl ether as well as the biaryl
axis as the sites for macrocyclization (Scheme 16). Since the
biaryl-containing cyclic tripeptide (ring AB) by itself exists as
a mixture of atropisomers and amide rotamers, which was
expected to make the following sequence more complicated,
a reaction sequence for the construction of 127 was envisaged in
which the macrocycle containing the CD ring was formed prior
to the coupling of aryl ring A with B in order to rigidify the whole
system.?”® Application of the biomimetic TTN-promoted
oxidative cyclization developed by Nishiyama and Yamamura?*®

54%

arylomycin A; (121)

289,290

(also ¢f. Scheme 8, chapter 3.2.1) proved to be efficient in the
construction of the CD ring starting from the linear dichloro
precursor 122. Subsequent O-mesylation of the phenol group to
enhance the oxidation potential of ring D in comparison to ring
A and B in order to avoid side reactions in the following
oxidative biaryl coupling reaction gave the TFA salt 123 in good
yield (46%) over three steps. V(v)-induced cyclization of 123 with
concomitant cleavage of the O-benzyl group gave after reductive
work-up the corresponding bicyclic tetrapeptide in a 97:3
mixture of diastereomers, unfortunately in favor of the unnatural
M-atropisomers. The selection for the kinetic product as the
dominating epimer is caused by an A(1,3) interaction of the ortho
oxygen function of ring B (C-2) and the proximal stereogenic
center.??® Complete removal of the C-2 oxygen substituent in ring
B was achieved by triflation followed by Pd-catalyzed hydro-
genolysis. Exhaustive O-demethylation then afforded the bicyclic
tetrapeptide M-124, which was isomerized by heating a meth-
anolic mixture of M-124 to 55 °C. This thermal equilibration
delivered P-124 as the exclusive diastereomer.

As formation of the last macrocycle (ring DE) turned out to
be inefficient (<20% yield) using oxidative conditions***"!
Evans evaluated the use of the SNyAr reaction,3® which turned
out to be efficient in studies towards the preparation of
vancomycin (9) reported by Zhu***>3** and Boger.?**3% The
cyclization proceeded smoothly upon treatment of fluo-
robenzene 125 with CsF in DMSO at room temperature (90%
yield). The nitro substituent was removed in a three step
reduction/diazotation/reduction sequence to afford the carbon
skeleton 126 of orienticin C in 77% yield. Deprotection and
dechlorination finalized the total synthesis of the natural
product aglycon 127 in five further steps.
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Scheme 16 Key steps of the synthesis of orienticin C aglycon (127) by Evans et al?*3%

With this strategy in hand, Evans et al. also pursued the total
synthesis of vancomycin aglycon (136, Scheme 18),3* which
imposes an additional challenge due to the three stereochemical
elements of atropisomerism (planar and axial chirality) arising
from hindered rotation of each tripeptide ring. After intensive
studies on the configurational stability of the macrocyclic frag-
ments by Evans®*”’ and Boger,**® Evans readjusted the order of
introduction of the macrocycles into the molecule by construct-
ing ring AB first, followed by assembling rings CD and DE (not
shown). This new sequential arrangement provided the optimal
strategy to achieve good stereoselectivities under substrate
control.

At the same time, Nicolaou and co-workers presented their
pathway towards vancomycin (9, Scheme 17a).3%3!* Here, the
biaryl ether tripeptide fragment (ring CD) was established first by
exposure of triazene 128 to copper(l) bromide under basic
conditions. This procedure resulted in the formation of the aryl-
aryl ether 129, but unfortunately without any stereocontrol (1 : 1
d.r.)). Attempts to convert the unnatural M-isomer into the
desired P-stereoisomer of 129 by thermal isomerization were not
successful and thus optically pure 129 had to be gained by
chromatographic separation of the two epimers giving 129 in
34% vyield. Atroposelective cycloetherifaction of a ring-CD
containing derivative, which potentially can be used in an

atroposelective route to vancomycin (9), was achieved by
Nicolaou in 2002 (not shown).?'* There, the Ullman-type reac-
tion shown in Scheme 17 was conducted with a substrate bearing
ortho to the chlorine substituent at aryl C a bulky OTBS group.
This reaction gave the corresponding cyclic ether in excellent
yield (94%) and as a single atropisomer. Removal of the silyl-
protecting group and subsequent reduction of the azide as well as
hydrolysis of the ethyl ester function in 129 set the stage for the
second ring closing event, the preparation of the AB-ring
subunit. It is noteworthy that Nicolaou did not utilize the biaryl
axis of benzene ring A and B to build the macrocycle. Instead he
employed Schmidt’s amide bond formation procedure (cf:
chapter 3.3.1, Scheme 6) to achieve the synthesis of the biaryl
containing fragment, which implied an in situ activation of the
acid function as the corresponding pentafluorobenzene ester
towards nucleophilic attack. Upon exposure to Hiinig’s base, the
bicyclic compound 130 was obtained in excellent yield (59%) over
four steps. After several functional group manipulations and
attachment of the peptide chain containing the ring E fragment,
the second endo biaryl ether linkage was set up with cyclization
precursor 131 again applying modified Ullmann conditions. Also
in this case, ring closure occurred in poor stereoselectivity (1 : 3
d.r.) with the undesired M-conformation at the newly created
planar-chirality element being the dominating species.
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Separation of the two epimers was conducted by column
chromatography to yield the key intermediate P-132 of the
vancomycin synthesis in 19% yield.

While atropisomerization of the ‘wrong’ diastereomer of 132
failed, the adequate supply of material exhibiting the natural
configuration at ring E, was, however, guaranteed by recycling
the unnatural epimer at a later stage of the synthetic pathway
(Scheme 17b). Heating the advanced substrate M-133 to 130 °C
in 1,2-dichlorobenzene (1,2-DCB) transformed the pure M-
atropisomer into a 54 :46-mixture of M- and P-133 in 87%
combined yield. With this isomerization procedure the possibility
of converting almost the complete material into the natural
atropisomers P-133 became virtually available by an iterative
thermal equilibration and chromatographic resolution sequence.

a) O

In 1999, Boger’s group published the third approach to the
vancomycin aglycon (136), in which they integrated already
successfully applied strategies in their key steps, such as the
formation of ring CD and DE via nucleophilic substitution and
macrolactamization to furnish the biaryl containing AB-
subunit.3!¢3!7 Egpecially the use of the SyAr reaction, which
proceeds under very mild conditions (CsF, rt), to close the last
macrocycle from starting material 134 turned out to be beneficial
to the stereochemical outcome of the reaction (Scheme 18).

Product 135 was obtained in 76% yield as an 8 : 1-mixture of
epimers in favor of the desired P-atropisomer. In eleven further
steps Boger converted compound 135, which already shows
the complete carbon skeleton of the natural product, to the
vancomycin aglycon (136).
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Scheme 17 a) Macrocyclization steps in the total synthesis of vancomycin (9) by Nicolaou and b) atropisomerization of the advanced intermediate
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A small subset of natural products resembling the peptide
cores of the glycopeptides are the chloropeptins I (62) and II
(137, complestatin, Scheme 19).16%:170:318322 These compounds are
biosynthetically derived of a heptapeptide chain, featuring
a tryptophan, a tyrosine and five heavily modified (i.e. chlori-
nated and/or oxidized) 4-Hpg residues. Two cyclophane ring
systems are formed by a biaryl ether bond between the tyrosine
and the central 4-Hpg unit (BD ring) and an aryl-aryl bond
between the latter and the tryptophan building block (DF ring).
However, these compounds are not further functionalized by
glycosylation, leading to a significant change in bioactivity from
antibacterial to antiviral. Remarkably, this change in activity can
be achieved artificially by removing the sugar portions from
glycopeptides or, vice versa, by attaching such moieties to the
chloropeptins.?*® The only structural difference between 62 and
137 is the position of the phenyl-indole junction in the DF ring
(Scheme 19). It is interesting to note that the higher ring strain in
137 allows facile acid promoted conversion of this metabolite to
the less strained 62 with full retention of the axial M-configura-
tion.*** Compounds 62 and 136 have still been shown to be actual
natural products.’'®

OMe
o OH F
HO,, cl @ HO,
H o vyl § v [w N
N ) N n\‘
NTN NH
o Ho H Ho
en  ©

wNHMe

MEMO {A)—OMe 134
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o)
wH
7 NH
Ho NHMe
o O
(

vancomycin aglycon (136)

HO o

Scheme 18 Formation of the ring DE fragment in Boger’s synthesis of
vancomycin aglycon (136).316317

The first group to successfully tackle the total synthesis of
a member of this group of natural products was Hoveyda et al.,
who completed their route to 62 in 2003.3%° The synthetic strategy
was strictly linear and started with the assembly of the BCD ring
system (Scheme 20). For formation of the cyclophane unit, tri-
peptide 138 was first treated with NalOy to furnish the respective
boronic acid which was further subjected to Cu-mediated
synthesis of biaryl ethers following the Chan-Lam-Evans
protocol?**2*! to give 139 in 50% overall yield. Optimization of
the coupling conditions to this particular substrate was achieved
by adding ten equivalents of MeOH to the reaction mixture,
thereby potentially forming the boronic dimethyl ester in situ
and/or enhancing the solubility of the Cu salt. Subsequent
stepwise attachment of the amino acid building blocks A, E, and
F gave compound 140, the precursor for DEF-ring formation by
Stille cross coupling. The bicyclic product 141 was obtained in
38-42% yield as a single stereoisomer. Important for the success
of this coupling reaction was the presence of collidine that most
likely stabilized the active Pd species. The total synthesis of 62
was finalized by N-deprotection, attachment of building block
G and final saponification of the methyl ester (not shown).

In 2005 Hoveyda et al. also reported on the total synthesis and
stereochemical revision of isocomplestatin (143), thereby
providing evidence that this compound has axial P-configura-
tion, while the natural product chloropeptin II (137) is indeed
M-configured. The western portion of 143 was prepared
following their previous route to 62 (Scheme 20)** and was
further extended to the full-length monocyclic precursor, boronic
ester 142 (Scheme 21).32¢ In contrast to their previous Stille
protocol, cyclophane formation was this time achieved by
intramolecular Suzuki-Miyaura coupling, which upon subse-
quent saponification furnished target compound 143 as a single
diastereomer in 62% yield.

Interestingly, the cross coupling reaction succeeded with
perfect stereocontrol but with opposite stereochemical outcome
when compared to the enzymatic biaryl bond formation
observed in nature. This phenomenon was investigated in more
detail by Zhu and co-workers. In their initial approach to this
class of natural products, they first constructed the BCD cyclo-
phane by means of highly regioselective intramolecular SyAr
reaction of 144 to give 145 in 72% yield (Scheme 22).3*” The latter
was further elaborated into 147 and its O-TBS-protected deriv-
ative 146 to test previously observed effects of phenol group
protection on the atroposelectivity of the subsequent Suzuki—
Miyaura coupling.?*® In this case, however, protection did not
have any stereochemical influence on the installation of the biaryl
bond, which for both substrates, 146 and 147, exclusively gave
the P-configured atropdiastereomer 148 and 149 in 66% and 52%
yield, respectively. O-Deprotection of 148 furnished 149 in 90%
yield. Most interestingly, when altering the configuration of the
amino acid building block C from its natural R-configuration to
S, the atroposelectivity of the biaryl bond forming reaction was
inverted, thus providing synthetic access to the respective axially
M-configured epi-complestatin  methyl ester and epi-iso-
complestatin methyl ester (not shown).3*”

As a consequence to these studies, Zhu et al. altered the order
of cyclophane ring formation in their total synthesis of chlor-
opeptin II (137).3? The aryl-aryl bond was thus introduced first
into substrate 150 by Suzuki-Miyaura cross coupling in 66%
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Scheme 19 Acid-catalyzed rearrangement of chloropeptin II (137) to
chloropeptin I (62).
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Scheme 21 Suzuki-Miyaura coupling in the synthesis of isocomplestatin

yield with exclusive formation of the desired atropdiastereomer (143).7¢
151 (Scheme 23). This compound was converted into 152 by
a series of protective group modifications and highly convergent An innovative new approach to the construction of the biaryl

introduction of the still missing three amino acids as the bond containing DEF-macrocycle was developed by Boger in the
respective tripeptide. 152 was O-desilylated and readily cyclized  course of the first total synthesis of chloropeptin I (62) and II
to give the desired 153 in 62% overall yield, which was further (137) that was published in 2009,%*° even before Zhu’s work
transformed into the natural product 137 by a series of functional described above. In their synthetic route, the biaryl bond of the
group conversions and deprotection steps (not shown). eastern fragment was installed very early to give the alkyne
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Scheme 20 Cyclophane ring forming key steps in the first total synthesis of chloropeptin I (62) by Hoveyda et al.3*
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Scheme 22 Synthetic route to isocomplestatin methyl ester (149) by Zhu er al.3*’

containing biaryl 154, the direct precursor for cyclophane
formation (Scheme 24). Cyclization was achieved by a Larock
indole annulation reaction,**%2 leading to product 155 in 89%
yield and in a diastereomeric ratio of 4 : 1 favoring the desired
M-configured 155. In the indole-forming cyclization step regio-
selectivity is thereby controlled by the steric bulk of the large
terminal silyl substituent. Cyclophane 155 was transformed into
the final product 137 in a series of further transformations
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involving a SyAr-cyclization strategy for the construction of the
biaryl ether bond.

