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Preface

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

In these two volumes, the contributions of a number of organic synthetic che-
mists from the German speaking area have been collected. It is the hope of the
authors and the editor that these articles, which highlight all the various aspects
of organic synthesis, will provide not only an insight into the basic strategy and
tactics but also the purpose of organic syntheses.

Vienna, September 2004 Johann Mulzer
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Abstract Total syntheses of the natural products kelsoene and preussin are comprehen-
sively reviewed. Kelsoene is a sesquiterpene with a unique tricyclo[6.2.0.0>°]decane skel-
eton. It contains six stereogenic centers the selective construction of which has been ad-
dressed differently in the five syntheses known to date. Three syntheses employ an inter-
molecular [2+2]-photocycloaddition reaction as key step. One synthesis is based on a
homo-Favorskii rearrangement and one on an intramolecular [2+2]-photocycloaddition.
Preussin is a pyrrolidine alkaloid with three stereogenic centers which are all located
within the central heterocyclic core (C-2, C-3, C-5). So far, 18 total syntheses of preussin
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have been completed. Seven syntheses include the nucleophilic attack on an L-phenylala-
nine derived electrophile as key step, five use o-amino- or a-hydroxycarboxylic acids as
chiral pool building blocks. Two syntheses are based on sugars as chiral starting materi-
als and two are based on the desymmetrization of meso-compounds. In addition, there
are two syntheses which use a chiral auxiliary to establish the first stereogenic element
en route to preussin.

Keywords Alkaloids - Natural products - Photochemistry - Terpenes - Total synthesis

List of Abbreviations

Am Amyl

ds Diastereoselectivity

im Imidazole

MSH O-(Mesitylenesulfonyl)hydroxyl-amine
NOE Nuclear Overhauser effect/enhancement
NOESY Nuclear Overhauser enhancement spectroscopy
PPL Pig pancreatic lipase

SES Trimethylsilyl ethyl sulfonyl

TIBAL Triisobutylaluminum

TPAP Tetrapropylammonium perruthenate

1

Introduction

The title compounds kelsoene (rac-1) and (+)-preussin (2) have recently
been synthesized in our laboratories using a stereoselective photochemical
reaction as key step (Fig. 1). It is the purpose of this review to give a more
detailed account on this work. In addition, other successful synthetic strate-
gies to kelsoene and preussin will be comprehensively discussed. This inten-
tion has defined the way the content of the review was arranged. In two indi-
vidual sections the target molecules are presented. Each section provides a
short introduction to the target, a review on the syntheses conducted by oth-
er groups and finally an account of our own contribution.

10 HO 3

’ @\b{/\/\/\/\
2 N
5 =11 |
15 /=12 (+)-Kelsoene (+)-Preussin
13

1) @

Fig. 1 Chemical structures of (+)-kelsoene (1) and (+)-preussin (2)
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2
Kelsoene

(+)-Kelsoene (1) was first isolated from the sponge Cymbastela hooperi Van
Soest, Desqueyroux-Faundez, Wright, Konig (Axinellidae, Halichondrida)
collected from Kelso reef, Great Barrier Reef, Australia [1]. Its constitution
and relative configuration was elucidated by Koénig and Wright. It is a
sesquiterpene with a tricyclo[6.2.0.0>°]decane skeleton rarely encountered
in natural products. The compound was later also found in the liverworts
Ptychanthus striatus [2], Calypogeia muelleriana [3], and Tritomaria quin-
quedentata [4]. Proof of the absolute configuration was obtained from total
synthesis (see below) while initial NMR studies [5] had led to the conclusion
that the natural product possessed the configuration of ent-1. Labeling stud-
ies (Scheme 1, O:13C label) with [2-'>C]-mevalonate indicated that the bio-

Scheme 1

synthesis proceeds from farnesyl diphosphate (3) via the germacradienyl
cation (4) and the alloaromadendranyl cation (5) [2, 6].

From a synthetic point of view the stereoselective construction of the tri-
cyclodecane skeleton and the installation of the methyl group at C-5 and of
the 2-propenyl group at C-7 pose significant challenges which were ad-
dressed differently in the five syntheses of kelsoene known to date.

2.1
Syntheses by Other Groups

The following sections give an overview of the total syntheses of kelsoene
that have been reported by other groups. With respect to the key step by
which the tricyclic framework is constituted, they can be divided into two
groups, the [2+2]-photocycloaddition approach and the homo-Favorskii
strategy.
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2.1.1
Intermolecular [2+2]-Photocycloaddition Approach

2.1.141
Intermolecular [2+2]-Photocycloaddition as the Key Step

The first total synthesis of kelsoene was achieved by Mehta and Srinivas [7,
8]. The tricyclic scaffold was established by an intermolecular [2+2]-photo-
cycloaddition of diquinane enone rac-6 and 1,2-dichloroethylene (7) as the
key step (Scheme 2). As a consequence of the steric hindrance implemented

o}
rac-6/ent6/6 7(X=Cl) rac-9/ent9/9 (X=CIl) 85%
rac-6 8 (X=H) rac-10 (X=H) 90%

Scheme 2

in the bicyclic ring system of 6, the alkene 7 is forced to attack exclusively
from the exo-face of 6. The perfect facial diastereoselectivity results in the
formation of the tricyclodecane 9 the framework of which is connected in
the requisite cis-anti-cis fashion [7]. In subsequent syntheses by others
[9-11] and in the enantioselective synthesis by Mehta and Srinivas [12] an
identical or almost identical photochemical key step was employed. In all
syntheses, diquinane enone 6, its enantiomer ent-6, or the racemate rac-6
was used as the photoactive compound, the reaction partner was 1,2-
dichloroethylene (7) [7-10, 12] or ethylene (8) [11].

The fact that all approaches employing the intermolecular photocycload-
dition key step used the same precursor for the construction of the four-
membered ring renders enone 6 the key intermediate of the different syn-
thetic strategies. It is therefore sensible to compare first the different strate-
gies to synthesize precursor 6. Afterwards, the different ways to complete
the syntheses of kelsoene will be discussed.

2.1.1.2
Approaches to the Photocycloaddition Precursor

In the first total synthesis of kelsoene (rac-1) [7, 8], commercially available
1,5-cyclooctadiene (11) was chosen as the starting material (Scheme 3). Oxi-
dative cyclization with a mixture of PdCl, and Pb(OAc), in acetic acid led
to the formation of a diquinane diacetate [13] that was saponified to give
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1. PCC

1. PdCly, Pb(OAC), OH 2 MePPhgl, KO#BuU o
2. KOH/MeOH <I> 3. Hp [P/C] <:i§
67% \ 50% \
HO :
1 rac-12 rac-13
1. LHMDS, TMSCI O 4 MeLi
2. Pd(OAc), <:E/> 2.PCC rac-6
80% > 80%
rac-14

Scheme 3

2,6-dihydroxybicyclo[3.3.0]octane (rac-12). Oxidation of the two hydroxy
groups followed by selective monomethylenation and catalytic hydrogena-
tion furnished the endo-methyl diastereoisomer rac-13 as the major product
(dr=80/20). The observed diastereoselectivity was explained by the fact that
the catalytic hydrogenation proceeded preferentially from the more easily
accessible convex face of the diquinane framework [7].

Ketone rac-13 was transformed into the corresponding silylenolether and
by Pd(II)-mediated Saegusa oxidation [14] into a,3-unsaturated ketone rac-
14. By alkylative enone transposition comprising methyl lithium addition
and pyridinium chlorochromate (PCC) oxidation [15], rac-14 was finally
converted into the racemic photocycloaddition precursor rac-6. In conclu-
sion, the bicyclic irradiation precursor rac-6 was synthesized in a straight-
forward manner from simple 1,5-cyclooctadiene (11) in nine steps and with
an overall yield of 21%.

In a succeeding publication, the same authors reported on an enantiose-
lective approach to diquinane enones 6 and ent-6 by combining the above-
described synthesis with an enzymatic kinetic resolution (Scheme 4) [12].
After lipase-catalyzed enantioselective transesterification of diol rac-12,

Z > 0Ac H OH OAc OH
[Amano lipase PS-30] Z R R
HO H AcO AcO
12 15 16
38% 33% 14%
>98% ee >99% ee 72% ee

Scheme 4
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enantiomerically pure diol 12 and diacetate 15 as well as monoacetate 16
were isolated in 38%, 33%, and 14% yield, respectively.

Continuing the synthesis of rac-6 with enantiomerically pure diols 12 and
ent-12 (after saponification of 15 with KOH), both enantiomers 6 and ent-6
were accessible. This allowed for an enantioselective synthesis of natural kel-
soene (1) and its enantiomer (ent-1) (see below) with only one additional
step as compared to the synthesis of the racemate (rac-1).

The approach of Schulz et al. to enantiomerically pure diquinane enone
ent-6 employed (R)-(+)-pulegone (17) as chiral pool starting material [9, 10]
(Scheme 5). Bromination and Favorskii rearrangement of 17 generated a

1. BI'2

2. KOH 1. HCI \\ 1. (COCl),
O 3. separation 2. t-BuOK \\"\ 2. AICl3
ent-6
24% 49% 41%

“CooH “COOH

17 18 19

Scheme 5

mixture of cis- (18) and trans-pulegonic acids [16] that was separated by col-
umn chromatography. Acid-induced lactonization of the desired cis-substi-
tuted acid 18 followed by elimination with a bulky base led to the formation
of the all-cis-substituted acid 19 with a terminal double bond [16, 17].

The photocycloaddition precursor ent-6 was obtained from 19 by trans-
formation into the corresponding acid chloride and AlCl;-mediated intra-
molecular acylation of the double bond. While the conciseness of this strate-
gy is appealing, drawbacks are the low yields achieved in the individual re-
action steps giving ent-6 in an overall yield of only 5%.

Racemic diquinane enone rac-6 was prepared by Piers and Orellana start-
ing from cyclopentenone (Scheme 6) [11]. After the preparation of the hete-
rocuprate from stannane 20, conjugate addition to cyclopentenone in the
presence of BF;-Et,O provided carbonyl compound 21. It was expected that
conversion of 21 by intramolecular alkylation and subsequent hydrogena-
tion should provide the desired endo-substituted diquinane rac-13. While
other hydrogenation methods proved to be rather unselective, reduction in
the presence of Wilkinson’s catalyst finally resulted in the formation of rac-
13 with good facial diastereoselectivity [11].

The introduction of the double bond of rac-14 was performed by conver-
sion of rac-13 into its a-phenylselenide, subsequent peroxide oxidation, and
elimination. Following the synthesis reported by Mehta and Srinivas, an
alkylative enone transposition was used as the last step towards irradiation
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1. MeLi
2. CUCN-LiCl
c 3. BF3-Et,0 cl O {KkH
4. cyclopentenone 2. H, [(Ph3P)3RhCl]
SnMes 69% 71%
20 21
1. LDA
2. PhSeCl 1. MelLi
3. H,0, 2. PCC on alumina
rac-13 rac-14 rac-6
83% 60%
dr = 95/5
Scheme 6

precursor rac-6. Not taking into account the preparation of 4-chloro-2-
trimethylstannylbut-1-ene (20), this synthetic route offers another elegant
access to rac-6 with a reported overall yield of 24% exceeding those of the
other syntheses.

In conclusion, the three groups which applied the intermolecular photo-
cycloaddition as the key step in their approach to kelsoene (1) reported dif-
ferent strategies to synthesize the irradiation precursor 6 in racemic or
enantiomerically pure form. After the photocycloaddition step the syntheses
of kelsoene were completed in different ways. The next section describes the
different strategies employed in the second half of the way to kelsoene.

2113
Completion of the Syntheses

The first report on the construction of the complete 5-5-4-fused tricyclic
framework of kelsoene and later on the first total synthesis of racemic kel-
soene rac-1 was published by Srinivas and Mehta in 1999 [7, 8]. As discussed
in the last section, the insertion of an enzymatic kinetic resolution step al-
lowed for the analogous synthesis in an enantioselective manner [12]. The
intermolecular [2+2]-photocycloaddition as the key step in their approach
was performed by irradiating diquinane enone 6 with 1,2-dichloroethylene
(7) (Scheme 2). This led to the formation of a mixture of cis- and trans-
dichlorosubstituted cycloaddition products 9 in 85% yield. The perfect facial
diastereoselectivity resulting from the attack of alkene 7 on the exo-face of 6
led to the exclusive formation of the desired cis-anti-cis connected tricy-
clodecane 9. After protection of the carbonyl group as an acetal, the chlorine
atoms were removed by reductive dehalogenation with sodium naph-
thalenide. Originally, the resulting cyclobutene was then hydrogenated and
deprotected to yield cyclobutane 10 (Scheme 7).
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1. (CHoOH), [p-TSOH]

2. Na-naphthalenide 1. (CH2OH), [p-TsOH]
3. H, [Pd/C] 2. Na-naphthalenide
4. Amberlyst-15 9 3. Amberlyst-15
65% 69%
10 22
1. MeOCH,PPhsCl, NaO#-Am H 1.PCC
2. HCIO,4 : 2. H, [Pd/C]
29 3. MeLi 3. MePPhsl, KOt-Bu
70% 71%
23
Scheme 7

Unfortunately, all attempts to elaborate this intermediate product to the
target molecule by adding a side chain at C-7 failed. The carbonyl group in
10 did not react as expected with a variety of nucleophilic reagents and
ylides [7]. This behavior was explained by the sterically encumbered envi-
ronment around the carbonyl functionality blocking any attack. In order to
decrease the steric hindrance, it seemed necessary to remove the endo-hy-
drogen atoms at C-9 and C-10 which shield the bottom face of the carbonyl
group [8]. Cyclobutene 22 was expected to provide the requisite properties
and was therefore tested in a homologation attempt. Indeed, the Wittig reac-
tion of ketone 22 with methoxymethylene triphenylphosphane proceeded
successfully. After cleavage of the resulting enolether with perchloric acid
and addition of methyl lithium, alcohol 23 was obtained as a mixture of
diastereoisomers. A three-step sequence including oxidation of the alcohol
to the corresponding ketone, hydrogenation of the double bond and
final methylenation of the carbonyl group, completed the first total synthe-
sis of enantiomerically pure kelsoene (1). In addition, ent-1 was synthe-
sized starting from ent-12. By comparison of the specific rotations the
(1R,28,5R,6R,7R,8S)-configuration was assigned to the natural product.

In a study which was conducted simultaneously to the work in the Mehta
group and which also aimed to prove the absolute configuration of natural
kelsoene (1), Schulz et al. used a stereoselective approach starting from the
enantiomerically pure chiral pool material (R)-pulegone 17 [9, 10] (see
above). The final steps of their synthesis of the unnatural enantiomer of kel-
soene (ent-1) were similar to the above-described first total synthesis of nat-
ural kelsoene (1) (Scheme 8). Taking into account the steric limitations of
the system as communicated by Srinivas and Mehta, diquinane enone ent-6
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@ ©
L Me3S=0 |
= NaH H, [Pd/C]
N “H 78% 75%
] o)
ent-22 24 25
dr = 80/20
1. MelLi
2. separation .
26
23%
1.PDC®P
2. NaOMe® Cp,TiMe,
ent1
95%2 / 89%P 79%
26/27 a) for 26 28
b) for 27

Scheme 8

was transformed into the cyclobutene derivative ent-22 [8]. In the following
step, the homologation procedure was modified converting ent-22 with
trimethylsulfoxonium iodide into epoxide 24.

Upon hydrogenation of 24 a 1,2-rearrangement of the epoxide occurred
generating aldehyde 25 as a mixture of diastereoisomers. After reaction with
methyl lithium, the diastereomeric alcohols 26 and 27 were separated and
isolated in yields of 23% and 71%. While alcohol 26 as the minor diastereo-
isomer could be oxidized with pyridinium dichromate (PDC) and methyle-
nated to give the enantiomer of kelsoene (ent-1), its diastereoisomer 27 with
the inverse configuration at C-7 required a supplementary epimerization
step with sodium methanolate. The enantiomerically pure ent-1 allowed for
the determination of the absolute configuration of natural kelsoene (1) [9,
10]. The previously reported assignment based on NMR-correlation experi-
ments [5] was corrected.

In contrast to the preceding syntheses of kelsoene, Piers and Orellana
used ethylene 8 in the [2+2]-photocycloaddition key step to furnish tricyclic
ketone rac-10 diastereoselectively (Scheme 2) [11]. In accordance with the
report by Srinivas and Mehta, attempts to homologate the sterically encum-
bered ketone rac-10 using the Wittig, Magnus [18, 19] or Taguchi [20] pro-
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cedure were unsuccessful [11]. However, alkene rac-29 was isolated in satis-
fying yields by treatment of ketone rac-10 with the Lombardo reagent [21,
22] (Scheme 9). The latter reagent is known to be effective in methylenations
of hindered ketones.

Hydroboration occurred from the less hindered top face of rac-29 and re-
sulted in the formation of alcohol rac-30. After a three-step sequence which
included oxidation with tetrapropylammonium perruthenate (TPAP), methyl
lithium addition and repeated oxidation with TPAP, ketone rac-31 was iso-
lated. Finally, epimerization of the stereogenic center at C-7 to the correct
configuration and methylenation with the Lombardo reagent led to the for-
mation of racemic kelsoene (rac-1).

2.1.2
Homo-Favorskii Approach

2.1.2.1
Homo-Favorskii Rearrangement as the Key Step

In contrast to the [2+2]-photocycloaddition which is a widely used method
to generate four-membered rings, Koreeda and Zhang used a thermal rear-
rangement key step to construct the tricyclic framework of kelsoene [23]. In
earlier work, it was shown that upon treatment with base, p-keto-p-toluene-
sulfonate rac-32 is converted to a 44/56 mixture of bicyclo[3.1.1]heptanone
rac-33 and bicyclo[3.2.0]heptanone rac-34 (Scheme 10) [24-26].

While ketone rac-33 is the result of an intramolecular substitution of the
tosylate leaving group by the intermediate enolate, rac-34 is the product of a
stereospecific homoallyl rearrangement commonly referred to as the homo-
Favorskii rearrangement [24-26]. Presumably due to their relatively high
strain energies, bicyclo[3.1.1]heptanones rearrange acid-induced to bicy-
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clo[3.2.0]heptanones [26, 27], so that both reaction pathways of the base-cat-
alyzed rearrangement offer an access to bicyclo[3.2.0]heptanone derivatives.
Thus, the homo-Favorskii rearrangement was expected to be well suited
for the construction of the tricyclic carbon framework of racemic kelsoene
(rac-1).

2.1.2.2
Synthesis of the Precursor and Completion of the Synthesis

The preparation of the requisite p-keto-p-toluenesulfonate rac-35 as homo-
Favorskii precursor commenced with commercially available 2,5-dihy-
droanisole (36) that was protected and epoxidized to acetal rac-37
(Scheme 11). Regioselective opening of the epoxide with p-chlorophenylse-
lenide followed by sequential oxidation to the selenoxide and thermal elimina-
tion generated an allylic alcohol that was protected to give pivaloate rac-38.

In order to append the butynyl group, rac-38 was reacted with the corre-
sponding cyanocuprate in high yields. Pd(0)-mediated enyne-cyclization of
rac-39 to the bicyclic diene rac-40 proceeded smoothly. Regio- and stereose-
lective reduction of the exocyclic double bond proved to be difficult, but was
finally achieved with a mixture of cobaltdichloride and lithium borohydride.
Acetal cleavage with subsequent enolate methylation yielded stereoselective-
ly enone rac-41 which was subjected to a hydroxymethylation followed by
tosylation of the generated alcohol. The completion of the synthesis of pre-
cursor rac-35 required a stereocontrolled conjugate addition of the 2-prope-
nyl group to enone rac-42. While standard cuprate addition procedures gave
unsatisfying results, the Kharasch conditions [28] proved to be well suited,
and rac-35 was isolated in a yield of 68%.

With the appropriate precursor rac-35 in hand, the rearrangement key
step was examined. As expected, basic treatment of y-keto-tosylate rac-35
resulted in the formation of a 56/44 mixture of the formal substitution prod-
uct rac-43 and rac-44 as the product of homoallylic rearrangement
(Scheme 12), in a combined yield of 95%.

Subjection of the mixture of cyclobutanones rac-43 and rac-44 to mild
acidic conditions resulted in the rearrangement of cyclobutanone rac-43 to
its more stable isomer rac-45, whereas rac-44 remained unchanged. The ob-
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served isomerization of rac-43 was suggested to occur via a cationic or non-
classical cationic species and proceeded with retention of the stereochemis-
try at the quaternary stereogenic center C-1. Finally, by transformation of
the cyclobutanones rac-44 and rac-45 into their tosylhydrazones and subse-
quent reduction, racemic kelsoene (rac-1) was isolated in 16 steps with an
overall yield of 13%. In more recent work [29], Koreeda et al. have achieved
the enantioselective preparation of pivaloate 38 by deracemization of a cyclic
allyl carbonate [30]. Starting from (S)-configurated 38, (+)-kelsoene (1) was
accessible in enantiomerically pure form.

2.2
Intramolecular [2+2]-Photocycloaddition Approach

2.2.1
Background

When the first publication on kelsoene by Kénig and Wright appeared in
1997, there was a research project in our group directed towards the intra-
molecular [24+2]-photocycloaddition reaction of vinylglycine-derived N-ally-
loxazolidinones such as 46 [31, 32]. The goal was to prepare enantiomerical-
ly pure 3-azabicyclo[3.2.0]heptanes which were at that time considered in-
teresting pharmacophores [33]. We could show that the [2+2]-photocy-
cloaddition of the oxazolidinones 46 proceeds in high yields and with good
facial diastereoselectivity. Cu(OTf), or CuOTf were the preferred catalysts
for the alkyl substituted (R=H, Me) substrates [34, 35] whereas the reaction
with the phenyl substituted system (R=Ph) could also be promoted by a sen-
sitizer, such as acetophenone [36]. In all cases the products 47 showed the
anti-cis configuration depicted in Scheme 13. The facial diastereoselectivity
was explained by the conformation 46’ of the photoactive starting materials.

hv
[Cu(OTH),] H
/N . P or [PhCOMe] R
o] s i = o N~

) G R 6587% N~

o] H 0

46 46' R =H, Ph, Me 47
Scheme 13

The conformation is favored due to minimized 1,3-allylic strain between the
hydrogen atom at C-4 and the terminal cis-hydrogen atom of the double
bond.
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2.2.2
Retrosynthesis

The skeleton of 47 is a heterocyclic tricyclo[6.2.0.0>°]decane and the similar-
ity to the tricyclic kelsoene is obvious. In the course of the above-mentioned
studies we had become curious whether the high facial diastereocontrol
in the photocycloaddition reaction could be extended to other bridged
1,6-hexadienes. Kelsoene was an ideal test case. The retrosynthetic strategy
for kelsoene along an intramolecular [2+2]-photocycloaddition pathway ap-
peared straightforward. To avoid chemoselectivity problems the precursor
to kelsoene should not contain additional double bonds. Alcohol 48, the hy-
droxy group of which was possibly to be protected, seemed to be a suitable
substrate for the photocycloaddition (Scheme 14). Access to the 1,2,3-substi-

ent-1 48 49

Scheme 14

tuted cyclopentane motif of 48 was envisaged from the known ene reaction
product 49 [37]. Although the original report suggested that it was difficult
to obtain malonate 49 in enantiomerically pure form we considered it a
good starting material which contained most of the required carbon atoms
with the right topology.

An advantage of the intramolecular [2+2]-photocycloaddition strategy as
compared to its intermolecular counterpart is the fact that two rings are
formed in a single step. A disadvantage is the conformational freedom of the
system and the potentially more complex synthesis of the precursor. With
regard to the stereogenic center at carbon atom C-7 in kelsoene we consid-
ered it likely that it can be epimerized at the ketone (rac-31—rac-28) stage.
Carbonyl olefination would complete the synthesis. It later turned out that
this notion was correct. Piers and Orellana were the first to use these trans-
formations in their kelsoene synthesis (see above).

Figure 2 depicts the relevant cyclopentane conformations for either di-
astereomeric alcohol 48. Conformations A and C would lead to the desired
cis-anti-cis tricyclodecane skeleton of kelsoene whereas conformations B
and D would be responsible for the formation of the undesired cis-syn-cis
product. We were convinced that the influence of the stereogenic center to
which the hydroxymethyl group is attached (*) was marginal as compared to
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Fig. 2 Possible conformations A,B and C,D of the two diastereomeric 1,6-dienes 148

the interaction between the 2-propenyl group at C-1 and the methyl group at
C-3 or the hydrogen atom at C-4. Based on the analogy to 46 we hoped for
the 1,3-allylic strain to be still dominant although we were aware of the fact
that the additional methyl group at the vinyl substituent might change the
situation dramatically.

223
Model Studies and First Attempt

As our group was still fairly small in 1997 it took quite a while until we could
get serious about the kelsoene synthesis. The synthetic work did not com-
mence before the summer of 1999, a few weeks before the first synthesis of
kelsoene was published by Mehta and Srinivas. We planned to move into
two directions. On the one hand, model studies on simple cyclopentanes
should give us a flavor for the facial diastereoselectivity to be expected in
the photocycloaddition. On the other hand, preliminary studies as to the
conversion 49—48 were to be conducted. As it turned out the latter experi-
ments were more facile than expected whereas the former study was more
complicated than originally thought [38]. According to Tietze’s protocol
[37], enantiomerically pure (—)-f-citronellene (50) was converted to the ra-
cemization prone aldehyde 51 (Scheme 15). Following the original procedure
we obtained the racemic Knoevenagel product rac-52 which was immediate-
ly taken into the ene reaction to yield the all-trans cyclopentane product
rac-49. Attempts to suppress the racemization were postponed and work on
the synthetic route was continued instead. To this end, the stereogenic center
at cyclopentane carbon atom C-2 was to be inverted. Following a known
strategy [39], an a-selenylation of compound rac-49 and subsequent elimi-
nation led to the o,fB-unsaturated malonate rac-53 which was diastereoselec-
tively reduced with NaBH, in EtOH. The relative configuration of the prod-
uct was confirmed by NOE studies. Reduction of the diester to the diol rac-
54 was facile using lithium aluminum hydride in Et,0. Attempts to conduct
the two reduction steps in a single operation proved less efficient than the
two-step protocol. Single acetylation of one alcohol group was possible by
an enzyme catalyzed transacylation using pig pancreatic lipase (PPL). The
product rac-55 was obtained as a mixture of diastereoisomers. Based on the
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considerations mentioned above we continued without separating the di-
astereoisomers. The free alcohol was converted into an olefin by Swern oxi-
dation and carbonyl olefination. Removal of the acetyl group yielded the
precursor rac-48 which was suited for the photocycloaddition.

As in many other cases we used Cu(OTf), as the precatalyst which is
more stable and easier to handle than CuOTf [40]. The photocycloaddition
delivered two diastereoisomers which were suspected to differ in the relative
configuration at C-7. Indeed, elimination of water resulted in a single, di-
astereomerically pure product with an exocyclic olefinic double bond be-
tween C-7 and C-11. Along the same line of evidence aldehyde rac-57 was
obtained as a single diastereoisomer presumably because an epimerization
at C-7 had occurred. The configuration assignment of compounds rac-56
and rac-57 proved difficult. NOESY data suggested a cis-syn-cis arrangement
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in the central ring of tricyclo[6.2.0.0>°]decane rac-57. As we were not fully
convinced, the aldehyde rac-57 was further converted to the presumed ke-
tone rac-28 (Scheme 8) which had become known due to the work of Mehta
et al. The ketone we obtained was not identical to ketone rac-28.
Simultaneously to the synthetic studies described above, our model stud-
ies had progressed. Although the synthetic challenge in this part of the pro-
ject was marginal the structure elucidation of the final products was compli-
cated [41]. Starting material for the syntheses was 1-acetyl-1-cyclopentene
(58) which was converted into the trans-cyclopentane rac-59 by a Sakurai re-
action and a carbonyl olefination (Scheme 16). The synthesis of cis-cyclo-

hv X
2 steps [CuOTN:] <I?
47% 80%

rac-59 rac-61
@)J\ hv
1
\ A [Cu(OTf),] &
4 steps 0 8
N 7% .

33%
rac-60 rac-62

Scheme 16

pentane rac-60 was achieved by the sequence Sakurai reaction, silyl enol
ether formation, diastereoselective protonation, and Lombardo olefination.
The photocycloaddition proceeded smoothly for both substrates and yielded
the products as single diastereoisomers. The proof of the trans-anti-cis con-
figuration for product rac-61 was possible by NOESY measurements and
comparison with related compounds. The structure proof for compound
rac-62, however, was not possible by NOESY experiments. We finally relied
on a tedious chemical correlation which gave unambiguous proof for the un-
desired cis-syn-cis structure of product rac-62 [41].

224
Successful Second Approach

From the results described above it was clear that our synthetic plan had to
be modified significantly if the synthesis of kelsoene was to be successful.
We were willing to take on the challenge and started to think about a modi-
fication. Key to our plan was the transformation rac-59—rac-61 in the mod-
el studies. The trans-anti-cis configuration of the product would be accept-
able if we succeeded in inverting the stereogenic center at carbon atom C-6
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Scheme 17

at a later stage. Scheme 17 depicts the cyclopentane conformation which is
responsible for the formation of product rac-61 and illustrates the decisive
inversion of configuration in a potential kelsoene precursor. Literature
precedence for an inversion in a congested situation like in Scheme 17 did
not exist. It was clear, however, that an elimination/hydrogenation reaction
would be a viable solution. Preliminary studies revealed that the formation
of the thermodynamically favored enolate of a ketone (X=Me, Y=O0) is diffi-
cult in the tricyclic system. Common strategies to form o,-unsaturated ke-
tones from ketones were consequently not applicable. On the other hand
there existed scattered literature precedence for the a-bromination of an al-
dehyde [42, 43], for the transformation of an a-bromoaldehyde into an o-
bromoketone [44], and for the hydro-bromo-elimination to an a,-unsatur-
ated ketone [45, 46].

Following known pathways we started to construct the required photocy-
cloaddition precursor from malonate rac-49 which was reduced to diol rac-
63 (Scheme 18). Monoacetylation to alcohol rac-64, oxidation and olefina-
tion yielded the acetate rac-65 as a mixture of diastereoisomers. It turned
out that it was advantageous to use the acetate as photocycloaddition sub-
strate instead of the alcohol. The alcohol gave lower yields due to the forma-
tion of a heterocyclic by-product which is presumably formed in a Lewis-
acid-catalyzed process. The acetate photocycloaddition rac-65—rac-66 was
best conducted with CuOTf as the catalyst. Saponification and Swern oxida-
tion gave an aldehyde in diastereomerically pure form which could be readi-
ly o-brominated to the a-bromoaldehyde rac-67. The subsequent steps pro-
ceeded nicely and yielded the required o,B-unsaturated ketone rac-68. The
final obstacle on our way to the known ketone rac-28 was the hydrogena-
tion. It was a pleasant surprise to note that this transformation proceeded
smoothly under standard conditions and with high facial diastereoselectivity
(dr=95/5). The expected preference for an attack of hydrogen anti to the
methyl group at C-5 and syn to the hydrogen atom at C-2 was borne out ex-
perimentally. The primary ketone epimerized already upon standing to the
more stable ketone rac-28. To facilitate epimerization we followed the proto-
col by Piers and Orellana who had employed HCIO, in CDCl; as an acidic
catalyst [11]. The structure of ketone rac-28 was proven by comparison of
its spectroscopic properties with those reported in the literature. Although
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the synthesis was formally complete intermediate rac-28 was converted to
rac-(+)-kelsoene (rac-1) employing a Wittig reaction [8] as the final step of
the synthesis. As noted in our preliminary publication [47] we observed a
lipophilic by-product in the reactions which was not separable. Due to the
limited amount of material we could not attempt other methylenation proce-
dures, but the use of Ti-based methodology is strongly recommended.

A final issue which we addressed was the potential access to enantiomeri-
cally pure kelsoene. The first and obvious solution would be to start with
enantiomerically pure malonate 49 or ent-49. Our attempts to conduct the
Knoevenagel condensation under racemization free conditions were not suc-
cessful, however. A second option resulted from the known ability of en-
zymes to distinguish between enantiotopic groups. In preliminary experi-
ments on the monoacetylation of diols we had used the cyclopentane diol 69
as test substrate (Scheme 19). The isolated product 70 was enantiomerically
enriched (93% ee). Based on the known propensity of PPL to acylate pre-
dominantly the pro-R hydroxymethyl group in 2-substituted 1,3-propandiols
[48, 49] we assigned the (R)-configuration to this product. If the reagent-
controlled preference exerted by the enzyme was extremely high one could
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expect in a diastereomeric product mixture such as 55 or 64 that each dia-
stereoisomer is significantly enantiomerically enriched.

Although the separation of the diastereomeric alcohols 55 or 64 was not
possible by flash chromatography we succeeded in a separation by prepara-
tive HPLC. The enantiomeric excess of the individual diastereoisomers was
determined after saponification to the diol 54 or 63 by chiral GC. It turned
out that the enantiomeric excess of both acetates was only 7% ee. The value
was so low that we did not make an effort to continue with only marginally
enantiomerically enriched material after HPLC separation.

In summary, our own synthesis of kelsoene comprised 18 steps starting
from (—)-p-citronellene (50) and 14 steps starting from the previously
described malonate rac-49. Despite its powerful photochemical key step
rac-65—rac-66 the subsequent epimerization at carbon atom C-6 is a
major drawback. An alternative enantioselective access to key intermediate
65/ent-65 was not pursued.

3
Preussin

Preussin (2) was first isolated from fermentation broths of A. ochraceus
ATCC 22947 and was described as the antifungal agent L-657,398 by re-
searchers at Merck, Sharp & Dohme [50]. The absolute and relative configu-
ration of the compound was determined shortly after by Johnson, Phillipson,
and Kahle using NMR techniques [51]. They had isolated the same com-
pound from fermentations of Preussia sp. and had given it the more melliflu-
ous name preussin. Natural (+)-preussin is (2S,3S,5R)-configurated (Fig. 1).
Whereas the biosynthetic origin of preussin has not been investigated in de-
tail its biological properties caused considerable attention. Beside the origi-
nally reported antifungal activity, preussin turned out to be a selective cell
growth inhibitor [52]. More detailed studies by Miiller et al. revealed that
preussin induces apoptosis in several human tumor cells [53]. It was found
in vitro to be a potent inhibitor of cyclin E kinase (CDK2-cyclin E) with a
50% inhibitory concentration of ca. 500 nmol/l. Preussin inhibits cell cycle
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progression into the S phase. Remarkably, the induction of apoptosis was not
blocked by high levels of B cell lymphoma-2 (Bcl-2) which usually confers re-
sistance to chemotherapeutic agents.

Up to now (June 2003) 18 total syntheses of preussin have been reported.
As in the preceding section, the syntheses by other groups will be discussed
first and we will subsequently provide a more extensive account on our own
work. The considerably large number of known syntheses limits the amount
of space we could give to the discussion of each individual route. We have
tried to group certain strategies together and apologize to the researchers
whose contributions are not discussed in detail.

3.1
Syntheses by Other Groups

3.1.1
Nucleophilic Attack on L-Phenylalanine-derived Electrophiles

L-Phenylalanine and derivatives thereof are starting materials to nearly half
of the preussin syntheses reported so far. In six of these syntheses the pyrro-
lidine ring is formed by a ring closure between C-5 and the nitrogen atom.
In addition, there is another scission in the ring between C-3 and C-4. The
latter step is in five of these six syntheses a nucleophilic attack on L-pheny-
lalaninal. Another synthesis using a one carbon elongated starting material
derived from L-phenylalanine is also discussed in this section, although
there is no nucleophilic attack on a carbonyl group.

The most recent approach to (+)-preussin conducted by Okue, Watanabe
and Kitahara used the nucleophilic attack of an enolate on L-phenylalaninal
(Scheme 20) and is one of the shortest syntheses of (+)-preussin [54].

Starting from methyl (S)-[1-(methoxy)methylcarbamoyl-2-phenyl-
ethyl]carbamate (71) aldehyde 72 was generated via lithium aluminum hy-
dride reduction of the Weinreb amide. A chelation-controlled aldol reaction
using the zinc enolate of 2-undecanone (73) provided the syn-alcohol 74 and
its anti-diastereoisomer in a diasteromeric ratio of syn:anti=91/9. After pro-
tection of the alcohol as its TBDMS-ether 75, the compound was subjected
to Et;GeH reduction in the presence of BF;-OEt,. In the course of the reduc-
tive cyclization the alcohol was also deprotected, yielding a single diastereo-
isomer 76 of the desired pyrrolidine. The methyl carbamate was then re-
duced to (+)-preussin (2) which was obtained in 16% overall yield.

The same group has used a closely related strategy to synthesize all eight
stereoisomers of preussin by non-stereoselective reactions. They tested the
bioactivities of the preussin isomers against cell growth of the fission yeast
cdc25 mutant and found, that all stereoisomers were almost equally bioactive
[55].
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Much earlier than Kitahara et al., an even shorter synthesis of preussin
was reported by Overhand and Hecht [56]. Up to date the Hecht synthesis
has remained one of the most straightforward and concise routes to the tar-
get (Scheme 21). The synthesis did not include a nucleophilic attack on
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Scheme 21

phenylalaninal, but on the Weinreb amide of phenylalanine. The retrosyn-
thetic approach shows the same disconnections as do the other syntheses in
this section.

Starting from N-(Boc)-(S)-phenylalanine (77) the Weinreb amide was
formed by a DCC-mediated condensation with N,O0-dimethylhydroxylamine.
Treatment of the Weinreb amide with undecynyl lithium yielded the ynone
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78. When subjected to mercury acetate the ynone 78 underwent a 5-endo-
dig cyclization and after work-up with aqueous sodium chloride, furnished
the pyrrolinones 79 and 80 in a ratio of 89/11. The mixture of pyrrolinones
was reduced directly with sodium borohydride to the N-Boc-pyrrolidinol 81
which was obtained as a single diastereoisomer. Reduction of the carbamate
with lithium aluminum hydride gave (+)-preussin (2) in 37% overall yield.
Using methyl N-(diphenylmethylene)-L-phenylalaninate (82) as starting
material (Scheme 22), McGrane and Livinghouse were able to synthesize
(+)-preussin (2) in eight steps with an overall yield of 15% [57].
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BnC, BnQ,
CpTi(CHg)2Cl Ph \ C7H1sCOCN  pp, ) 4 steps \
N 76% A 49%
C;; c C7Hys CN
84

Scheme 22

To form the stereocenter at C-3 a direct reduction-alkynylation sequence
was applied, that provided the diastereomeric homopropargylic alcohols 83
in a ratio of sym:anti=76/24. The major isomer syn-83 was isolated in 55%
yield. The key step of the synthesis was an intramolecular imidotitanium-al-
kyne [2+2] cycloaddition/acyl cyanide condensation. With this sequence the
pyrrolidine ring was formed and all the carbon atoms of the alkyl side chain
were established in acrylonitrile 84. The reduction of the imine double bond
proceeded stereoselectively and the nitrile group was removed reductively
en route to the target compound.

Veeresa and Datta [58] used a Swern oxidation to generate an aldehyde
from N-Boc-protected phenylalaninol (85). The aldehyde was in situ at-
tacked by allylmagnesium bromide (Scheme 23).

This chelation-controlled addition generated the homoallylic alcohols 86
with a diastereoselectivity of syn:anti=86/14. In contrast to the other synthe-
ses described so far, the ring closing reaction was a Sy2 reaction but not a
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reductive cyclization. After cleavage of the acetonide in 87 the N-Boc-pro-
tected primary amine displaced the mesylate, thereby forming the pyrroli-
dine ring 81. Altogether this synthesis consisted of ten steps, starting from
L-phenylalanine, and yielded (+)-preussin (2) in 9%.

The key step in the approach of Jurczak et al. [59] was a chelation-con-
trolled addition of allyltrimethylsilane to the N-Cbz-protected phenylalani-
nal 88 in the presence of SnCl, (Scheme 24). The preussin C-3/C-4 bond was

o X"1Ms OH t-BUOOH
| SnCly [VO(acac),]
Ph Ph X
0, 0,
NHCbz 7% NHCbz 87%
88 syn-89
dr = 98/2
HO,
QH O H, [Pd/C]
Ph/\/K/Q 2 . Ph OH
uant.
NHCbz d H
syn-90 91
dr =70/30

Scheme 24

formed with excellent facial diastereoselectivity (syn:anti=98/2), yielding the
homoallyllic alcohol syn-89.

After epoxidation of the terminal olefin in syn-89 the pyrrolidine 91 was
formed by reductive cleavage of the Cbz-protection and concomitant Sy2 cy-
clization of the free amine to epoxide 90. In five additional steps (+)-preus-
sin (2) was synthesized with an overall yield of 19%. After N-methoxycar-
bonylation and oxidation of the alcohol to an aldehyde the alkyl side chain
was introduced by a Wittig reaction.
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Ham et al. [60] used an unselective attack of a vinyl Grignard reagent
on the N-benzoyl-protected phenylalaninal 92 to generate alcohols 93
(Scheme 25). A trans-selective, Pd(0)-catalyzed oxazoline formation starting
from the homoallylic amide 93 was subsequently employed to build up the
(S)-configuration at carbon atom C-3 of oxazoline 94.

Hydrogenolysis of the oxazoline 95 also led to cyclization and reduction
of the resulting aminoketone, forming the pyrrolidine 96. The pyrrolidine
was transformed into (+)-preussin (2), which was obtained in ten steps from
L-N-benzoylphenylalaninol, with an overall yield of 13%.

A slightly differing approach towards preussin, as compared to the
other syntheses in this chapter, was used by Beier and Schaumann [61]
(Scheme 26).

The synthesis commenced with (1R)-[(1’S)-(benzyloxycarbonylamino)-2-
phenylethyl]oxirane (97), a starting material derived from L-phenylalanine
by a five step sequence including an elongation by one carbon atom [62].
Two epoxide opening reactions were used as key steps to form preussin in
twelve steps and with an overall yield of 28% (starting from 97). Ring open-
ing of the epoxide 97 with lithiated allyl phenyl sulfide gave the diastere-
omeric sulfides 98 as a 50/50 mixture (Scheme 26). The sulfides were trans-
formed in two steps to the diastereomeric sulfoxides 99. The reaction with
trimethyl phosphite yielded the allylic alcohol 100 by a [2,3]-sigmatropic re-
arrangement. Epoxidation of the allylic alcohol according to the Sharpless
protocol gave a mixture of the pyrrolidine 101 and the epoxide 102, which
could also be transformed to the pyrrolidine 101 via a two step sequence.
(+)-Preussin (2) was obtained in five additional steps. After diol cleavage
the alkyl side chain was attached to the aldehyde by a Wittig reaction.
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3.1.2

Syntheses Using Other L-Amino Acids

Common to all syntheses in this and the next section is the formation of the
bond between C-2 and the nitrogen atom of preussin. A second retrosyn-
thetic disconnection can be found at different positions of the pyrrolidine.

Besides eight syntheses, which started from L-phenylalanine or a deriva-
tive, two approaches towards (+)-preussin employed L-serine or L-aspartic
acid. In one of the more recent approaches towards preussin Craig and co-
workers [63] used l-serine (103) as starting material (Scheme 27).

PhO,S
OH PR 105 pho,s
7 steps BuLi; 104
OH — -~ SESN>‘CQH19 —
HoN 12% 95% prl  HNT ~CoHho
0 SES
103 104 106
PhO,S,
7 3 steps
TBAF v@s p
78% N~ “CeHis g2
H
107

Scheme 27
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They transformed L-serine in seven steps to the N-2-(trimethylsilyl)ethyl-
sulfonyl(SES)-protected aziridine 104. The latter reacted with the lithio-an-
ion of (E)-3-phenyl-1-(phenylsulfonyl)-2-propene (105) to a diastereomeric
mixture of the sulfones 106 (Scheme 27). This mixture was treated with
TBAF, yielding the pyrrolidine 107 as a single diastereoisomer with 2,3-
trans-2,5-cis-configuration previously observed for 5-endo-trig cyclizations
of this type. In three additional steps the pyrrolidine 107 was transformed to
(+)-preussin (2), with 5% yield overall and in twelve steps altogether.

Y. Yamamoto and co-workers used L-aspartic acid 4-methyl ester (108) as
their starting material for the synthesis of preussin [64]. The ester was
transformed in nine steps to the TBDPS-protected aminoalcohol 109
(Scheme 28). Allylation of the N-Boc-protected amine using allyl bromide

MeO TBDPSO NoNg, TBDPSQ
9 steps KH
g OH —
HoN 31% HN” CoH1g 91% XN TCeHig
1 |
o Boc Boc
108 109 110

HO
\\)\ 1. SOzpy, NEts HO, HO,
2 steps 2. (toluene), 110°C \/Z_)‘ N &
AN CoHig N~ CoH1g £\ N~ TCoH1g
69% ) 1 )
Boc Boc Boc
BusSn

111 112 113
39% 39%

Scheme 28

gave carbamate 110. The latter compound was transformed in two steps to
the y-aminoallylstannane 111, which upon oxidation added intramolecularly
to the aldehyde upon heating. The diastereomeric pyrrolidines 112 and 113
were obtained as a 50/50 mixture. (+)-Preussin was synthesized from 112 in
seven additional steps. The total yield was 1% in 21 steps altogether.

3.1.3
Sugars and Meso-Compounds as Building Blocks

Two syntheses and one formal synthesis of (+)-preussin have been reported
using sugars as chiral pool building blocks. In these syntheses parts of the
sugar backbone have been implemented into the preussin skeleton. All four
pyrrolidine carbon atoms stem from the carbohydrate. As a consequence,
the two carbon-nitrogen bonds (N/C-2 and N/C-5) of the pyrrolidine ring
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Fig. 3 Comparison of the relevant stereogenic centers in d-glucose (114) and in preussin
intermediate 115

had to be formed in these syntheses. Two other syntheses which did not use
sugars as chiral pool starting materials have the same retrosynthetic discon-
nections and will be discussed in this section as well. In both strategies the
desymmetrization of a meso-compound is a key feature.

The first total synthesis of (+)-preussin was published in 1991 by Pak and
Lee [65] using a derivative of D-glucose (114) as starting material. Figure 3
compares the stereogenic centers present in 114 and in an intermediate 115
to preussin.

Up to now, the Pak synthesis is the highest yielding synthesis of (+)-pre-
ussin with a total yield of 42% over eleven steps, starting from 5,6-anhydro-
3-deoxy-1,2-O-isopropylidene-a-p-allofuranose (116). The stereogenic cen-
ters at C-2, C-4, and C-5 of D-glucose were elaborated into the three stere-
ogenic centers of (+)-preussin (cf. Fig. 3).

Starting with a copper catalyzed epoxide ring opening, using phenyl mag-
nesium chloride, a secondary alcohol was generated, which in turn was
transformed into an electrophile by tosylation (Scheme 29). The tosylate 117
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© HO 2. H, [Pd/C]
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Scheme 29
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Fig. 4 Comparison of the relevant stereogenic centers in the d-arabinose derivative 121
and in preussin (2)

was reacted with sodium azide and the acetonide group was removed with
methanolic hydrogen chloride, yielding a mixture of anomers in a ratio of
0:3=16/84. The separated anomers were taken individually through the next
four steps of the synthesis. To this end, each anomer was subjected to triflat-
ing conditions yielding the anomeric triflates 118. Upon reduction of the
azide to the primary amine a nucleophilic displacement of the triflate took
place, yielding the bicyclic amines 119. Methoxycarbonylation and subse-
quent demethylation with formic acid gave a mixture of the cyclic hemiace-
tal 115 and aldehyde 120. The mixture was subjected to a Wittig reaction us-
ing the ylide derived from octyltriphenylphosphonium iodide and butyl lith-
ium, furnishing a mixture of isomers (Z:E=90/10). The isomers were hydro-
genated and afterwards the methoxycarbonyl group was reduced to yield
(+)-preussin (2).

The second total synthesis using a sugar derivative as chiral pool starting
material was published by Yoda et al. [66] and is based on 2,3,5-tri-O-ben-
zyl-B-D-arabinofuranose (121) (Fig. 4). Via 13 steps they were able to syn-
thesize (+)-preussin with an overall yield of 18%.

De Armas and co-workers [67] chose the epoxide 122, a derivative of
D-mannose, as their starting material for what they claim a formal synthesis
of (+)-preussin (Scheme 30, PMB=para-methoxybenzyl). In 14 steps and 8%

BzO_  OTBDMS

Ph
8% N~ ~CoHig

Cbz

14 steps

122 123
Scheme 30

yield they synthesized the previously unknown precursor 123 of (+)-preus-
sin.

Dong and Lin [68, 69] did not start with a sugar as chiral building block,
but a product from an asymmetric Sharpless epoxidation commonly used
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for the desymmetrization of meso-compounds [70, 71]. They transformed
(2R,3S)-1,2-epoxy-3-benzyloxy-pent-4-ene (124) in 13 steps to (+)-preussin,
with an overall yield of 18%.

The key step in this synthesis was an oxidative cyclization of the primary
alcohol 125 upon PDC oxidation, yielding the lactam 126 (Scheme 31). The

BnQO,

OBn
Ph OH
o° 48% L 95% N“ O
¢ Boc
124 125 126

Scheme 31

lactam was transformed in six steps to (+)-preussin. The alkyl side chain
was introduced by Grignard addition to lactam 126. The stereogenic center
at C-5 of preussin was established by a diastereoselective ketone reduction
followed by an intramolecular nucleophilic mesylate displacement.

Verma and Ghosh [72] desymmetrized a o-symmetric 3-dimethyl(phe-
nyl)silyl substituted glutaric anhydride (127) with Evans’ oxazolidinone 128
(Scheme 32) as one of the key steps in their synthesis of (+)-preussin.
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SiMe,Ph
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67% 33%
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129 —» H - 130
68% HO 3 OMe 65%
131
Scheme 32

They were able to synthesize the first homochiral intermediate 131 from
both diastereomeric acids 129 and 130 formed in the desymmetrization step
[73]. The stereogenic center, to which the silyl group is attached, was carried
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through the synthesis and ended up as carbon atom C-3 in preussin. The al-
kyl chain was introduced by Grignard attack on a mixed anhydride derived
from acid 131. Following this strategy preussin was obtained in 21 consecu-
tive steps with an overall yield of 12%.

3.14
Alternative Approaches

A hallmark of all the syntheses summarized in this section is the fact that
they have more than two retrosynthetic bond fissions within the pyrrolidine
ring. These approaches use specialized key transformations, mostly devel-
oped in the respective research groups.

Deng and Overman [74] employed their aza-Cope rearrangement-
Mannich cyclization reaction as the key step in an approach to both (+)-
and (—)-preussin.

N-Cbz-protected phenylalanine (132) was transformed in four steps to
the tandem reaction precursor 133 (Scheme 33). The N,O-acetal was subject-

OH
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Ph/”\¢‘2§5>’09H19 68% N~ ~CoHig  29%
04;\0Et
134
Scheme 33

ed to the acid-promoted aza-Cope rearrangement-Mannich cyclization,
yielding the all-cis pyrrolidine as the major product. The crude product had
to be N-protected again to prevent epimerization at carbon atom C-3. The
enantiomeric purity of the intermediate 134 was determined to be 80% ee.
In two additional steps ketone 134 was transformed into (+)-preussin (2),
which was formed in seven steps with 11% overall yield. Overman and Deng
also optimized a slightly different approach to (—)-preussin starting from
132 via an N-benzyl protected precursor for the domino reaction. The key
reaction provided a (2R,3S,5S)-pyrrolidine related to 134. After Baeyer-
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Villiger oxidation the stereogenic center at C-3 was inverted by an oxida-
tion-reduction sequence that yielded (—)-preussin with 18% yield over ele-
ven steps.

An asymmetric 1,3-dipolar cycloaddition of decyl methyl nitrone (135)
with (2R)-1-phenyl-but-3-en-2-ol (136) was the key reaction employed by
Ohta and co-workers [75].

As the nitrone exists in the (E)-and (Z)-form in a ratio of approximately
50/50 four diastereoisomers were obtained, one of which was the precursor
137 to preussin (Scheme 34). It was transformed to (+)-preussin, yielding

H19Co HroCo
= Ph (toluene), 110 °C 7
"lp\l . /Y\ _ N\ o
- ®\O OH 15% O
© OH
135 136 137
Scheme 34

the target compound in 4% over seven steps. Starting material of the se-
quence was (2R)-hydroxy-3-phenyl-propionic acid ethyl ester, which in turn
can be synthesized from D-phenylalanine.

Greene and co-workers used a dichloroketene/enol ether cycloaddition
and a Beckmann ring expansion as key reactions en route to (+)-preussin
[76].

(R)-1-(2,4,6-Triisopropylphenyl)ethanol (138) as the source of chiral in-
formation was transformed to a chlorinated ynol by attack of the alkoxide
on trichloroethylene (Scheme 35). Subsequent dehalogenation of the result-
ing ynol with butyl lithium and reaction with benzyl bromide provided the
benzylated ynol which was partially reduced to the (Z)-enol ether 139 with
Lindlar’s catalyst. Cycloaddition with dichloroketene proceeded with high
facial selectivity, yielding the major diastereoisomer 140 with a selectivity of
94/6. Using Tamura’s Beckmann reagent, O-(mesitylenesulfonyl)hydroxyl-
amine (MSH), the ring was expanded with complete regioselectivity. The
dichlorosubstituted lactam so obtained was subsequently reduced using a
zinc-copper couple to yield 141. N-Boc-protection of the pyrrolidinone al-
lowed for the Grignard addition of nonyl magnesium bromide. The reaction
provided an o-hydroxy carbamate, which was in situ reduced with triethylsi-
lane-boron trifluoride etherate to the all-cis pyrrolidine 142. Trifluoracetic
acid treatment caused cleavage of the carbamate and the ether. Subsequent
reductive methylation using formaldehyde-sodium cyanoborohydride pro-
duced (+)-preussin (2), with an overall yield of 15%.
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Reiflig and Hausherr synthesized (—)-preussin in ten steps starting
from L-fructose. The chiral alkoxy allene 143 was formed as a mixture
of diastereoisomers which differed in the configuration of the chiral axis
[77].

Addition of the lithiated allene to an imine yielded a mixture of four di-
astereoisomers (ratio: 68/17/12/3; 68% ds) which was subjected to a silver
nitrate induced cyclization. Product 145 derived from major diastereoisomer
144 was isolated and further converted to (—)-preussin (Scheme 36).
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3.2
Paterno-Biichi Approach

3.2.1
Background

The photocycloaddition of a carbonyl compound to an alkene was discovered
as early as 1909 by Paterno and Chieffi [78] who employed sunlight as the
irradiation source. In the 1950s the reaction was more intensively investigat-
ed by Biichi et al. [79] using artificial light sources. The Paterno-Biichi reac-
tion has been studied mechanistically [80] and some important aspects are
summarized in Scheme 37. Upon n7n*-excitation (122280-350 nm), aldehydes
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Ph Ph Ph

Ph
So T
cleavage
|1D I No direct evidence
hv
isc |
)0]\ ISC )OL alkene | Oﬁ ot
Ph Ph Ph Ph Ph/'<Ph A
S“ T4 3D

Scheme 37

and ketones such as benzophenone (Scheme 37) add to alkenes. Due to the
high intersystem crossing (ISC) rate of most ketones and aldehydes (S;—T;)
the addition occurs on the triplet hypersurface and is a step-wise process.
The C-O-bond formation is the decisive parameter for the regio- and the fa-
cial diastereoselectivity whereas the simple diastereoselectivity is determined
after ISC in the C-C-bond formation step. The cleavage of the biradical inter-
mediate to the starting materials offers a reaction channel which may influ-
ence the regio- and the stereoselectivity of the photocycloaddition.

The application of regio- and stereoselective Paterno-Biichi reactions
to synthetic problems was the first research topic pursued in our group
and the project started in 1992. It became evident in early work [81, 82]
that silyl enol ethers and aromatic aldehydes react with high selectivity to
the corresponding 2-aryl-3-silyloxyoxetanes. The same key features were
later established for N-acylenamines [83, 84] which form N-protected
3-amino-2-aryloxetanes. In combination with a hydrogenolytic ring opening
the Paterno-Biichi reaction paves the way to a regioselective carbohydroxy-
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lation (Scheme 38) of noncyclic heteroatom substituted alkenes [85]. For ob-
vious reasons it is restricted to a formal addition of an arylmethyl substitu-
tion to the a-position. If five- or six-membered cyclic enolethers or enam-
ines are employed the Paterno-Biichi reaction proceeds in a syn-fashion.
Upon hydrogenolysis it gives access to 2,3-cis-substituted heterocyclic rings.

Although the average yields (50-80%) in the Paterno-Biichi reaction
are not outstandingly high, the combination [2+2]-photocycloaddition/hy-
drogenolysis provides a powerful tool for the synthesis of appropriately sub-
stituted heterocycles. With regard to chemo- and regioselectivity the restric-
tion to 2-aryloxetanes is an advantage. Aromatic aldehydes and ketones are
much better behaved in the Paterno-Biichi reaction than aliphatic carbonyl
compounds. In Scheme 39 two typical carbohydroxylation reactions are

H 3
B'(l hv, PhCHO jil Hz [Pd(OH)/C] 'ﬁ\/l
" | . Ph
N So 63% N N0 88% NS0

HH
146 rac-147 rac-148
B o H HO 3
D hv, PhCHO m Hz [Pd(OH),/C] VZ—>
N 56% Ph SN 96% Ph N
1 1
COOMe COOMe CoOMe
149 rac-150 rac-151
Scheme 39

summarized. Dihydropyridone (146) reacted cleanly with benzaldehyde
upon irradiation at =300 nm (light source: RPR-3000 A) to yield the oxe-
tane 147 which could be hydrogenolytically cleaved with hydrogen in the
presence of Pearlman’s catalyst [86]. The resulting 3-hydroxypiperidine 148
was cis-configurated. The same sequence of events led to the cis-pyrrolidinol
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151 starting from dihydropyrrole 149 via the intermediate oxetane 150. The
regioselectivity of the reactions is determined by the high electrophilicity of
the aldehyde oxygen atom in the T, state (Scheme 37). It attacks the alkene
at the more electronrich position, 3 to the heteroatom [83, 84, 86].