Only about half a year later, Boger et al. reported on an even
further improved synthetic access to 137.33* In this approach, the
order of cyclophane ring formation was reversed. With the biaryl
ether bond established prior to performing the Larock macro-
cyclization reaction, the latter occurred with perfect stereo-
control, exclusively leading to the desired M-atropodiastereomer
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Scheme 23 Key steps in the total synthesis of chloropeptin II (137) by Zhu et al.3*®
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Scheme 24 Intramolecular Larock annulation for macrocyclization in the total synthesis of chloropeptin II (137) by Boger et al.?3*333

in 56% yield. This result is highly remarkable, as the stereo-
chemical outcome of the Larock methodology is thus opposite to
that obtained by late-stage construction of the eastern cyclo-
phane unit via Stille or Suzuki coupling (see above). By further
utilization of the Larock indole formation as the ring closing
method, Boger and co-workers accomplished the preparation of
the oxoindole analogs of chloropeptine II (137), complestatin A
(156, neuroprotectin A) and B (157, neuroprotectin B).?3*

3.3 Pyrrolophanes

The prodigiosin alkaloids are a family of deeply red colored
natural products isolated from a wide variety of bacteria, in
particular Streptomyces and related actinobacteria.®*® These
antibiotics have attracted huge interest due to their antimicro-
bial, cytotoxic, and antimalarial bioactivity**¢33® and their
unique architecture.®®*® Common to all prodigiosins is the
pyrrolylpyrromethen chromophore with structural variations
existing between members depending upon different alkyl
substituents at one of the pyrrol rings. Of special structural
interest are those family members showing an unusual pyrrolo-
phane core, as exemplified by metacycloprodigiosin (158) and
streptorubin (159, Fig.10). Because of their meta-bridged
heterocyclic core structure, compounds 158 and 159 may also be
considered as close structural relatives to the structurally unique
alkaloid roseophilin (160),****° which has inspired synthetic
efforts of several research groups.***3¢> While Laatsch and co-
workers already described the conformational stability of the
ansa-system of 159 in 1991, the stereochemistry of 159 was
unambiguously elucidated for the first time simultaneously by
Challis** and Thomson3® twenty years later using extensive
NMR studies combined with mutasynthesis and total synthesis,
respectively. As a result, streptorubin B (159) isolated from
Streptomyces coelicolor was determined to exist as a mixture of
diastereomers with the (7°S, anti) isomer being the major
component (88%).364

As the formation of the pyrrolylpyrromethen chromophore in
general has been well established in the literature,335:337:366-382 the
inherent challenge in the synthesis of m-pyrrolophane-type pro-
digiosin antibiotics is the preparation of the ansa-core structure
(Scheme 25).3%%

Firstner and co-workers therefore targeted racemic cyclo-
phane 165 featuring a Pt(11)-promoted cycloisomerization reac-
tion to assemble the meta-bridged bicyclic system in a formal
enyne metathesis.®®* Upon addition of catalytic amounts of PtCl,
to enyne 161, a skeletal rearrangement was observed, leading to
the ring expanded product 162 in excellent 79% yield. This atom
economic method turned out to be very efficient also on larger
scale (up to 7.5 g) and allowed for the introduction of structural
complexity into the system in only one step.?®* Selective
conversion of the enone using Pd(0) in combination with
Bu;SnH gave the respective ketone, which was further reduced
with LiAlH4 to the corresponding alcohol 163. Radical deoxy-
genation afforded the dihydropyrrole 164, which was transferred
into pyrrolophane 165 in an aromatization/deprotecting
sequence induced by treatment of 164 with potassium 3-amino-
propylamide (KAPA).

metacyclo-
prodigiosin (158)

streptorubin B (159) roseophilin (160)

Fig. 10 Selected members of the prodiginine alkaloids: meta-
cycloprodigiosin (158), streptorubin B (159), and roseophilin (160).
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Scheme 25 Preparation of the pyrrolophane scaffold of streptorubin B (159) by Fiirstner (top)**® and Chang (bottom).3%S

Another approach to ‘Firstner’s intermediate’ 164 was
reported by Chang et al. (Scheme 25, bottom).3®* Here, ring
closure was achieved by metathesis of the prolinol derived
compound 166. Using the second generation Grubbs catalyst,
the macrocycle was built in 58% yield. This reaction turned out to
be very sensitive as already minimal variations of the reaction
conditions (prolonged reaction time, elevated temperature,
different solvents) resulted in the degradation or even inhibition
of the generation of 167. The dihydropyrrole 164 was finalized by
hydrogenation of 167 and subsequent Lewis-acidic dehydration
of 168.

Thomson et al. initially attempted to access streptorubin B
(159) with the same strategy, which had been proven before to be
successful in the preparation of the conformationally flexible
metacycloprodigiosin (158).3¥¢ In the synthesis of 158, the
medium sized ring of 171 was forged in 69% yield (Scheme 26a)
by RCM of 169 prior to the construction of the pyrrole unit using
a Paal-Knorr reaction. Unfortunately, all efforts to get the
corresponding streptorubin-type Cjy ring 172 from diene 170
resulted only in a mixture of dimeric species. The reason for the
failure of 170 to undergo ring closure under metathesis condi-
tions is most likely due to the severely increased transannular
ring strain in the ten-membered macrocycle 172 when compared
to its twelve-membered analog 171. Therefore, an alternative
macrocyclization method had to be envisaged for streptorubin B
(159).3%° The new key step comprised an anion oxy-Cope rear-
rangement to build the ten-membered macrocycle from the
cyclohexanol 173, which was easily accessible in four steps and in
a good enantiomeric ratio (97 : 3).3%> Formation of ketone 174
was achieved by exposure of 173 to KHMDS and 18-crown-6
ether in 85% yield without loss of enantiomeric purity (Scheme
26b). After hydrogenolytic removal of the alkene accompanied
by O-debenzylation, the formed primary alcohol was oxidized to
the corresponding aldehyde using Dess—Martin periodinane
(DMP) followed by a Paal-Knorr pyrrole condensation. This
three-step sequence yielded the pyrrolophane skeleton in 67%

yield in favor of the kinetic product (10 : 1 d.r.), the syn isomer of
175. The synthesis of 159 was completed by attaching the
dipyrrole moiety to (S,syn)-175 in a biomimetic condensation
reaction with the aldehyde 176 and subsequent deprotection of
the pyrrole nitrogen. The product was obtained as
a 10 : I-mixture of isomers, of which the spectroscopic data of
the major one corresponded to the unnatural syn diastereomer of
159, which spontaneously isomerized upon standing to the more
stable anti compound, streptorubin B (159).
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RCM 2 )
\\‘R
—_— 8
)n
X
169, n =3, R=FEt 171, n=3, R=Et, 69%
170, n=1,R=nBu 172, n=1, R=nBu, 0%
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97:3 eur. 97:3 eur.
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72% @ “nBu
HN
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Scheme 26 a) Attempts to form the ten-membered macrocycle in the
synthesis towards 159 by RCM and b) enantioselective total synthesis of
streptorubin B (159).3¢°
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3.4 Cyclic bisbibenzyls

Bisbibenzyl compounds (perrottetins, marchantins, riccardins,
plagiochins)®-3%73%8 are — at first sight — structurally simple
phenolic natural products, which are found exclusively in bryo-
phytes and often exhibit remarkable biological activities. 387388
These molecules feature fascinating stereochemical properties,
being on the verge of strain induced, geometrical chirality (cf-
chapter 2), and thus constitute an optimal playground for studies
of the boundaries of conformational stability.*>?38%3% Although
different disconnection strategies, such as the construction of the
biaryl or aryl-aryl ether bond or the de novo synthesis of one aryl
fragment, have been envisaged in the synthesis of the confor-
mational flexible representatives, like e.g., riccardin C (20), the
macrocyclization of rotationally stable compounds was limited
to the formation of the ethyl bridge by Wittig olefination. As
exemplified for the preparation of isoplagiochin C (19) by
Speicher et al. (Scheme 27),%*" both ends of tetraaryl 177 were tied
together upon exposure to NaOMe, which gave O-methyl-
isoplagiochin C (178) in 74% yield. Subsequent O-demethylation
was conducted with BBr; to obtain the desired natural product
19. Other macrocyclic bisbibenzyls, like the presumably config-
urationally stable isoriccardin C (179) and riccardin D (21, see
chapter 2, Fig. 5), were accessible following the same pathway.3*?

3.5 Longithorones

From the tunicates of the genera Aplidium, Schmitz and co-
workers isolated in 1994 the structurally unique terpene longi-
thorone A (10) in enantiopure form (Fig. 11).*”*° This fascinating
natural product is composed of seven fused rings bearing six, ten,
and 16 atoms. It is assumed that 10 biosynthetically originates
from two farnesyl-derived paracyclophane units, which are
stitched together by both inter- and intramolecular Diels—-Alder
reactions.*’*%* This biosynthetic hypothesis was supported by the
isolation of other prenylated benzoquinones from the same
species,*® which constitute possible biosynthetic precursors of 10.
These secondary metabolites include longithorone B (180) and C
(181), which might comprise the monomeric [12]paracyclophane
species involved in the intermolecular cycloaddition, and longi-
thorone I (182), the shunt product of the first cycloaddition step.
Due to the huge ring strain caused by the cyclic arrangement in
this natural products, all nine longithorone derivatives known today
are rotationally restricted in their macrocyclic rings. The resulting
atropisomerism in combination with numerous stereogenic centers
in the dimeric structures enhances dramatically the challenges
associated with the preparation of this class of compounds,
especially when conducted in an enantioselective manner.

NaOMe

OMe @
o ﬁ

o % J

BrPh,P OHC @ @ OMC;Me

177 178

Scheme 27 Synthesis of cyclic bisbibenzyl natural products, like e.g., isoplagiochin C (19) and isoriccardin C (179) by Wittig reaction.

Me

A~

Me |ongithorone B (180)

Fig. 11 The p-benzoquinone cyclophanes from Aplidium longithorax,
longithorone A (10), B (180), C (181), and I (182).

The first synthetic route to longithorones was established by
Kato with the synthesis of longithorone B (180, Scheme 28).3°* In
the key step, Hf(OTf)4 and LiClO4 were added to the O-pivaloyl-
protected aryl compound 183. The intramolecular Friedel-Crafts
alkylation reaction furnished the paracyclophane 185 in good
78% vyield along with its metacyclophane regioisomer 184 in
a 6 : 1 ratio. Interestingly, it turned out that the steric as well as
the electronic properties of the protecting group at the C-1
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Scheme 28 Preparation of longithorone B (180) by Kato.**
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phenolic oxygen function have a decisive influence on the
regioselectivity of the macrocyclization. If an electron-donating
substituent, like e.g., t-butyldimethylsily group, instead of the
electron-withdrawing pivaloyl substituent was installed in cycli-
zation precursor 183, the formation of the corresponding TBS-
ether cyclophane (not shown) led to 1 : 8 mixture in favor of the
less constrained meta derivative. The regioisomers were sepa-
rated by HPLC and transformed into the corresponding benzo-
quinones in a two-step hydrolysis/oxidation sequence, giving the
natural product 180 in 58% yield.

With their synthesis of longithorone A (10), Shair et al. did not
only succeed in the first, and yet only, enantioselective prepara-
tion of this structurally unprecedented compound, but, further-
more, provided support for Schmitz’s provocative assumption
on the biosynthetic origin of 10.35*°® The biosynthesis*"*
inspired pathway chosen invoked an intermolecular as well as
transannular Diels—Alder cycloaddition of two configurationally
stable paracyclophanes 188 and 191 (Scheme 29), which resemble
protected forms of the supposed biosynthetic starting materials
for the intermolecular cycloaddition step, which may derive from
longithorone B (180) and C (181) in nature. The formation of
these two paracyclophane building blocks, 188 and 191, was
conducted via an ene—enyne ring closing metathesis in the key
step in each case. To gain access to dienophile 188, the cyclization
precursor 186 was treated with the ruthenium catalyst under high
dilution to give the twelve-membered macrocycle 187 in 47%
yield and with a 3 : 1-mixture of £ : Z-isomers (Scheme 29, top).
Like the natural benzoquinone analogs 180 and 181, the corre-
sponding synthetic intermediate 188 also exhibited atropiso-
merism due to a restricted rotation of the aryl moiety. For the
introduction of planar chirality into the cyclic system of 188,
a central-to-planar chirality transfer strategy was envisaged.
Therefore, the benzylic silyl-protected alcohol function was
strategically installed in enantiopure form, which transferred its
stereochemical information during ring closure to give the
desired atropdiastereomer in a moderate 5.2 : 1 ratio. Removal
of the benzylic silyloxy group was achieved by ionic hydroge-
nation. Subsequent deprotection of the primary alcohol function
and its oxidation to the corresponding aldehyde afforded 188 in
46% yield and as a single atropisomer.

The second cycloaddition precursor, the diene 191, was
prepared using the same strategy as for 188 involving an

C,Ha, DCM

47%
5.2:1dr.
31EZ

atropdiastereoselective ene-yne metathesis,*” here starting from
compound 189 (Scheme 29, bottom). This time, the ring closure
occurred with excellent selectivity (>25: 1d.r.;>25:1FE: Z)and
under complete regiocontrol as no 1,2-disubstituted diene was
detected,**® which would produce a regioisomeric benzene
compound tethered by eleven carbon atoms (not shown). It is
anticipated that the exclusive formation of the twelve-membered
scaffold is attributed to the reduced ring strain in the [12]para-
cyclophane 190 compared to its [11]cyclophane congener like
187. Unfortunately, the metathesis was accompanied by the
formation of unusual cyclophanes in which one methylene unit
had been lost. The separation of these by-products was possible
only after treatment of the reaction mixture with TBAF, thus
losing the aromatic silyl ether moiety. Phenol 190 was isolated in
42%, still with an intact benzylic silyl ether substituent, which
was reductively removed in the subsequent step. Re-installation
of the aromatic TBS-ether afforded macrocycle 191 in 52% yield.