3.2.2
Retrosynthesis

The reactions depicted in Scheme 39 were already conducted in view of a
potential use in the synthesis of pyrrolidinols and piperidinols. The struc-
tural feature of a 2-arylmethyl-3-hydroxysubstitution is not only found in
preussin but also in anisomycin (152) [87] or in the piperidine alkaloid FR
901483 (153) [88] (Fig. 5).

MeO ACO.' OH
:: N iNj
H
152 153 NHMe

Fig. 5 Chemical structures of anisomycin (152) and the piperidine alkaloid FR 901483
(153)

For the synthesis of (+)-preussin, commercially available L-pyroglutamic
acid (154) could serve as an enantiomerically pure starting material. Given
the key reaction we had in mind, the bond set for the synthesis of preussin
was straightforward (Scheme 40). Attachment of the alkyl chain to the core

Scheme 40

fragment was envisaged to occur by a nucleophilic cuprate substitution. The
reduction of the methoxycarbonyl group to the methyl group in the last step
towards preussin was precedented [65].

In comparison to the other strategies employed for the synthesis of pre-
ussin the carbohydroxylation sequence we chose is unique. It has remained
the only strategy which does not include the formation of the pyrrolidine
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ring. Despite its simplicity, the bond set depicted in Scheme 40 was associat-
ed with some uncertainty concerning the stereochemical outcome of
the photocycloaddition. The key oxetane intermediate 155 with the right
(28,3S,5R)-configuration was to be formed from the dihydropyrrole 156
(Scheme 41). At first sight, it appears bewildering to postulate a cycloaddi-

O—C-bond formation

H
(o[ ]
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CooMe COOMe Me00C N 7 f-H
155 156

Scheme 41

tion from the apparently more shielded face. The skepticism about the facial
diastereoselectivity is supported by the fact that ketene additions to a relat-
ed 2,3-dihydropyrrole, indeed, occur from the face opposite to the substitu-
ent at C-2 [89]. A closer mechanistic consideration, however, reveals that the
analogy between the ketene cycloaddition and the Paterno-Biichi reaction is
not valid. Whereas in the former case the addition occurs both at C-4 and
C-5 simultaneously in a [72s+72a]-mode the latter reaction proceeds by an
initial O-C-bond formation (see above). Molecular models of the dihydropy-
rrole 156 suggested that the nonyl group was located in a pseudoaxial posi-
tion to avoid 1,3-allylic strain with the N-methoxycarbonyl group. As a con-
sequence there is a pseudoaxial and a pseudoequatorial hydrogen atom at
C-3. The O-C-bond formation at C-4 as the first step in the Paternd-Biichi
reaction is favored trans to the pseudoaxial hydrogen to avoid torsional
strain. Model studies and the successful synthesis supported this notion.

3.23
Synthesis

Our synthesis of preussin [90, 91] (Scheme 42) commenced with L-pyroglu-
taminol (157) which is commercially available or which can be prepared in
85% vyield from L-pyroglutamic acid (154) [1. (MeO),CMe,, HCI (cat.), 50°C
(MeOH); 2. NaBH,, r.t. (i-PrOH)]. There was literature precedence for im-
proved yields in the nucleophilic displacement step upon using a pyrrolidi-
none tosylate and Lipshutz cuprates as compared to other methods [92, 93].
We therefore prepared the known tosylate [94] although the yield remained
unsatisfactory. The analogous bromide [95] which is also a suitable electro-
phile was obtained in 65% yield [CBry, PPh;, r.t. (CH,Cl,)]. The subsequent
substitution reaction proceeded smoothly and gave lactam 158 which was
acylated with methyl chloroformate. The conversion of pyrrolidinone 159 to



38 B. Basler et al.

I>\/0H TsCl,py  LisCu(CgH17)2CN ﬂ\ BuLi, CICOOMe
O~ N 07 "N” "CgHyo

H 54% 82% H 97%
157 158
Me,C(OMe), TMSOTY
LiBEtsH [CSA] Q N(i -Pr)zEt
(o) N CgH1g 829, 3 MeO N CgoH1g N
COOMe o 91% COOMe 89%
159 160
hv, PhCHO Hy [Pd(OH),/C] LiAIH,
155 76 2
53% 81% 91%
Scheme 42

dihydropyrrole 156 was based on a reduction/elimination sequence. Alterna-
tively, the N,O-acetals required for the elimination can be prepared oxida-
tively [96]. Following a known protocol [97] we obtained the desired com-
pound 160 in excellent yield. As the elimination according to reported pro-
cedures proceeded sluggishly we looked for possible alternatives. By apply-
ing a method which was originally used by Gassman et al. for the prepara-
tion of enolethers from O,0-acetals [98] we were able to convert the N,O-ac-
etal 160 to dihydropyrrole 156 in high yields [99]. The reaction is applicable
to a variety of N,0O-acetals [99, 100].

Having the requisite alkene 156 in hand it was an unexpected and un-
pleasant surprise that the photochemical key step failed completely. Under
the previously used irradiation conditions (MeCN as the solvent, Rayonet
RPR 3000 A lamps) an undefined but extremely fast decomposition of the
starting material 156 occurred. For reasons we could not foresee the dihy-
dropyrrole 156 was highly unstable upon UV irradiation at 300 nm. Fortu-
nately the shock did not last very long. We noted quickly that an irradiation
at longer wavelength (Rayonet RPR 3500 A, 2=350 nm) was a viable solution
to our problems. The longer wavelength irradiation was still effective for
benzaldehyde excitation but did not interfere with the alkene. Under these
conditions the photocycloaddition proceeded in decent yield providing two
diastereoisomers in a ratio of 80/20. The desired diastereoisomer 155 could
be isolated in 53% yield. The subsequent steps proceeded in line with our
expectations. The hydrogenolysis provided the known pyrrolidine 76 which
was reduced to preussin. Overall, our synthetic access to preussin comprised
nine steps starting from L-pyroglutaminol (157) and eleven steps starting
from the corresponding acid 154. The total yield amounted to 11%.
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Reactions which led to analogues of preussin were conducted subsequent-
ly [86]. A variation in the substituent at C-2 did not lead to major changes
in the facial diastereoselectivity of the Paterno-Biichi reaction. The diastere-
omeric ratio of the two major products was consistently in the range of
70/30 to 80/20. The diastereoisomers result from the facial diastereoselectiv-
ity in the approach of the aldehyde to the diastereotopic faces of the dihy-
dropyrrole but not from the simple diastereoselectivity of the photocycload-
dition. After hydrogenolysis the diastereoisomeric alcohols were obtained in
the same ratio as the oxetanes. The only major exception in the photochem-
ical reaction was dihydropyrrole 161 which gave a single diastereoisomer
upon benzaldehyde addition. A favorable n7- or van der Waals-interaction
between the incoming benzaldehyde and the axial benzyl group might be re-
sponsible for the strong preference in favor of product 162 (Scheme 43).

] hv, PhGHO O~
Ph 4 Ph
N 57% Ph Y
COOMe COOMe
161 162
dr>95/5
Scheme 43
4
Conclusion

Both target compounds discussed in this review, kelsoene (1) and preussin
(2), provide a fascinating playground for synthetic organic chemists. The
construction of the cyclobutane in kelsoene limits the number of methods
and invites the application of photochemical reactions as key steps. Indeed,
three out of five completed syntheses are based on an intermolecular enone
[2+2]-photocycloaddition and one—our own—is based on an intramolecu-
lar Cu-catalyzed [2+2]-photocycloaddition. A unique approach is based on a
homo-Favorskii rearrangement as the key step. Contrary to that, the pyrroli-
dine core of preussin offers a plentitude of synthetic alternatives which is re-
flected by the large number of syntheses completed to date. The photochem-
ical pathway to preussin has remained unique as it is the only route which
does not retrosynthetically disconnect the five-membered heterocycle. The
photochemical key step is employed for a stereo- and regioselective carbo-
hydroxylation of a dihydropyrrole precursor.
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Abstract Paraconic acids, belonging to the class of y-butyrolactone natural products, dis-
play a broad range of biological activities such as antibiotic and antitumor properties.
Consequently a great number of synthetic strategies have been devised for them, ranging
from diastereoselective and chiral pool approaches to the application of asymmetric ca-
talysis. This review gives a critical account on the different methods developed that lead
to paraconic acids of great structural variety.

Keywords Paraconic acid - Chiral pool - Chiral auxiliary - Asymmetric synthesis -
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List of Abbreviations

Ac Acetyl

AIBN 2,2'-Azobisisobutyronitrile
9-BBN 9-Borabicyclo[3.3.1]nonane
Bn Benzyl

Bu Butyl

t-Bu tert-Butyl

Bz Benzoyl

CAN Ceric ammonium nitrate

cat Catalyst

Cp Cyclopentadienyl

DABCO 1,4-Diazabicyclo[2.2.2]octane
DET Diethyl tartrate

DIBALH Diisobutylaluminum hydride
DMAP 4-(Dimethylamino)pyridine
DBU 1,8-Diazabicyclo[4.3.0]undec-7-ene
DEAD Diethyl azodicarboxylate

DME 1,2-Dimethoxyethane

DMF Dimethylformamide

DMSO Dimethyl sulfoxide

ee Enantiomer excess

equiv Equivalent(s)

Et Ethyl

h Hour(s)

HMPA Hexamethylphosphoric triamide
LDA Lithium diisopropylamide
m-CPBA m-Chloroperoxybenzoic acid
Me Methyl

Mes Mesityl, 2,4,6-trimethylphenyl
min Minute(s)

NaHMDS Sodium hexamethyldisilazide
NBS N-Bromosuccinimide

Nu Nucleophile

PDC Pyridinium dichromate

Ph Phenyl

PPTS Pyridinium p-toluenesulfonate
rt Room temperature

Tf Trifluoromethanesulfonyl (triflyl)
THF Tetrahydrofuran

THP Tetrahydropyran-2-yl

TMEDA N,N,N’,N'-Tetramethyl-1,2-ethylenediamine
T™MS Trimethylsilyl

Ts Tosyl, 4-Toluenesulfonyl

1

Introduction

Lichens, the natural source of paraconic acids [1], are a successful alliance
between fungi and algae. Each is doing what they do best, and thriving as a
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LOH R = n-CygHyy: (+)-Roceellaric acid (1)
R = n-C11Hzg: (+)-Nephrosteranic acid (2)
R R = (CH2)13CH(OH)CHa: (+)-Neodihydromurolic acid (3)

&,

LOsH
N R = n-C43H.7: (+)-Dihydroprotolichesterinic acid (4)
R R = (CHy)13COCHz3: (+)-Dihydropertusaric acid (5)

@]

4, ,COH R =nCgHyq: (+)-Phaseolinic acid (6)
j R = Cy3Ha7: (+)-Nephromopsinic acid (7)
R R = (CHy)13COCHS3: (+)-Pertusarinic acids (8)

-

O

COH

R = n-C45H24CO-H: (+)-Protopraesorediosic acid (9)
R = n-Cy3H27: (+)-Protolichesterinic acid (10)
R R = n-CsHq1: (+)-Methylenolactocin (11)

7

o)

Fig. 1 Most prominent paraconic acids

result of a natural cooperation. They live as one organism, both inhabiting
the same body, and produce a variety of substances friendly to environment
and human health except few poisonous examples. Screening and isolation
of molecules from suitable Lichen symbionts or medicinal plants has result-
ed in a great number of paraconic acids with antineoplastic and antibiotic
properties [2], which prompted many researchers to devise synthetic routes
towards these natural products. Paraconic acids are naturally occurring
y-butyrolactones [3], having a carboxylic acid group in the 3-position as
their characteristic functionality (Fig. 1).

Consequently, a number of stereoselective syntheses have been developed
leading to a variety of paraconic acids either in racemic or in enantiopure
form, using starting materials from the chiral pool, chiral auxiliaries or ap-
plying catalytic asymmetric methodology. Moreover, a number of strategies
leading to paraconic acids in a non-stereoselective way have been reported,
which will not be described in detail in this review [4, 5].

2
Stereoselective Syntheses of Paraconic Acids

2.1
Diastereoselective Syntheses of Paraconic Acids

y-Butyrolactones are readily obtained from 4-hydroxy carboxylic esters and
can therefore be build up by a homoaldol reaction [6]. The principle diffi-
culties of stability and self-condensation encountered with generating ho-
moenolates is not as severe in the case of paraconic acids due to the carboxy
functionality being present in the 3-position required for paraconic acids,
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thus, resulting in enolate stabilization. Consequently, if a mixed enolate/ho-
moenolate of type 14 can be regioselectively formed, aldol reaction with 15
and subsequent cyclization results in the target compounds 12 (Scheme 1).

R2  CO.R 2 JO\H
"LLL‘ - | e— HOQC)\;H R
0™ ™o CO.R
12 13

Homoeneolate

0

= Hozc)\® = A
CO.R

14 15

Scheme 1

The norbornene derivative 16, obtained exclusively as the exo adduct via
a Diels-Alder reaction of itaconic anhydride with cyclopentadiene followed
by hydrolysis and esterification [7], was found to be a suitable precursor for
an enolate of type 14 (Scheme 2). Due to the quaternary center at C-3 eno-
lization with base proceeded unambiguously, giving rise to a diastereomeric
mixture of lactones 17/18 after reaction with hexanal. Retro-Diels-Alder re-
action led to the monocyclic lactones 19/20 (2:1), elegantly unmasking the
exo-methylene group found in so many paraconic acids [8]. Hydrolysis of
this mixture in refluxing butanone with 6 N HCI [9] effected epimerization

A HO:C,
COMe 2. g2, 2O Bl Iﬁ o,
R1 (] CsH11 (@] CSHH (0)

0 o
H CsHyq

16 17: R'=CO,Me, R%=H 19: R'=CO,Me, R%=H (x)-11
18: R'=H, R2=CO,Me 20: R'=H, R2=CO,Me

MeO,C

cis:trans = 2:1

Scheme 2 Synthesis of y-butyrolactones from ester enolates and aldehydes. Reagents and
conditions: (a) LDA, THE, —78 °C, CsH,;;CHO, 79%; (b) FVT at 500 °C (0.005 mm), 92%;
(c) 6 N HCI, butanone, reflux, 3 h, 71%
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[10] of the cis isomer 19 to afford exclusively the trans-substituted
methylenolactocin (+)-(11).

Vicinally donor-acceptor-substituted cyclopropanol carboxylic esters
have been proven to be versatile synthetic building blocks in organic synthe-
sis [11]. They readily undergo a retroaldol reaction, thus creating a stable
enolate that at the same time can be considered as a homoenolate in relation
to the newly formed carbonyl function. Shimada et al. applied this strategy
to the preparation of p-substituted lactones starting from cyclopropane 21
(Scheme 3) [12].

R
Me o MeQ
><(CH2)130H0 MeO H ~O/ZI'C|4
MeO——. T8 s
MeG ~ CO2Me — MeO Me
21 22 23
Me COM Me, CO.Me CO.H
<, ’1@< '
128
(+)-24 (-)-25 (-)-5

Scheme 3 Reagents and conditions: (a) ZrCl,, CH,Cl,, =94 °C to -78 °C; (b) (i) cat.
p-TsOH, 64% (two steps), (ii) optical resolution (ee=98%); (c) (i) NBS, acetone, (ii) diox-
ane, 6 mol/l HCI, reflux, 97%

A retroaldol/aldol cascade is achieved by Lewis acid catalysis, triggering
first the ring opening reaction of 21 followed by addition of the aldehyde 22
to the resulting enolate. The relative stereochemistry at the newly formed
stereocenter in 3- and 4-position is dictated by the orientation of the alde-
hyde 22 and the stereogenic side chain generated from 21 after ring opening
in the transition state: The outcome of the reaction is rationalized by a Zim-
merman Traxler model, placing R in an axial position in order to avoid 1,3-
diaxial-like repulsion with the methyl group of the equatorially positioned
side chain as depicted in 23. The choice of the Lewis acid turned out to be
important for achieving high diastereoselectivity: ZrCl, (diastereoselectivity
2,3-position cis/trans 92:8; 3,4-position cis/trans 15:85) compared to TiBr,
(diastereoselectivity 2,3-position cis/trans 88:12; 3,4-position cis/trans 37:63)
as a Lewis acid minimizes better the interactions between R and an axial
halogen due to longer bonds between the metal and the oxygens. ()-24 was
readily lactonized and the racemic mixture (+)-25 was resolved via chiral
HPLC to obtain both enantiomers in optically pure form. Subsequent cleav-
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age of the thioketal in (—)-25 with NBS and acid induced hydrolysis of the
ester finally yielded (—)-dihydropertusaric acid (—)-(5).

Highly functionalized y-butyrolactones can also be prepared by homolytic
cleavage of epoxides followed by intramolecular cyclization of the resulting
radical with an alkyne moiety. This methodology was elegantly applied by Roy
et al. for the synthesis of two racemic paraconic acids [13], but this strategy
should be easily applicable to enantiomerically pure starting materials, being
readily available by kinetic resolution of secondary allylic alcohols [14]. The
reaction sequence started with the epoxidation of 26 (Scheme 4), followed by

OTi(IV)
X Q /l 9
Ao L o=l e ]
HO™ "R HO” R o” R o "R
26 27 28 29
R = CsHq4 1:1 1:1
R = CyaHpy threo/erythro threo/erythro
OH QTHP couH
. > f\ _d, )_f _e_ i—g
o R 0Ny "R 070" "R
30 31 (i)-1 0: R=C13H27
5:1 trans/cis 5:1 trans/cis (#)-11: R=CsH14

Scheme 4 Synthesis of (+)-methylenolactocin (11) and (£)-protolichesterinic acid (10).
Reagents and conditions: (a) m-CPBA, 80-85%; (b) NaH, propargyl bromide 75-80%; (c)
(i) Cp,TiCl, Zn, THE, (ii) H;0" 75-80%; (d) (i) 3,4-dihydro-2H-pyran, PPTS, 98%, (ii)
PDC, DMF, 63-66%; (e) Jones’ reagent, 80%

ether formation with propargyl bromide to yield 28. Upon titanium(III) catal-
ysis, regioselective cleavage to the higher substituted radical 29 occurs, which
undergoes 5-exo-dig cyclization to 30. Preferentially, the sterically less hin-
dered trans-substituted tetrahydrofurans are formed [15, 16]; moreover, this
strategy establishes an exo-methyleno group, being found in many paraconic
acids, in a straightforward way. After protection of the hydroxy functionality,
allylic oxidation to the y-butyrolactone 31 becomes possible [17], which was
converted to protolichesterinic acid: (£)-10 or methylenolactocin (+)-11.

The same strategy was also employed in the synthesis of the saturated an-
alogue of protolichesterinic acid: (+)-dihydroprotolichesterinic acid (4) can
be synthesized using epoxide 32 as a starting material for the intramolecular
radical cyclization to yield 33 as the major diastereomer (Scheme 5). Subse-
quent oxidation gave finally rise to (*)-4, which could be obtained in di-
astereomerically pure form by fractional crystallization.
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Scheme 5 Synthesis of (+)-dihydroprotolichsterinic acid (4). Reagents and conditions: (a)
m-CPBA, 80-85%; (b) NaH, allyl bromide, THF/DMSO, rt, 6 h, 81%; (c) (i) Cp,TiCl, Zn,
THE (ii) 10% H,SO0,, 76% (two steps); (d) RuCl; (cat.), NalO,, H,0/CCl,/CH5CN, 2 h,
90%; (e) fractional crystallization, 78%

2.2
Enantioselective, Chiral Pool-Based Syntheses of Paraconic Acids

2.2.1
Starting from Isopropylidine Glyceraldehyde

(R)-2,3-O-Isopropylidene glyceraldehyde (35) has been used as the starting
point for a number of different approaches towards paraconic acids. For the
synthesis of (—)-nephromopsinic acid (7), the great preparative value of
chromium(III)-mediated allylations of aldehydes (Hiyama reaction) was

Es UNIrs § Sirs § S

o} OBn OBn

35 36 37
—o e on \ COH
N R s SRR
Y 13M27 » oy
0Bn ‘X HO™ o~ "CigHer 070" Ot
38 39 ()7

Scheme 6 Synthesis of (—)-nephromopsinic acid (7) via a Hiyama reaction. Reagents and
conditions: (a) (i) CrCls, LiAlH,, crotyl bromide, THF, 38%, (ii) NaH, benzyl chloride,
DME, 77%; (b) (i) O5 then PPhs, CH,Cl,, =78 °C to 22 °C, 84%, (ii) (Et0),P(0)CH,CO,Et,
NaH, THE, 0 °C-22 °C, 24 h, 70%, (iii) DIBALH, toluene/Et,0, —40 °C to =5 °C, 4 h, 78%,
(iv) PBrs, Et,0, =25 °C to 22 °C, 79%; (c) CrCls, LiAlH,, THE, tetradecanal, —5 °C, 36 h,
60%; (d) (i) p-TsOH cat., MeOH, 22 °C, 24 h, 84%, (ii) Na/NH;, THF, —40 °C, 30 min,
92%, (iii) HsIOg, Et,0, 22 °C, 1 h then K,COs, MeOH, 15 min, 73%; (e) (i) PCC, CH,CL,
2 h, 92%, (ii) RuCl, cat., NalO,, CCl,/H,0/CH,CN, 22 °C, 2 h, 62%
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demonstrated with the stereoselective assembly of 36 and 38, which could be
lactonized and further oxidized to (—)-7 (Scheme 6) [18].

An instructive strategy to cyclize acyclic precursors to lactones was devel-
oped by Mulzer et al. (Scheme 7) [19]. The lactone 46 was formed via a halo-
lactonization-dehalogenation [20] sequence from precursor 45, which in
turn was build up by a Claisen rearrangement from the chiral allylic alcohol

33 . & o b) OH )
(0] BzOMOBn
\)ﬁl/ \)\/\COQMe

(e}
35 40 4
M OBn BnO
[} B
BZO%\ ——~_-0Bn o 0Bz d)
© 0P g7V OH
NMe,
42 43 44a
BnO BnO BnO
— e
Ci2Has
=, Y Tty
O OH (0] (@) OH (@) (0] C13H27
44b 45 46
BnO BnO BnO
f/\_f' * )\_f + A
O™ ™g” "CigHzr 07 >g” “CigHzr O™ >g” “CigHzz
47 48 49
63% | h) 59% | h) 41% | h)
COOH COOH ;/L§COOH
Oé@'"'c13H27 07 g~ “CiaHzr 07" "'CiaHzz
() (-)-4 50
(3% from 40) (1% from 40)

Scheme 7 Reagents and conditions: (a) Ph;PCHCO,Me [22b]; (b) (i) DIBALH, toluene,
—78 °C, 3 h, (ii) NaH, DMF, 40 °C, BnCl, (iii) MeOH, p-TsOH, 22 °C, 24 h, (iv) BzCl, pyri-
dine, 0 °C, (+10% di-benzoate), 47% (four steps); (c) N,N-dimethylacetamide dimethyl
acetal, toluene, reflux, 5 h, 92%; (d) (i) MeOH, NaOH, 4 h, 22 °C, (ii) O3, MeOH, —78 °C,
PPh;-workup, 71% (two steps); (e) Ci,H,5-CH=PPh;, THE, —78 °C, 2 h, 52%; (f) (i) I,:KI,
THE-H,0, K,COs3, 22 °C, 48 h, (ii) BusSnH, AIBN, toluene, reflux, 4 h, 59% (two steps);
(g) LDA, —78 °C, Mel, 92% (47:48:49=3:1:1); (h) (i) H,/Pd, MeOH, 3 bar, 22 °C, (ii) PDC,
DME 22 °C,15h
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Bn.

51 (favorable) 52 (unfavorable)

Fig. 2 Stereochemical model for the iodolactonization of 45 to 46

41 [21]. The reaction sequence started with the elongation of readily avail-
able (R)-2,3-isopropylidene glyceraldehyde (35) to the acrylate 40 [22]. After
reduction and protecting group manipulation, the alcohol 41 has been
subjected to a Eschenmoser-Claisen rearrangement [23] in the presence of
N,N-dimethylacetamide dimethyl acetal to give 43.

Hydrolysis of the amide, followed by reductive ozonolysis furnished 44
(99.5:0.5 mixture of 44a and 44b), which can be alkenylated to 45 via the al-
dehyde 44b. Halolactonization could be achieved to the trans-disubstituted
lactone 46 via the iodonium ion 51 (Fig. 2), being preferred to 52 because of
lesser allylic 1,3-strain [24]. Methylation of 46 gave rise to a 3:1:1 mixture of
47-49, which can be easily separated by chromatography. Deprotection fol-
lowed by oxidation furnished (—)-roccellaric acid (1) [25], (-)-dihydropro-
tolichesterinic acid (4) and the dimethylated acid 50 in pure form.

OTHP

‘on @& 9THP b) OH o)
/\[c])/ /\/\COZMG /\/\/OBH

53 54 55

(0] OH COH
M d) R? e) N
0" Et — O
N 0Bn 07 g” ~CigHzr

Yy

56 57a: R'=H, R?%=Me (+)-1
57b: R'=Me, R2=H

57a:57b = 85:15

Scheme 8 Synthesis of (+)-roccellaric acid (1) from 53. Reagents and conditions: (a) (i)
NaH, carbomethoxymethane diethylphosphonate, THE, —20 °C to 22 °C, 12 h, 78%; (b)
(i) DIBALH, toluene, =78 °C, 3 h, (ii) NaH, DMF, 40 °C, BnCl, (iii) MeOH, p-TsOH, 22 °C,
24 h, 52% (three steps); (c) propionic anhydride, DMAP, pyridine, 97%; (d) LDA, TMSCI,
—78 °C, then 22 °C, aqueous workup, 73%; (e) (i) O3, MeOH, —78 °C, PPhs-workup, (ii)
C1,H,5-CH=PPhs, THF, —78 °C, 41% (two steps) (iii) I,-KI, THE-H,0, K,COs3, 22 °C, 48 h,
(iv) BusSnH, AIBN, toluene, reflux, 4 h, (v) H,/Pd, MeOH, 3 bar, 22 °C, (vi) PDC, DMF,
22 °C, 15 h, 41% (four steps)
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Moreover, the authors developed an alternative sequence which is shorter
and higher yielding, leading to the naturally occurring enantiomeric series
(Scheme 8). In contrast to 41, alcohol 55 is lacking a base labile functionality
and could therefore be subjected to an Ireland-Claisen rearrangement. After
acylation to 56, treatment with LDA/TMSCI yielded 57 as a 85:15 mixture of
diastereomers. The analogous strategy as described for the conversion of 45
in (—)-1 and 4 (Scheme 7h) gave rise to (+)-1 [19].

2.2.2
Starting from Diacetone-p-glucose

Synthesis of optically pure (+)-1 and (+)-4 was also achieved from diace-
tone-D-glucose 58 (Scheme 9) [19]. Oxidation of the free hydroxy group at
C-3 followed by Wittig methylation, selective hydroboration from the convex
face and final benzylation led to 59 [26], having the side chain installed for
later conversion to the carboxylic acid required in all paraconic acids. Selec-
tive cleavage of the sterically less hindered acetonide followed by oxidative
degradation of the resulting diol to an aldehyde set the stage for introduc-
tion of the C13-alkyl side chain by Wittig alkenylation found in roccellaric
acid (1) and dihydroprotolichesterinic acid (4). Subsequent hydrogenation
of the double bond in 60 followed by deprotection of the remaining aceto-
nide gave rise to the furanoside 61 as mixture of two anomers (f/o=15:1).
Deoxygenation to 62 using the method of Barton and McCombie [27] was
found to be effective for the reductive removal of the 2-OH group. Oxidation

0 o
o >< >< 7 “Ci1Hzs
o — . o _a, &5 b)
>E%, 5% <[ 4 0" OB

4 steps 0" OBn
58 59 60
HO, ~ CHOBn CH,0Bn LHx0Bn
S ; d ;
‘ D~ 9. . 9, I\ —& (41 and (+)-4
Fi2“R1 o CizHzr MeO™ g~ ~CiaHer 07 g ~CagHzr
61 62 (ent)-46

b: R'=OMe, R°=H
a: R'=H, R2=OMe
b:a = 15:1

Scheme 9 Reagents and conditions: (a) (i) 50% HOAc, (ii) Pb(OAc),, CH,Cl,, 22 °C, (iii)
H,3C;;CH=PPh;, THF, 42% (three steps); (b) (i) H,/Pd/BaSO4, MeOH, 1 bar, 22 °C, (ii)
p-TsOH, MeOH, 65% (two steps); (c) NaH, CS,, Mel, THF; then BusSnH, AIBN, reflux,
52%; (d) Na,Cr,0, acetone, 10% H,SOy,, 0 °C, 70%; (e) see Scheme 7
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of the acetal functionality in 62 with Jones reagent gave rise to (ent)-46, con-
verging at this point with the synthesis of 1 and 4 already described in
Scheme 7.