The two paracyclophanes 188 and 191 were connected by
a Lewis-acid mediated Diels—Alder cycloaddition installing the
cyclohexene ring (Scheme 30). This reaction suffered from low
facial selectivity resulting in a 1: 1.4 ratio of diastereomers of
192. Variations of the Lewis acid did not improve the substrate-
based diastereoselectivity of the cycloaddition, which implicates
that a Diels—Alderase®® might be involved in the synthesis of
longithorone A (10) in nature. Silyl ether cleavage was carried
out with TBAF followed by immediate oxidation of the phenol
with hypervalent iodine. The so formed benzoquinone interme-
diate 193 underwent spontaneous intramolecular [4 + 2]-cyclo-
addition generating rings A, C, and D, thus finalizing natural
product 10 with 90% yield.?5-3%

4 Synthesis of natural cyclophanes with bent benzene
rings

4.1 Decahydrofluorene-containing natural products

Recently, the isolation of structurally novel highly bioactive
cyclophanes from different fungi was reported. These natural
products, such as hirsutellone B (194),%3 GKK1032A, (195),*%°
pyrrocidine A (196),*' and pyrrospirone A (197),*? feature
a common decahydrofluorene nucleus incorporated in an unusual
twelve- or 13-membered macrocycle through an alkyl-aryl ether

1.TFA Et,SiH Ve
2. PPTS
3. DMAP O oTBS
—_—
46%
CHO
188

1. (Cy3P),ClLRUCHPh,

= X~Me  CHy DCM AN
TBSO 2. TBAF
AN —_—
42%
Z OMe >25:1 d.r. Zz
Me OTBS 4g9 >25:11 E:Z

Scheme 29 Synthesis of the paracyclophanes 188 and 191, the two cycloaddition precursors.

Mo |- NaCNBH, TFA
€ 2 TBSOTY, /PerEt
< @
OMe OMe

Me OTBS 490

395,396
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Me

Me,AICI
188+191 ——»

1.4:1dr.

1. TBAF 90%
2. Phi(O)

longithorone A (10) -&—

Scheme 30 Biomimetic formation of the heptacyclic longithorone
A (10).395,396

linkage (Fig. 12). Furthermore, the paracyclophane motif
contains an additional ring, a y-hydroxylactam or succinimide,
and the whole molecule shows altogether ten stereogenic centers.
The huge ring strain caused by this cyclic architecture forces the
atoms in the aryl portion in the cyclophane to be twisted out of
plane, thus resulting in a bent benzene moiety.

Despite their structural similarity, these compounds differ in
their bioactivities, ranging from antibacterial, antifungal to
antitumoral properties.?*%%4°! Because of their unprecedented
structure and their pronounced bioactivities, especially against
Mycobacterium tuberculosis, the deathly pathogen of tubercu-
losis,® these substrates have become an interesting target for
synthetic chemists**% with the assembly of the cyclophane
ring, including the formation of the distorted benzene ring being
the most challenging part within the synthetic pathway.

Until now, total syntheses have only been described for
hirsutellone-type compounds.*®>%” In 2009 Nicolaou and

pyrrocidine A (196)

pyrrospirone A (197)

Fig. 12 Decahydrofluorene-class natural products: hirsutellone B (194),
GKK1032A, (195), pyrrocidine A (196), and pyrrospirone A (197).

co-workers achieved the enantioselective preparation of
hirsutellone B (194), in which the macrocyclization and twisting
of the aromatic ring was conducted in a two-step procedure
(Scheme 31).5 This concept envisioned the construction of
a larger, more flexible cyclophane first, whose formation should
be facilitated by its reduced ring strain compared to the more
rigid 13-membered macrocycle in the natural product. Subse-
quent ring contraction affiliated with extrusion of one atom of
the macrocycle gives then the desired ring size, which is
also accompanied with the bending of the aromatic portion. The
14-membered macrocycle was forged by treatment of iodoacetate
198 with NaOMe, which was followed by the immediate attack
of the now deprotected thiol functionality to close the macro-
cycle by substitution of iodide. Subsequent oxidation of the
sulfur ether led to sulfone 199 in good 79% yield. The ring
was downsized by one atom utilizing a Ramberg—Béacklund
rearrangement triggered by alumina-impregnated KOH giving
the corresponding styrene double bond exclusively as its Z
isomer. The driving force for this reaction originates from the
liberation of volatile sulphur dioxide. Subsequent carboxy-
methylation and chemoselective dihydroxylation of the benzylic
olefin afforded diol 200 in 55% yield and as a single diastereomer.
Taking benefit of the enhanced reactivity of the benzylic
secondary alcohol the hydroxy function at C-3’ was selectively
removed under Barton’s deoxygenation conditions to yield 201.
Oxidation of the remaining OH-substituent at C-2' proceeded
smoothly to the ketone. A cascade sequence was initialized upon
addition of ammonia to the reaction mixture composed of
amidation of the methyl ester function, epimerization of the
stereocenter at C-17, and cyclization to the y-hydroxylactam
finally leading to hirsutellone B (194).

Starting from the advanced intermediate 200, Nicolaou pub-
lished a second-generation synthesis to hirsutellone B (194) as
well as the first to hirsutellone A (13, Fig. 3, chapter 2) and C
(202), in which the end-game was changed to a more bioinspired
late-stage sequence.*¢

An approach involving the direct construction of the
13-membered macrocycle of 194 was tackled by Uchiro using an
Ullmann-type cycloetherification.*”” Therefore, iodobenzene 203
was treated with copper(1) salt under basic conditions (Scheme
32). The Buchwald protocol for this transformation succeed in
the formation of the aryl-alkyl ether linkage not until the reac-
tion mixture was heated to 160 °C. Under these harsh conditions
the 13-membered macrocycle 204 was obtained in 42% yield.
Further functional group manipulations of the cyclophane
bridge including silyl ether deprotection and subsequent oxida-
tion of the alcohol delivered ketone 205 in 90%. The nitrile
moiety in 205 was then hydrolyzed to the amide, which sponta-
neously formed the y-hydroxylactam fragment after removal of
the MOM enol ether, thus completing the preparation of 194.

4.2 Haouamines

The ascidian Aplidium haouarianum, which can be found at the
southern coast of Spain, produces structurally fascinating alka-
loids, like haouamine A (206) and B (12, see chapter 2, Fig. 3).3
The heptacyclic architecture of 206 and 12 assembles a congested
indeno-pyrridine ring system, a highly strained [7]azapar-
acyclophane unit containing a bent benzene ring, and an unusual

This journal is © The Royal Society of Chemistry 2012
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hirsutellone C (202)

hirsutellone B (194) €————

1. KOH/ALO4
CF3,Br,
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NCCO,Me

3. AD-mix B

55%

1. 8=CCl,
2. AIBN, 65%
nBuzSnH
1. DMP
2. NH3

46%

201

Scheme 31 Formation of the 13-membered cyclophane skeleton of 194, including a bent benzene ring, by Nicolaou et al.*®

Cul, Cs,CO3,

phenanthroline

—>
42%

Scheme 32 Synthesis of the paracyclophane scaffold by an Ullmann-
type macrocyclization.*”

oxygenation pattern. All these features contribute to the struc-
tural uniqueness of these molecules. In solution haouamine A
(206) and B (12) occur as two rapidly interconverting isomers. In
general, this phenomenon can be traced back to either a slow
pyramidal inversion of the tertiary nitrogen in the indeno-tetra-
hydropyridine moiety or to a semi stable biaryl axis between ring
A and B thus resulting in a restricted rotation of the bent aryl
ring B. Since intensive NMR investigations supported by
chemical calculations, could not solve this mystery unambigu-
ously,*® Baran et al. approached this problem by conducting an
atroposelective total synthesis of haouamine A (206) accompa-
nied by X-ray analysis of both atropdiastereomers. These studies
proved that 206 is configurationally stable at the C,C aryl-aryl
bond,*!! that leaves the appearance of two isomers of 206 to
a conformational instability of the nitrogen atom (Scheme 33).
The intriguing structural features of the haouamines together

with an, as yet, unknown biosynthesis*?*3 and the exquisite

antitumoral activities®*!" have stimulated numerous synthetic
efforts towards 12 and 206,*'3423 which culminated in two total
synthesis of haouamine A (206).414**

After several failed attempts to close the strained para-
cyclophane unit using standard approaches, such as transition-
metal catalyzed biaryl couplings, Witkop photocyclization, and
intramolecular alkylation,*** Baran and co-workers adopted
a completely new strategy constructing a saturated precursor via
a pyrone-alkyne Diels—Alder cycloaddition. There, the bridged
intermediate 209 served as a conformational mimic of the boat-
like ring B on the one hand and was susceptible to subsequent
oxidation/aromatization on the other leading to the de novo
synthesis of the aromatic ring B (Scheme 34). This concept was
put into action by heating precursor 208, containing both reac-
tion partners, diene (pyrone) and dienophile (alkyne), to 250 °C
in the microwave.*”* These harsh reaction conditions were
necessary to trigger the formation of the intermediate cyclo-
hexadiene 209, which already represents the desired boat
conformation. Spontaneous elimination of the embedded leaving
group in a retro-Diels—Alder reaction provided the carbo skel-
eton of haouamine A (206). Hydrolysis of all acetyl groups
delivered the final product 206 in a 10 : 1 ratio in favor of the
natural atropisomer, but in insufficient 21% yield over the last
two steps.

HO

HO. HO
@ /) rotationally
?/ stable at rt
HO Z N \ ‘_ﬁéL: H
=D
H
HO HO

haouamine A (206) atrop-haouamine A (207)

Scheme 33 The rotationally stable haouamine A (206).
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Since an extensive evaluation of the antitumoral potential of
haouamine A (206) was hampered by both its poor availability
from natural sources® and the inefficiency of the key step in the
first-generation route, Baran and co-workers designed a second
synthetic approach to 206, this time focusing on scalability and
atroposelectivity.*!* In this route a cyclohexanone moiety was
chosen as a precursor for phenyl ring B (Scheme 35) as it was
assumed that the change in hybridization of the carbon atoms in
one of the rings of the cyclophane (ring B) from sp? to sp? should
significantly alleviate strain within the macrocycle, thus allowing
the ring-closure to proceed more smoothly. Furthermore, phenol
surrogate 210 can act as a chiral template, giving the opportunity
to conduct a stereocontrolled, atrop-programmed synthesis of
206 by selectively transferring the centro-chirality of 210 to the
planar-chirality present in 206.*'* With this concept in mind, the
Boc-group in the indeno-tetrahydropyridine 210 was removed,
followed by immediate cyclization via nucleophilic substitution
upon addition of base. The macrocyclic products 211 and 212
were obtained as a 1.45 : 1-mixture of diastereomers, which were
easily separated by column chromatography. Each isomer was
subjected to the same consecutive reaction steps. The second key
transformation, the aromatization of the cyclohexanone, was
achieved chemoselectively by treatment of the in situ formed
lithium enolate with N-fert-butylbenzenesulfinimidoyl chloride
(213) giving after exhaustive O-demethylation haouamine A
(206) and its atrop-diastereomer 207. As a result of this work,
the longstanding question of the origin of the two isomers
observed in solution as well as the shortage in supply of haou-
amine A (206) for further extensive biological studies was no
longer an issue.

4.3 Cavicularin

From a structural point of view, cavicularin (22)°! is the most
fascinating member of the family of cyclic bisbibenzyl natural
products (¢f- chapter 2). With its bent aromatic ring and its
inherent helical chirality, which arises only from restricted
conformational freedom caused by the immense strain exhibited
by the biased cyclic array, the preparation and, in particular, the
enantioselective formation of cavicularin (22), poses an excep-
tional challenge to synthetic chemists. In 2005, Harrowven
described the synthesis of racemic 22 utilizing a two-step ring-
closing sequence, establishing more strain in the cyclic array with
each transformation.**> At first, the macrocycle was formed from

O
uwave, BHT
DCB,
250 °C
——

O 209
AcO

K,CO5 ¢ 21%

haouamine A (206)

Scheme 34 First total synthesis of haouamine A (206) by Baran et al.**

TFA then
iPr,NEt 79%

H H
MeQ Z N MeQ Z Y e/
H 145:1dr. H
211 212
MeO' MeO
cl
1.LIHMDS, 4.
60% Ph” “NtBu 61%

2.BBr3 213

haouamine A (206) atrop-haouamine A (207)

Scheme 35 Second-generation synthesis of haouamine A (206) and its
atropdiastereomer 207.4"!

dialdehyde 214 by joining ring A and D (Scheme 36, top). This
was done by a McMurry reductive coupling reaction leading
exclusively to the Z configured 18-membered intermediate 215
(35% yield) resembling the riccardin C framework. After reduc-
tion of the olefin the macrocycle was further tightened along with
twisting benzene ring A by directly linking ring A and D in
a radical-induced transannular ring contraction. In this process
tris(trimethylsilyl)silane (TTMSS) together with the radical
initiator azobisisobutyronitrile (AIBN) was added to cyclophane
216 and the mixture was heated to 90 °C. This procedure
provided an inseparable 2 : 1-mixture of the trimethyl ethers
of riccardin C (20) and cavicularin (22), which were finally
transformed into the natural products 20 and 22 by complete
O-demethylation.

Since the macrocyclization step using a McMurry reaction
proceeded in unsatisfying yields,**> Harrowven reported in 2011
on a route to cavicularin (22), in which he improved certain steps
within the pathway but kept the overall strategy basically the
same (Scheme 36, bottom).** This time, the overall cyclophane
scaffold was constructed by an intramolecular Wittig olefination
of cyclization precursor 217 forming the ethylene bridge between
ring B and C in 69% yield. The change in the macrocyclization
method constituted a huge improvement by doubling the yield
when compared to the first-generation synthesis. X-Ray analysis
of E-stilbene 218 revealed that already in this intermediate the
transannular ring strain causes a distortion of benzene ring A,
which is comparable with that in the natural product. This result
might explain why previous attempts to close the macrocycle by
ring-closing metathesis were not successful and resulted in
a complex product mixture with a dimeric species being the
major product (32%). In this case, the observed ring strain in the
desired product can lead to reversibility of the ruthenium-cata-
lyzed ring-closing reaction and thus assists for an intermolecular
cross-metathesis.

This journal is © The Royal Society of Chemistry 2012
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Scheme 36 Synthesis of cavicularin (22) by Harrowven et al.®****

After reduction of the stilbene double bond, bromocyclophane
219 was obtained in 96% yield, which was then subjected to
standard radical conditions applying nBusSnH and 1,1’-azo-
biscyanocyclohexane (VAZO) in order to execute the desired ring
contraction. Unfortunately, this transformation gave the cav-
icularin skeleton only in poor yield, with bromo-hydrogen
exchange being the major pathway. Subsequent complete
O-demethylation delivered riccardin C (20) and cavicularin (22)
in 74% over the last two steps in a 2.5 : 1 mixture.

5 Conclusion and outlook

The group of cyclophane natural products comprises a huge
variety of most diverse compounds with unprecedented struc-
tures and outstanding biological activities. Regardless of their
overall constitution, including the size of the macrocycle, ring
closure is certainly the central issue faced in the preparation of
these targets and determines the efficacy of the overall synthetic
strategy. In general, the outcome of this key step highly depends
on both, the choice of the strategic bond formation and the
method selected for this reaction. Not surprisingly, this problem
has attracted tremendous attention of synthetic chemists and
provided impetus for the alteration of existing and the develop-
ment of new synthetic methodologies in this field.

While the synthetic strategies described above constitute the
frontier of organic synthesis, there is still room for improvement.
The inherent challenge exhibited by cyclic compounds is further
increased in the case of cyclophanes which show restricted
rotation due to the lack of conformational and configurational
freedom caused by transannular strain. Because of the hindrance
in rotation of aryl-aryl and aryl-alkyl bonds one has not only to
account for entropic factors in the construction of the cyclic core,
but also has to control the atropisomerism in the macro-
cyclization step. Such atropselective syntheses are highly desir-
able, but still feasible only under substrate control. Therefore,
the stereoselective preparation of cyclophanes, which are devoid
of any traditional stereo element, such as the diarylheptanoids or
cyclic bisbibenzyls, remains elusive even today and the synthetic

challenge persists in spite of their ‘simple’ structure. Since the
chiral axes and chiral planes in these molecules were created only
upon cyclization, the development of an enantioselective mac-
rocyclization becomes a precondition for realizing this goal.
However, to the best of our knowledge, such a method has yet to
be invented.

6 Abbreviations

ACE angiotensin-converting enzyme
AIBN azobisisobutyronitrile

DMP Dess—Martin periodinane
1,2-DCB 1,2-dichlorobenzene

FDPP pentafluorophenol

4-Hpg 4-hydroxyphenylglycine

RCM ring-closing metathesis

SNAT nucleophilic aromatic substitution
SPase 1 signal peptidase |

TBAF tetra-n-butylammonium fluoride
TBS tert-butyldimethylsilyl

TFA trifluoroacetic acid

TTMS tris(trimethylsilyl)silane

TTN thallium(1in) nitrate

VAZO 1,1’-azobiscyanocyclohexane

7 Acknowledgements

The authors thank the German Academic Exchange Service
(DAAD) and the German Research Foundation (DFG) for their
financial support.

8 References and notes

1 M. M. Pellegrin, Recl. Trav. Chim. Pays-Bas., 1899, 18, 457.

2 C.J. Brown and A. C. Farthing, Nature, 1949, 164, 915-916.

3 D. J. Cram and H. Steinberg, J. Am. Chem. Soc., 1951, 73, 5691—
5704.

928 | Nat. Prod. Rep., 2012, 29, 899-934

This journal is © The Royal Society of Chemistry 2012


http://dx.doi.org/10.1039/c2np20034a

Published on 25 June 2012. Downloaded by Ufa Federal research centre of RAS on 4/19/2019 11:11:42 AM.

View Article Online

4 B. H. Smith, Bridged Aromatic Compounds, Academic Press, New
York, 1964.

5 P. M. Keehn and S. M. Rosenfeld, Cyclophanes, Academic Press,
New York, 1983.

6 F. Diederich, Cyclophanes, Royal Society of Chemistry, Cambridge,
1991.

7 F. Vogtle, Cyclophane Chemistry, Wiley-VCH, New York, 1993.

8 R. Gleiter and H. Hopf, Modern Cyclophane Chemistry, Wiley-VCH,
Weinheim, 2004.

9 M. Nakazaki, K. Yamamoto and S. Tanaka, J. Chem. Soc., Chem.
Commun., 1972, 433.

10 Y. Sekine, M. Brown and V. Boekelheide, J. Am. Chem. Soc., 1979,
101, 3126-3127.

11 D. J. Cram and J. M. Cram, Acc. Chem. Res., 1971, 4, 204-213.

12 S. E. Gibson and J. D. Knight, Org. Biomol. Chem., 2003, 1, 1256—
1269.

13 S. Brise, S. Dahmen, S. Hofener, F. Lauterwasser, M. Kreis and
R. E. Ziegert, Synlett, 2004, 2647-2669.

14 V. Rozenberg, E. Sergeeva and H. Hopf, in Mod. Cyclophane Chem.,
ed. R. Gleiter and H. Hopf, Wiley-VCH, Weinheim, 2004, pp. 435~
462.

15 J. Canceill, L. Lacombe and A. Collet, J. Am. Chem. Soc., 1986, 108,
4230-4232.

16 J. Canceill, M. Cesario, A. Collet, J. Guilhem, L. Lacombe,
B. Lozach and C. Pascard, Angew. Chem., Int. Ed. Engl., 1989, 28,
1246-1248.

17 H. Hopf, Angew. Chem., Int. Ed., 2008, 47, 9808-9812.

18 A. Cipiciani, F. Fringuelli, O. Piermatti, F. Pizzo and R. Ruzziconi,
J. Org. Chem., 2002, 67, 2665-2670.

19 A. M. Sarotti, R. A. Spanevello and A. G. Suarez, Tetrahedron Lett.,
2005, 46, 6987-6990.

20 A. M. Sarotti, R. A. Spanevello and A. G. Suarez, Org. Lett., 2006,
8, 1487-1490.

21 A. M. Sarotti, R. A. Spanevello and A. G. Suarez, Tetrahedron,
2009, 65, 3502-3508.

22 D. M. Casper, J. R. Burgeson, J. M. Esken, G. M. Ferrence and
S. R. Hitchcock, Org. Lett., 2002, 4, 3739-3742.

23 J. L. Vicario, D. Badia, L. Carrillo, E. Reyes and J. Etxebarria, Curr.
Org. Chem., 2005, 9, 219-235.

24 P.J. Pye, K. Rossen, R. A. Reamer, N. N. Tsou, R. P. Volante and
P. ). Reider, J. Am. Chem. Soc., 1997, 119, 6207-6208.

25 A. S. Droz, U. Neidlein, S. Anderson, P. Seiler and F. Diederich,
Helv. Chim. Acta, 2001, 84, 2243-2289.

26 R. Martinez-Manez and F. Sancenon, Chem. Rev., 2003, 103, 4419
4476.

27 E. A. Meyer, R. K. Castellano and F. Diederich, Angew. Chem., Int.
Ed., 2003, 42, 1210-1250.

28 J. Yoon, S. K. Kim, N. J. Singh and K. S. Kim, Chem. Soc. Rev.,
2006, 35, 355-360.

29 D. Ramaiah, P. P. Neelakandan, A. K. Nair and R. R. Avirah,
Chem. Soc. Rev., 2010, 39, 4158-4168.

30 W. F. Gorham, J. Polym. Sci., 1966, 4, 3027-3039.

31 J. Zyss, 1. Ledox, S. Volkov, V. Chernyak, S. MuKamel,
G. P. Bartolomew and G. C. Bazan, J. Am. Chem. Soc., 2000, 122,
11956-11962.

32 E. Elacqua and L. R. MacGillivray, Eur. J. Org. Chem., 2010, 6883—
6894.

33 L. Valentini, F. Mengoni, A. Taticchi, A. Marrocchi and
J. M. Kenny, J. Mater. Chem., 2006, 16, 1622-1625.

34 L. Valentini, F. Mengoni, A. Taticchi, A. Marrocchi, S. Landi,
L. Minuti and J. M. Kenny, New J. Chem., 2006, 30, 939-943.

35 L. Valentini, F. Mengoni, J. M. Kenny, A. Marrocchi and
A. Taticchi, Small, 2007, 3, 1200-1203.

36 L. Valentini, A. Marrocchi, M. Seri, F. Mengoni, F. Meloni,
A. Taticchi and J. M. Kenny, Thin Solid Films, 2008, 516, 7193~
7198.

37 L. Valentini, A. Taticchi, A. Marrocchi and J. M. Kenny, J. Mater.
Chem., 2008, 18, 484-488.

38 B. S. Moore, J. L. Chen, G. M. L. Patterson, R. E. Moore,
L. S. Brinen, Y. Kato and J. Clardy, J. Am. Chem. Soc., 1990,
112, 4061-4063.

39 B. S. Moore, J. L. Chen, G. M. L. Patterson and R. E. Moore,
Tetrahedron, 1992, 48, 3001-3006.

40 A. B. Smith, III, S. A. Kozmin and D. V. Paone, J. Am. Chem. Soc.,
1999, 121, 7423-7424.

41 A. B. Smith, III, S. A. Kozmin, C. M. Adams and D. V. Paone, J.
Am. Chem. Soc., 2000, 122, 4984-4985.

42 A. B. Smith, III, C. M. Adams, S. A. Kozmin and D. V. Paone, J.
Am. Chem. Soc., 2001, 123, 5925-5937.

43 T. R. Hoye, P. E. Humpal and B. Moon, J. Am. Chem. Soc., 2000,
122, 4982-4983.

44 H. Yamakoshi, F. Ikarashi, M. Minami, M. Shibuya, T. Sugahara,
N. Kanoh, H. Ohori, H. Shibata and Y. Iwabuchi, Org. Biomol.
Chem., 2009, 7, 3772-3781.

45 K. C. Nicolaou, Y.-P. Sun, H. Korman and D. Sarlah, Angew.
Chem., Int. Ed., 2010, 49, 5875-5878.

46 K. E. Malterud, T. Anthonsen and J. Hjortas, Tetrahedron Lett.,
1976, 17, 3069-3072.

47 X. Fu, M. B. Hossain, D. van der Helm and F. J. Schmitz, J. Am.
Chem. Soc., 1994, 116, 12125-12126.

48 X. Fu, M. B. Hossain, F. J. Schmitz and D. van der Helm, J. Org.
Chem., 1997, 62, 3810-3819.

49 X. Fu, M. L. G. Ferreira and F. J. Schmitz, J. Nat. Prod., 1999, 62,
1306-1310.

50 M. H. McCormick, W. M. Stark, G. E. Pittenger, R. C. Pittenger
and J. M. McGuire, Antibiot. Annu., 1955, 606-611.

51 Y.-Z. Shu, J. Nat. Prod., 1998, 61, 1053-1071.

52 D. J. Newman, G. M. Cragg and K. M. Snader, Nat. Prod. Rep.,
2000, 17, 215-234.

53 L. Feliu and M. Planas, Int. J. Pept. Res. Ther., 2005, 11, 53-97.

54 L. A. Wessjohann, E. Ruijter, D. Garcia-Rivera and W. Brandt,
Mol. Diversity, 2005, 9, 171-186.

55 T. Newhouse, P. S. Baran and R. W. Hoffmann, Chem. Soc. Rev.,
2009, 38, 3010-3021.

56 N. Z. Burns, P. S. Baran and R. W. Hoffmann, Angew. Chem., Int.
Ed., 2009, 48, 2854-2867.

57 T. Gaich and P. S. Baran, J. Org. Chem., 2010, 75, 4657-4673.

58 P. A. Wender and B. L. Miller, Org. Synth., 1993, 2, 27-66.

59 P. A. Wender and B. L. Miller, Nature, 2009, 460, 197-201.

60 P. A. Wender, V. A. Verma, T. J. Paxton and T. H. Pillow, Acc.
Chem. Res., 2008, 41, 40-49.

61 C.-J. Li and B. M. Trost, Proc. Natl. Acad. Sci. U. S. A., 2008, 105,
13197-13202.

62 B. M. Trost, Science, 1983, 219, 245-250.

63 B. M. Trost, Science, 1991, 254, 1471-1477.

64 B. M. Trost, Angew. Chem., Int. Ed. Engl., 1995, 34, 259-281.

65 R. A. Shenvi, D. P. O’Malley and P. S. Baran, Acc. Chem. Res., 2009,
42, 530-541.

66 1. S. Young and P. S. Baran, Nat. Chem., 2009, 1, 193-205.

67 J. Kleinschroth and H. Hopf, Angew. Chem., Int. Ed. Engl., 1982, 21,
469-480.

68 F. Vogtle, Tetrahedron Lett., 1969, 10, 3193-3196.

69 F. Vogtle and P. Neumann, Tetrahedron Lett., 1969, 10, 5329-
5334.

70 IUPAC Compendium of Chemical Terminology, http:/
goldbook.iupac.org/C0154.html.

71 F. Bickelhaupt, Pure Appl. Chem., 1990, 62, 373-382.

72 F. Bickelhaupt and W. H. de Wolf, J. Phys. Org. Chem., 1998, 11,
362-376.

73 A. de Meijere and B. Konig, Synlett, 1997, 1221-1232.

74 V. V. Kane, W. H. De Wolf and F. Bickelhaupt, Tetrahedron, 1994,
50, 4575-4622.

75 A. A. Aly and A. B. Brown, Tetrahedron, 2009, 65, 8055-8089.

76 J. F. Liebman and A. Greenberg, Chem. Rev., 1976, 76, 311-365.

77 Z. A. Starikova, 1. V. Fedyanin and M. Y. Antipin, Russ. Chem.
Bull., 2004, 53, 1779-1805.

78 T. Tsuji, in Mod. Cyclophane Chem., ed. R. Gleiter and H. Hopf,
Wiley-VCH, Weinheim, 2004, pp. 81-104.

79 T. Tsuji, in Advances in Strained and Interesting Organic Molecules,
ed. B. Halton, JAI Press, Greenwich, CT, 1999, vol. 7, pp. 103-152.