223
Starting from p-Mannitol

D-Mannitol (63) has been used for the synthesis of p-butyrolactones, making
again use of a Claisen rearrangement as the key step (Scheme 10). The
C,-symmetrical 1,4-diol 65, obtained from 63 via the alkene 64 [28], could
be converted to 67 by applying the Eschenmoser-Claisen variant. Cyclization
to 68 was readily achieved upon heating 67 in xylene, establishing two differ-
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Scheme 10 Synthesis of precursors [(+)-72 and (+)-75] of various paraconic acids. Re-
agents and conditions: (a) (i) ZnCl,, acetone, (ii) HC(OMe),, CH,Cl,, (ii) Mel, toluene,
reflux, 41% (three steps); (b) (i) 75% AcOH, (ii) TBSCI, imidazole, 72% (two steps); (c)
MeC(OMe),NMe,, benzene, reflux, 2 h 98%; (d) xylene, reflux, 15 h, 80%; (e) OsO4(cat.),
NalO,, t-BuOH-H,O0, rt, 1 h (74%) or O3, DMS, CH,Cl,, -78 °C (71%); (f) (i) 2-butanone,
ethylene acetal, TsOH, benzene, rt, 8 h, (ii) BuyNF, THF, rt, 0.5 h, 55% (two steps); (g) (i)
Tf,0, Et;N, CH,Cl,, 0 °C, 4 h, (ii) n-C,,H,sMgBr, CuBr-Me,S, THE, 0 °C, 25% (two steps);
(h) (i) 75% AcOH-H,SO,, (ii) Jones oxidation, 76% (two steps); (j) (i) TsCl, pyridine, rt,
7.5 h, 77%, (ii) K,COs, MeOH, rt, 6 h, 92%; (k) n-Bu,CuLi, Et,0, —60 °C, 1 h, 65%; (1) (i)
75% AcOH, H,S0,, (ii) Jones’ reagent, 77% (two steps)
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entiated side chains in the lactone ring being positioned trans to each other.
Their further conversion to either (+)-72 or (+)-75, being precursors to var-
ious paraconic acids [47, 49], could be accomplished in a straightforward
way.

Intriguingly, the enantiomeric trans-disubstituted p-butyrolactone (—)-75,
completing a formal synthesis of (—)-methylenolactocin (11) [47], can be ob-
tained by cyclizing 67 through an iodolactonization after protection of the
free OH group (Scheme 11).

NMe, y OTVS
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Scheme 11 Synthesis of (—)-75. Reagents and conditions: (a) (i) TMSCI, Et;N, THE, rt,
h, (ii) I, NaHCO3, THF-H,0, —10 °C, 7 h, 74% (two steps); (b) (i) CF;CO,H, MeOH, rt,
6 h, 86%, (ii) NalO4, THF-H,0, rt, 20 min, (iii) 2-butanone, ethylene acetal, TsOH, ben-
zene, rt, 16 h, 58% (two steps); (c) (i) n-BusSnH, AIBN, toluene, reflux, 0.5 h, 72% (ii)
TsCl, pyridine, 0 °C, 90%, (iii) n-Pr,Culi, Et,0, toluene, =60 °C, 25 min, 62%; (d) (i) 75%
AcOH, H,S0,, 60 °C, 1 h, (ii) Jones’ reagent, 60 °C, 5 min, 80% (two steps); (e) [46]

224
Starting from Bicyclic Oxaenones

Both enantiomers of the bicyclic enone 78 and their derivatives have been
proved to be useful chiral building blocks for the synthesis of natural prod-
ucts [29], among them p-butyrolactones. 78 is readily available in either
enantiomeric form by a Diels-Alder reaction of furan with a-acetoxyacry-
lonitrile and subsequent hydrolysis, followed by a resolution of the racemate
[30]. Strategies for the direct enantiopure preparation of 78 are also known
[31], but suffer from low stereoselectivity or are tedious.

Renaud and co-workers used 78 for the synthesis of (—)-phaseolinic acid
(6) and (—)-pertusarinic acid (8) (Scheme 12) [32, 33]. Radical addition of
dimethyl phenylselenomalonate to 78 proceeded with rearrangement of the
bicyclics to yield the seleno-acetal 79 [34]. After reductive deselenylation
and Baeyer-Villiger oxidation treatment of 80 with Bu,NI and BBr; led to a
simultaneous cleavage of the ether, the lactone, and the methyl ester func-
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Scheme 12 Reagents and conditions: (a) dimethyl 2-(phenylselenyl)propanedioate, ben-
zene, hv (300 W), 30 °C, 83% (crude); (b) (i) BusSnH, AIBN, hv, 10 °C, 90%, (ii) m-CPBA,
50%; (c) BuyNI, BBr3; (d) CH,N,, 75% (two steps); (e) (i) DMF, H,0, A, 85%, (ii)1 N HCl,
100 °C, 81%; (f) 85 (8.0 equiv.), Et;N, MeOH, electrolysis, 40%; (g) LDA, Mel, 62%; (h) (i)
1 N HCI, 80%, (ii) Os, DMS, =78 °C, (iii) NaClO,, NaH,PO,, 70% (two steps); (j) pen-
tanoic acid (8.0 equiv.), Et;N, MeOH, electrolysis, 40%; (k) RuCls;, NalO4, CCl,/H,0/
CH;CN, 3 h, 80%; (1) [35]

tionalities to yield the lactone 83 upon esterification with diazomethane. De-
carboxylation and ester hydrolysis afforded 84, which can be envisioned as a
precursor for a variety of paraconic acids having different y-chains.

The required side-chain for (—)-pertusarinic acid (8) was introduced by a
mixed Kolbe electrolysis with 85 [36], elegantly demonstrating the value of
this process for natural product synthesis in the presence of various func-
tional groups. In an analogous way (—)-phaseolinic acid (6) was synthesized
by reacting pentanoic acid in a mixed Kolbe electrolysis with 84 to 88.
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2.25
Starting from Chiral Butenolide Synthons

Chiral butenolides are valuable synthons towards y-butyrolactone natural
products [37] and have also been successfully applied to the synthesis of
paraconic acids. The lactone 91, readily available from the hydroxyamide
(rac)-90 by enzymatic resolution [38] followed by iodolactonization, proved
to be an especially versatile key intermediate. Copper(I)-catalyzed cross cou-
pling reactions with Grignard reagents allowed the direct introduction of al-
kyl side chains, as depicted in 92a and 92b (Scheme 13) [39, 40]. Further

oH OH
L b ;L =
BnMeN NBn
(rac)-90 (R) 90 92a: R=C1qHap¢
92b: R= C12H25
OCOPh _ C(SPh)s CO,H
LSn ot A e
o
93a: R—C10H21 94a: R=CqgH»¢ 95a: R=C11H23 +) -2: R= C11H23
93b: R=C1sHos 94b: R=C5Hzs 95b: R=C13H27 (+)-1: R=Cy3Ho7

Scheme 13 Reagents and conditions: (a) immobilized Amano PS, vinylacetate, pentane,
44%; (b) I, DME/H,0, 63% (cis/trans=7.7:1); (c) RMgBr, CuBr-Me,S, 61% for 92a, 48%
for 92b; (d) PhCOCI, pyridine, 84% for 93a, 80% for 93b; (e) NHs, MeOH, 81% for 94a,
72% for 94b; (f) (i) (PhS);CLi, THE, —78 °C, (ii) Mel, HMPA, THE, —78 °C to rt, 24 h, 78%
for 95a, 75% for 95b; (g) HgO, BF;-OEt,, THF/H,0, 89% for (+)-2, 86% for (+)-1

conversion of 92 to the lichen components (+)-roccellaric acid (1) and
(+)-nephrosteranic acid (2) [41] was achieved via the butenolide 94, which
was found to be an excellent Michael acceptor [42]: Conjugate addition of
lithiated tris(phenylthio)methane to 94 at —78 °C followed by quenching of
the resulting lactone enolate with methyl iodide yielded the all-trans-trisub-
stituted y-butyrolactones 95. Hydrolysis of the tris(phenylthio)methyl moi-
ety finally gave rise to nephrosteranic acid (+)-2 and roccellaric acid (+)-1.

Similarly (—)-methylenolactocin (11) was accessible using the same strat-
egy as mentioned above, but employing (ent)-90 as starting material. The
authors also achieved the synthesis of the flavor components (+)-trans-whis-
ky lactone [43] and (+)-trans-cognac lactone [44] by applying the same
strategy.
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23
Enantioselective, Chiral Auxiliary Based Syntheses of Paraconic Acids

23.1
[2+2]-Cycloaddition

The stereoselective [2+2] cycloaddition between ketenes and enolethers can
be used as a key step in the construction of p-butyrolactones (Scheme 14)
[45], if the resulting cyclobutanones can subsequently undergo ring enlarge-
ment by a regioselective Baeyer-Villiger oxidation.

o
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Scheme 14 Chiral olefin-ketene [2+2] cycloaddition

Using (—)-100 [46] as a chiral auxiliary tethered to the enolether, one
face of the alkene can be specifically blocked by a 7z-7 interaction of the
phenyl rest for the [27+27,] cycloaddition with a ketene [47], resulting in
the highly diastereoselective formation of the cyclobutanone 102
(Scheme 15). The observed regio- and stereoselectivity is in accord with the
stereochemical predictions made on the basis of the Woodward-Hoffmann
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Scheme 15 Reagents and conditions: (a) (i) CsHsCOCI, DMAP, CsH;sN, 20 °C, 12 h, 99%,
(ii) C¢Hy,Bry, Zn, TiCl, TMEDA, THE-CH,CL, 0 to 20 °C, 3 h, quant. (E/Z=9:1); (b)
CL,CCOCL, Zn-Cu, Et,0, 20 °C, 6 h, 79%; (c) (i) m-CPBA, NaHCOs, CH,CL, (i) Cr(ClO,),,
acetone, 0 °C, 1 h, 73% (two steps); (d) (i) H,, Pd/C, MeOH, (ii) RuCl;, NalO,, CCl,-
CH,CN-H,0, 38 °C, 72 h, (iii) CH,N,, DBU, Et,0, 20 °C, 72 h; 6 N HCl, dioxane, reflux,
2 h, 61% (three steps); (e) MeOMgOCO,Me, aq. HCHO, CcHsNHCHj;, NaOAc, HOAc,
20 °C, 2 h, 66%



58 R. Bandichhor et al.

rules. Regioselective Baeyer-Villiger oxidation involving the more elec-
tron rich carbon-carbon bond followed by reductive elimination with chro-
mous perchlorate provided the a-chlorobutenolide (+)-103 in 73% yield
with concurrent recovery of the chiral auxiliary 100. After reduction of
the chloroalkene, oxidative degradation of the phenyl to a carboxy group
was achieved with RuCl;-NalO, to yield a trans/cis mixture of y-butyrolac-
tones, which could be conveniently equilibrated with DBU to give in 61%
overall yield the enantiopure trans-lactone (—)-75. Treatment of (—)-75 with
Stiles reagent and formaldehyde [48] afforded finally (—)-methylenolactocin

(11).

2.3.2
Sequential Aldol-Lactonization

Acyloxazolidinones of acyclic dicarboxylic acids can be used in the stereose-
lective synthesis of p-butyrolactones, which has been applied to one of the
shortest syntheses of (—)-roccellaric acid (1) reported to date (Scheme 16)
[49].
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Scheme 16 Synthesis of (—)-1 via a oxazolidinone-mediated sequential aldol-lactonization
reaction. Reagents and conditions: (a) BuLi, CICOCH,CH,CO,0CH;, THE, —78 °C, 97%;
(b) (i) Bu,BOTf, Et3N, CH,Cl,, 0 °C, (i) RCHO, —78 °C to 0 °C, 55% for 107a, 82% for
107b; (c) LiOH, H,0,, THE H,O, 85% for (—)-72, 81% for (-)-75; (d) NaHMDS
(2.2 equiv.), THE, —78 to 0 °C, 3 h, CH, 55%

Aldol addition of aliphatic aldehydes to 105 [50] yielded the expected
syn-aldol adducts 106, which spontaneously lactonized upon warming to
0 °C to give the p-butyrolactones 107 in good yields and excellent optical
purities. The chemoselective deprotonation of 105 in a-position to the im-
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ide rather than to the ester reflects the selective activation of the imide
carbonyl group by a Lewis acid due to its possibility of chelation with the
chiral auxiliary [51]. The synthesis of roccellaric acid (—)-1 was accom-
plished by cleavage of the chiral auxiliary and methylation at C-3 in a
straightforward manner. Moreover, the successful synthesis of (—)-72 and
(—)-75 constitutes a formal synthesis of (—)-protolichesterinic acid (10)
and (—)-methylenolactocin (11) respectively [47b]. This strategy could be
further extended to the fumarate 108 (Scheme 17), which underwent a che-
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Scheme 17 Synthesis of (—)-1 and (—)-2 via radical addition. Reagents and conditions: (a)
(i) Sm(OTf);, CICH,I, Bu,SnH, Et;B/0,, CH,CL,, =78 °C, 1 h, 91% (>100:1), (ii) BusSnH,
AIBN, toluene, reflux, 12 h, 76%; (b) Bu,BOTf, CH,Cl,, Et;N, —78 to 0 °C, RCHO, 12 h,
84% for 111a, 65% 111b; (c¢) LiOH, H,0,, THF/H,0, rt, 92% for (—)-2, 94% for (—)-1

mo- and stereoselective alkylation to give rise to 109, installing a methyl
group required for the synthesis of many paraconic acids. The methylation
was achieved by a radical process, using the combination of CICH,I/
Bu;SnH to introduce a chloromethylene group and Sm(OTf); to ensure
the activation of the imide carbonyl through chelation with the auxiliary.
Subsequently, following the strategy outlined in Scheme 16, the synthesis
of (—)-roccellaric acid (1) and (—)-nephrosteranic acid (2) could be com-
pleted [52].

233
Carbolithiation Towards (—)-Roccellaric Acid

The application of mixed enolates/homoenolates of type 14 for the racem-
ic synthesis of y-butyrolactones has been already discussed (cf. Scheme 1).
An ingenious way to render this strategy asymmetric was demonstrated
with the regio- and stereoselective carbolithiation of 114, generating the
organolithium intermediate 115, which could be reacted with the appro-
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priate aldehyde to the lactones 117. The minor 117b could be equilibrated
to the more stable all-trans substituted 117a, which was transformed to
(=)-roccellaric acid (1) by cleavage of the chiral auxiliary [53]
(Scheme 18).

COXc*
MeO,C—=—CO,Me ), "X,0,C—=—CO,X;" -2 X0.C™ Ny 27¢ ¢
SePh
112 113 114
H *, gCOZXC’( “, COoXc* “, _‘\COZXC*
*XcOZC/\<Li d) ”SePh e) ;L_g . 4@
Phse CO2Xc* 07" "CigHzr 07 g7 "CygHzz 0T g7 “CigHey
115 116 117a 117b
3.5:1
“, CO.H
f) Ig i EtONa/NaOH, reflux
0 \g” "“Ci3Her X = O

C

Scheme 18 Synthesis of (—)-1 through carbolithiation reaction. Reagents and conditions:
(a) Ti(OEt),, X.OH, 0.1 torr, 75 °C, 1 h, 65%; (b) n-BusP, PhSeSePh, H,0, CH;CN, 0 °C,
1 h, 83%; (c) MeLi, cumene/THF; (d) C,3H,,CHO, HMPA, CH,Cl,, —78 °C, 62% (two
steps); (e) NiCl,, NaBH,, THF/MeOH, 91% (117a/117b=3.5:1); (f) K,CO3, MeOH, rt, 82%

234
Nicholas-Schreiber Reaction

The nucleophilic displacement of propargyl alcohols or ethers can be affect-
ed by complexation of the alkyne moiety with dicobaltoctacarbonyl, which
facilitates the heterolytic cleavage of neighboring alcohols or ethers and sub-
sequently allows nucleophilic attack at this position [54, 55]. Based on this
reaction, an efficient synthesis of (+)-nephrosteranic acid (2) was developed
starting from enantiopure alkoxyaldehyde 118 (Scheme 19). After alkynyla-
tion to 119, the propargylic methoxy group can be displaced by the enolate
121 upon cobalt activation to give rise to 123 with high stereoselectivity re-
garding the two newly formed stereocenters. A series of deprotection events
and oxidation of the alkynyl group to create a carboxy function led to 126,
which was readily equilibrated to the target molecule (+)-2 under basic con-
ditions.
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Scheme 19 Synthesis of (+)-2 through a Nicholas-Schreiber reaction. Reagents and condi-
tions: (a) (i) n-BuLi, trimethylsilylacetylene, THF, =78 °C, (ii) dimethylsulfate, rt, 48 h,
83% (two steps); (b) Co,(CO)s, 93%; (c) (i) 121 (2.0 equiv.), CH,Cl,, =78 °C to rt, (ii)
CAN, acetone, rt, 71% (two steps); (d) LiOH, H,0,, THF/DMF/H,0, 85%; (e) P,S;o,
CH,Cl,, rt, 24 h, 90%; (f) RuCl;, NalO,4, CCl,/CH3CN/H,0, 92%; (g) DBU, toluene, reflux,
3 days, 86%

24
Catalytic Asymmetric Syntheses of Paraconic Acids

241
Nickel Catalyzed Intramolecular Carbozincation

Radical cyclization of polyfunctional 5-hexenyl halides mediated by Et,Zn
and catalyzed by nickel or palladium salts has been demonstrated to pro-
duce stereoselectively polyfunctional 5-membered carbo- and heterocycles
[56, 57]. Based on this strategy a formal synthesis of methylenolactocin (11)
was achieved (Scheme 20). The acetal 130, readily being built up by asym-
metric alkylation of aldehyde 127 followed by reaction with butyl vinyl ether
and NBS, served as the key intermediate for the construction of the lactone
ring. Nickel(II)-catalyzed carbometallation was initiated with diethylzinc
to yield exclusively the trans-disubstituted lactol 132, which could be oxi-
dized directly by air to 134. Final oxidation under more forcing conditions
then yielded the lactone (—)-75 as a known intermediate in the synthesis of
(=)-methylenolactocin (11) [47a].
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Scheme 20 Stereospecific construction of trans-p-butyrolactole (—)-75 via intramolecular
carbozincation. Reagents and conditions: (a) Pent,Zn, Ti(Oi-Pr),, 128 (8 mol%), 70%,
92% ee; (b) butyl vinyl ether, NBS, CH,Cl,, 88%; (c) Et,Zn, Lil, Ni(acac), (5 mol%), THE,
40 °C; (d) O,, TMSCI, THE, =5 °C, 4 h, 55% (two steps); (e) Jones oxidation, acetone,
0 °C, 15 min, 90%

24.2
Palladium(ll) Catalyzed Construction of y-Butyrolactones

Palladium (II)-catalyzed ring closure of acyclic allylic 2-alkynoates of type
137 provides an efficient entry to stereodefined a-methylene-y-butyro-

H
Pd(ll
S a) HO OAC o), BT (\)/ OAc
CsHie™ ™ oH_ 2, r j/\/
CSH11

'CSHﬂ 0707 "CsHyy
135 136 137 138

}f H iﬁ > XS
“CoH
"CsH11 “CgHy1 “CsH14 s

(-)-11

Scheme 21 Stereoselective Pd(II)-catalyzed cyclization as a key step for the synthesis
of (=)-11. Reagents and conditions: (a) [59]; (b) (i) P,-Ni, NH,CH,CH,NH,, EtOH, H,
(1 atm), rt, 95%, (ii) propynoic acid, DEAD, PPh;, THE, rt, 85%; (c) LiBr, Pd(OAc), (0.05
equiv.), HOAG, rt, 65%; (d) (i) Zn-Ag, MeOH, (ii) NEt;, PhSH, THE, rt, 93% (two steps);
(e) O3, MeOH/CH,Cl,, —78 °C; (f) (i) PDC, DME, 0 °C to rt, (ii) NalO,, MeOH/benzene/
H,O, rt, (iii) toluene, reflux, 60% (four steps)
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lactones. This strategy was applied to the enantioselective synthesis of
(—)-methylenolactocin (11) (Scheme 21) [58], which started from the enan-
tiomerically pure alcohol 136, being prepared by asymmetric epoxidation of
hept-2-en-1-ol (135) following a method reported by Kibayashi and co-
workers [59]. After conversion to 137, the combination of Pd(OAc),/LiBr ini-
tially transformed the alkyne group to the vinylpalladium intermediate 138,
which cyclized to the sterically favored trans-lactone 139 as the key interme-
diate towards the target compound.

243
Base-Induced Intramolecular Michael Addition

Functionalized y-acyloxy-a,f-unsaturated esters provided yet another versa-
tile strategy towards paraconic acids as exemplified with the synthesis of
protolichesterinic acid ((+)-10) (Scheme 22) [60]. The prerequisite precur-

~O0 b) JK<SPh
A NAy A o b
CiaHar OH Cratar” " 0H Me
C13H27 COgMe
142 143 144
Me  —CO:Me Me HS H
07 g7 ~CiaHzr CiaHz7 Cy3Hz7
145
COH COH
F’hS'
C13H27 CisHz7
(+)-10

Scheme 22 Reagents and conditions: (a) Ti(OiPr),, (+)-DET, t-BuOOH, CH,Cl,, 78%,
>95% ee; (b) (i) 2-(phenylthio)propionic acid, Ti(OiPr),, CH,Cl,, (ii) NalO4, THF/H,O,
(iii) NaH, Ph;P=CHCO,CH3;, benzene, 74% (three steps), E/Z=20:1; (c) LiN(TMS),, THF/
HMPA, 91%; (d) LiN(TMS),, oxodiperoxomolybdenum-pyridine-HMPA complex
(MoOPH), THE, —78 to —50 °C, 85%; (e) NaBH, (cat.), BH;-SMe,, THE, 92%; (f) NalO,,
KMnO,, dioxane, H,0, 83%; (g) (i) NalO,, MeOH/benzene/H,0, 50 h, 55% (isomeric
mixture of sulfoxides), (ii) toluene, reflux, 1 h, 85%

sor 143 is obtained from allylic alcohol 142, reliably introducing the stere-
ogenic hydroxy function by a Sharpless epoxidation. Upon deprotonation of
144 with LiHMDS, a stereoselective intramolecular 1,4-addition to 145 took
place. Subsequent transformation to (+)-10 was initiated by a remarkably
chemo- and stereoselective hydroxylation in the a-position to give rise to
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the highly functionalized lactone 146, in which after reduction of the ester
the resulting diol was cleaved to form the acid 148. The thiophenyl group
can be utilized in a twofold way: oxidation to the corresponding sulfoxide
allows its elimination, ultimately arriving at the target molecule (+)-10, hav-
ing installed an exo-methyleno group found in many paraconic acids.

Alternatively, the thiophenyl group could be reduced in 147 under reten-
tion of configuration to 149, which was further converted to roccellaric acid
(1) in very high yield (Scheme 23).

OH OH
Me W o Me, H I o4 Me  ~ CO-H
(o OlE I s GiE e at
07" ~CigHz7 07 g” ~CigHer 070" ~Cratr
147 149 (#)-1

Scheme 23 Reagents and conditions: (a) NiCl,, NaBH,, H, (1 atm), EtOH, 82%; (b) RuCl,,
NalO,, CH;CN/CCly/H,0, 2 h, 90%

244
Chemoenzymatic Transformations Toward Phaseolinic Acid

The synthesis of chiral carboxylic acids by enzymatic resolution of the cor-
responding racemate is a widely established method, and for this purpose a
broad variety of esterases are commercially available. Consequently, this

o COEt CO,Et
a) N

CouEt 07 g " Cahi 0™ Ng” “CsHis

150 #)-151 (4:1) (£)-152
jm j‘”

bcoza IﬁCOZH

0™ g~ ""CsHyy 07 g~ ""CsHyq

+)-153 (-)-75, 93% ee

(
Lc) J e)

%, CO,H >\—§COZH
OﬂCSH11 07 g~ "CsHyy

(+)-6, 94% ee (-)-11

Scheme 24 Chemoenzymatic synthesis of (+)-6 and (—)-75 as a precursor for
(—)-methylenolactocin (11). Reagents and conditions: (a) (i) NaBH,, EtOH, (ii) HCL, 91%
(two steps, (£)-151/(£)-152=4:1); (b) (i) 6 N HCI, dioxane, 98%, (ii) NaN(TMS),, Mel,
then 1 N HCI, 95%, (iii) DBU, EtI, 95%; (c) PLE, pH=7.5, 2 h, 15%, 94% ee; (d) PPL, 20%,
93% ee; (e) [47a]
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strategy should also be applicable to paraconic acids, and indeed, the syn-
thesis of (+)-phaseolinic acid (6) as well as (—)-methylenolactocin (11) has
successfully been achieved this way (Scheme 24) [61]. This approach is espe-
cially advantageous if the precursors are readily available on large scale to
compensate for the principle loss of at least 50% caused by the presence of
the undesired enantiomer. Thus, a mixture of the lactones (+)-151 and (%)-
152 is available in a single step from the ketodiester 150 [5c, 62] via a reduc-
tion-lactonization sequence. After separation, (+)-151 was transformed into
racemic (£)-153, which was hydrolyzed by pig liver esterase (PLE) to yield
(+)-phaseolinic acid ((+)-6) in up to 94% ee. Alternatively, the remaining
(—)-153 could be obtained in up to 96% ee, which could be hydrolyzed to
(=)-phaseolinic acid ((-)-6).

Analogously, (+)-152 was enzymatically hydrolyzed by porcine pancreatic
lipase (PPL) to give (—)-75 in up to 93% ee, which could be further convert-
ed to (—)-methylenolactocin (11).

245
Asymmetric Cyclopropanation

The cyclopropane aldehyde 156 was identified as a versatile chiral building
block for the enantioselective synthesis of 4,5 disubstituted y-butyrolactones
of type 158 or 159. Both enantiomers of 156 can be easily obtained in a highly
diastereo- and enantioselective manner from furan-2-carboxylic ester 154 us-
ing an asymmetric copper-catalyzed cyclopropanation as the key step followed
by an ozonolysis of the remaining double bond (Scheme 25) [63]. Addition of
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o. H
o MeO.C CO.Me
MeO,C a) \ b (0] )
O co - 0 o ]
H
H COgEt
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Sn'OSn-X
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QH OC(O)E X'Sn~0-$r\3u

OR
: CHO OR Bu Bu X
H CO: K .
O o 'R o o R
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157-R’ 159 L*: S,
R' = allyl, acyl R2 R2
R2 = t-Bu, i-Pr

Scheme 25 Synthesis of lactones 158 or 159 via cyclopropane carbaldehyde 156. Reagents
and conditions: (a) (i) Cu(OTf), (2 mol%), (S,S)-t-Bu-box (2.5 mol%), PANHNH,, ethyl-
diazoacetate, CH,Cl,, 0 °C, (ii) crystallization (pentane), >99% ee, 53%; (b) (i) Os,
CH,Cl,, —78 °C, (ii) DMS, 94%; (c) BF;-OEt,, R'-M, then Ba(OH), for 158 or 160
(0.05 mol%), ROH for 159
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allylsilanes or silyl enol ethers to 156 catalyzed by BF;-Et,O gave rise to the
Felkin-Anh [64] adduct 157 with diastereoselectivities of up to >95:5, which
can be directly converted without the need of isolation by a retroaldol/lac-
tonization cascade to either 158 or 159 depending on the reaction conditions.
Based on this approach, several paraconic acids became available [65]. A
formal synthesis of (—)-methylenolactocin (11) was accomplished by the addi-
tion of 1,3-pentadienyltrimethylsilane (161) to the aldehyde 156 (Scheme 26).

I~ TMS CHO CO.H COH
156 L.[S [g
a y > ﬁ "
) e e CsHiq CsHiq
162 ()75 )1

Scheme 26 Formal synthesis of (—)-methylenolactocin (11). Reagents and conditions: (a)
(i) BF5-OEty, 161 (1.25 equiv.), =78 °C, 12 h, quant, (ii) Ba(OH),, MeOH, 0 °C, 66%, trans/
¢is=97:3; (b) (i) Pd/C, H, (1 atm), MeOH, quant., (ii) NaClO,, H,0,, 86%; (c) [47a]

The resulting lactone 162 was hydrogenated to (—)-75, being a direct precur-
sor for (—)-11 as previously reported [47a].

For the synthesis of paraconic acids being substituted with alkyl chains
of various lengths the lactones 163 were employed (Scheme 27). It was envi-
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Scheme 27 General access towards paraconic acids employing the lactones 169 as starting
material. Reagents and conditions: (a) alkene, Grubbs (I) [(PCy;),-Cl,Ru=CHPh] for 165
(57%) or Grubbs (II) [(4,5-dihydroIMES)(PCy;)Cl,Ru=CHPh] for 164 (53%) and 166
(38%); (b) Pd/C, H, (1 bar), 90% (167), 99% (168), 88% (169); (c) NaClO,, Na,HPO, for
170 (72%) or CrOs, H,SO,, for 171 (88%) and 172 (96%); (d) NaHMDS then Mel, 90%
(—)-(2), 96% (—)-(1); (e) (i) MeOMgOCO,Me, (ii) N-methylaniline, CH,0, 62% (-)-9; (f)
[47b] for (-)-10
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sioned that the allyl group could be converted directly to the desired side
chains by intermolecular metathesis reactions.

Indeed, the lactones 163 could be reacted individually with an excess of a
terminal alkene, using the Grubbs-I catalyst ((PCys),CL,Ru=CHPh) for the
metathesis of the protected aldehyde 163b, while the unprotected aldehyde
163a dictated the use of the more active Grubbs-II catalyst (4,5-dihy-
droIMES)(PCy;)CLRu=CHPh [66]. The resulting alkenes (E/Z=7:1 to 3.5:1)
164-166 were subsequently hydrogenated, followed by oxidation of the alde-
hyde or the acetal. Alkylation with Mel gave rise to (—)-roccellaric acid (1)
from 171 and to (—)-nephrosteranic acid (2) from 170, while introducing a
exo-methylene group according to a method described by Greene et al. [47b]
yielded (—)-protopraesorediosic acid (9) and (—)-protolichesterinic acid (10).