80 T. Tsuji, M. Ohkita and H. Kawai, Bull. Chem. Soc. Jpn., 2002, 75,
415-433.

81 L. Garrido, E. Zubia, M. J. Ortega and J. Salva, J. Org. Chem., 2003,
68, 293-299. During the reviewing process of this article the structure
of haouamine B (12) was revised: M. Matveenko, G. Liang,
E. M. W. Lauterwasser, E. Zubia and D. Trauner, J. Am. Chem.
Soc., 2012, 134, 9291-9295.

82 M. Isaka, N. L. Hywel-Jones, S. Somrithipol, K. Kirtikara,
P. Palittapongarnpim and Y. Thebtaranonth, US Pat.,
20060122252, 2006.

This journal is © The Royal Society of Chemistry 2012

Nat. Prod. Rep., 2012, 29, 899-934 | 929


http://dx.doi.org/10.1039/c2np20034a

Published on 25 June 2012. Downloaded by Ufa Federal research centre of RAS on 4/19/2019 11:11:42 AM.

View Article Online

83 M. Isaka, N. Rugseree, P. Maithip, P. Kongsaeree, S. Prabpai and
Y. Thebtaranonth, Tetrahedron, 2005, 61, 5577-5583.

84 G. M. Keserii and M. Négradi, in Studies in Natural Products
Chemistry, ed. R. Atta-ur, Elsevier Science B. V., New York, 1995,
vol. 17, pp. 357-394.

85 G. Islas-Gonzalez and J. Zhu, J. Org. Chem., 1999, 64, 914-924.

86 A. Liittringhaus, Liebigs. Ann. Chem., 1937, 181-210.

87 U. Schmidt, A. Lieberknecht, H. Bokens and H. Griesser, J. Org.
Chem., 1983, 48, 2680-2685.

88 E. Haslinger and W. Robien, Monatsh. Chem., 1982, 113, 95-100.

89 A. Kirfel and G. Will, Z. Kristallogr., 1976, 142, 368-382.

90 A. Kirfel, G. Will, R. Tschesche and H. Wilhelm, Z. Naturforsch., B,
1976, 31b, 279-280.

91 M. Toyota, T. Yoshida, Y. Kan, S. Takaoka and Y. Asakawa,
Tetrahedron Lett., 1996, 37, 4745-4748.

92 Y. Asakawa, in Progress in the Chemistry of Organic Natural
Products, Springer-Verlag, New York, 1995, pp. 335-351.

93 G. M. Keserii and M. Négradi, Nat. Prod. Rep., 1995, 12, 69-75.

94 S. L. Kostiuk, T. Woodcock, L. F. Dudin, P. D. Howes and
D. C. Harrowven, Chem.—Eur. J., 2011, 17, 10906-10915.

95 G. Bringmann, J. Miihlbacher, M. Reichert, M. Dreyer, J. Kolz and
A. Speicher, J. Am. Chem. Soc., 2004, 126, 9283-9290.

96 J. M. Scher, J. Zapp, H. Becker, N. Kather, J. Kolz, A. Speicher,
M. Dreyer, K. Maksimenka and G. Bringmann, Tetrahedron,
2004, 60, 9877-9881.

97 M. Kajtar-Peredy, G. M. Keserii and M. Négradi, J. Chem. Soc.,
Perkin Trans. 2, 1993, 563-566.

98 G. M. Kesertii, I. Kolossvary and M. Négradi, J. Mol. Struct., 1995,
356, 143-148.

99 G. M. Keserii and M. Noégradi, Phytochemistry, 1992, 31, 1573—
1576.

100 Y. Asakawa, M. Toyota, M. Tori and T. Hashimoto, Spectroscopy,
2000, 14, 149-175.

101 T. Hashimoto, H. Irita, S. Takaoka, M. Tanaka and Y. Asakawa,
Tetrahedron, 2000, 56, 3153-3159.

102 T. Hashimoto, S. Kanayama, Y. Kan, M. Tori and Y. Asakawa,
Chem. Lett., 1996, 741-742.

103 H. Anton, L. Kraut, R. Mues and M. 1. Morales Z, Phytochemistry,
1997, 46, 1069-1075.

104 J. M. Scher, J. Zapp, A. Schmidt and H. Becker, Phytochemistry,
2003, 64, 791-796.

105 Y. S. Kosenkova, M. P. Polovinka, N. I. Komarova,
D. V. Korchagina, N. Y. Kurochkina, V. A. Cheremushkina and
N. F. Salakhutdinov, Chem. Nat. Compd., 2007, 43, 712-713.

106 Y. Asakawa and R. Matsuda, Phytochemistry, 1982, 21, 2143-2144.

107 M. Toyota, F. Nagashima and Y. Asakawa, Phytochemistry, 1988,
27, 2603-2608.

108 Y. S. Kosenkova, M. P. Polovinka, N. 1. Komarova,
D. V. Korchagina, S. V. Morozov, A. 1. Vyalkov,
N. Y. Kurochkina, V. A. Cheremushkina and
N. F. Salakhutdinov, Chem. Nat. Compd., 2008, 44, 564-568.

109 L.-N. Wang, C.-F. Xie, X.-S. Zhu, P.-H. Fan and H.-X. Lou,
J. Asian Nat. Prod. Res., 2011, 13, 312-318.

110 J. Zhu, G. Islas-Gonzalez and M. Bois-Choussy, Org. Prep. Proced.
Int., 2000, 32, 505-546.

111 L. R. C. Barclay, M. R. Vinqvist, K. Mukai, H. Goto,
Y. Hashimoto, A. Tokunaga and H. Uno, Org. Lett., 2000, 2,
2841-2843.

112 S. V. Jovanovic, S. Steenken, C. W. Boone and M. G. Simic, J. Am.
Chem. Soc., 1999, 121, 9677-9681.

113 E. Schraufstatter and H. Bernt, Nature, 1949, 164, 456-457.

114 C. Selvam, S. M. Jachak, R. Thilagavathi and A. K. Chakraborti,
Bioorg. Med. Chem. Lett., 2005, 15, 1793-1797.

115 M. T. Huang, T. Lysz, T. Ferraro, T. F. Abidi, J. D. Laskin and
A. H. Conney, Cancer Res., 1991, 51, 813-819.

116 M. T. Huang, R. C. Smart, C. Q. Wong and A. H. Conney, Cancer
Res., 1988, 48, 5941-5946.

117 S.-L. Lee, W.-J. Huang, W. W. Lin, S.-S. Lee and C.-H. Chen,
Bioorg. Med. Chem., 2005, 13, 6175-6181.

118 T. Akihisa, K. Nagai, T. Yonezawa, H. Akazawa, B.-Y. Cha,
T. Teruya, J.-T. Woo and M. Ohta, WO Pat., 2007-JP65160
2008016105, 2008.

119 J. Ishida, M. Kozuka, H. Tokuda, H. Nishino, S. Nagumo,
K.-H. Lee and M. Nagai, Bioorg. Med. Chem., 2002, 10, 3361-
3365.

120 J. Ishida, M. Kozuka, H. K. Wang, T. Konoshima, H. Tokuda,
M. Okuda, X. Yang Mou, H. Nishino, N. Sakurai, K. H. Lee and
M. Nagai, Cancer Lett., 2000, 159, 135-140.

121 H.-M. Kang, K.-H. Son, D. C. Yang, D.-C. Han, J. H. Kim,
N.-I. Baek and B.-M. Kwon, Nat. Prod. Res., 2004, 18, 295-299.

122 H. Morita, J. Deguchi, Y. Motegi, S. Sato, C. Aoyama, J. Takeo,
M. Shiro and Y. Hirasawa, Bioorg. Med. Chem. Lett., 2010, 20,
1070-1074.

123 J. R. Jones, M. D. Lebar, U. K. Jinwal, J. F. Abisambra, J. Koren,
II1, L. Blair, J. C. O’Leary, Z. Davey, J. Trotter, A. G. Johnson,
E. Weeber, C. B. Eckman, B. J. Baker and C. A. Dickey, J. Nat.
Prod., 2011, 74, 38-44.

124 M. Nomura, T. Tokoroyama and T. Kubota, J. Chem. Soc., Chem.
Commun., 1975, 316-317.

125 F. Hanawa, M. Shiro and Y. Hayashi, Phytochemistry, 1997, 45,
589-595.

126 M. J. Begley, R. V. M. Campbell, L. Crombie, B. Tuck and
D. A. Whiting, J. Chem. Soc. C, 1971, 3634-3642.

127 M. J. Begley and D. A. Whiting, J. Chem. Soc. D, 1970, 1207-1208.

128 B. S. Joshi, S. W. Pelletier, M. G. Newton, D. Lee,
G. B. McGaughey and M. S. Puar, J. Nat. Prod., 1996, 59, 759-764.

129 M. Morihara, N. Sakurai, T. Inoue, K.-I. Kawai and M. Nagali,
Chem. Pharm. Bull., 1997, 45, 820-823.

130 M. F. Semmelhack and L. S. Ryono, J. Am. Chem. Soc., 1975, 97,
3873-3875.

131 M. F. Semmelhack, P. Helquist, L. D. Jones, L. Keller,
L. Mendelson, L. S. Ryono, J. Gorzynski Smith and
R. D. Stauffer, J. Am. Chem. Soc., 1981, 103, 6460-6471.

132 M. Nomura, T. Tokoroyama and T. Kubota, J. Chem. Soc., Chem.
Commun., 1974, 65-66.

133 D. A. Whiting and A. F. Wood, J. Chem. Soc., Perkin Trans. 1, 1980,
623-628.

134 D. A. Whiting and A. F. Wood, Tetrahedron Lett., 1978, 19, 2335-
2338.

135 R. V. M. Campbell, L. Crombie, B. Tuck and D. A. Whiting,
J. Chem. Soc. D, 1970, 1206-1207.

136 D. Sun, Z. Zhao, H. Wong and L. Y. Foo, Phytochemistry, 1988, 27,
579-583.

137 Y. Takeda, T. Fujita, T. Shingu and C. Ogimi, Chem. Pharm. Bull.,
1987, 35, 2569-2573.

138 B. Vermes, G. M. Keserii, G. Mezey-Vandor, M. Négradi and
G. Téth, Tetrahedron, 1993, 49, 4893-4900.

139 H. Kalchhauser, H. G. Krishnamurty, A. C. Talukdar and
W. Schmid, Monatsh. Chem., 1988, 119, 1047-1050.

140 G. M. Keserii, Z. Dienes, M. N6gradi and M. Kajtar-Peredy, J. Org.
Chem., 1993, 58, 6725-6728.

141 M. Nogradi, G. M. Keserii, M. Kajtar-Peredy, B. Vermes,
N.T.T. Ha and Z. Dinya, ACH — Models Chem., 1998, 135, 57-78.

142 G. M. Keserii, M. Noégradi and M. Kajtar-Peredy, Liebigs Ann.
Chem., 1994, 361-364.

143 S. Nagumo, N. Kaji, T. Inoue and M. Nagai, Chem. Pharm. Bull.,
1993, 41, 1255-1257.

144 M. Nagai, M. Kubo, M. Fujita, T. Inoue and M. Matsuo, Chem.
Pharm. Bull., 1978, 26, 2805-2810.

145 M. Kubo, T. Inoue and M. Nagai, Chem. Pharm. Bull., 1980, 28,
1300-1303.

146 M. Kubo, M. Nagai and T. Inoue, Chem. Pharm. Bull., 1983, 31,
1917-1922.

147 M. Nagai, M. Kubo, K. Takahashi, M. Fujita and T. Inoue, Chem.
Pharm. Bull., 1983, 31, 1923-1928.

148 S. Nagumo, S. Ishizawa, M. Nagai and T. Inoue, Chem. Pharm.
Bull., 1996, 44, 1086-1089.

149 M. Nagai, M. Kubo, M. Fujita, T. Inoue and M. Matsuo, J. Chem.
Soc., Chem. Commun., 1976, 338-339.

150 G. Islas-Gonzalez and J. Zhu, J. Org. Chem., 1997, 62, 7544-7545.

151 Q. Wang and J. Zhu, Chimia, 2011, 65, 168-174.

152 J. Zhu, Synlett, 1997, 133-144.

153 R. Gottlich, B. C. Kahrs, J. Kriiger and R. W. Hoffmann, Chem.
Commun., 1997, 247-251.

154 D. J. Cram, Angew. Chem., Int. Ed. Engl., 1986, 25, 1039-1057.

155 J. Blankenstein and J. Zhu, Eur. J. Org. Chem., 2005, 1949-1964.

156 G. M. Keserii, M. Noégradi and A. Szollosy, Eur. J. Org. Chem.,
1998, 521-524.

157 D. L. Boger and D. Yohannes, Tetrahedron Lett., 1989, 30, 2053—
2056.

930 | Nat. Prod. Rep., 2012, 29, 899-934

This journal is © The Royal Society of Chemistry 2012


http://dx.doi.org/10.1039/c2np20034a

Published on 25 June 2012. Downloaded by Ufa Federal research centre of RAS on 4/19/2019 11:11:42 AM.