2.4.6
Ireland-Claisen Rearrangement

The strategy for the synthesis of y-butyrolactones by Claisen rearrangement
of acylated 1,4-diols has been already discussed (Schemes 6-11). A stereodi-
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Scheme 28 Synthesis of methylenolactocin (—)-11. Reagents and conditions: (a) (i) t-
BuOOH, SeO,, CH,Cl,, rt, 24 h, (ii) NaBH,4, MeOH, 0 °C, 55% (two steps); (b) CrOs, aq.
H,SO4 0 °C, 75%; (c) BMS (2.0 equiv.), AC-1* or AC-2* (0.4 equiv.), 70%, >99% ee (dl/
meso 4.6:1); (d) (i) Lindlar catalyst, H,, EtOAc, 75%, (ii) acetylation; (e) (i) KHMDS, ¢-
BuMe,SiCl, THE, =78 °C, then toluene, A, (ii) LiOH, H,O/THE, A, (iii) aq. HCI/THE, A,
65% for 178 (three steps), 70% for 181 (three steps); (f) (i) cat. RuCls, NalO,, CCly/
MeCN/H,0, 68% for (—)-179, 70% for (—)-75
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vergent variant to paraconic acids from C,-symmetric trans- and cis-alk-2-
ene-1,4-diols was developed by Garcia et al. (Scheme 28) [67]. Starting from
the diketone 175, oxaborolidine-mediated reduction yielded the diol 176
with >99% ee. Hydrogenation followed by acetylation can be carried out se-
lectively to either the cis or the trans alkenes 177 and 180, respectively,
which could be converted to the lactones 178 or 181 by rearrangement under
Ireland-Claisen conditions followed by hydrolysis of the esters. Oxidation to
the lactones (—)-179 or (—)-75 completed the formal synthesis of (—)-phase-
olinic acid (6) and (—)-methylenolactocin (11).

24.7
Tungsten-z-allyl Complexes

The application of tungsten-z-allyl complexes provided yet another elegant
and efficient access to paraconic acids (Scheme 29) [68]. The propargylic al-
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Scheme 29 Application of tungsten-z-allyl complexes in asymmetric synthesis of (=)-11.
Reagents and conditions: (a) Ti(O'Pr),, (+)-DET, t-BuOOH, CH,Cl,, —20 °C, 73%, >98%
ee; (b) (i) PPhs (1.2 equiv.), CCl, (excess), reflux, (ii) n-Buli (3.0 equiv.), THF, —35 °C,
56%; (c) (i) TBSCI, imidazole, 93%, (ii) BuLi, (CH,0),, TsCl, KOH, acetone, 83%; (d)
CpW(CO);Na, 91%; (e) TfOH (0.2 equiv.), 70%; (f) NOBF,, Nal, CH;CN; (g) 190, 67%
(two steps); (h) (i) BuyNF, 89%, (ii) Jones oxidation, 81%

cohol 185, readily obtained from 182 by making use of an asymmetric
Sharpless epoxidation, was metallated to yield the tungsten-n'-propargyl
complex 186 as the key intermediate. Acid induced cyclization yielded the
tungsten-z-allyl complex 187 with exclusive syn stereochemistry between
the alkyl side chain and the metal fragment. Treatment of 187 with NOBF,
and Nal generated the corresponding CpW(NO)I(z-allyl) derivative 188,
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which belongs to a class of complexes being known to be an allyl anion
equivalent that reacts at its more substituted allyl carbon with electrophiles
[69]. Hence, reaction with TBS-protected lactic aldehyde yielded the a-
methylene butyrolactone 190 as a single stereoisomer. Deprotection and oxi-
dative cleavage of 190 completed the synthesis of (—)-methylenolactocin

(11).

3
Conclusion

Biologically important p-butyrolactone natural products, among them the
paraconic acids, display broad structural diversity and continue to be of
great interest. With the absence of a general solution for the synthesis of chi-
ral p-butyrolactones, many useful approaches have been devised towards
them that greatly differ in their overall strategy. Paraconic acids being trans-
substituted in the lactone ring are now readily available, while the stereose-
lective synthesis of their cis-substituted analogs still remains a challenge.
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Abstract The isolation, structure and total synthesis of members of four classes of diter-
penes has been summarized. Dolabellanes, neodolabellanes, dolastanes and neodolas-
tanes are structurally related bi- or tricyclic diterpenes. Dolabellanes belong to a contin-
uously growing class of diterpenes being isolated from marine and terrestrial sources.
The published work on isolation and synthesis since 1998 has been summarized.
Neodolabellanes represent a scarce class of diterpenes that have been isolated exclusively
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from marine sources. 5-7-6-tricyclic diterpenes classified as dolastanes have been isolat-
ed mainly from marine sources. The intense research devoted to the total synthesis of
these diterpenes between 1986 and 1993 has been reviewed. Guanacastepenes have been
isolated from fungi. These diterpenes are classified as neodolastanes and recently com-
pleted syntheses as well as synthetic approaches have been summarized.

Keywords Diterpene - Total Synthesis - Natural Product - Dolabellane - Dolastane -
Guanacastepene

List of Abbreviations

DCE Dichloroethane

DIBAH Diisobutylaluminium hydride
DPPB Bis(diphenylphosphino)butane

Cy Cyclohexyl

DBA trans,trans-Dibenzylideneacetone
DMDO Dimethyldioxirane

DMP 2,2-Dimethoxypropane

EDs, Effective dose 50%

HWE Horner-Wadsworth-Emmons
LAH Lithium aluminium hydride

NMO 4-Methylmorpholine N-oxide
NOE Nuclear Overhauser effect

RCM Ring closing metathesis

SAE Sharpless asymmetric epoxidation
TBS tert-Butyldimethylsilyl

TEMPO 2,2,6,6-Tetramethyl-1-piperidinyloxy
TES Triethylsilyl

TFP Tri-2-furylphospine

TLC Thin layer chromatography

TPAP Tetrapropylammonium perruthenate
TPS tert-Butyldiphenylsilyl

1

Introduction

Through the eyes of a synthetic organic chemist, monocyclic and polycyclic
diterpenes amalgamate the beauty of structure with the importance of biolog-
ical activity to provide challenging target molecules for total synthesis. From
this perspective, it is not surprising that the report of a structurally novel
diterpene exerting a promising biological activity can trigger off a synthetic
gold rush. The story of guanacastepene A represents a case study for such an
event. First reported in 2000, at least a dozen different research groups have
embarked on the total synthesis of these neodolastane diterpenes and pub-
lished conceptually different approaches. One total and one formal synthesis
have been completed so far and some more will follow. Dolabellanes on the
other hand have been know for almost 30 years and according to Rodriguez’s
leading review article, the structures of about 140 different dolabellanes hav-
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ing been published up until June 1998 [1]. Consequently, one would expect
that numerous ingenious total syntheses of dolabellane diterpenes would have
been realized. The objective of this review is to provide a non-comprehensive
and subjective presentation of the total syntheses of dolabellane and dolas-
tane diterpenes. If appropriate, details to isolation and structural elucidation
are provided. Six syntheses are covered in-depth. Whenever possible, details
regarding the reaction conditions are given and important mechanisms will
be discussed within the schemes. It was my intention to enable the less expe-
rienced reader to follow the syntheses without consultation of the original lit-
erature. Approaches toward and older completed total syntheses are summa-
rized in single schemes and equations. Therefore, the reader will be able to
compare different synthetic strategies which have evolved over time.

2
Biosynthesis

The biosynthesis of diterpenes was created to produce molecular diversity.
Literally hundreds of different macrocyclic, bicyclic and polycyclic diterpenes

ionization
(metal cation)
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H \
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| |
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Scheme 1 Proposed biosynthesis of dolabellanes and vibsanes
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can be isolated from microorganisms, plants and marine animals and algae.
They are all biosynthesised by an anabolic pathway that utilizes a single achi-
ral substrate, geranylgeranyl diphosphate. The structure of diterpenes is often
characteristic for a certain plant or animal family, genus or species. Signifi-
cant work is currently devoted to study the molecular biology of diterpene
synthases (cyclases) [2-9]. Though a detailed investigation of the cyclases
which produce dolabellane and dolastane diterpenes is not yet available, it is
reasonable to assume that geranylgeranyl diphosphate is first ionised by an
enzymatic, metal ion-initiated process (Scheme 1). The first cyclization gen-
erates the vibsyl cation (3) which undergoes a second cyclization to afford
the dolabellyl cation (4). The loss of a proton or the nucleophilic attack by
water provides the dolabellane scaffold (5, 6) that can be further chemically
diversified for example by enzymatic oxidations. Vibsanes represent a rare
class of diterpenes which have been isolated along with dolabellanes from
the liverwort Odontoschisma denudatum [10-13]. Their structure fits nicely
into the proposed biosynthetic scheme assuming that the initial cyclization is
followed by deprotonation and not by a second cyclization reaction.

The dolabellyl cation (4) may be transformed into the neodolabellyl cat-
ion (10) by a series of [1,2]-sigmatropic rearrangements (Scheme 2). Subse-

H
I I I
12 N\ 13 \ 14 D\

dolabella-3,7,12- -3,7,11- -3,7,10-triene
\_H@ / \_H(D /
4 [1,2] [1,2] |
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| --—— |
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\ \)

11, neodolabella-1(14),3,7-triene 10, neodolabellyl cation

Scheme 2 Proposed biosynthesis of dolabellanes and neodolabellanes
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17, dolasta- 1(15 ),8-diene 16, dolastyl cation

Scheme 3 Proposed biosynthesis of dolastanes

quent deprotonation of the neodolabellyl cation (10) affords the neodolabel-
lane framework (11). Loss of a proton from the intermediate cation (8, 9)
could lead to the formation of dolabellanes (12-14) featuring a double bond
within the cyclopentane moiety.

The ionisation-induced cyclization sequence could be followed by a pro-
ton-induced cyclization (Scheme 3). Protonation of the C”"® double bond of
13 generates a dolabellyl cation (15) that is transformed into a dolastyl cation
(16) by a transannular cyclization between C*> and C® (dolabellane number-
ing). Subsequent deprotonation at C'> (dolastane numbering) leads to the
dolasta-1(15),8-diene which is further functionalized by enzymatic oxidation.

et

18, neodolabella-1,3,7-triene

H
LYy
12 \
15
21, neodolasta-12,14-diene 20, neodolastyl cation

Scheme 4 Proposed biosynthesis of neodolastanes
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It is tempting to speculate that the neodolastane carbon skeleton (21) is
biosynthesized by a transannular cyclization of a neodolabellyl cation (10)
(Scheme 4). However, this assumption is only based on structural analogy. A
detailed analysis of the biosynthesis has yet to be published.

3
Dolabellane and Neodolabellane Diterpenes

3.1
Isolation, Structure and Biological Activities

The leading reference that covers the isolation and total synthesis of dolabel-
lanes and neodolabellanes from 1975 through June 1998 was published by
Rodriguez and coworkers [1]. Our chapter was written to provide an update
on the chemistry of dolabellanes and neodolabellanes from 1999 through Oc-
tober 2003. Dolabellanes are being isolated from marine and terrestrial
sources. The review of Rodriguez covers 140 dolabellanes and neodolabel-
lanes from which 44% were isolated from algae, 23% from coelenterates (soft
corals and gorgonians), 11% from marine molluscs and 22% from moulds,
liverworts and higher plants (Fig. 1). Interestingly, dolabellanes that are iso-
lated from marine animals possess the opposite absolute configuration at C'
and C'' compared to dolabellanes found in algae, liverworts or higher plants.
Neodolabellanes are rare compounds isolated exclusively from corals.

Diverse biological activities have been reported for dolastanes. Depend-
ing on structural features, the diterpenes exhibit cytotoxicity against various
cancer cell lines, antimicrobial activity against Gram-positive, Gram-nega-
tive bacteria, fungi and viruses. They possess ichthyotoxic and phytotoxic
activities [1].

A collection of new dolabellanes whose isolation was published after the
review of Rodrigez had appeared will be outlined below.

Three new dolabellanes (24-26) were isolated from the wood of Trichilia
trifolia (family Meliaceae, “mahogany family”) collected in Yucatdn, México

23 15

Fig. 1 Carbon skeleton of dolabellanes isolated from higher plants, liverworts, algae, mol-
luscs, sponge (22), corals, fungi (mould) (ent-22) and neodolabellanes isolated from cor-
als (23)
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Fig. 2 Dolabellanes (24-26) isolated from the plant Trichilia trifolia (2000). Dolabellane
(27) from the liverwort Pleurozia gigantea

(Fig. 2) [14]. The relative configuration was assigned based on an X-ray
crystal structure analysis of 26. The absolute configuration was deduced
from the Cotton effects of 26. Significantly, this work defined for the first
time the absolute configuration of a dolabellane isolated from a higher plant.
The cis arrangement between the isopropyl group at C'> and the methyl
group at C' is unusual and was found previously in the dolastane 27 that
was isolated from the liverwort Pleurozia gigantea [1].

Two new dolabellanes (28, 29) were isolated from the mould Stachybotrys
chartarum cultivated on Uncle Ben’s rice (Fig. 3) [15]. The relative configu-
ration was assigned based on 1D and 2D NMR spectroscopy. Though not as-
certained, the absolute configuration depicted in Fig. 3 was suggested in
analogy to the absolute configuration of previously isolated dolabellanes
from mould [1].

The structure and relative configuration of six new dolabellanes (30-35)
isolated from the soft coral Clavularia inflata collected at Orchid Island lo-
cated 44 nautical miles off Taiwan’s southeast coast is depicted in Fig. 4 [16].
The relative configuration was assigned based on 1D and 2D NMR spectros-
copy and supports the cis arrangement between the isopropyl group at C'2

Fig. 3 Two dolabellanes (28, 29) from the mould Stachybotrys chartarum (2000). Absolute
configuration not verified



80 M. Hiersemann - H. Helmboldt

32

Fig. 4 Six dolabellanes (30-35) isolated from the soft coral Clavularia inflata (2001)

and the methyl group at C'. The dolabellanes 30-35 are cytotoxic against the
cell lines A549 (human, lung carcinoma), HT-29 (human, colon carcinoma)
and P388 (mouse, leukaemia). Hydroperoxide 35 was found to be the most
active compound with EDs, values of 0.56, 0.31 and 0.052 pg/mL respective-
ly.

The investigation of the essential oil of the plant Cyperus alopecuroides
(order Poales, family Ceperaceae) revealed the existence of the dolabellane
diterpene 36 (Fig. 5) [17]. The relative configuration was deduced from
NOESY correlations but the absolute configuration remains undisclosed.

The dolabellane 37 (2-acetoxystolonidiol) was isolated from the soft coral
Clavularia koellikeri (octocorallia: order Alcyonacea, family Clavulariidae)
collected from a coral reef of Ishigaki Island (Yaeyama archipelago, prefec-

OAc

Fig. 6 2-Acetoxystolonidiol (37) and stolonidiol (38) isolated from Clavularia sp. (2002
and 1987)
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Fig. 7 The first dolabellane (39) isolated from a marine sponge (1999)

ture Okinawa, Japan) (Fig. 6) [18]. The relative configuration was assigned
based on NOE spectroscopy and the absolute configuration was determined
by the improved version of Mosher’s empirical method based on "H NMR
data. 2-Acetoxystolonidiol (37) is structurally closely related to stolonidiol
(38) whose absolute configuration has been proved by an enantioselective
total synthesis (see below). 2-Acetoxystolinidiol (37) is cytotoxic against hu-
man colorectal adenocarcinoma cells (DLD-1) with a moderate ICs, of
5.0 pg/mL.

The marine sponge Sigmosceptrella quadrilobata (family Latrunculiidae,
order Hadromerida) has been identified as a source for the dolabellane 39
(Fig. 7) [19]. The sponge was collected along the coast of the Island Mayotte
(Comorian archipelago) located 200 miles off the East African coast approx-
imately halfway between the island of Madagascar and northern Mozam-
bique. The relative configuration was assigned by NOE spectroscopy and the
absolute configuration is suggested based on the Cotton effect in the CD
spectrum. The dolabellane 39 is cytotoxic against four cancer cell lines with
an ICs, between 7.7 and 17.2 pg/mL.

Two new dolabellanes (40, 41) were isolated from an unspecified Clavu-
laria species that was also collected from a coral reef of Ishigaki Island
(Fig. 8) [20]. The relative configuration of 40 and 41 was assigned from
NMR spectroscopy and X-ray crystallography. The absolute configuration of
the dolabellane 40 was suggested to be same as the configuration of claenone
(42) which was isolated before from Clavularia viridis and whose absolute
configuration was corroborated by total synthesis (see below). The absolute
configuration of the hydroperoxide (41) was proved through chemical corre-

Fig.8 Two new dolabellanes (40, 41) from a Clavularia sp. (2002) and the known
(=)-claenone (42)
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Fig. 9 Two new dolabellanes (43, 44) from a Casearia membranacea (2003)

lation with (—)-claenone (42). The observation that claenone is easily oxi-
dized by air led the conclusion that the hydroperoxide (41) might be an arte-
fact of the isolation process. This revelation raises the question whether the
hydroperoxide (35, Fig. 4) is formed from the dolabellane 33 during the
isolation process. The hydroperoxide (41) showed moderate cytotoxicity
against various cancer cell lines according to the Japanese Foundation for
Cancer Research 39 cell line assay.

The two new dolabellanes Casearimene A (43) and B (44) have been iso-
lated from dried stems of the Asian Casearia membranacea (Family: Fla-
courtiaceae) (Fig. 9) [21]. C. membranacea is a small evergreen tree indige-
nous to Hainan Island (off the southeast coast of China) and the southern
part of Taiwan. The structure and relative configuration was assigned by
NMR and X-ray crystal structure analysis. Casearimene A (43) and B (44)
did not show a significant cytotoxicity against P-388, A549 and HT-29 can-
cer cell lines in vitro.

3.2
Total Synthesis of Dolabellanes and Neodolabellanes

The dolabellanes are a prominent family of natural products isolated from
different marine and terrestrial sources. They possess a broad spectrum of
biological activities. One expects that especially the dolabellanes from ma-
rine animals should be worthwhile targets for enantioselective total synthe-
sis due to their biological activity and the unsolved supply issue. However,
only a limited number of completed total syntheses have been reported since
the structure of the first dolabellane (isolated from the sea hare Dolabella
californica by Faulkner and Clardy) was published in 1976 [22]. Confined on
completed total syntheses of natural dolabellanes, it appears that only five
dolabellanes (38, 42, 46-49) and two neodolabellanes (45, 50) have been syn-
thesized (Fig. 10). Approaches toward and completed total syntheses of arti-
ficial and natural dolabellanes that have been summarized in the leading re-
view article of Rodrigez will not be covered [1, 23-34]. The progress in the
field during the last five years will be summarized in the following sub-sec-
tions.
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Fig. 10 Naturally occurring dolabellanes for which total syntheses have been reported

3.2.1
Yamada'’s Strategy

3.2.1.1
(—)-Claenone (1998)

The research group of Yasuji Yamada utilized an effective sequence of two
sequential Michael additions between the enolate of 3-methoxymethoxy-cy-
clopent-2-enone (53) and the easily accessible chiral o,f-unsaturated ester
54 followed by a retro-aldol addition for the synthesis of the highly substi-
tuted cyclopentanone 52 (Fig. 11) [35, 36]. However, the efficiency of the
strategy is hampered by a multitude of functional and protecting group
transformations that were required for the conversion of a tricyclic Michael-
Michael-addition product (56) into the desired cyclopentanone 52. A signifi-
cant synthetic effort was also required to realize the seemingly straightfor-
ward transformation of the cyclopentanone 52 into the sulfone 51. An intra-
molecular alkylation of the sulfone 51 served as pivotal ring closing reaction
for the synthesis of the 11-membered macrocycle.
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Fig. 11 Retrosynthetic overview of Yamada’s ex-chiral-pool total synthesis of (—)-clae-
none (42) (1998)

The detailed course of the sequential Michael/Michael addition between
the enolate 53 and the a,B-unsaturated ester 54 is outlined in Scheme 5. Re-
gioselective deprotonation of 3-methoxymethoxy-cyclopent-2-enone gener-
ated a cyclic enolate (53) that approached the o,f-unsaturated ester 54 pref-
erentially following a (10S,11Si,12Re) topicity (natural product numbering is
used throughout the review). The (11Si) attack could be favoured due to
steric reasons based on a conformation of the a,-unsaturated ester 54 that
is dictated by 1,3-allylic strain. The first Michael addition generated an ester
enolate (55) that underwent the second (intramolecular) Michael addition
following a (1Re,14Si) topicity. The stereochemical course of the second Mi-
chael addition was determined by the intramolecularity (14Si) of the reac-
tion and by a reactive conformation of the ester enolate moiety (1Re) that
could be favoured due the chelation of the lithium cation between the eno-
late oxygen atom and the enone carbonyl oxygen atom and/or due to mini-
mized 1,3-allylic strain. The sequence of two Michael additions afforded a
4/1 mixture of two diastereomers (56, 57) that were separated by chromatog-
raphy.
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Scheme 5 Stereochemical course of the sequential Michael/Michael addition

Continuing with the diastereomerically pure tricycle 56, an 11-step se-
quence consisting of redox and protective group chemistry was necessary
to generate a f-hydroxy keton (58) suitable for a retro-aldol addition via
an intermediate alkoxide to the highly substituted cyclopentanone 52
(Scheme 6).

A further eight steps were required to convert the cyclopentanone 52 into
the sulfone 59 that was deprotonated and treated with an allylic bromide
(60) to afford the alkylated sulfone 61 (Scheme 7). The sulfone moiety and
the benzyl ether protecting group were reductively removed in a one-pot
procedure to afford a mono-protected diol (62).

Scheme 8 summarizes the introduction of the missing carbon atoms and
the diastereoselective epoxidation of the C*/C* double bond using a Sharp-
less asymmetric epoxidation (SAE) of the allylic alcohol 64. The primary al-
cohol 62 was converted into the aldehyde 63 which served as the starting
material for a Horner-Wadsworth-Emmons (HWE) reaction to afford an
E-configured tri-substituted double bond. The next steps introduced the sul-
fone moiety via a Mukaiyama redox condensation and a subsequent sulfide
to sulfone oxidation. The sequence toward the allylic alcohol 64 was com-
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Scheme 7 Stepwise construction of the macrocycle, part I: sulfone alkylation

pleted by DIBAH reduction of an intermediate a,3-unsaturated ester. The al-
lylic alcohol 64 was then epoxidized following the Sharpless protocol to pro-
vide the oxirane 65 as a single diastereomer [37, 38].

Mesylation of the alcohol 65 followed by deprotonation afforded the sul-
fone-stabilized carbanion 66 that underwent a macrocyclization to afford
the artificial dolabellane 67 in moderate yield (Scheme 9). Hydrolytic cleav-
age of the ketal (67) followed by a base-mediated double bond isomerization
(into conjugation) afforded an enone containing an exocyclic carbonyl
group. Nucleophilic 1,2-addition of methyl lithium introduced the missing



Recent Progress in the Total Synthesis of Dolabellane and Dolastane Diterpenes

87

62

24.

25.

150 mol% PDC

CH.Cl,, RT,5h

H3COCH=PPh3

(from 440 mol% H3zCOCH,PPh3Br
and 350 mol% PhLi)

THF, 0 °C, 15 min

(84 %, E/Z=3/2)

26. PCC on Al,O3
benzene, 40 °C, 5 h (85 %) >/
27. 110 mol% DIBAH, toluene E H
-78 °C, 10 min
s OTBS
!
63 ©
28. 120 mol% (EtO),P(=0)CH(CH3)CO,Et

29.

30.

31.

32.

100 mol% NaH, THF, 0 °C, 1 h (80 %)
120 mol% TBAF, THF

RT, 2 h (100 %)

500 mol% PhSSPh

500 mol% nBuzP, pyridine

60 °C, 2 h (92 %)

200 mol% Oxone

Ho0, THF, CH30H, rt, 3 h (90 %)

300 mol% DIBAH, toluene

78 °C, 15 min (98 %) Y

10 mol% Ti(OiPr)4 E >/

15 mol% (-)-DET

H

200 mol% tBuOOH | 1
CH,Cly, -20 °C, 6 h (95 %) _>—\

Scheme 8 Stepwise construction of the macrocycle, part II: olefination and epoxidation

C*® methyl group. The reductive removal of the sulfone moiety and subse-
quent Cr''-mediated oxidative transposition of the tertiary hydroxyl func-

tion concluded the enantioselective total synthesis of (—)-claenone (42) [39].

In conclusion, the longest linear sequence of Yamada’s (—)-claenone (42)
synthesis consist of 40 steps (6 C/C connecting transformation) with an
overall yield of 2.1%. The centrepiece of Yamada’s synthetic strategy is the
sequence of two Michael additions and a retro-aldol addition to provide a

highly substituted cyclopentanone building block (52).
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Scheme 9 Intramolecular sulfone alkylation and oxidative transposition

3.2.1.2
(—)-Stolonidiol (2001)

The structural similarity between claenone (42) and stolonidiol (38) enabled
Yamada to exploit an almost identical strategy for the total synthesis of
(—)-stolonidiol (38) [40]. A short retrosynthetic analysis is depicted in
Fig. 12. An intramolecular HWE reaction of 68 was successfully applied for
the macrocyclization. The highly substituted cyclopentanone 69 was made
available by a sequence that is highlighted by the sequential Michael-Mi-
chael addition between the enolate 53 and the a,S-unsaturated ester 70 fol-
lowed by a retro-aldol addition. However, as is the case for the claenone (42)
synthesis, the synthesis of stolonidiol (38) is characterized by numerous
functional and protecting group transformations that are a consequence of
Yamada’s synthetic strategy.

The sequential Michael/Michael addition between 3-methoxymethoxycy-
clopent-2-enone and the o,f-unsaturated ester 70, which is accessible from
ascorbic acid [41], afforded the tricycle 73 as a mixture of diastereomers
(Scheme 10). The (1R) configuration was found to be kinetically favoured



Recent Progress in the Total Synthesis of Dolabellane and Dolastane Diterpenes

Sharpless
carbonyl  epoxidation
1,2-addition

H\2 HWE
olefination
HO L/_ ]

18 / é |
(-)-stolonidiol (38)
4
1
Michael 15 alkylation
addition
enolate
alkylation
CO,CH3z
12 steps MOMO, X /O 16 steps
(44 %) _

(15 %)

—

68, X= P(=0)(OCHg)»

7 steps ©) e}
wh ¢ LX<
g
= .
CO,Et
OMOM
53 70
Fig. 12 Survey of Yamada’s ex-chiral-pool total synthesis of (—)-stolonidiol (38) (2001)
Q LDA, THF, -78 °C
then addition of
I
OMOM
ﬁ'—o CO,Et
70
-78°Ctort
LOA (85 %) 73, (1S)/(1R)=7.5/1
14 _-OMOM
13 i?
H iz O=Li
(o) He 11 1_“H“|‘
: N—
71 - 72 -

Scheme 10 Two sequential Michael additions afforded the tricyclic building block 73
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Scheme 11 Enolate alkylation and retro-aldol addition as key steps toward the building
block 69

whereas the (1S) configuration was preferentially obtained under reaction
conditions that should lead to the thermodynamically favoured product
(warming the reaction mixture to room temperature).

The ketone 73 was reduced chemo- and diastereoselectively and protected
to provide the silyl ether 74. The ester function was then deprotonated to
the corresponding ester enolate (75) that was alkylated with methyl iodide
exclusively from the Re face of the enolate to afford the bicycle 76
(Scheme 11). The substrate for the retro-aldol reaction (77) was prepared by
a sequence that consists of seven functional and protecting group transfor-
mations. The retro-aldol reaction converted the bicyclic S-hydroxy ketone
77 into the 1,3-diketone 69 via the alkoxide (78) in very good yield.
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Scheme 12 Functional and protecting group transformations and a sulfone alkylation for
chain elongation

The exocyclic carbonyl function was protected as an intramolecular acetal
(79) and the superfluous endocyclic carbonyl oxygen atom was reductively
removed using the Huang-Minlon modification of the Wolff-Kishner reduc-
tion (Scheme 12). Tosylation and elimination afforded the allylic ether 80
with a remarkable regioselectivity. The next seven steps were devoted to
convert the benzyl protected primary hydroxyl function into a sulfone moi-
ety and to introduce the MOM as well as the TBS protecting group regiose-
lectively (81). The sulfone (81) was then deprotonated and treated with an
allylic iodide (82) to provide the corresponding alkylated sulfone (83).

The sulfone moiety was reductively removed and the TBS ether was
cleaved chemoselectively in the presence of a TPS ether to afford a primary
alcohol (Scheme 13). The alcohol was transformed into the corresponding
bromide that served as alkylating agent for the deprotonated ethyl 2-(di-
ethylphosphono)propionate. Bromination and phosphonate alkylation were
performed in a one-pot procedure [33]. The TPS protecting group was re-
moved and the alcohol was then oxidized to afford the aldehyde 68 [42]. An
intramolecular HWE reaction under Masamune-Roush conditions provided
a macrocycle as a mixture of double bond isomers [43]. The E/Z isomers
were separated after the reduction of the o,-unsaturated ester to the allylic
alcohol 84. Deprotection of the tertiary alcohol and protection of the prima-
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Scheme 13 Intramolecular HWE reaction and Sharpless epoxidation as key transforma-
tions toward stolonidiol (38)

ry alcohol was accomplished next. A V'V-catalysed substrate-directed epoxi-
dation of the C'°/C'" allylic alcohol double bond afforded the oxirane 85
[44]. Deprotection of the primary alcohol and subsequent SAE provided
(—)-stolonidiol (38) [37, 38].

In conclusion, the ex-chiral-pool total synthesis of (—)-stolonidiol (38) re-

quired a longest linear sequence of 35 steps (6 C/C connecting transforma-
tions) with an overall yield of 3%.
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3.2.1.3
(—)-Palominol and (+)-Dolabellatrienone (2003)

Starting with a late intermediate (64) of the (—)-claenone (42) synthesis
(Scheme 8), Yamada and coworker realized the total synthesis of (—)-palomi-
nol (49) and (+)-dolabellatrienone (47) as depicted in Scheme 14 [36]. Me-

33. 206 mol% MsCl
500 mol% DMAP
CHJCly, rt, 30 min
34. 78 mol% KHMDS
THF, 40 °C, 1 h (45 %)
35. Na(Hg), NaH,PO4
CH30H, THF, 0 °C, 1 h (86 %)
64 .
36. AcOH, H,0 (4/1)
45 °C, 30 min (93 %)
37. KoCO3, CH30H, 11, 2.5 h
38. 118 mol% HsCLi, THF
-78 °C, 10 min (90 %)

(-)-palominol, 49

purifications by preparative TLC

150 mol% PDC
4 A mol sieves
CHuCl, rt, 5 h (63 %)

J

(+)-dolabellatrienone, 47

Scheme 14 Final steps toward the total synthesis of (—)-palominol (49) and (+)-dolabella-
trienone (47) (2003)

sylation of the allylic alcohol 64 followed by an intramolecular sulfone alkyl-
ation, reductive removal of the sulfone moiety, hydrolysis of the ketal, base-
mediated double bond isomerization into conjugation and, finally, methyl
lithium 1,2-addition to the ketone carbonyl group afforded (—)-palominol
(49). The oxidative transposition as exercised during the claenone synthesis
converted (—)-palominol (49) into (+)-dolabellatrienone (47) [39].

3.2.2
Williams’ Total Syntheses of Neodolabellanes

3.2.2.1
(+)-4,5-Deoxyneodolabelline

The vast majority of total syntheses of dolastanes and dolabellanes rely on
more or less linear strategies. The total synthesis of (+)-4,5-deoxyneodola-
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Fig. 13 Overview of Williams’ convergent total synthesis of (+)-4,5-deoxyneodolabelline
(50) (2003)

belline (50) represents a remarkable and convincing exception [45]. Fig-
ure 13 depicts a retrosynthetic survey. The longest linear sequence consists
of 16 steps starting from 2-methyl-cyclopenten-2-one (90). The macrocy-
clization was realized by an intramolecular pinacol coupling of a keto alde-
hyde (87). The intermolecular Hosomi-Sakurai reaction between the allylic
silane (14R)-89 and an oxocarbenium ion generated from the dihydropyran
88 is a particularly noteworthy transformation.

The synthesis of the non-racemic cyclopentanone (+)-93 is outlined in
Scheme 15. Starting with 2-methyl-cyclopent-2-enone (90), sequential cup-
rate addition and enolate alkylation afforded the racemic cyclopentanone
rac-92 as a single diastereomer. The double bond was cleaved by ozonolysis,
the resulting aldehyde chemoselectively reduced in the presence of the keto
function and the primary hydroxyl function was subsequently protected as a
silyl ether to provide racemic rac-93. This sequence has been applied fre-
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Scheme 15 Synthesis of the non-racemic cyclopentanone (+)-93

quently in the total synthesis of terpenes (e.g. (£)-Crinipellin B [46], see
Schemes 19, 30 and 35 for further examples). Racemic rac-93 was then con-
verted into the enantiomerically enriched cyclopentanone (+)-93 utilizing
the Corey-Bakshi-Shibata reduction [47-49]. In the event, the CBS-catalyst
reduced the racemic cyclopentanone rac-93 in the presence of the borane
dimethylsulfide complex to a nearly one to one mixture of the diastereomer-
ic cyclopentanols (—)-95 and (—)-96. The reduction proceeded with a com-
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Scheme 16 Synthesis of the allylic silane 89 by an Sy2’ displacement of an allylic phos-
phate

plete catalyst-induced diastereoselectivity (via 94). Fortunately, the resulting
diastereomers (95, 96) were separable by flash chromatography. Oxidation
of the cyclopentanol (—)-96 afforded the desired enantiomerically enriched
(92% ee) cyclopentanone (+)-93.

The introduction of the allylic silane moiety required for the intermolec-
ular Hosomi-Sakurai reaction is depicted in Scheme 16. Following the for-
mation of the enol triflate 97, a Stille coupling provided excess to the allylic
alcohol 98 [51]. The allylic alcohol (98) was endowed with a phosphate leav-
ing group for the subsequent allylic substitution. Utilizing a trimethylsilyl
cuprate as nucleophile for the Sy2' reaction, the allylic phosphate was con-
verted into the allylic silane 89. A useful substrate-induced diastereoselectiv-
ity in favour of (14R)-89 was encountered at small scale but decreased sig-
nificantly upon up-scaling.

The dihydropyran 88 served as the precursor for an oxocarbenium ion
that was utilized as the acceptor for the intermolecular Hosomi-Sakurai re-
action [53, 54]. Utilizing a second Hosomi-Sakurai reaction, pyran 88 was
synthesized as outlined in Scheme 17 [53, 54]. Easy accessible MOM protect-
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Scheme 17 Synthesis of the dihydropyran 88 from MOM-protected lactic aldehyde (91)

ed lactic aldehyde was treated with an allylic silane in the presence of SnCl,
to provide the homoallylic alcohol 100 as a single diastereomer in low yield.
The substrate-induced diastereoselectivity can be explained by the reaction
between a chelated aldehyde moiety and the allylic silane through an open
antiperiplanar arrangement (99). One could assume that the unfortunate
combination of a strong Lewis acid and a labile acetal protecting group was
responsible for the low yield. Nevertheless, following the formation of the
mixed acetal 101, the ring closing olefin metathesis using Grubb’s N-hetero-
cyclic carbene catalyst (102) afforded the dihydropyran 88 as a 1/1 mixture
of diastereomers [55, 56].

The intermolecular Hosomi-Sakurai reaction between the allylic silane
(14R)-89 and the oxocarbenium ion (see 103) generated from the acetal 88
by treatment with a substoichiometric amount of BF; was employed to con-
nect the A- and the B-ring (Scheme 18) [53, 54]. The substrate-induced di-
astereoselectivity was independent of the absolute configuration at C'* of
the allylic silane in so far the (145)-configured allylic silane (145)-89 afford-
ed the product 104 with same absolute configuration at C>. The TBS ether
and the MOM acetal were then cleaved under acidic conditions. Oxidation of
the resulting diol afforded the keto aldehyde 87. The decisive ring-closing
pinacol coupling reaction was realized by treatment of the keto aldehyde 87

with low valent titanium generated by the reduction of Ti'" with the zinc-
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50 mol% F3B+OEty TBSO
CH,Cly, -78 °C
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14. CH30H, H,SO4
RT, 7 h (85 %)

15. 600 mol% (COCI),
1000 mol% DMSO
1000 mol% EtzN
CH.Cl,, -78 °C to

103, (7S,3R¢) 0 °C (88 %)

16. 810 mol% TiCls
2600 mol% Zn-Cu couple
DME, 80 °C, 3 h
then add 87 over 4.5 h
5.5h, 80 °C (85 %)

17. 580 mol% (COCI),
900 mol% DMSO
1500 mol% EtzN
CHxCl,, -78 °C to 0 °C
(73 %, 85/8R=89/11)
separation of diastereo-
mers by chromatography

(+)-deoxyneodolabelline (50) 8-epi-50

Scheme 18 Hosomi-Sakurai reaction and McMurry-type coupling as key transformations
toward the completion of the (+)-deoxyneodolabellane (50) synthesis

copper couple (see Scheme 20 for another application of a McMurry-type re-
action) [57, 58]. The reductive coupling provided a diol as a mixture of four
diastereomers and the subsequent oxidation afforded (+)-deoxyneodola-
belline (50) and the C? epimer (8-epi-50) in a ratio of 89/11.

3.2.2.2
(x)-Neodolabellenol

The total synthesis of racemic neodolabellenol (rac-45) was reported by
the Williams group in 1995 as a short communication [59]. To gain a com-
plete overview, it is advisable to consider a publication from 1993 in which
Williams described the synthesis of an advanced precursor as well as the
aforementioned full publication from 2003 [45, 60]. As summarized in
Scheme 19, the synthesis of the bicyclic neodolabellenol (45) utilized an in-
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OH

rac-neodolabellenol (rac-45) 106

Scheme 19 Summary of the synthesis of (+)-neodolabellenol according to Williams
(1995)

tramolecular nucleophilic 1,2-addition between a sulfone-stabilized carban-
ion and an o,f-unsaturated aldehyde (106). The macrocyclization proceeded
with poor yield (25-35%) but acceptable diastereoselectivity (6/1, details
not depicted). The details for the synthesis of the vinyl iodide 105 from
2-methyl-cyclopent-2-enone (90) can be found in Williams’ full publication
from 2003 [45].

4
Dolastane Diterpenes

4.1
Isolation, Structure and Biological Activities

About 25 diterpenes (107-130) of the dolastane-type featuring a hydroben-
zo[f]azulene ring system have been isolated exclusively from marine sources
(Fig. 14) [61-76].

The structural diversity of the dolastanes rests on the number and the po-
sition of double bonds and hydroxyl functions within the basic carbon skel-
eton. The dolasta-1(15),8-diene (131) represents the dominating carbon
skeleton (Fig. 15).

The trans configuration of the two angular methyl groups at C* and C'? is
conserved. The BC-ring system is usually trans fused. The vast majority of
the dolastanes have been isolated from brown soft algae of the genus Dicty-
ota (family: Dictyotaceae). The relative configuration has been safely as-
signed as depicted by extensive use of X-ray crystal structure analysis and
NMR studies. The absolute configuration was deduced for selected dolas-
tanes by X-ray analysis (119, 127) and c.d. data (110) as well as enantioselec-
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AcQ

107 108 109

Fig. 14 Naturally occurring dolastanes

tive total synthesis (107, 129). The first dolastane diterpene (119 and
6-Ac-119) was isolated in 1976 from the sea hare Dolabella auricularia [61].
It was claimed that dolastanes isolated from the sea hare are of algal origin
because Dolabella sp. is known to crop algae. Antimicrobial and cytotoxic
properties of dolastanes have been described. Interestingly, diterpenes with
the dolastane-1(15),17-diene framework (132) have been isolated from the
soft coral Clavularia inflata (order: Alcyonacea, family: Clavulariidae) col-
lected off the north coast of Papua-New Guinea [62, 65]. These dolastanes
(128-130) were named clavularanes and it was shown by empirical methods
and enantioselective total synthesis that they possess the opposite absolute
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128 129 130

Fig. 14 (continued)

15
dolastane-1(15),8-diene (131)  dolastane-1(15),17-diene (132)

Fig. 15 Basic carbon skeleton of dolastanes

configuration compared to the dolastanes isolated from Dicyota or Dolabel-
la.

4.2
Total Syntheses of Dolastanes

Between 1986 and 1993, the research group of Pattenden ((+)-110, 1986), Pa-
quette ((£)-7,4-epi-109, 1986), Piers ((£)-122 and (+)-124, 1986 and 1988),
Mehta (ent-110, ent-122, 1987), Majetich ((£)-107, 1991) and Williams (ent-
129, 1993) reported completed total syntheses of dolastanes. The total syn-
theses published earlier than 1993 will not be covered extensively in this re-
view. Nevertheless, a brief summary of the “earlier” strategies toward the
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dolastane carbocyclic ring system is instructive and will be outlined in the
following section.

The first total synthesis of a racemic dolastane (rac-110) was apparently
published by Pattenden as a short communication 1986 followed in 1988 by
a full paper [77, 78]. Pattenden’s strategy is based on an intramolecular
[2+2]-photocycloaddition/cyclobutane fragmentation to transform the diene
133 into the hydroazulene 136 (Scheme 20). In between the cycloaddition

&-OTBS Tio &OTBS
OTBS acetone

133 (68 %) 134 (76 %)

Pattenden (1986, 1988)

3 steps
(14 %)
41 % -
ciil ) ‘
% -
137 Na _| sequential alkylation led to

4/1 diastereomeric mixture

rac110 O

Scheme 20 Total synthesis of (+)-1(15),8-dolastadien-2,14-diol (isoamijiol, 110) accord-
ing to Pattenden (1986)

and the fragmentation, the required isopropyl group was introduced by a
McMurry reaction between the ketone 134 and acetone in the presence of in
situ generated titanium(0) (prepared from TiCl; and Li, see Scheme 18 for
another application of the McMurry reaction) [57, 58]. Sequential regiose-
lective alkylation of the hydroazulene 136 afforded a terminal alkyne that
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served as substrate for a reductive cyclization using the sodium naphthalene
radical anion as reagent to generate the vinyl sodium intermediate 137. The
annulation afforded exclusively the trans fused ring system albeit in low
chemical yield. Though not explicitly mentioned in the article, one can
imagine that a competing acid/base reaction between the vinyl anion and
the keto function may be responsible for the low yield. This reductive cy-
clization of an in situ generated vinyl anion has been frequently utilized in
diterpene syntheses (see Schemes 21 and 31 for further applications). The
non-natural (+)-1(15),8-dolastadien-14-ol (138) was converted into the nat-
ural (%)-1(15),8-dolastadien-2,14-diol (isoamijiol, 110) by allylic oxidation
with SeO, and tert-butyl hydroperoxide [79]. This procedure is obviously
hampered by a very low yield and the formation of the non-natural (x)-
1(15),7,9-dolastatrien-2,14-diol (139). Furthermore, the separation of the
two dolastanes could not be achieved by Pattenden and coworkers (but com-
pare to Scheme 24).

The total synthesis of the natural (£)-1(15),7,9-dolastatrien-14-ol ((£)-
122) was reported in 1986 by Piers and Friesen (Scheme 21) [80]. The
hydroazulene 143 served as key intermediate and the C-ring was annulated
by an intramolecular Grignard reaction of the vinyl magnesium ketone 144
to provide the desired dolastane (+)-122 in moderate yield as a single

0 5 steps (HaC)sSi0
Uo (67 %) o
Y=

—
— 141

4 steps
(34 %}ll l

142
5 steps
lll wER Piers (1986)

Scheme 21 Total synthesis of (+)-1(15),7,9-dolastatrien-14-ol (rac-122) according to Piers
(1986)
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diastereomer. Sequential alkylation of the anion derived from the dimethyl
hydrazone of the ketone 143 provided the precursor for the intramolecular
Grignard addition. The hydroazulene 143 was synthesized by an intramolec-
ular Stille coupling of the stannane 142 [50, 51]. A ring opening reaction of
the bicyclic siloxy cyclopropane 141 served as key step for the synthesis of
the vinyl triflate 142. The siloxy cyclopropane 141 was synthesized from the
cyclohexanone 140 using a cyclopropanation under Furukawa’s conditions
as the key transformation [81].

Starting with the intermediate (+)-145 of the aforementioned total syn-
thesis of (x)-122, Piers realized the synthetic access to the racemic dolastane
(£)-124 (Scheme 22) [82, 83]. An intramolecular Stille coupling served as
key step, this time for the annulation of the C-ring.

3 steps
(88 %)

5 steps
(32 %)

2 steps

rac-124 (58 %) 146 (CH3)sSn

Scheme 22 Total synthesis of (+)-1(15),9,13-dolastatrien-4-ol (rac-124) according to Piers
(1988)

The synthesis of the non-natural (+)-7,14-epi-1(15),8-dolastadien-7,14-ol
(rac-7,14-epi-109) was published by Paquette in 1986 and is highlighted by a
photochemical rearrangement of the 6,6,6-tricyclic o,3-epoxy ketone 148
into the 5,7,6-tricyclic dolastane skeleton (149) (Scheme 23) [84]. The suc-
ceeding hydroxylation of carbon atom C'* by photo oxygenation with singlet
oxygen as well as a DIBAH reduction of a C” keto function proceeded with
an undesired substrate-induced diastereoselectivity to provide the racemic
7,14-epimer of the natural dolastane 109.

The enantioselective ex-chiral-pool synthesis of the enantiomer of the
natural (+)-dolasta-1(15),7,9-trien-14-ol (ent-122) was achieved by Mehta
and coworkers in 1987 (Scheme 24) [85, 86]. From the hydroazulene 136, the
synthesis proceeded analogous to the synthesis of Pattenden (Scheme 20)
and provided the dolastane ent-122 as a mixture with the non-natural dolas-
tanes 153 and 154. However, in contrast to Pattenden’s work, Mehta and
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S a—
H e
148 147

1. hv
lZ. Ac,0 (33 %) Paquette (1986)

AcO 5 steps

rac-7,14-epi-109

Scheme 23 The synthesis of the non-natural (+)-7,14-epi-1(15),8-dolastadiene-7,14-0l
(rac-7,14-epi-109) according to Paquette (1986)

3 steps
41 %)
12 :
152

-li (1
(R)-limonene (150) I-@¢(65 %)
5 steps
(13 %)
- < N
= 9
-
analogous to o]
Pattenden 136

Mehta (1987, 1991)

Scheme 24 Synthesis of (+)-dolasta-1(15),7,9-trien-14-ol (ent-122) achieved by Mehta
(1987)

coworkers were able to separate the three dolastanes (122, 153, 154) through
“repeated column chromatography on AgNO;-SiO,”. The ex-chiral-pool
strategy of Mehta utilized (R)-limonene (150) and converted it into the allyl
vinyl ether 151. Thermal Claisen rearrangement of 151 proceeded with com-
plete substrate-induced diastereoselectivity to afford the dienone 152 that
was converted into the hydroazulene 136 by an acid-promoted ene type cy-

clization.
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A B-ring-last-strategy was applied by Majetich and coworkers for their
synthesis of the natural (+)-1(15),8-dolastadien-2-ol (+)-107 (desoxyisoami-
jiol, 1991) [87, 88]. A Lewis acid mediated intramolecular allylsilane 1,6-ad-
dition of the dienone 157 afforded the 5,7,6-tricyclic carbon framework of
the dolastanes (158) (Scheme 25). The missing C' carbon atom was intro-

©
co—0al[ o
155

Ph(CHg),Si separation of Ph(CH3),Si
156 diastereomers 157

Et,AICI
(94 %)

Majetich (1990, 1991)

/ rac-107
OH

Scheme 25 Total synthesis of (+)-1(15),8-dolastadien-2-ol (rac-107, desoxyisoamijiol) ac-
cording to Majetich (1991)

duced by an intramolecular addition of a radical generated from the silicon-
tethered bromomethylene moiety in 159 onto C' of the neighboured double
bond [89]. The configuration of the hydroxyl function at C* was inverted by
a sulfoxide-sulfenate rearrangement [90].

4.2.1
Williams’ Total Synthesis

The apparently latest total synthesis of a dolastane diterpene was published
by Williams and coworkers in 1993 as a short communication (Fig. 16) [91].
(=)-Clavulara-1(15),17-dien-3,4-diol (129) was synthesized using a strategy
that relied on the availability of the enantiomerically pure building block
162 from (+)-9,10-dibromocamphor (163) (Fig. 16). Cornerstones of the
synthesis are a macrocyclization that afforded the 11-membered (A+B)C-
ring (160) and a transannular cyclization that converted a bicyclic into a tri-
cyclic ring system. Two of the seven chirality centres in the synthetic clavu-
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Fig. 16 Synthetic strategy toward (—)-clavulara-1(15),17-dien-3,4-diol (129) by Williams
(1993)

larane (—)-129 were donated from the chiral pool and the relative configura-
tion of the remaining five stereogenic carbon atoms was controlled by sub-
strate-induced diastereoselectivity.

Following Money’s procedure, (+)-9,10-dibromocamphor (163) was di-
rectly converted into the cyclopentane 165 featuring the correct relative
and absolute configuration. (Scheme 26) [92]. The A-ring building block
(165) contained the crucial quaternary chiral carbon atom C'" and a C,
unit at C®. The exo-methylene group of 165 was utilized to introduce the
required isopropenyl unit at C°. However, the corresponding procedure re-
quired a lengthy reaction sequence and diminished the efficiency of the
otherwise remarkable exploitation of an ex-chiral-pool strategy. The hy-
droxy acid 165 was transformed into the cyclopentanone 166 by a sequence
consisting of protecting group and redox chemistry. Saegusa oxidation of
166 followed by a diastereoselective 1,4-addition of an isopropenyl cuprate
afforded the cyclopentanone 167 [93]. Finally, an intramolecular iodo
etherification protected the isopropenyl double bond and afforded the bi-
cycle 169.
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Scheme 26 Exploitation of (+)-9,10-dibromocamphor (163) as ex-chiral-pool starting
material

The superfluous C'' carbonyl oxygen atom was removed by carbonyl re-
duction to provide the C'" alcohol 171, subsequent Chugaev elimination (via
172 to 173) and double bond hydrogenation with in situ generated diimide
(Scheme 27) [94]. The isopropenyl double bond was finally re-established by
reductive cleavage of the a-bromo ether unit in 173 to afford the fully func-
tionalized enantiomerically pure A-ring building block (162).

A multi-step reaction sequence was then realized to prepare the precursor
(178) for the pivotal macrocyclization reaction. Alternate stepwise chain
elongations were achieved according to Schemes 28 and 29. Reaction of the
tosylate prepared from the alcohol 162 with lithium acetylide afforded the
alkyne 174 (Scheme 28). Following the introduction of a tosylate at the up-
per branch, a one-carbon chain elongation of the terminal alkyne afforded
the methyl alkynoate 175. A methyl cuprate 1,4-addition was used to con-
struct the tri-substituted C*¥*double bond stereoselectively. For this purpose,
the alkynoate 175 was initially transformed into the Z-configured o,-unsat-
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Scheme 27 Removal of the superfluous C'' carbonyl oxygen atom

urated f-phenylthio-substituted ester 176 by treatment with potassium thio-
phenolate under conditions that left the primary tosylate at the upper
branch untouched [95, 96]. Methyl cuprate 1,4-addition/thiophenolate elimi-
nation proceeded under retention of the double configuration to afford the
Z-configured enoate 177 which was reduced to an allylic alcohol [95, 96].
One carbon chain elongation at the upper branch was realized by tosylate
displacement with cyanide followed by reduction to provide the hydroxy al-
dehyde 178.

Olefination of the Aldehyde 178 using a stabilized Wittig reagent followed
by protecting group chemistry at the lower branch and reduction of the ,-
unsaturated ester afforded the allylic alcohol 179 (Scheme 29). The allylic al-
cohol 179 was then converted into an allylic chloride and the hydroxyl func-
tion at the lower branch was deprotected and subsequently oxidized to pro-
vide the corresponding aldehyde 161 [42]. The aldehyde 161 was treated
with trimethylsilyl cyanide to afford the cyanohydrin that was transformed
into the cyano acetal 180. The decisive intramolecular alkylation was real-
ized by treatment of the cyano acetal 180 with sodium bis(trimethylsi-
lyl)amide. Subsequent treatment of the alkylated cyano acetal 182 with acid
(to 183) and base afforded the bicyclo[9.3.0]tetradecane 184.
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Scheme 28 Stepwise chain elongation toward the macrocycle

Reduction of the C’ ketone afforded the alcohol with the undesired abso-
lute configuration. Nevertheless, Mitsunobu inversion with subsequent re-
duction delivered the desired (3R)-configuration of the allylic alcohol 160
(Scheme 30) [98, 99]. The regioselective epoxidation of the C’/C* double was
achieved by exploiting the directing effect of the allylic hydroxyl group [44].
Protonation of the epoxide (185) followed by ring opening to a tertiary car-
bocation triggered the transannular cyclization event. The positive outcome
of the transannular reaction was made possible by the rigidity of the
11-membered ring and the proximity between the participating functional
groups. Separation of the regioisomers and saponification finally afforded
the two regioisomeric dolastanes ent-129 and 186 in moderate yield. A com-
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Scheme 29 Set-up and realization of the macrocyclization

parison of the optical rotation of the synthetic dolastane (—)-129 and the
natural product (+)-129 isolated from the soft coral Clavularia inflata
proved the absolute configuration of the natural product as depicted in
Fig. 14.
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Scheme 30 Transannular cyclization as key transformation toward ent-129 (Williams
1993)

5
Neodolastane Diterpenes

5.1
Isolation, Structure and Biological Activities

Tropical plants contain an unprecedented richness and abundance of fungal
endophytes [100]. Consequently, the search for new secondary metabolites
of endophytic fungi from tropical plants is very promising. In 2000, Clardy
and coworkers isolated the secondary metabolite guanacastepene A (G,
187) from a culture of the endophytic fungus CR115 (Fig. 17) [101]. The fun-
gus was isolated from a branch of a Daphnopsis amercina tree (Thymelea-
ceae) from the Area de Conservacién Guanacaste in the extreme northwest
of the province of Guanacaste (Costa Rica). Guanacastepene A (187) was the
first characterized member of the family of neodolastane diterpenes. Phylo-
genetic studies suggest that CR 115 is a member of the class basidiomycete
(kingdom fungi, phylum basidiomycota). Endophytic fungi intracellularly
colonize plant host tissues without causing visible adverse effects. Depend-
ing on the participating organisms, the endophytic mycotoxins can protect
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Gg (193)

Fig. 17 Guanacastepenes (187-201) produced by endophytic fungi from Daphnopsis
amercina

the woody plant host against herbivores, nematodes and pathogens. The CR
115 fermentation extract showed moderate antibacterial activity against me-
thicillin-resistant Staphylococcus aureus and vancomycin-resistant Entereo-
coccus faecium as well as moderate antifungal activity against Candida albi-
cans. However, the strong membrane damaging effects of guanacastepene A
(187) on Escherichia coli imp and human red blood cells as well as the poor
activity against Gram-negative bacteria clearly limit the pharmacological po-
tential of guanacastepene A (187) as an antibiotic [102]. Nevertheless, gua-
nacastepenes remain attractive synthetic targets due to the novelty of their
structure and the possibility of yet unexplored biological activities. Signifi-
cantly, the cultured fungus no longer produces guanacastepene A (187). The
structure of guanacastepene A (187) was elucidated by NMR spectroscopy
and X-ray crystallography. Further investigation of extracts from CR 115
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Fig. 17 (continued)
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Fig. 18 Trichoaurantianolide A-D (202-205) from the toadstools Tricholoma aurantium
and T. fracticum (1995)

cultures afforded the 14 other guanacastepenes B-O (G40, 187-201, Fig. 17)
[103].

However, and most notably, the guanacastepenes do not represent the
first reported members of the neodolastane class of diterpenes. In 1995
Steglich and Vidari independently reported the isolation and structural elu-
cidation of the oxidatively rearranged neodolastanes trichoaurantianolides
A-D (202-205) (Steglich: “trichaurantin A”) from the toadstools Tricholoma
aurantium and T. fracticum (order: Agaricales) [104-106] (Fig. 18). The rel-
ative and absolute configuration was proved by an X-ray crystal structure
analysis. Steglich and Vidari also coined the name neodolastane which is
used throughout this review for this class of diterpenes. Trichoaurantiano-
lide A (202) showed moderate antibiotic activity against Bacillus subtilis and
Staphylococcus aureus.

5.2
Completed and Formal Total Syntheses

5.2.1
Danishefsky’s Total Synthesis

The first diastereoselective total synthesis of (f)-guanacastepene A (rac-
187) was published in a series of papers by Danishefsky and co-workers
[107-110]. The tricyclic carbon framework was assembled by interplay of
enolate alkylations and ring-closing carbon/carbon double bond forming re-
actions (Fig. 19). Commercially available cyclopentenone 90 was utilized as
the A-ring precursor.