View Article Online

158 D. L. Boger and D. Yohannes, J. Org. Chem., 1990, 55, 6000
6017.

159 D. L. Boger, M. A. Patane and J. Zhou, J. Am. Chem. Soc., 1994,
116, 8544-8556.

160 D. L. Boger and J. Zhou, J. Am. Chem. Soc., 1993, 115, 11426—
11433.

161 D. L. Boger and D. Yohannes, J. Org. Chem., 1991, 56, 1763-1767.

162 Q. Wang, J.-K. Son and Y. Jahng, Synth. Commun., 2007, 37, 675—
681.

163 B.-S. Jeong, Q. Wang, J.-K. Son and Y. Jahng, Eur. J. Org. Chem.,
2007, 1338-1344.

164 G. D. K. Kumar and A. Natarajan, Tetrahedron Lett., 2008, 49,
2103-2105.

165 D. W. Bishay, Z. Kowalewski and J. D. Phillipson, J. Pharm.
Pharmacol., 1972, 24, 169.

166 R. Tschesche and H. Last, Tetrahedron Lett., 1968, 9, 2993-2998.

167 R. Tschesche and 1. Reutel, Tetrahedron Lett., 1968, 9, 3817-3818.

168 L. Ciasullo, A. Casapullo, A. Cutignano, G. Bifulco, C. Debitus,
J. Hooper, L. Gomez-Paloma and R. Riccio, J. Nat. Prod., 2002,
65, 407-410.

169 H. Gouda, K. Matsuzaki, H. Tanaka, S. Hirono, S. Omura,
J. A. McCauley, P. A. Sprengeler, G. T. Furst and A. B. Smith,
111, J. Am. Chem. Soc., 1996, 118, 13087-13088.

170 K. Matsuzaki, H. Tkeda, T. Ogino, A. Matsumoto, H. B. Woodruff,
H. Tanaka and S. Omura, J. Antibiot., 1994, 47, 1173-1174.

171 N.-H. Tan and J. Zhou, Chem. Rev., 2006, 106, 840-895.

172 D. L. Boger, Med. Res. Rev., 2001, 21, 356-381.

173 A. P. Johnson, A. H. Uttley, N. Woodford and R. C. George, Clin.
Microbiol. Rev., 1990, 3, 280-291.

174 P. Lloyd-Williams and E. Giralt, Chem. Soc. Rev., 2001, 30, 145-157.

175 K. C. Nicolaou, C. N. C. Boddy, S. Brase and N. Winssinger, Angew.
Chem., Int. Ed., 1999, 38, 2096-2152.

176 M. M. Joullié and R. F. Nutt, Alkaloids Chem. Biol. Perspect., 1985,
3, 113-168.

177 M. M. Joullié and D. J. Richard, Chem. Commun., 2004, 2011-2015.

178 U. Schmidt, A. Lieberknecht and E. Haslinger, in Alkaloids,
Academic Press, San Diego, 1985, vol. 26, pp. 299-326.

179 D. C. Gournelis, G. G. Laskaris and R. Verpoorte, Nat. Prod. Rep.,
1997, 14, 75-82.

180 J. C. Lagarias, R. A. Houghten and H. Rapoport, J. Am. Chem.
Soc., 1978, 100, 8202-8209.

181 R. Tschesche and E. U. Kaussmann, in Alkaloids, Academic Press,
New York, 1975, vol. 15, pp. 165-205.

182 B. H. Han and M. H. Park, Arch. Pharmacal Res., 1987, 10, 203-207.

183 D. C. Gournelis, G. G. Laskaris and R. Verpoorte, in Progress in the
Chemistry of Organic Natural Products, ed. H. F. W. Herz, G. W.
Kirby, R. E. Moore and C. Tamm, Springer, New York, 1998,
vol. 75, p. 1.

184 U. Schmidt, A. Lieberknecht, H. Boekens and H. Griesser, J. Org.
Chem., 1983, 48, 2680-2685.

185 U. Schmidt, M. Zah and A. Lieberknecht, J. Chem. Soc., Chem.
Commun., 1991, 1002-1004.

186 D. Xiao, S. P. East and M. M. Joullié, Tetrahedron Lett., 1998, 39,
9631-9632.

187 B.H. Han, Y. C. Kim, M. K. Park, J. H. Park, H.J. Go, H. O. Yang,
D.-Y. Suh and Y.-H. Kang, Heterocycles, 1995, 41, 1909-1914.

188 S.P. East and M. M. Joullié, Tetrahedron Lett., 1998, 39, 7211-7214.

189 S. P. East, F. Shao, L. Williams and M. M. Joullié, Tetrahedron,
1998, 54, 13371-13390.

190 R.J. Heffner, J. Jiang and M. M. Joullié, J. Am. Chem. Soc., 1992,
114, 10181-10189.

191 R. F. Nutt, K. M. Chen and M. M. Joullié, J. Org. Chem., 1984, 49,
1013-1021.

192 T. Laib and J. Zhu, Tetrahedron Lett., 1999, 40, 83-86.

193 T. Laib and J. Zhu, Tetrahedron Lett., 1998, 39, 283-286.

194 J. Zhu, T. Laib, J. Chastanet and R. Beugelmans, Angew. Chem., Int.
Ed. Engl., 1996, 35, 2517-2519.

195 T. Temal-Laib, J. Chastanet and J. Zhu, J. Am. Chem. Soc., 2002,
124, 583-590.

196 P. Cristau, T. Temal-Laib, M. Bois-Choussy, M.-T. Martin,
J.-P. Vors and J. Zhu, Chem.—Eur. J., 2005, 11, 2668-2679.

197 T. Laib, M. Bois-Choussy and J. Zhu, Tetrahedron Lett., 2000, 41,
7645-7649.

198 M. Kaneda, S. Tamai, S. Nakamura, T. Hirata, Y. Kushi and
T. Suga, J. Antibiot., 1982, 35, 1137-1140.

199 S. Tamai, M. Kaneda and S. Nakamura, J. Antibiot., 1982, 35, 1130—
1136.

200 G. Helynck, C. Dubertret, D. Frechet and J. Leboul, J. Antibiot.,
1998, 51, 512-514.

201 S. D. Jolad, J. J. Hoffman, S. J. Torrance, R. M. Wiedhopf,
J. R. Cole, S. K. Arora, R. B. Bates, R. L. Gargiulo and
G. R. Kriek, J. Am. Chem. Soc., 1977, 99, 8040-8044.

202 H. Kase, M. Kaneko and K. Yamada, J. Antibiot., 1987, 40, 450
454,

203 T. Yasuzawa, K. Shirahata and H. Sano, J. Antibiot., 1987, 40, 455—
458.

204 S. Sano, K. Ikai, H. Kuroda, T. Nakamura, A. Obayashi, Y. Ezure
and H. Enomoto, J. Antibiot., 1986, 39, 1674-1684.

205 S. Sano, K. Ikai, K. Katayama, K. Takesako, T. Nakamura,
A. Obayashi, Y. Ezure and H. Enomoto, J. Antibiot., 1986, 39,
1685-1696.

206 H. Itokawa, K. Takeya, K. Mihara, N. Mori, T. Hamanaka,
T. Sonobe and Y. Iitaka, Chem. Pharm. Bull., 1983, 31, 1424—
1427.

207 H. Itokawa, K. Takeya, N. Mori, T. Hamanaka, T. Sonobe and
K. Mihara, Chem. Pharm. Bull., 1984, 32, 284-290.

208 D. L. Boger, J. B. Myers and D. Yohannes, Bioorg. Med. Chem.
Lett., 1991, 1, 313-316.

209 D. L. Boger and D. Yohannes, Bioorg. Med. Chem. Lett., 1993, 3,
245-250.

210 D. L. Boger, D. Yohannes, J. Zhou and M. A. Patane, J. Am. Chem.
Soc., 1993, 115, 3420-3430.

211 D. L. Boger and D. Yohannes, Synlett, 1990, 33-36.

212 D. L. Boger, D. Yohannes and J. B. Myers, Jr., J. Org. Chem., 1992,
57, 1319-1321.

213 D. L. Boger, M. A. Patane, Q. Jin and P. A. Kitos, Bioorg. Med.
Chem., 1994, 2, 85-100.

214 R. B. Bates, S. L. Gin, M. A. Hassen, V. J. Hruby, K. D. Janda,
G. R. Kiriek, J. P. Michaud and D. B. Vine, Heterocycles, 1984,
22, 785-790.

215 R. B. Bates and K. D. Janda, J. Org. Chem., 1982, 47, 4374-4376.

216 M. E. Jung and J. C. Rohloff, J. Org. Chem., 1985, 50, 4909-4913.

217 T. Inoue, K. Naitoh, S. Kosemura, I. Umezawa, T. Sonobe,
N. Serizawa, N. Mori and H. Itokawa, Heterocycles, 1983, 20,
397-400.

218 X. Feng and R. K. Olsen, J. Org. Chem., 1992, 57, 5811-5812.

219 R. K. Olsen and X. Feng, Tetrahedron Lett., 1991, 32, 5721-5724.

220 R. K. Olsen, X. Feng, M. Campbell, R.-1. Shao and S. K. Math, J.
Org. Chem., 1995, 60, 6025-6031.

221 D. W. Hobbs and W. C. Still, Tetrahedron Lett., 1987, 28, 2805—
2808.

222 K. Justus and W. Steglich, Tetrahedron Lett., 1991, 32, 5781-5784.

223 A.J. Pearson and J. G. Park, J. Org. Chem., 1992, 57, 1744-1752.

224 A.J. Pearson, J. G. Park and P. Y. Zhu, J. Org. Chem., 1992, 57,
3583-3589.

225 M. J. Stone, M. S. Van Dyk, P. M. Booth and D. H. Williams, J.
Chem. Soc., Perkin Trans. 1, 1991, 1629-1635.

226 U. Schmidt, V. Leitenberger, H. Griesser, J. Schmidt and R. Meyer,
Synthesis, 1992, 1248-1254.

227 H. Waldmann, Y.-P. He, H. Tan, L. Arve and H.-D. Arndt, Chem.
Commun., 2008, 5562-5564.

228 S. Nishiyama, K. Nakamura, Y. Suzuki and S. Yamamura,
Tetrahedron Lett., 1986, 27, 4481-4484.

229 S. Nishiyama, Y. Suzuki and S. Yamamura, Tetrahedron Lett., 1989,
30, 379-382.

230 M. Ito, M. Yamanaka, N. Kutsumura and S. Nishiyama,
Tetrahedron, 2004, 60, 5623-5634.

231 T. Inaba, I. Umezawa, M. Yuasa, T. Inoue, S. Mihashi, H. Itokawa
and K. Ogura, J. Org. Chem., 1987, 52, 2957-2958.

232 T. Inoue, T. Inaba, I. Umezawa, M. Yuasa, H. Itokawa, K. Ogura,
K. Komatsu, H. Hara and O. Hoshino, Chem. Pharm. Bull., 1995,
43, 1325-1335.

233 T. Inoue, T. Sasaki, H. Takayanagi, Y. Harigaya, O. Hoshino,
H. Hara and T. Inaba, J. Org. Chem., 1996, 61, 3936-3937.

234 D. A. Evans and J. A. Ellman, J. Am. Chem. Soc., 1989, 111, 1063~
1072.

235 R. Beugelmans, A. Bigot, M. Bois-Choussy and J. Zhu, J. Org.
Chem., 1996, 61, 771-774.

236 D. L. Boger and D. Yohannes, J. Am. Chem. Soc., 1991, 113, 1427-
1429.

This journal is © The Royal Society of Chemistry 2012

Nat. Prod. Rep., 2012, 29, 899-934 | 931


http://dx.doi.org/10.1039/c2np20034a

Published on 25 June 2012. Downloaded by Ufa Federal research centre of RAS on 4/19/2019 11:11:42 AM.

View Article Online

237 D. L. Boger and R. M. Borzilleri, Bioorg. Med. Chem. Lett., 1995, 5,
1187-1190.

238 S. Ghosh, A. S. Kumar, G. N. Mehta, R. Soundararajan and S. Sen,
ARKIVOC, 2009, 72-78.

239 D. M. T. Chan, K. L. Monaco, R.-P. Wang and M. P. Winters,
Tetrahedron Lett., 1998, 39, 2933-2936.

240 P. Y. S. Lam, C. G. Clark, S. Saubern, J. Adams, M. P. Winters,
D. M. T. Chan and A. Combs, Tetrahedron Lett., 1998, 39, 2941—
2944,

241 D. A. Evans, J. L. Katzand T. R. West, Tetrahedron Lett., 1998, 39,
2937-2940.

242 Y. Hitotsuyanagi, Y. Anazawa, T. Yamagishi, K. Samata,
T. Ichihara, K. Nanaumi, N. Okado, S. Nakaike, M. Mizumura,
K. Takeya and H. Itokawa, Bioorg. Med. Chem. Lett., 1997, 7,
3125-3128.

243 Y. Hitotsuyanagi, K. Kondo, K. Takeya and H. Itokawa,
Tetrahedron Lett., 1994, 35, 2191-2194.

244 Y. Hitotsuyanagi, S. Lee, K. Takeya and H. Itokawa, Chem.
Commun., 1996, 503-504.

245 H. Itokawa, K. Takeya, Y. Hitotsuyanagi and H. Morita, in
Alkaloids, Academic Press, 1997, vol. 49, pp. 301-387.

246 H. Morita, K. Kondo, Y. Hitotsuyanagi, K. Takeya, H. Itokawa,
N. Tomioka, A. Itai and Y. litaka, Tetrahedron, 1991, 47, 2757—
2772.

247 H. Morita, T. Yamamiya, K. Takeya, H. Itokawa, C. Sakuma,
J. Yamada and T. Suga, Chem. Pharm. Bull., 1993, 41, 781-783.

248 D. L. Boger, M. A. Patane and J. Zhou, J. Am. Chem. Soc., 1995,
117, 7357-7363.

249 D. L. Boger and J. Zhou, Bioorg. Med. Chem., 1996, 4, 1597-1603.

250 D. L. Boger, J. Zhou, B. Winter and P. A. Kitos, Bioorg. Med.
Chem., 1995, 3, 1579-1593.

251 A. Bigot, R. Beugelmans and J. Zhu, Tetrahedron, 1997, 53, 10753~
10764.

252 A.Bigot, M. E. T. H. Dau and J. Zhu, J. Org. Chem., 1999, 64, 6283—
6296.

253 D. L. Boger, J. Zhou, R. M. Borzilleri, S. Nukui and S. L. Castle, J.
Org. Chem., 1997, 62, 2054-2069.

254 D. L. Boger, J. Zhou, R. M. Borzilleri and S. Nukui, Bioorg. Med.
Chem. Lett., 1996, 6, 1089-1092.

255 D. L. Boger and J. Zhou, J. Org. Chem., 1996, 61, 3938-3939.

256 J.R. McDermott and N. L. Benoiton, Can. J. Chem., 1973, 51, 2555~
2561.

257 R. Beugelmans, A. Bigot and J. Zhu, Tetrahedron Lett., 1994, 35,
7391-7394.

258 A. Bigot and J. Zhu, Tetrahedron Lett., 1998, 39, 551-554.

259 P. J. Krenitsky and D. L. Boger, Tetrahedron Lett., 2002, 43, 407—
410.

260 M. Bois-Choussy, P. Cristau and J. Zhu, Angew. Chem., Int. Ed.,
2003, 42, 4238-4241.

261 J. W. Janetka and D. H. Rich, J. Am. Chem. Soc., 1997, 119, 6488—
6495.

262 A.J. Pearson, J. G. Park, S. H. Yang and Y. H. Chuang, J. Chem.
Soc., Chem. Commun., 1989, 1363-1364.

263 A.J. Pearson and K. Lee, J. Org. Chem., 1994, 59, 2304-2313.

264 A.J. Pearson and K. Lee, J. Org. Chem., 1995, 60, 7153-7160.

265 A.J. Pearson and G. Bignan, Tetrahedron Lett., 1996, 37, 735-738.

266 A.J. Pearson, P. Zhang and K. Lee, J. Org. Chem., 1996, 61, 6581—
6586.

267 U. Schmidt, D. Weller, A. Holder and A. Lieberknecht, Tetrahedron
Lert., 1988, 29, 3227-3230.

268 B. Lygo and L. D. Humphreys, Synlett, 2004, 2809-2811.

269 L. Nolasco, M. Perez Gonzalez, L. Caggiano and R. F. W. Jackson,
J. Org. Chem., 2009, 74, 8280-8289.

270 J. Schimana, K. Gebhardt, A. Holtzel, D. G. Schmid, R. Siissmuth,
J. Miiller, R. Pukall and H.-P. Fiedler, J. Antibiot., 2002, 55, 565—
570.

271 A. Holtzel, D. G. Schmid, G. J. Nicholson, S. Stevanovic,
J. Schimana, K. Gebhardt, H.-P. Fiedler and G. Jung, J. Antibiot.,
2002, 55, 571-5717.

272 F. Parenti, G. Beretta, M. Berti and V. Arioli, J. Antibiot., 1978, 31,
276-283.

273 J. C.J. Barna, D. H. Williams, D. J. M. Stone, T. W. C. Leung and
D. M. Doddrell, J. Am. Chem. Soc., 1984, 106, 4895-4902.

274 J. C. J. Barna, D. H. Williams, P. Strazzolini, A. Malabarba and
T. W. C. Leung, J. Antibiot., 1984, 37, 1204-1208.

275 A. H. Hunt, R. M. Molloy, J. L. Occolowitz, G. G. Marconi and
M. Debono, J. Am. Chem. Soc., 1984, 106, 4891-4895.

276 R. M. Williams and J. A. Hendrix, Chem. Rev., 1992, 92, 889-917.

277 B. K. Hubbard and C. T. Walsh, Angew. Chem., Int. Ed., 2003, 42,
730-765.

278 P.-A. Ashford and S. P. Bew, Chem. Soc. Rev., 2012, 41, 957-978.

279 A. V. R. Rao, M. K. Gurjar, K. L. Reddy and A. S. Rao, Chem.
Rev., 1995, 95, 2135-2167.

280 H. Herzner and K. Riick-Braun, in Org. Synth. Highlights IV, ed.
H.-G. Schmalz, Wiley-VCH, Weinheim, 2000, pp. 281-288.

281 L. H. Thoresen and K. Burgess, in Org. Synth. Highlights V, ed. H.-
G. Schmalz and T. Wirth, Wiley-VCH, Weinheim, 2003, pp. 297-
306.

282 G. Bringmann, T. Gulder, T. A. M. Gulder and M. Breuning, Chem.
Rev., 2011, 111, 563-639.

283 T. C. Roberts, P. A. Smith, R. T. Cirz and F. E. Romesberg, J. Am.
Chem. Soc., 2007, 129, 15830-15838.

284 P. A. Smith, T. C. Roberts and F. E. Romesberg, Chem. Biol., 2010,
17, 1223-1231.

285 P. A. Smith, M. E. Powers, T. C. Roberts and F. E. Romesberg,
Antimicrob. Agents Chemother., 2011, 55, 1130-1134.

286 M. Paetzel, J. J. Goodall, M. Kania, R. E. Dalbey and
M. G. P. Page, J. Biol. Chem., 2004, 279, 30781-30790.

287 C. Luo, P. Roussel, J. Dreier, M. G. P. Page and M. Paetzel,
Biochemistry, 2009, 48, 8976-8984.

288 J. Liu, C. Luo, P. A. Smith, J. K. Chin, M. G. P. Page, M. Paetzel
and F. E. Romesberg, J. Am. Chem. Soc., 2011, 133, 17869-
17877.

289 J. Dufour, L. Neuville and J. Zhu, Synlett, 2008, 2355-2359.

290 J. Dufour, L. Neuville and J. Zhu, Chem.—Eur. J., 2010, 16, 10523~
10534.

291 T. C. Roberts, M. A. Schallenberger, J. Liu, P. A. Smith and
F. E. Romesberg, J. Med. Chem., 2011, 54, 4954-4963.

292 T.C. Roberts, P. A. Smith and F. E. Romesberg, J. Nat. Prod., 2011,
74, 956-961.

293 D. H. Williams, Nat. Prod. Rep., 1996, 13, 469-477.

294 K. Hiramatsu, Drug Resist. Updates, 1998, 1, 135-150.

295 G. Werner, B. Strommenger and W. Witte, Future Microbiol., 2008,
3, 547-562.

296 F. M. Aarestrup, A. M. Seyfarth, H.-D. Emborg, K. Pedersen,
R. S. Hendriksen and F. Bager, Antimicrob. Agents Chemother.,
2001, 45, 2054-2059.

297 D. P. Fairlie, G. Abbenante and D. R. March, Curr. Med. Chem.,
1995, 2, 654-686.

298 D. A. Evans, C. J. Dinsmore, A. M. Ratz, D. A. Evrard and
J. C. Barrow, J. Am. Chem. Soc., 1997, 119, 3417-3418.

299 D. A. Evans and C. J. Dinsmore, Tetrahedron Lett., 1993, 34, 6029
6032.

300 D. A. Evans, J. C. Barrow, P. S. Watson, A. M. Ratz,
C. J. Dinsmore, D. A. Evrard, K. M. DeVries, J. A. Ellman,
S. D. Rychnovsky and J. Lacour, J. Am. Chem. Soc., 1997, 119,
3419-3420.

301 D. A. Evans, C. J. Dinsmore and A. M. Ratz, Tetrahedron Lett.,
1997, 38, 3189-3192.

302 M. Bois-Choussy, R. Beugelmans, J.-P. Bouillon and J. Zhu,
Tetrahedron Lett., 1995, 36, 4781-4784.

303 R. Beugelmans, L. Neuville, M. Bois-Choussy and J. Zhu,
Tetrahedron Lett., 1995, 36, 8787-8790.

304 D. L. Boger, R. M. Borzilleri and S. Nukui, Bioorg. Med. Chem.
Lett., 1995, 5, 3091-3096.

305 D. L. Boger, R. M. Borzilleri, S. Nukui and R. T. Beresis, J. Org.
Chem., 1997, 62, 4721-4736.

306 D. A. Evans, M. R. Wood, B. W. Trotter, T. I. Richardson,
J. C. Barrow and J. L. Katz, Angew. Chem., Int. Ed., 1998, 37,
2700-2704.

307 D. A. Evans, C. J. Dinsmore, P. S. Watson, M. R. Wood,
T. L. Richardson, B. W. Trotter and J. L. Katz, Angew. Chem., Int.
Ed., 1998, 37, 2704-2708.

308 K. C. Nicolaou, C. N. C. Boddy, H. Li, A. E. Koumbis, R. Hughes,
S. Natarajan, N. F. Jain, J. M. Ramanjulu, S. Briase and
M. E. Solomon, Chem.—Eur. J., 1999, 5, 2602-2621.

309 K. C. Nicolaou, N. F. Jain, S. Natarajan, R. Hughes,
M. E. Solomon, H. Li, J. M. Ramanjulu, M. Takayanagi,
A. E. Koumbis and T. Bando, Angew. Chem., Int. Ed., 1998, 37,
2714-2716.

932 | Nat. Prod. Rep., 2012, 29, 899-934

This journal is © The Royal Society of Chemistry 2012


http://dx.doi.org/10.1039/c2np20034a

Published on 25 June 2012. Downloaded by Ufa Federal research centre of RAS on 4/19/2019 11:11:42 AM.

View Article Online

310 K. C. Nicolaou, A. E. Koumbis, M. Takayanagi, S. Natarajan,
N. F. Jain, T. Bando, H. Li and R. Hughes, Chem.—Eur. J., 1999,
5, 2622-2647.

311 K. C. Nicolaou, H. Li, C. N. C. Boddy, J. M. Ramanjulu, T.-Y. Yue,
S. Natarajan, X.-J. Chu, S. Brase and F. Riibsam, Chem.—Fur. J.,
1999, 5, 2584-2601.

312 K. C. Nicolaou, H. J. Mitchell, N. F. Jain, T. Bando, R. Hughes,
N. Winssinger, S. Natarajan and A. E. Koumbis, Chem.—Eur. J.,
1999, 5, 2648-2667.

313 K. C. Nicolaou, H. J. Mitchell, N. F. Jain, N. Winssinger, R. Hughes
and T. Bando, Angew. Chem., Int. Ed., 1999, 38, 240-244.

314 K. C. Nicolaou, S. Natarajan, H. Li, N. F. Jain, R. Hughes,
M. E. Solomon, J. M. Ramanjulu, C. N. C. Boddy and
M. Takayanagi, Angew. Chem., Int. Ed., 1998, 37, 2708-2714.

315 K. C. Nicolaou and C. N. C. Boddy, J. Am. Chem. Soc., 2002, 124,
10451-10455.

316 D. L. Boger, S. Miyazaki, S. H. Kim, J. H. Wu, S. L. Castle,
O. Loiseleur and Q. Jin, J. Am. Chem. Soc., 1999, 121, 10004-10011.

317 D. L. Boger, S. Miyazaki, S. H. Kim, J. H. Wu, O. Loiseleur and
S. L. Castle, J. Am. Chem. Soc., 1999, 121, 3226-3227.

318 V. R. Hegde, P. Dai, M. Patel and V. P. Gullo, Tetrahedron Lett.,
1998, 39, 5683-5684.

319 K. Matsuzaki, H. Gouda, M. Okamoto, S. Hirono, H. Tanaka and
S. Omura, Tennen Yuki Kagobutsu Toronkai Koen Yoshishu, 1996,
38, 499-504.

320 K. Matsuzaki, T. Ogino, T. Sunazuka, H. Tanaka and S. Omura, J.
Antibiot., 1997, 50, 66-69.

321 S. B. Singh, H. Jayasuriya, G. M. Salituro, D. L. Zink, A. Shafiee,
B. Heimbuch, K. C. Silverman, R. B. Lingham, O. Genilloud,
A. Teran, D. Vilella, P. Felock and D. Hazuda, J. Nat. Prod.,
2001, 64, 874-882.

322 H. Tanaka, K. Matsuzaki, H. Nakashima, T. Ogino, A. Matsumoto,
H. Ikeda, H. B. Woodruff and S. Omura, J. Antibiot., 1997, 50, 58—
65.

323 M. N. Preobrazhenskaya and E. N. Olsufyeva, Antiviral Res., 2006,
71, 227-236.

324 H. Jayasuriya, G. M. Salituro, S. K. Smith, J. V. Heck, S. J. Gould,
S. B. Singh, C. F. Homnick, M. K. Holloway, S. M. Pitzenberger
and M. A. Patane, Tetrahedron Lett., 1998, 39, 2247-2248.

325 H. Deng, J.-K. Jung, T. Liu, K. W. Kuntz, M. L. Snapper and
A. H. Hoveyda, J. Am. Chem. Soc., 2003, 125, 9032-9034.

326 T. Shinohara, H. Deng, M. L. Snapper and A. H. Hoveyda, J. Am.
Chem. Soc., 2005, 127, 7334-7336.

327 Y. Jia, M. Bois-Choussy and J. Zhu, Angew. Chem., Int. Ed., 2008,
47, 4167-4172.

328 Y. Jia, M. Bois-Choussy and J. Zhu, Org. Lett., 2007, 9, 2401-2404.

329 Z. Wang, M. Bois-Choussy, Y. Jia and J. Zhu, Angew. Chem., Int.
Ed., 2010, 49, 2018-2022.

330 J. Garfunkle, F. S. Kimball, J. D. Trzupek, S. Takizawa,
H. Shimamura, M. Tomishima and D. L. Boger, J. Am. Chem.
Soc., 2009, 131, 16036-16038.

331 R. C. Larock and E. K. Yum, J. Am. Chem. Soc., 1991, 113, 6689—
6690.

332 R. C. Larock, E. K. Yum and M. D. Refvik, J. Org. Chem., 1998, 63,
7652-7662.

333 H. Shimamura, S. P. Breazzano, J. Garfunkle, F. S. Kimball,
J. D. Trzupek and D. L. Boger, J. Am. Chem. Soc., 2010, 132,
7776-7783.