The assembling of the hydroazulene AB-ring system 210 set out with three
consecutive C/C connecting transformations (Scheme 31). Copper catalysed
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(25 %) HO

EtO
206 207 90

Fig. 19 Retrosynthetic summary of the first (+)-guanacastepene A (rac-187) synthesis by
Danishefsky (2001)

1,4-addition of a Grignard reagent was followed by in situ trapping and isola-
tion of the silyl enol ether 91. Not surprisingly, the alkylation of the enolate
generated from silyl enol ether 91 by treatment with methyl lithium afforded
the desired trans diastereomer 208 exclusively. This two step sequence was
adapted from Piers’ total synthesis of (+)-Crinipellin B, a tetraquinane diter-
pene and was also exploited by Williams for the synthesis of a neodolabellane
diterpene (Scheme 15) [45, 46]. It was originally envisioned to install the sev-
en-membered B-ring by an intramolecular olefination but the corresponding
HWE reaction failed to deliver the desired product [107]. Alternatively, an in-
tramolecular carbonyl 1,2-addition of a vinyl lithium species generated from
208 by iodine lithium exchange afforded the hydroazulene 210 (for related
applications of this cyclization reaction see Schemes 20 and 21). The major
by-product (209) was formed by an acid/base reaction between the vinyl lith-
ium species and the ketone. The tertiary allylic alcohol 210 was then success-
fully converted into the enone 207 by an oxidative allylic transposition [39].
The diastereoselective generation of the quaternary carbon atom C® and
the annulation of the C-ring on the hydroazulene AB-ring system were next
on the agenda. Two sequential alkylations were originally envisioned for this
task (Scheme 32). Unfortunately, though the first alkylation of the enolate of
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Scheme 31 Toward the hydroazulene building block (207)

207 afforded the mono-alkylated product 214, the generation and alkylation
of the enolate 213 could not be accomplished. Nevertheless, the desired al-
kylation product 215 was successfully synthesized by an alternative strategy.
Alkylation of 207 with Eschenmoser’s salt followed by a Cope elimination af-
forded dienone 211 [111]. 1,4-Addition of a vinyl cuprate on the terminal
methylene moiety in the presence of trimethylsilylchloride afforded the silyl
enol ether 212. Treatment of 212 with methyl lithium liberated the lithium
enolate 213 that was methylated in a remarkable yield to afford the desired
enone 215. The (8Si) topicity of the diastereoface-differentiating methylation
can be explained by the axial position of the C'* methyl group which effi-
ciently blocks the Re face of the enolate.

A few functional group transformations were necessary to set the stage
for the Koevenagel condensation of the -keto ester 220 (Scheme 33). Ke-
tone 215 was protected as a 1,3-dioxolane. Regioselective hydroboration of
the terminal exocyclic double bond was then accomplished with 9-BBN and
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Scheme 32 Generation of the quaternary C® by sequential cuprate addition/enolate alkyl-
ation

the resulting primary alcohol was oxidized to the aldehyde 216 using the
Dess-Martin periodinane [42, 112]. The aldehyde 216 was directly converted
into a B-keto ester using the method described by Roskamp [113]. Cleavage
of the ketal protecting group under acidic conditions afforded the f,y-unsat-
urated ketone 218. The attempted Knoevenagel condensation of 218 failed
due to the increased acidity of the a-methylene protons of the f,y-unsaturat-
ed ketone moiety. This problem was elegantly circumvented by the epoxida-
tion of the C'/C'* double bond with mCPBA [via 219] to afford the epoxide
220 as single diastereomer. The (1Si,14Si) topicity of the epoxidation is en-
forced by the angular C'' methyl group which effectively blocks the Re face
of the C'/C'* double bond.
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-

Scheme 33 Preparation of the substrate (220) for an intramolecular Knoevenagel conden-
sation

Treatment of the B-keto ester 220 with sodium ethoxide at elevated tem-
perature triggered off an epoxide ring opening by -elimination that was fol-
lowed by the desired Knoevenagel condensation to afford the tricyclic prod-
uct 206 (Scheme 34). The enone moiety in the intermediate 221 did not show
a propensity for deprotonation and, therefore, the ketone carbonyl function
of the enone moiety was available for a Knoevenagel condensation. The re-
duction of the B-keto ester (206) to the corresponding diol was the next ob-
jective. Treatment of the TES-protected f-keto ester (TES-206) with DIBAH
afforded the diastereomeric diols 222 and 223 in a moderate diastereoselec-
tivity in favour of the undesired diastereomer 222. The diastereomers were
separated and the undesired diastereomer 222 was epimerized to 223 by a
sequence that consists of Mitsunobu inversion and benzoate ester reduction
[98, 99].
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220 ———————»

16. TESOTT, pyridine
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17. DIBAH, CH.Cl,
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222

18. PPhg, DIAD, PhCO,H
THF, -78 °C to rt

19. DIBAH, CH,Cl,
-78°C 10 0 °C (67 %)

Scheme 34 Annulation of the C-ring by a Knoevenagel condensation

The final eight steps of the synthesis were devoted to redox and protect-
ing group chemistry in order to convert the tricyclic diol 223 into (+)-gua-
nacastepene A (rac-187) (Scheme 35). The diol 223 was transformed into the
dienone 224 by two protecting group transformations and a Dess-Martin ox-
idation [42]. The diastereoselective introduction of the C'* hydroxyl group
was realized by a Rubottom oxidation of the silyl enol ether 225 using
dimethyldioxirane (DMDO) as the oxidant [114, 115]. The preferred
(13Re,14Re) topicity of the epoxidation is remarkable because that required
an approach of the DMDO cis to the C'* isopropyl group and the C'" methyl
group. Acylation of the C" hydroxyl group followed by ketal cleavage and
regioselective oxidation of the primary hydroxyl group concluded the first
total synthesis of racemic guanacastepene A (187). The longest linear se-
quence consisted of 27 steps including seven C/C-connecting transforma-
tions. Substrate-induced diastereoselectivity served efficiently to control the
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rac-guancastepene (rac-187) 0

Scheme 35 Final steps toward (+)-guanacastepene (rac-187) (Danishefsky 2002)

relative configuration of newly created chirality centres. The critical quater-
nary chiral carbon atoms C® and C'' were build up by enolate methylation.
Thirteen steps are connected with the introduction and differentiation of the
four oxygen functionalities at C°, C', C'* and C'. No transition metal catal-
ysed or mediated reactions were used for the synthesis.

5.2.2
Snider’s Formal Total Synthesis

The formal total synthesis of racemic guanacastepene (rac-187) from Snider
and co-workers (Fig. 20) was submitted six months later than the completed
synthesis of Danishefsky’s group [116-118]. The shortest sequence devel-
oped by the Snider group utilized the sequential cuprate addition/enolate
alkylation of 2-methylcyclopent-2-enone 90 previously exploited by Piers,
Williams and Danishefsky (Schemes 15 and 31). As outlined in Figs. 19 and
20, the strategies of Danishefsky and Snider are closely related. Both rely on
stepwise annulations to build up the tricyclic ring system. They differ only
in respect to the particular reactions that converted the monocyclic starting
material (90) via bicyclic hydroazulenes (207 vs 227) into the desired tricy-
clic 5-7-6-system (224).
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Fig. 20 Summary of Snider’s formal total synthesis of racemic guanacastepene (rac-187)
(2002)

In contrast to Danishefsky’s synthesis, Snider’s approach to the B-ring of
the hydroazulene AB-ring system is based on transition metal catalysed pro-
cesses (Scheme 36). The enol triflate 230 prepared from the ketone 228 was
subjected to the conditions of an intramolecular Mizoroki-Heck reaction
[119, 120]. Unfortunately, the hydroindene 236 was formed rather then the
desired hydroazulene 227. The migratory insertion requires a coplanar ar-
rangement between the C/C double bond and the C-Pd o-bond in the four-
membered transition state. Therefore, the transition state 234 could be fa-
voured over 235 what would account for the preferred formation of 236 in-
stead of the desired 227 [121]. Alternatively, a sequence of two transition
metal catalysed C/C-connecting transformations was exploited. Murahashi-
type coupling between 230 and vinyl magnesium bromide afforded the tri-
ene 233 [122]. However, the efficiency of this reaction is hampered by the
formation of a significant amount of the reduced diene 232. The triene 233
was then treated with Grubbs metathesis catalyst to afford the desired hy-
droazulene 227 [123-125].
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Scheme 36 Hydroazulene synthesis by transition metal catalysed C/C-bond forming reac-
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233

The 1,3-diene moiety in 227 which included the carbon atoms ct?ict
and C'/C* was oxidized to the 1,4-dihydroxy-2-ene moiety in 238 that was
further exploited to functionalise the A-ring as well as for the annulation
of the C-ring (Scheme 37). The transformation of 227 into 238 was realized
by a diastereoselective epoxidation of 227 to afford a vinyl epoxide (241)
that was subjected to the conditions for a Palladium(0)-catalysed allylic
substitution with the acetate ion [126]. The mechanism and the stereo-
chemical course of the allylic substitution may be explained as depicted in
Scheme 37. Sy2' ring opening of the protonated vinyl epoxide 241 by an
anionic Pd complex proceeded with a (3Si) topicity to the z-allyl Pd com-
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Scheme 37 Pd’-catalysed oxidation of the 1,3-diene moiety of 227

plex 242. Nucleophilic attack of an acetate ion at the carbon atom C’ pro-
ceeded from the Re face and afforded the desired olefin 238. This mecha-
nism accounts for the formation of the diene 239 as major by-product by a
reductive elimination of HPd(OAc)(dppb) from the Pd-carbon o-complex
243.

Two consecutive enolate alkylations were utilized to generate the quater-
nary carbon atom C® (Scheme 38). Alcohol 238 was transformed into the
protected hydroxy enone 244. Regioselective deprotonation at the a-position
of the ketone 244 led to a cross-conjugated enolate that was alkylated with
the allylic iodide 245. The vinyl silyl moiety in 245 represents a masked keto
group [127]. The choice of the TBS protecting group for the hydroxyl group
at C'° of 244 was crucial in order to prevent the deprotonation at the y-posi-
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Scheme 38 Consecutive enolate alkylations to set up the C-ring

tion to the keto function (C'*) what would lead to an extended conjugated
ketone dienolate. The nature of the protecting group for the primary hy-
droxyl group of 245 was also of pivotal importance for the chemoselectivity
of the alkylation reaction. The angular C'® methyl group was finally intro-
duced by the methylation of the enolate 246 to afford the vinyl silane 247.
The already present angular C'” methyl group on C'' blocked efficiently the
Re face and prompted the methyl iodide to approach the enolate 248 from
the Si face.
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The vinyl silane 247 was unmasked to the ketone 250 by epoxidation,
subsequent ring opening of the epoxide with HF in pyridine and concur-
rent cleavage of the THP and TBS protecting group (Scheme 39). The
Stork-Jung annulation was completed through the treatment of the dike-
tone 250 with sodium methoxide to mediate the intramolecular aldol con-
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CH,Cla, 11, 11
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CH.Cl, \/ : O
(64 % from 246) ; Bt‘ ;
247 > Si(CHg)2Ph
TBSO o]
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HO 0 ;
HO
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CHQC|2, 0°Ctort (86 °/o)
224 =

253 (48 %)

O

For

Scheme 39 A Stork-Jung annulation completed the formal total synthesis
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densation affording tricycle 251 [127]. Reduction of the keto function at C’
of 251 to the required hydroxyl function with LiAlH(O¢-Bu); proceeded
with a moderate 4/1 diastereoselectivity in favour of the desired (55)-con-
figured diastereomer. The Danishefsky group had observed an apparently
contradictory result: The structurally related -keto ester 206 was reduced
with a variety of different reducing agents with a 4/1 diastereoselectivity in
favour of the undesired (5R)-configured alcohol 222 (Scheme 34). The 1,3-
diol moiety was then protected and the diastereomeric 1,3-dioxanes 252
and 253 were separated. Finally, oxidation of the hydroxyl function at C'*
of 253 afforded the ketone 224 that can be transformed into guanacaste-
pene A (187) via the sequence of five steps developed by Danishefsky
(Scheme 35).

The linear sequence to the ketone 224 consisted of 18 steps with an overall
yield of 3.8%. In comparison, Danishefsky’s synthesis of the ketone 224 re-
quired 22 steps with an overall yield of 4.9%. Snider’s formal synthesis rested
on eight C/C-connecting transformations. In analogy to Danishefsky’s syn-
thesis, the two quaternary carbon atoms C® and C'' were assembled by eno-
late alkylation chemistry. Both syntheses relied on a convergent approach by
a stepwise annulation of the B- and C-ring on an appropriately functional-
ized A-ring. The syntheses can be distinguished by the method used for the
annulation of the B-ring. Snider’s group utilized “modern” methods (cross-
coupling and olefin metathesis) whereas Danishefsky employed a rather “tra-
ditional” method (carbonyl addition).

5.3
Approaches Toward Guanacastepene

5.3.1
Strategies Based on Metathesis

The olefin metathesis has emerged as a powerful and accepted synthetic
method for the construction of carbo- and heterocycles featuring various
ring sizes [55, 123, 124]. The power of this C/C-connecting transformation
rests on predictability, reliability and simplicity of the metathesis protocol.
Given the fact that guanacastepene A (187) is a polycyclic compound con-
taining two double bonds, it is not surprising that the metathesis has been
exploited by more than one group. The formal total synthesis of guanacaste-
pene A (187) from the Snider laboratory has already been dissected (see
above) [116-118]. Snider was also the first who submitted a communication
concerning the exploitation of an olefin metathesis for the construction of
the B-ring of guanacastepene (187). In the event, diene 233 was treated with
(CysP),CLLRh=CHPh to afford the metathesis product which was further
transformed into the advanced intermediate 224 (Eq. 1):
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Almost a year after Snider had submitted his publication, the Mehta
group presented the first of three papers concerning their approach to the
racemic guanacastepene-like ring system 256 (Eq. 2) [128-130]:

254 255 256

The B-ring was closed by a ring-closing metathesis of the diene 255 catal-
ysed by (Cy;P),Cl,Rh=CHPh [123]. The isopropyl group was introduced by
a cuprate addition to the masked cyclopentadienone 254 and the quaternary
carbon atom C® was assembled by a sequential enolate alkylation. The
C-ring was closed by an intramolecular aldol condensation of a keto alde-
hyde. The quaternary carbon atom C® was also generated by sequential eno-
late alkylations.

The Trauner group utilized an olefin metathesis for the construction of
the A-ring (Eq. 3) [131, 132]:

e

257 258 259 260

§¢

Triene 257 was transformed into the racemic cyclopentenone 258 by a
ring closing metathesis using Grubbs’ N-heterocyclic carbene catalyst (102)
[55].

This approach sets the stage for an enantiotopos-differentiating olefin
metathesis which would allow the enantioselective synthesis of 258. Howev-
er, the realization of such an approach has not yet been successful [132].
The second building block (259) containing the A ring was synthesized
diastereoselectively by a diastereoface-differentiating intramolecular Heck-
Mizoroki reaction of the enantiomerically enriched furan 260 [120].

The Tius group used Grubbs’ N-heterocyclic carbene catalyst (102) for
the ring closing metathesis of the triene 262 (Eq. 4) [55, 133]:
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Br — Brm —> Br (4)

MOMO MOMO
261

This approach is related to Mehta’s in so far as the carbon atoms C and
C'* were connected to afford a desired hydroazulene (Eq. 2). Ensuing ma-
nipulation of functional groups led to the functionalized racemic hydroazu-
lene 263. The cyclopentenone 261 was synthesized from an acyclic precursor
by a Nazarov cyclization [134].

A sophisticated exploitation of a ring closing metathesis strategy was de-
livered by Hanna (Eq. 5) [135]:

264 265

The sequential RCM of the dienyne 264 using Grubbs’ N-heterocyclic car-
bene catalyst (102) afforded the racemic tricyclic ring system of guanacaste-
pene A [55]. Further functionalization of the initial metathesis product pro-
vided the seemingly advanced intermediate 265. The only drawback is that
the synthetic strategy for the dienyne 265 did not consider the angular meth-
yl group at C* in guanacastepene A (187). A triethylsiloxy group is instead
connected to C°. Nevertheless, this RCM strategy could be spectacular pro-
vided that Hanna’s group will establish an efficient access to an appropriately
functionalized (non-racemic) dienyne (CH; instead of OTES in 264).

53.2
Strategies Based on Cycloadditions

Magnus pursued a strategy in which an intramolecular [5+2]-cycloaddition
of the pyrylium ylide 266 afforded the oxygen bridged hydroazulene 267
(Eq. 6) [136, 137]:

—/ . —/ . _pen
o [5+2]  ~ — i~
&) 2 (L) eI, 0
) J 14

266 267 268
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Ether cleavage and further functionalization afforded the intermediate 268.
The [5+2]-cycloaddition provided the hydroazulene 267 with the correct
relative configuration at C® and C’. Tracing back the synthesis of the pyryli-
um ylide 266 leads to the astonishing realization that 2-methyl cyclopent-
2-enone (90) was the original cyclic starting material and that the C* methyl
as well as the C’ isopropyl group were introduced by a sequence of cuprate
addition and enolate alkylation (see Schemes 15, 31 and 36 for compari-
son).

A highly convergent approach was published by Sorensen and coworker
(Eq. 7) [138]:

269
TMSO

—
270 —_— (7)
Sn(CH3)3
H3COLC,
N\
N\

CO,CHg 272 273

Sorensen’s strategy utilized an intramolecular [2+2]-photocycloaddition
of the enone 272 followed by a SmI,-mediated reductive ring opening to af-
ford a tricyclic carbon framework in moderate yield which was further func-
tionalized to the dienone 273. Compound 273 resembled the intermediate
224 of the syntheses from the Danishefsky and the Snider group (Figs. 19
and 20). However, the vinyl stannane 270 has to be modified in order to in-
troduce the isopropyl group at C° of guanacastepene A (187). The substrate
272 for the crucial cycloaddition was synthesized from the three building
blocks 269-271. Key step was a Pd-catalysed Stille coupling to connect vinyl
stannane 270 and a building block generated from the cycloaddition product
between 269 and 271 [51].

5.3.3
Miscellaneous

A B-ring-last-strategy was developed by Lee and coworkers (Eq. 8) [139,
140]:

Br
— .
. §
& C=
—
o \
274 275
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An Sml,-mediated intramolecular ketyl-enone cyclization of the aldehyde
276 afforded the ABC-ring system 277 [141]. The carbon framework of 277
has the correct relative and absolute configuration. However, the C' formyl
group of guanacastepene A (187) is missing and additional functional group
manipulations will be necessary to complete an enantioselective guanacaste-
pene A (187) total synthesis.

A recent approach toward (x)-guanacastepene (rac-187) published by
Kwon in 2003 employed a sequential methyl cuprate 1,4-addition to the en-
one 281 followed by an intramolecular Mukaiyama aldol condensation to
construct the B ring (Eq. 9) [142, 143]:

OH_\W—’ gf‘O» .

/ -0 COgCHg COZCH;;

0 281 282

280 0

This strategy culminated in the synthesis of the racemic tricycle 282 as a
pair of diastereomers that were separated by chromatography. The cyclopen-
tenone 274 served as A-ring building block and the C-ring was synthesized
utilizing a Diels-Alder reaction between 279 and 280 as the key step.

A linear strategy was recently published by Brummond (Eq. 10) [144]:

—
019
o]
o~
274 275 276

The key step employed a rhodium(I)-catalysed allenic Pauson-Khand
reaction to generate the tricyclic ring system 276 from the allenyne 275.
However, all attempts to introduced the missing C® methyl group by a
1,4-addition protocol failed to provide the completed neodolastane frame-
work. Allenyne 275 was synthesized from the enone 274 by a multistep
procedure. The quaternary C> atom was constructed by sequential enolate
alkylations.
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6
Conclusion

This review summarizes the synthetic efforts of about two dozen research
groups toward four structurally related but nevertheless significantly distin-
guished classes of diterpenes over the last 17 years. Consequently, it is very
difficult to draw a general conclusion. We have seen a variety of ingenuous
C/C connecting transformations especially for the synthesis of highly substi-
tuted cyclopentanones and hydroazulenes. Driven by the complexity of the
diterpene structure, fascinating (stepwise) annulations, macrocyclizations,
transannular cyclizations and even the metal-catalysed one-pot generation of
a tricycle from a monocyclic precursor have been designed and executed. The
strengths and weaknesses of the ex-chiral-pool approach can be illustrated
from syntheses presented in this chapter. The application of concepts from
solid phase synthesis and of catalytic asymmetric C/C-bond forming reactions
should further improve the efficiency of synthetic strategies toward dolastanes
and dolabellanes. Further work in this area is undoubtedly worthwhile since
it is foreseeable that new bioactive members of these classes of diterpenes will
be isolated. Once again, synthetic organic chemistry is breaching the gap be-
tween natural product isolation, structural elucidation and the determination
and understanding of biological activities on the molecular level.
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Abstract Numerous biologically active macrocycles, including antibiotic, antifungal, and
antitumor compounds, have been isolated from natural sources. In recent years, the num-
ber of such structures has steadily increased, predominantly by polyketide- and peptide-
derived compounds from various microorganisms. Macrocycles can combine the right
amount of rigidity and flexibility and often exhibit unrivalled activity, thereby deviating
from the current paradigm that medicinally active compounds should be small, nitrogen-
rich heterocycles. Their challenging structures and intriguing activities have motivated
organic chemists to find synthetic access to these compounds. Total synthesis plays a
crucial role in the medicinal chemistry efforts towards macrocycles of already defined ac-
tivity, as well as in the development of new and selective macrocyclization reactions. For
lead discovery purposes, however, isolation or classical total synthesis may lack structur-
al variability or prove to be too time consuming and impractical. A more rapid solution
may be provided by diversity-oriented synthesis (DOS) of natural product-like molecules.
A compromise between total synthesis and combinatorial chemistry, DOS concerns mo-
lecules displaying sufficient molecular complexity to resemble natural products, but fea-
tures a more straightforward synthesis, thus allowing introduction of significant structur-
al diversity. A brief review of flexible macrocyclization strategies and applications of DOS
is given, as well as an overview of contributions to total and diversity-oriented synthesis
of macrocycles from our laboratory.

Keywords Macrocycles - Natural products - Diversity-oriented synthesis -
Multi component reactions

List of Abbreviations

BCL Burkholderia cepacia lipase (Amano PS)

BINAP 2,2'-Bis(diphenylphosphino)-1,1’-binaphthyl

CAL-B Candida antarctica lipase B

DOS Diversity-oriented synthesis

EDCI N-Ethyl-N'-(dimethylaminopropyl)carbodiimide-HCl

FDPP Pentafluorophenyldiphenylphosphinate

HATU O-(7-Azabenzotriazolyl)-N,N,N',N -tetramethyluronium
hexafluorophosphate

MCR Multi component reaction

MiB Multiple Multicomponent Macrocyclization including Bifunctional
Building Blocks

NaHMDS Sodium hexamethyldisilazide

PyBOP (Benzotriazol-1-yloxy)-tripyrrolidinophosphonium
hexafluorophosphate

RCM Ring-closing metathesis

rPLE Recombinant pig liver esterase

TAS-F Tris(dimethylamino)sulfonium difluorotrimethylsilicate

TBS (= TBDMS) tert-Butyldimethylsilyl

U4CR Ugi four component reaction
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1
Introduction

1.1
Natural Product Macrocycles

Natural products continue to play an extremely important role in drug de-
velopment and are overproportionally successful. Together with natural
product derivatives, mimics, and other compounds derived or inspired by
natural products they comprise some 35-40% of all current drugs [1], but at
the same time their proportion in screening efforts constitutes less then 1%.
It was recently estimated that known natural products fit Lipinski’s rule of
five [2] for bioavailability equally well as current trade drugs, which is not
surprising, since they are designed by nature to have a certain biological ef-
fect and are useless if they do not arrive where they are required to go [3].
However, natural products appear to have less nitrogen present and are less
predominant in five- and six-membered rings than synthetic drugs [3].
Thus, natural products commonly contain medium to large ring systems [4].
Macrocycles with varying ring sizes and chemical constitution have been
isolated from a wide variety of natural sources. A possible rationalization for
the relatively high occurrence of macrocycles in nature is the fact that they
constitute an equilibrium between conformational preorganization and flex-
ibility to achieve optimal binding properties to their biological target. In-
deed, many of them show remarkable biological activity ranging from anti-
biotic to antitumor activity and from insecticidal to antifungal properties.
The structural diversity of macrocycles even exceeds the diversity in the cur-
rently known biological activity they display. Common substructural units
may be derived from polyketide and isoprenoid metabolism as well as pep-
tide and carbohydrate biosynthesis. Also, many macrocycles contain 5- or
6-membered heterocycles derived from internal ring closure, e.g., tetrahy-
drofurans or -pyrans from polyketide backbone cyclization or, e.g., oxazoles
or thiazoles from cyclizations involving amino acids originating, e.g., from
the starter units of polyketide biosynthesis. These heterocycles are either
embedded in the macrocycle (e.g., pateamine, madumycin) or positioned in
a side chain (e.g., epothilone B, rhizoxin, see Fig. 1) [4].

Naturally occurring macrocycles are attractive targets for the synthetic
organic community, first of all because of their challenging structures. They
have aided progress in the systematic approach to analyze and synthesize
stereogenic triads by aldol or homoallyl alcohol methods [5, 6].

Second, many macrocycles possess biological activities, that are unrivaled
by more traditional small ring medicinal compounds. This combination of
high activity and especially selectivity gives macrocycles an enormous po-
tential in drug development, which is illustrated by the great importance of
the macrolide antibiotics such as erythromycin or vancomycin for the treat-
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3 Epothilone B 4 Rhizoxin ©OMe

Fig. 1 Naturally occurring oxazole- and thiazole-containing macrocycles

ment of bacterial infections, nystatin as antifungal compound [7], FK506 as
immunosuppressant [8], and recently the epothilones, which are currently
in clinical trials for cancer therapy [9-13]. The reliable and versatile synthet-
ic access to these functionalized macrocycles enables the synthesis of deriva-
tives and thereby lead optimization. Finally, syntheses of these molecules
also help us to gain an understanding of their actions on a molecular and
supramolecular level. Concerning the former, insight can be gathered on
how substitution pattern and stereochemistry affect the overall conforma-
tion of the molecule. In the latter case, information can be obtained about
the way these molecules bind to their cellular targets (usually proteins) and
eventually even the characterization of (new) cellular processes will be pos-
sible.

However, classical total synthesis typically involves long reaction se-
quences and the use of exotic reagents or catalysts. Particularly from the
viewpoint of drug development, these methods are not always practical for
financial and technical reasons, and especially because of the long develop-
ment times. There is a continuous demand for structurally novel lead com-
pounds. In the development of antibiotics in particular, and to a lesser ex-
tent also for antitumor and antifungal agents, resistance is a growing con-
cern. Furthermore, many cellular processes remain to be uncovered that
could be attractive targets in drug development. In this context, Schreiber
introduced the concept of “chemical genetics” [14, 15]: using chemical diver-
sity arising from both nature and modern synthetic chemistry to identify
thus far unknown cellular processes and the proteins and genes involved in
them. In the past few years a lot of progress has been made in this field [16]
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and new cellular processes and biochemical tools to control them continue
to be uncovered [17, 18].

In recent years, developments in high-throughput screening inspired
many pharmaceutical companies to focus and rely on combinatorial chemis-
try, especially massive parallel synthesis, to find new lead structures. The
employed chemistry is often simple and the concept depends on sheer num-
bers for success. The main research areas were heterocyclic and peptide
chemistry, and the resulting structures often lacked complexity and diversi-
ty, and most importantly the chance to utilize the evolutionary advantage of
natural products with their privileged structures.

A reasonable compromise between total synthesis of complex natural
products and the simple but massive synthesis of combinatorial chemistry
is the synthesis of natural product-like molecules [19, 20], giving up a degree
of complexity to gain accessibility and at the same time a high level of diver-
sity by making full use of modern synthetic methods. Doing so is also in ac-
cordance with the lessons to be learned from nature. After all, nature has
been doing combinatorial chemistry for millions of years to achieve the ulti-
mate ligand for a whole variety of receptors [4].

Some basic, repetitive processes, most of an iterative nature, cover a large
part of what we consider the ultimate chemical diversity known from natural
products [4, 21]. Basic biosynthetic pathways of nature include (1) polyke-
tide paths, attaching mostly acetate, malonate, and propionate units in aldol
(Claisen) type reactions, related to the very similar fatty acid and sugar bio-
synthesis; (2) isoprenoid paths from isopentenyl and dimethylallyl diphos-
phate building blocks condensed mostly by Friedel-Crafts-like reactions; (3)
peptide paths using amino acids condensed to form amide bonds; and (4)
sugar condensation to give oligo- and polysaccharides by acetal formation.
The structural diversity achieved by these primarily linear processes is in-
credibly enhanced by subsequent cyclization reactions to give, e.g., (1) aro-
matic or macrocyclic polyketides; (2) terpenoids and steroids; or (3) alka-
loids or cyclopeptides, respectively (Fig. 2).

A third step in diversity enhancement involves post-modification, mostly
by oxidation or reduction, elimination, or side chain attachment.

Another method of nature to boost structural diversity is the mixing of
natural product building blocks derived from any of the major pathways to
form conjugates. Especially sugars are often involved in such processes, e.g.,
polyketide glycosides like erythromycin, steroid glycosides like digitoxin,
and glycopeptides like vancomycin. These four steps of natural diversity en-
hancement are schematically represented in Fig. 2.