334 S. P. Breazzano and D. L. Boger, J. Am. Chem. Soc., 2011, 133,
18495-18502.

335 A. Fiirstner, Angew. Chem., Int. Ed., 2003, 42, 3582-3603.

336 A. J. Castro, Nature, 1967, 213, 903-904.

337 A.J. Castro, G. R. Gale, G. E. Means and G. Tertzakian, J. Med.
Chem., 1967, 10, 29-32.

338 K. Papireddy, M. Smilkstein, J. X. Kelly, Shweta, S. M. Salem,
M. Alhamadsheh, S. W. Haynes, G. L. Challis and
K. A. Reynolds, J. Med. Chem., 2011, 54, 5296-5306.

339 Y. Kayakawa, K. Kawakami, H. Seto and K. Furihata, Tetrahedron
Lett., 1992, 33, 2701-2704.

340 S. J. Bamford, K. Goubitz, H. L. van Lingen, T. Luker, H. Schenk
and H. Hiemstra, J. Chem. Soc., Perkin Trans. 1, 2000, 345-351.

341 S. J. Bamford, T. Luker, W. N. Speckamp and H. Hiemstra, Org.
Lett., 2000, 2, 1157-1160.

342 A. Y. Bitar and A. J. Frontier, Org. Lett., 2009, 11, 49-52.

343 D. L. Boger and J. Hong, J. Am. Chem. Soc., 2001, 123, 8515-8519.

344 C. A. Dyke and T. A. Bryson, Tetrahedron Lett., 2004, 45, 6051—
6053.

345 M. A. Fagan and D. W. Knight, Tetrahedron Lett., 1999, 40, 6117—
6120.

346 A. Firstner, T. Gastner and H. Weintritt, J. Org. Chem., 1999, 64,
2361-2366.

347 A. Furstner and H. Weintritt, J. Am. Chem. Soc., 1998, 120, 2817—
2825.

348 A. Furstner and H. Weintritt, J. Am. Chem. Soc., 1997, 119, 2944—
2945.

349 P. E. Harrington and M. A. Tius, J. Am. Chem. Soc., 2001, 123,
8509-8514.

350 P. E. Harrington and M. A. Tius, Org. Lett., 2000, 2, 2447-2450.

351 P. E. Harrington and M. A. Tius, Org. Lett., 1999, 1, 649-651.

352 S. H. Kim, I. Figueroa and P. L. Fuchs, Tetrahedron Lett., 1997, 38,
2601-2604.

353 S. H. Kim and P. L. Fuchs, Tetrahedron Lett., 1996, 37, 2545-2548.

354 T. Luker, W.-J. Koot, H. Hiemstra and W. N. Speckamp, J. Org.
Chem., 1998, 63, 220-221.

355 T. Mochizuki, E. Itoh, N. Shibata, S. Nakatani, T. Katoh and
S. Terashima, Tetrahedron Lett., 1998, 39, 6911-6914.

356 E. G. Occhiato, C. Prandi, A. Ferrali and A. Guarna, J. Org. Chem.,
2005, 70, 4542-4545.

357 J. Robertson and R. J. D. Hatley, Chem. Commun., 1999, 1455-1456.

358 J. Robertson, R. J. D. Hatley and D. J. Watkin, J. Chem. Soc.,
Perkin Trans. 1, 2000, 3389-3396.

359 S. G. Salamone and G. B. Dudley, Org. Lett., 2005, 7, 4443—
4445,

360 C. Song, H. Liu, M. Hong, Y. Liu, F. Jia, L. Sun, Z. Pan and
J. Chang, J. Org. Chem., 2012, 77, 704-706.

361 B. M. Trostand G. A. Doherty, J. Am. Chem. Soc., 2000, 122, 3801—
3810.

362 E. M. E. Viseux, P. J. Parsons, J. B. J. Pavey, C. M. Carter and
1. Pinto, Synlett, 2003, 1856-1858.

363 H. Laatsch, M. Kellner and H. Weyland, J. Antibiot., 1991, 44, 187—
191.

364 S. W. Haynes, P. K. Sydor, C. Corre, L. Song and G. L. Challis,
J. Am. Chem. Soc., 2011, 133, 1793-1798.

365 D. X. Hu, M. D. Clift, K. E. Lazarski and R. J. Thomson, J. Am.
Chem. Soc., 2011, 133, 1799-1804.

366 W. R. Hearn, M. K. Elson, R. H. Williams and J. Medina-Castro,
J. Org. Chem., 1970, 35, 142-146.

367 H. H. Wasserman and L. J. Lombardo, Tetrahedron Lett., 1989, 30,
1725-1728.

368 R. D’Alessio and A. Rossi, Synlett, 1996, 513-514.

369 D. L. Boger and M. Patel, J. Org. Chem., 1988, 53, 1405-1415.

370 D. Brown, D. Griffiths, M. E. Rider and R. C. Smith, J. Chem. Soc.,
Perkin Trans. 1, 1986, 455-463.

371 A. J. Blake, G. A. Hunter and H. McNab, J. Chem. Soc., Chem.
Commun., 1990, 734-736.

372 H. Berner, G. Schulz, G. Fischer and H. Reinshagen, Monatsh.
Chem., 1978, 109, 557-566.

373 H. Berner, G. Schulz and H. Reinshagen, Monatsh. Chem., 1978,
109, 137-145.

374 H. Berner, G. Schulz and H. Reinshagen, Monatsh. Chem., 1977,
108, 285-297.

375 H. Berner, G. Schulz and H. Reinshagen, Monatsh. Chem., 1977,
108, 233-242.

376 H. H. Wasserman, D. D. Keith and J. Nadelson, J. Am. Chem. Soc.,
1969, 91, 1264-1265.

377 H. H. Wasserman, G. C. Rodgers and D. D. Keith, J. Am. Chem.
Soc., 1969, 91, 1263-1264.

378 H. H. Wasserman, E. Gosselink, D. D. Keith, J. Nadelson and
R. J. Sykes, Tetrahedron, 1976, 32, 1863-1866.

379 H. H. Wasserman, D. D. Keith and J. Nadelson, Tetrahedron, 1976,
32, 1867-1871.

380 H. H. Wasserman, D. D. Keith and G. C. Rodgers, Tetrahedron,
1976, 32, 1855-1861.

381 H. H. Wasserman, C. K. Shaw and R. J. Sykes, Tetrahedron Lett.,
1974, 15, 2787-2790.

382 H. H. Wasserman, R. J. Sykes, P. Peverada, C. K. Shaw,
R. J. Cushley and S. R. Lipsky, J. A4m. Chem. Soc., 1973, 95,
6874-6875.

383 A. Fiirstner, H. Szillat, B. Gabor and R. Mynott, J. Am. Chem. Soc.,
1998, 120, 8305-8314.

This journal is © The Royal Society of Chemistry 2012

Nat. Prod. Rep., 2012, 29, 899-934 | 933


http://dx.doi.org/10.1039/c2np20034a

Published on 25 June 2012. Downloaded by Ufa Federal research centre of RAS on 4/19/2019 11:11:42 AM.

View Article Online

384 A. Firstner, F. Stelzer and H. Szillat, J. Am. Chem. Soc., 2001, 123,
11863-11869.

385 M.-Y. Chang, C.-L. Pai and H.-P. Chen, Tetrahedron Lett., 2005, 46,
7705-7709.

386 M. D. Clift and R. J. Thomson, J. Am. Chem. Soc., 2009, 131,
14579-14583.

387 D. C. Harrowven and S. L. Kostiuk, Nat. Prod. Rep., 2012, 29, 223~
242.

388 Y. Asakawa, Phytochemistry, 2004, 65, 623-669.

389 A. Speicher, T. Backes, K. Hesidens and J. Kolz, Beilstein J. Org.
Chem., 2009, 5, DOI: 10.3762/bjoc.3765.3771.

390 A. Speicher, M. Groh, J. Zapp, A. Schaumloffel, M. Knauer and
G. Bringmann, Synlett, 2009, 1852-1858.

391 T. Eicher, S. Fey, W. Puhl, E. Biichel and A. Speicher, Eur. J. Org.
Chem., 1998, 877-888.

392 A. Speicher, M. Groh, M. Hennrich and A.-M. Huynh, Eur. J. Org.
Chem., 2010, 6760-6778.

393 E. M. Stocking and R. M. Williams, Angew. Chem., Int. Ed., 2003,
42, 3078-3115.

394 T. Kato, K. Nagae and M. Hoshikawa, Tetrahedron Lett., 1999, 40,
1941-1944.

395 M. E. Layton, C. A. Morales and M. D. Shair, J. Am. Chem. Soc.,
2002, 124, 773-775.

396 C. A. Morales, M. E. Layton and M. D. Shair, Proc. Natl. Acad. Sci.
U. S. A4.,2004, 101, 12036-12041.

397 H.-Y. Lee, B. G. Kim and M. L. Snapper, Org. Lett., 2003, 5, 1855~
1858.

398 E. C. Hansen and D. Lee, J. Am. Chem. Soc., 2003, 125, 9582-9583.

399 G. Pohnert, ChemBioChem, 2001, 2, 873-875.

400 F. Koizumi, K. Hasegawa, K. Ando, T. Ogawa and A. Hara, JP
Patent, 2000-397813 2001247574, 2001.

401 H. He, H. Y. Yang, R. Bigelis, E. H. Solum, M. Greenstein and
G. T. Carter, Tetrahedron Lett., 2002, 43, 1633-1636.

402 Y. Shiono, K. Shimanuki, F. Hiramatsu, T. Koseki, M. Tetsuya,
N. Fujisawa and K.-i. Kimura, Bioorg. Med. Chem. Lett., 2008,
18, 6050-6053.

403 M. Huang, C. Huang and B. Liu, Tetrahedron Lett., 2009, 50, 2797
2800.

404 M. Huang, L. Song and B. Liu, Org. Lett., 2010, 12, 2504-2507.

405 K. C. Nicolaou, D. Sarlah, T. R. Wu and W. Zhan, Angew. Chem.,
Int. Ed., 2009, 48, 6870-6874.

406 K. C. Nicolaou, Y.-P. Sun, D. Sarlah, W.-Q. Zhan and T. R. Wu,
Org. Lett., 2011, 13, 5708-5710.

407 H. Uchiro, R. Kato, Y. Arai, M. Hasegawa and Y. Kobayakawa,
Org. Lett., 2011, 13, 6268-6271.

408 G. T. Halvorsen and W. R. Roush, Tetrahedron Lett., 2011, 52,
2072-2075.

409 S. D. Tilley, K. P. Reber and E. J. Sorensen, Org. Lett., 2009, 11,
701-703.

410 A. M. Belostotskii, J. Org. Chem., 2008, 73, 5723-5731.

411 N. Z. Burns, I. N. Krylova, R. N. Hannoush and P. S. Baran, J. Am.
Chem. Soc., 2009, 131, 9172-9173.

412 N. Z. Burns and P. S. Baran, Angew. Chem., Int. Ed., 2008, 47, 205—
208.

413 E. Gravel, E. Poupon and R. Hocquemiller, Chem. Commun., 2007,
719-721.

414 N. Z. Burns, M. Jessing and P. S. Baran, Tetrahedron, 2009, 65,
6600-6610.

415 E. Fenster, C. Fehl and J. Aube, Org. Lett., 2011, 13, 2614-2617.

416 A. Furstner and J. Ackerstaff, Chem. Commun., 2008, 2870-2872.

417 M. A. Grundl and D. Trauner, Org. Lett., 2006, 8, 23-25.

418 J. H. Jeong and S. M. Weinreb, Org. Lett., 2006, 8, 2309-2312.

419 K.-i. Okuyama, Y. Momoi, K. Sugimoto, K. Okano and
H. Tokuyama, Synlett, 2011, 73-76.

420 N. D. Smith, J. Hayashida and V. H. Rawal, Org. Lett., 2005, 7,
4309-4312.

421 T. Tanaka, H. Inui, H. Kida, T. Kodama, T. Okamoto,
A. Takeshima, Y. Tachi and Y. Morimoto, Chem. Commun., 2011,
47, 2949-2951.

422 T. Taniguchi, H. Zaimoku and H. Ishibashi, J. Org. Chem., 2009, 74,
2624-2626.

423 P. Wipf and M. Furegati, Org. Lett., 2006, 8, 1901-1904.

424 P. S. Baran and N. Z. Burns, J. Am. Chem. Soc., 2006, 128, 3908—
3909.

425 D. C. Harrowven, T. Woodcock and P. D. Howes, Angew. Chem.,
Int. Ed., 2005, 44, 3899-3901.

934 | Nat. Prod. Rep., 2012, 29, 899-934

This journal is © The Royal Society of Chemistry 2012


http://dx.doi.org/10.1039/c2np20034a

	Strained cyclophane natural products: Macrocyclization at its limits
	Strained cyclophane natural products: Macrocyclization at its limits
	Strained cyclophane natural products: Macrocyclization at its limits
	Strained cyclophane natural products: Macrocyclization at its limits
	Strained cyclophane natural products: Macrocyclization at its limits
	Strained cyclophane natural products: Macrocyclization at its limits
	Strained cyclophane natural products: Macrocyclization at its limits
	Strained cyclophane natural products: Macrocyclization at its limits
	Strained cyclophane natural products: Macrocyclization at its limits
	Strained cyclophane natural products: Macrocyclization at its limits
	Strained cyclophane natural products: Macrocyclization at its limits
	Strained cyclophane natural products: Macrocyclization at its limits

	Strained cyclophane natural products: Macrocyclization at its limits
	Strained cyclophane natural products: Macrocyclization at its limits
	Strained cyclophane natural products: Macrocyclization at its limits
	Strained cyclophane natural products: Macrocyclization at its limits

	Strained cyclophane natural products: Macrocyclization at its limits
	Strained cyclophane natural products: Macrocyclization at its limits
	Strained cyclophane natural products: Macrocyclization at its limits