The natural antibiotic novobiocin (Fig. 3) is an example of diversity en-
hancement by the combination of building blocks from different pathways,
such as aromatic rings, isoprenoid, amino acid, and sugar components, fin-
ished by post-modification [22].
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Fig. 2 Typical biosynthesis of a complex natural product: (I) iterative oligomerization,
(II) cyclization, (III) combination/conjugation, and/or (IV) (post-)modification
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There are, however, some limitations to this, involving, e.g., limitations of
the metabolism of the organism in question. Where nature can sometimes
do what is very difficult for the organic chemist, the reverse is also true in
some cases, and synthetic organic chemistry may add a level of diversity
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that nature will not easily achieve. In addition, the clinical target of a biolog-
ically active natural product is rarely identical with the natural target. While
targets may coincide, e.g., for Streptomyces-produced antibiotics, an antitu-
mor compound such as epothilone B (see later) from the myxobacterium
Sorangium cellulosum is hardly produced to fight human cancer. Often,
though, targets of such compounds are related to important basic (and high-
ly conserved) cellular processes, such as those involved in cell division, and
they may display activity over a wide variety of organisms. It can therefore
be expected that a slightly modified derivative of the natural product is a
much better ligand for a slightly different receptor than an artificial one
might be. The underlying reason on a molecular level is found in the evolu-
tion and construction of proteins based on domains (see below).

Waldmann recently suggested that natural products are ideal scaffolds for
diversity-oriented synthesis, since they are biologically validated structures,
i.e., they are already the product of nature’s combinatorial chemistry and
have proven their ability to bind to proteins and protein domains [23, 24].
Thus, in the infinite space of chemical diversity, natural products are a good
starting point. The majority of current drugs exert their effect through bind-
ing to a receptor protein. Proteins are built up in a modular fashion and
have evolved through variation and recombination of modules (domains),
which fold in a certain way, more or less independent of the rest of the pro-
tein. Although the total number of proteins in humans is estimated to be ex-
tremely high (100,000-450,000), the number of folding types is estimated to
be 600-8000. The number of sequence families in protein domains is esti-
mated to be 4000-60,000. It is therefore possible that proteins with similar
folding types (though not necessarily functionally related) are inhibited by
the same class of small molecule compounds. Indeed, it has been demon-
strated that derivatives of natural products that bind to a certain receptor
can inhibit a structurally but not functionally related protein selectively [25,
26]. This observation validates the use of natural products as starting point
for diversity-oriented or combinatorial chemistry, even if their native bio-
logical activity is not desired.

Combinatorial chemistry as it has been performed in the 1990s, relying
solely on high numbers, rarely led to the expected success, probably because
the majority of the synthesized compounds were not biologically relevant
[23, 24]. There is a need for sensible starting points, and natural products in
general and macrocycles in particular provide such starting points. In short,
the objective is to achieve a synthesis fast, flexible, and economically feasible
enough to keep it attractive for drug development, while keeping in mind
the lessons learned from nature and making full use of modern methods in
organic chemistry.
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1.2
Macrocyclization Strategies

In the case of macrocycles, even in total synthesis, the most demanding task
may be the selective formation of the large ring. The difficulty resides in the
preferential formation of an intramolecular bond, rather than giving the
competing intermolecular reaction which will result in cyclic or linear oligo-
mers. Unless templates or prefolding aid the intramolecular reaction, statis-
tics and other factors like ring strain are in favor of the undesired oligomer-
ization. Also, equilibrium conditions are normally unsuitable to form disfa-
vored macrocycles, but in special cases they also can be useful (see below,
dynamic library formation). In a combinatorial approach, it becomes in-
creasingly difficult to find a macrocyclization method that is practical and
general enough to work reliably with a wide variety of substrates, functional
groups, and folding preferences. At the same time, other constraints amount,
like demands to minimize steps, avoid protective groups, or problematic re-
agents (e.g., Sn-, Hg-compounds etc.).

1.2.1
Macrolactonization

Since lactones are common in naturally occurring macrocycles [4], macrolac-
tonization (Fig. 4) is an attractive way of ring closure. Many examples have

O\ O\
OH o
\

HO™

Fig. 4 General mechanism macrolactonizaton

been described in the literature, using e.g., Yamaguchi (2,4,6-trichlorobenzoyl
chloride, i-Pr,NEt, DMAP) [27], Keck (DCC, DMAP, DMAP-HCIl) [28], or
Mitsunobu (Ph;P, DEAD) [29] protocols. All three are common and reliable
methods, and can be applied to a wide variety of substrates. An obvious
drawback of this method is the fact that (in principal) all alcohol functionali-
ties other than the one involved in lactone formation should be protected.
An example of the use of a Yamaguchi macrolactonization was presented in a
total synthesis of the microtubule-stabilizing agent laulimalide (Scheme 1)
[27].

In rare cases, lactone formation can also be achieved by nucleophilic dis-
placement with a cesium carboxylate onto an activated leaving group, thus
circumventing the polyol-problem [30]. An alternative to the macrocyclic
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8 (-)-Laulimalide

Scheme 1 a4 2,4,6-trichlorobenzoyl chloride, i-Pr,NEt, THF, then DMAP, benzene, 68%

adaptations of classical esterifications are biocatalytic methods utilizing hy-
drolases in inverse mode. Enzymes have been successfully applied for
macrolactonization [31, 32], and macrolactamizations [33] and acetaliza-
tions (cf. cyclodextrin formation) [34] are also known. A wider applicability
in complex macrocyclizations for the nucleophilic and enzymatic methods
remains to be proven.

1.2.2
Macrolactamization

Although in medicinal chemistry macrolactams are perhaps not as impor-
tant as macrolactones, they still constitute an important class of biologically
active macrocycles, even without counting the significant occurrence of cy-
clopeptides and glycopeptides [4, 33]. Since amines are even better nucle-
ophiles than alcohols, macrolactamization is an obvious means of macrocy-
clization for these compounds. The development of solid phase peptide syn-
thesis has led to the introduction of a variety of highly efficient peptide cou-
pling agents, including HATU, PyBOP, and FDPP. Such reagents have largely
replaced the classical Steglich conditions (DCC/DMAP) and act as activating
and dehydrating agent simultaneously. They have also proved effective in
the synthesis of macrolactams, e.g., in the total synthesis of the cyclopeptide
ceratospongamide [35].

Because of the strong nucleophilicity of the amino group, weak activation
of the carboxylic acid is often sufficient to effect macrocyclization. For ex-
ample, the pentacyclic core of the manzamines was constructed by connec-
tion of a secondary amine and a pentafluorophenyl ester [36].

Oxygen- and sulfur-assisted methods have been described to synthesize
strained macrolactams by ring contraction through attack of the amine on
the intermediate macro(thio)lactone [37].

1.2.3
Ring-Closing Metathesis

The recent enormous development in metathesis catalyst activity and stability
has made ring-closing metathesis (RCM, Fig. 5) one of the most popular
macrocyclization methods [38]. The enormous potential of this method lies in
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Fig. 5 General mechanism ring-closing metathesis (RCM)
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Fig. 6 Commonly used metathesis catalysts

the fact that the RCM-reacting (preferably monosubstituted) carbon-carbon
double bonds are not affected by most reaction conditions and can therefore
be introduced at any desired stage in the synthesis, whereas under RCM condi-
tions most other functionalities are unaffected and macrocycles can be ob-
tained in generally good to excellent yields. Also, the resulting double bond
can be further modified by hydrogenation, dihydroxylation, or other reactions.

The most widely used catalysts for RCM are Grubbs’ ruthenium catalyst 9
and its second generation analogue 10, as well as first and second generation
Hoveyda-Grubbs catalysts 11 and 12 (Fig. 6) [38]. The latter have superior
stability and reactivity, expanding the applicability of the method consider-
ably. Schrock molybdenum catalyst 13 has also been described for macrocy-
clization [38].

RCM can be used not only for five- or six-membered rings, but also for
medium sized rings and macrocycles. After optimization of reaction condi-
tions and catalyst, the product is often obtained in excellent yield and, as
shown in the example below (Smith’s synthesis of salicylhalamide A, 16,
Scheme 2 [39]), even in high E-selectivity.

One disadvantage in some cases (especially with rings larger than ten-
membered) is the lack of control over the stereochemistry of the double

OMe o OPMB OMe O OPMB OH O \fh_/
o

OTBS a TBS

14 g
Scheme 2 g Grubbs’ catalyst, CH,Cl,, 85%, E/Z=10:1
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bond. Fiirstner et al. have reported the use of alkyne metathesis in the syn-
thesis of epothilone A and C to circumvent the lack of E/Z selectivity [40].
The resulting cycloalkyne can subsequently be converted to either the E or
the Z double bond. However, alkyne metathesis is currently not straightfor-
ward.

Another drawback of RCM applies in case of certain substitution patterns
that lead to preferential complexation of the catalyst by substrate functional
groups, thereby rendering it inactive. This may be overcome either by a
more active or different catalyst or by precomplexation of the donor groups,
e.g. with titanium salts [41].

An especially attractive strategy is simultaneous cyclization/cleavage by
RCM [42, 43]. This concept was first introduced by van Maarseveen in the
synthesis of seven-membered lactams [44] and subsequently employed by
many groups. Recently, this strategy was employed in the solid phase synthe-
sis of epothilone A [45, 46] and dysidiolide analogues [47, 48].

1.24
Macroaldolization

Aldol reactions have also been used as a means of macrocyclization in total
synthesis and were quite successful in some cases. However, over a broader
spectrum of substrates, the results are unpredictable at best and yields and
stereochemical outcome vary greatly. The predominant reasons are difficul-
ties in selective enolate formation in multi-carbonyl compounds, competing
and equilibrating retro-aldolizations—especially with polyketides, which of-
ten possess several aldol moieties—and intermolecular instead of intramolec-
ular reaction preference. Whereas most of these drawbacks may be over-
come, substrate-independent stereocontrol plays a crucial role. At least one
new stereocenter is formed during a macroaldolization, and because of the
folding constraints involved, its configuration cannot be adequately predict-
ed. Therefore, this can be useful in special cases but with the current possi-
bilities is not the method of choice for a general diversity-oriented synthesis.

One example of the successful use of a macroaldolization was described
by Danishefsky et al. in their early synthesis of epothilone B [49]. Another
one by us is reported below [50].

1.2.5
Palladium Coupling

The selectivity, functional group tolerance, and mild reaction conditions of
the various Pd’ cross-coupling reactions have made them invaluable tools
for carbon-carbon bond formation. Intramolecular variations to construct
macrocycles have also been described.
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Scheme 3 Macrocylization by intramolecular Stille reaction to protected macrolactin A
by Pattenden

An example is the intramolecular Stille reaction described by Pattenden
in his synthetic studies towards macrolactin A (19, Scheme 3) [51].

Other Pd° cross-coupling reactions such as Heck [52] and Suzuki [53] re-
actions have also been used for macrocyclizations. The main drawback for
Pd° catalyzed macrocylization is the yield, that is often somewhat disap-
pointing if compared with other established methods. Also, the introduction
of the required coupling components (e.g., trialkyltin group, vinylic iodide)
can be difficult in some compounds. In other cases, Pd-catalyzed side reac-
tions such as double bond migration or allylic activation can occur.

1.2.6
Other Methods

Many other reactions have been used to construct macrocycles, and many
are related to specific bond formations and therefore not very widely appli-
cable. Since bisaryl ethers and biphenyl units are relatively common in natu-
rally occurring macrocycles [4] (both units can be found in the important
antibiotic vancomycin, 20, Fig. 7), some approaches to their synthesis will
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20 Vancomycin

Fig. 7 Structure of the clinically used antibiotic vancomycin



Strategies for Total and Diversity-Oriented Synthesis 149

be briefly discussed. Most of these methods are based on SyAr reactions, of-
ten in a biomimetic fashion.

Schreiber proposed the Lipschutz method (oxidative coupling of two
aryl-Cu(I) moieties) to generate a library of biaryl-containing macrocycles
[54]. Biaryl macrocycles were obtained in good to excellent yield where oth-
er methods (Pd° coupling etc.) failed or gave inferior results (Scheme 4).

K@ (i) BuLi, THF O
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Scheme 4 Formation of macrocyclic biaryl bond through oxidation of arylcopper inter-
mediate

Zhu and co-workers used SyAr reactions to create the biaryl ether bond
in their synthesis of cyclopeptide alkaloids [55-57] (Scheme 5). The electro-
phile in this case is an aryl fluoride, often additionally activated by an elec-
tron-withdrawing group such as a nitro group. The necessity of such an ac-
tivation auxiliary obviously has a negative impact on general applicability of
this method.
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Scheme 5 Macrocyclic biaryl ether formation by SyAr reaction in synthetic studies to-
wards RP-66453 (25)

Venkatraman et al. recently reported intramolecular coupling of a phenol
to an aryl chloride complexed to ruthenium [58] (see Scheme 6), a method
employed also in approaches to vancomycin and the similar antibiotic ris-
totecin A [59-61]. The advantage of this method is that no fluorine substitu-
ent is required and no additional activating group had to be introduced and
removed.

Another recent concept is the template-directed synthesis from dynamic
combinatorial libraries. Here, one or several building blocks that are prone
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to reversible (cyclo)oligo- or polymerization are combined in the presence
of a template, which may be a host or guest molecule or ion, so that one of
the possible structures is favored [62, 63]. If the reversible reaction is then
terminated (and the dynamic equilibrium frozen) and the template removed,
the template-induced structure ideally should prevail and can be isolated. A
good example is the synthesis of pseudocyclopeptide lithium receptor. A lin-
ear monomer forms a whole range of cyclic oligomers when exposed to di-
lute acid, but in the presence of lithium ion as template, the cyclotrimer is
strongly favored [64].

1.3
Diversity-Oriented Synthesis

The term diversity-oriented synthesis (DOS) is relatively new and, as men-
tioned above, is usually defined as the synthesis of complex, natural prod-
uct-like molecules using a combinatorial approach and employing the full
palette of modern organic reactions. It may be a subject of discussion what
exactly qualifies a molecule as being “natural product-like” [4], and in most
cases the similarity to an actual natural product seems reciprocal to the
number of synthesized compounds. However, even in less complex cases,
the products may be highly substituted polycyclic structures with defined
stereochemistry, reminiscent of natural products [19, 20]. In these cases, a
moderately complex backbone structure is subsequently modified with a
well-established set of selective reactions to introduce diversity.

In general, DOS demands well-defined, selective reactions that are still
able to introduce a significant degree of complexity and diversity. Multicom-
ponent and tandem processes fit this profile very well [65, 66], and several
groups have used this approach [41, 67-71].

Sharpless et al. recently introduced the term “click chemistry” for the use
of simple (but selective), high-yielding reactions forming mostly carbon-
heteroatom bonds, preferably in aqueous medium, using only easily avail-
able compounds [72]. The authors urge the synthetic community to concen-
trate on the development of new properties rather than new compounds,
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and believe that synthetic chemistry as we know it in modern-day total syn-
thesis is too inefficient for that purpose. This idea follows nature’s principle
that only function or properties are important, not what, e.g., chemists con-
sider an exciting structure. Using a modular approach, diversity can be in-
troduced easier and cheaper, and thus in greater numbers and/or scale.

The basis for the concept is addition of a heteroatom species to olefins to
give, e.g., epoxides or aziridines, which can subsequently be ring-opened.
Other “click chemistry” transformations include nucleophilic substitution of
activated species, addition to (thio)cyanates, 1,3-dipolar cycloadditions, etc.
followed by modification of the scaffold, enabling the creation of libraries
without cumbersome purifications and resynthesis of a lead compound in
large scale for further development. This is certainly an interesting concept,
especially in the context of DOS, although it might be imprudent to ignore
all the merits of modern synthetic chemistry, such as (stereo)selective C-C
coupling reactions. Also, most click chemistry procedures, i.e., simple bulk-
suitable reactions, are derived, developed, and optimized out of our two cen-
turies old coal and petrochemical heritage. The available compounds and
processes only in some cases (e.g., epoxidation) overlap with the much more
oxygen rich chemistry nature uses preferentially. Thus, this approach may
lead into the same trap the number crunching combinatorial chemistry en-
countered: that of low biological significance.

As a consequence, it must be asked if we can learn more from nature than
important structural features for lead compounds. Can we also learn about
the types of chemistries which deliver these compounds [4]? Can we design
a next generation “click chemistry” or iterative or diversity-generating pro-
cesses based on the concepts or reactions of nature rather than only on its
compound leads? In case of the reactions, our petrochemistry-optimized
knowledge often is still limiting such an approach, but the necessary im-
provements to follow nature’s path, especially in catalysis, are encouraging.
At this time, however, it appears easier to learn from nature’s principles,
thereby still applying the established classical, reliable reactions preferential-
ly. Such principles are given in Fig. 2 (see above), and include the synthesis
at spatially defined locations, e.g., cell compartments or membranes. The
synthetic chemists analogue to a cell compartmentalized synthesis is solid
phase-bound chemistry. A second important feature of the first step is the
iterative oligomerization, which allows the production of defined homomers
(e.g., linear oligoprenyl diphosphates like farnesyl diphosphate as sesquiter-
pene precursor) or non-repetitive heteromers (e.g., peptides, polyketides).
The first non-natural example of such a process is Merrifield’s peptide syn-
thesis [73]. However, in contrast to nature, bulk production by iterative pro-
cesses is still problematic [4, 5].

In recent years, the synthesis of all kinds of compounds on solid support
has been the method of choice for DOS, both in industrial and academic lab-
oratories. It is especially valuable when medium to large numbers of com-
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pounds are to be synthesized, the required amount is small, and the need
for synthesis automation is high. In other cases, however, solution phase
chemistry was highly successful, and parallel automated synthesis gains
popularity. Some illustrative examples of both approaches are given below.

1.3.1
Solid Phase Diversity-Oriented Synthesis

Solid phase synthesis has many advantages where library creation is con-
cerned, the most important of which is the possibility of synthesis automa-
tion, providing strictly defined standardized reaction conditions. In the case
of macrocycle synthesis, another advantage is the inherent creation of (pseu-
do-)dilution conditions required for the formation of macrocycles rather
than di- or oligomers. In rigid or low loading resins, functional groups are
generally so far away from each other that the system resembles a very dilute
solution. In more flexible resins, site-site interactions may play a significant
role and can actually be exploited [74]. If the cyclization reaction is connect-
ed to the resin-release reaction, an inherent purification is achieved (selec-
tive release strategy, Fig. 8): In case of a successful macrocyclization, the
product is released, whereas in case of an intermolecular (site-site) reaction
or any other reaction of the free end of the linear precursor, the byproduct
still resides on the polymer. Thus, linear oligomers are not eluted. Cyclic oli-
gomers, however, may be formed to a minor extent.

Solid phase DOS of natural product-like molecules in many cases con-
cerns polycyclic compounds, but macrocycles have also been reported [4].
In some cases, it is difficult to draw a line between DOS and simple derivati-
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Fig. 9 Solid phase DOS of partially "natural product-like" compounds by modification of
a tricyclic scaffold

zation, since many reports feature the binding of a scaffold molecule to solid
support and subsequent modification to create diversity, not unlike the
post-modification approach described below. Usually, however, the modifi-
cations introduce sufficient new properties to fit the DOS definition.

Tan et al. reported the stereoselective synthesis of over two million com-
pounds derived from solid phase-bound tricycle 30 (synthesized from shi-
kimic acid derivative 28 and nitrone 29, Fig. 9) [75, 76]. The aromatic iodide
was modified by Sonogashira reaction with alkynes R'C=CH, followed by
lactone ring opening by amines R°NH, and acylation of the resulting alco-
hols with acids R?*COOH to give compounds 31. Further possibilities of
modification are epoxide opening and acylation of the resulting alcohols.
The term “natural product-like” stressed by the authors, however, can only
relate to the starting material, shikimic acid, and the high functionalization

) . O o7
0 %H
34 Erythromycin A OMe o 35 ABT-773

Fig. 10 Solid phase synthesis of a library of derivatives of third-generation macrolide an-
tibiotics
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density of the product, but neither the products themselves nor the reac-
tions are closely related to natural ones. Thus, this result can be considered
an excellent example of a combined natural product-like and chemistry-
driven DOS.

Another example of solid phase DOS involves post-modification of the
natural product macrolide antibiotic erythromycin (34) [77]. Erythromycin
was first converted to analogue 32 which resembles a third generation mac-
rolide antibiotic with high activity against resistant strains (ABT-773, 35),
but is attached to solid phase-bound amino acids by reductive amination.
Two further reductive amination steps and cleavage from solid support form
a library of compounds of type 33 (Fig. 10).

1.3.2
Solution Phase Diversity-Oriented Synthesis

An important difference between combinatorial or parallel DOS and, for ex-
ample, total synthesis is the high number of synthesized compounds, which
renders conventional purification procedures such as flash chromatography
impractical, at least if they have to be performed after every step. Synthesis
on solid support avoids these problems to some extent if high conversions
can be achieved with excess reagent or selective release strategies (see
above). To do solution phase DOS, selective, high yield reactions or selective
purification processes are required.

Also reactions that rapidly create more diversity are sought after. In re-
cent years, more and more multicomponent reactions (MCRs) have been de-
veloped and combined with modern synthetic methods such as RCM or Pd’
couplings to provide rapid access to complex, natural product-like struc-
tures in solution.

Perhaps the most useful and most widely employed multicomponent re-
action in this context is the Ugi four-component reaction (U4CR and varia-
tions, Fig. 11), where an isonitrile, an aldehyde, an amine, and a carboxylic
acid react to form a single product [65, 66]. The principal product is a di-
peptide or dipeptide derivative and a high degree of diversity can be intro-
duced by substituents (each of the four components can be varied), subse-
quent reactions, or by other reaction paths, which can lead to a vast varia-
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Fig. 11 Putative mechanism of the Ugi four-component reaction
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tion also in the backbone [78]. It provides an interesting basis for DOS of
peptide-based natural product-like compounds. An additional advantage of
this method is the high functional group tolerance, and therefore the possi-
bility of directly modifying these functional groups after the Ugi reaction.

The possibilities of the Ugi reaction increase when it is combined with
other reactions to increase molecular complexity. One example was de-
scribed by Lee et al. and involved an Ugi reaction followed by a spontaneous
intramolecular Diels-Alder reaction between the furan diene and the fuma-
rate double bond [79]. After double amide allylation (KHMDS, allyl bro-
mide), the resulting compound was treated with second generation Grubbs’
catalyst 10, leading to a ring-opening/ring closure reaction and the forma-
tion of 7-5-5-7 polycyclic system 40, which was then desilylated to give 41
(Scheme 7).
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Scheme 7 a MeOH/THE, 48 h, 67%; b KHMDS, allyl bromide, rt, 89%; ¢ metathesis cata-
lyst, CH,Cl,, A, 69%; d HF-py, 95%

Other examples of Ugi reactions combined with RCM have been de-
scribed in the literature. Hebach and Kazmaier reported the synthesis of
conformationally fixed cyclic peptides [70] and Beck and Démling synthe-
sized biaryl-containing natural product-like macrocycles using this method
[41]. The same group also reported combination of Passerini and Horner-
Wadsworth-Emmons reactions to obtain butenolides [67] and another vari-
ation for the combinatorial synthesis of thiazoles [69].

Gdmez-Montano et al. described an Ugi variation where the carboxylic
acid was replaced with an amide [68]. The amide oxygen is nucleophilic en-
ough to effect ring closure to oxazole intermediates 44, which then undergo
aza-Diels-Alder reaction with the double bond of the allylic amine compo-
nent to form oxa-bridged heterocycles 45, which can either be isolated as a
separate class of compounds or converted to pyrrolopyridines 46 by treat-
ment with TFA (Scheme 8).

These examples illustrate the power and flexibility of the Ugi reaction in
combination with additional complexity-generating reactions. These possi-
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Scheme 8 Ugi-type multicomponent synthesis of pyrrolopyridines

bilities were also exploited in efforts in the synthesis of peptoid macrocycles
(see the third main section of this chapter [78]).

DOS seems mainly important for lead identification. Based on the lead
structure, additional structural complexity can be introduced in a direct
manner by generating focused libraries. For the synthesis of complex mole-
cules, total synthesis as it exists today and the development of selective reac-
tions that accompany, it remain of major importance. Even in case of the
successful identification of advanced leads or drug candidates from DOS, an
efficient total synthesis is always required in order to provide sufficient
amounts of a limited set of derivatives for detailed medicinal chemistry
studies up to clinical trials.

Total synthesis of complex (macrocyclic) natural products using fast and
flexible strategies and diversity-oriented synthesis of natural product-like
macrocycles are important research topics in our laboratory. The following
sections describe the total synthesis of epothilone D and epothilone D5 ana-
logues, DOS of cyclopeptide alkaloid analogues, of biaryl ether macrocycles,
and of steroid/peptide hybrid macrocycles, respectively.

2
Classical Synthesis: Epothilones and Derivatives

2.1
Introduction

Epothilones A-E (3, 17, 48-50, Fig. 12) were isolated by Hofle and Reichen-
bach and co-workers from the myxobacterium Sorangium cellulosum [80,
81]. After initial selection for their antifungal activity, the epothilones were
soon shown to possess significant cytotoxicity against mammalian cells,
epothilone B being the most active one [82]. Their mode of action was
shown to be microtubule stabilization in a fashion very similar to that of
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(e} OH O (0] OH O
47 Epothilone A: R'=R?=H 48 Epothilone C: R=H
3 Epothilone B: R'=Me, R?=H 49 Epothilone D: R=Me

50 Epothilone E: R'=H, R2=OH

Fig. 12 Epothilones A-E

paclitaxel (Taxol, 51). However, the epothilones have greater activity than
paclitaxel, and maintain activity against paclitaxel-resistant cell lines. Evi-
dence has been presented that epothilone and paclitaxel binding sites in
tubulin at least partly overlap [82].

The extraordinary biological activity of epothilones has spurred interest
of scientists around the world. Indeed, several epothilones and many deriva-
tives are currently in different phases of clinical trials for the treatment of
various forms of cancer. Also the synthetic community has given a great deal
of attention to these remarkable compounds, probably more than to any
other compound in the last ten years. This is not very surprising, because in
comparison to paclitaxel (which until recently was one of the main success
stories of natural products research), the epothilones have a relatively simple
structure, which allows easier modification, and they display higher in vitro
activity as well as better pharmacokinetic properties.

The first total syntheses of epothilones A and B were published by the
groups of Danishefsky [49] and Nicolaou [83] only shortly after publication
of the absolute stereochemistry of the natural products. Various other (for-
mal) total syntheses followed, in which many different approaches and reac-
tion types were used. Also, a variety of analogues was synthesized and even
libraries were created [9, 84]. Several reviews on the properties and synthesis
of epothilones and derivatives have been published [9-13].

2.2
Retrosynthesis

Figure 13 outlines our retrosynthetic analysis of epothilone D (49). Since
epoxidation of epothilone D to give epothilone B (3) is the last step in all to-
tal syntheses of the latter, this is considered to be trivial. Furthermore,
epothilone D shows a lower non-specific toxicity relative to its antimitotic
properties.
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Fig. 13 Retrosynthetic analysis of epothilone D by Wessjohann et al. [13]

The first three retrosynthetic cleavages are formation of the C7-C8 aldol
by intramolecular chromium-Reformatsky reaction of linear precursor 51,
esterification between northern and southern half building blocks and Wit-
tig reaction of phosphonium salt 52 known from Mulzer’s work [85] and
northern half precursor 53. The final disconnections were placed at the C2-
C3 aldol in 51 (again to be formed by chromium-Reformatsky reaction, here
between bromoacetimide 56 and aldehyde 57) and the C14-C15 bond by al-
kylation of acetoacetate 54 with neryl bromide 55.

23
Synthesis

23.1
Northern Half Synthesis

Synthesis of northern half building block 53 (Scheme 9) commenced with
the acetoxylation of commercially available tert-butyl acetoacetate to 54 by
bromination and in situ displacement of the bromide by acetate. Deprotona-
tion with NaH and alkylation with neryl bromide (55) afforded 58 in excel-
lent yield. Catalytic SeO, oxidation led to selective oxidation of the terminal
E-methyl group and gave 59 in 45% yield. Since the remainder is mainly un-
reacted starting material, this can be re-used. Reduction of the C8-C9 double

o o o o o Z | o Z
PPN a b X df oTBS
oy oBu _

OAc AcO CO,Bu OR

Ly 61: R=Ac
s o s Loeanon
h 53: R = (R)-C(O)CH(OMe)Ph

Scheme 9 a Br,, NaOAc, DMF, 64%; b NaH, neryl bromide, DMF, 96%; c¢ cat. SeO,,
t-BuOOH, CH,Cl,, 45%; d 100 bar H,, cat. Ru[(S)-BINAP](OAc),, MeOH/H,O, 89%
(85:8R=81:19); e TFA, CH,Cl,, 1 h, 75%; f TBSCl, Et;N, cat. DMAP, CH,Cl,, 80%;
g K,CO3, MeOH, 97%; h (R)-a-methoxyphenylacetic acid, EDCI, cat. DMAP, CH,Cl,, 80%
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bond by enantioselective catalytic hydrogenation with Ru[(S)-BINAP](OAc),
furnished primary alcohol 60 (not shown, 89% yield, 85:8R=81:19). Decar-
boxylation by TFA treatment and subsequent TBS protection of the primary
alcohol led to 61 with racemic C15 stereocenter. After acetate cleavage, the
C15 alcohol was re-esterified with (R)-a-methoxyphenylacetic acid, allowing
separation of diastereomers of 53 [87].

With the correct C15 stereochemistry established, Wittig reaction of 53
with known phosphonium salt 52 followed by saponification completed the
synthesis of northern half building block 64 (Scheme 10) [50].

mOTBS a MOTBS j\)\))v)\/oms
Propenyl acetate
Organic solvent
S ipases (CAL -8, BCL) oms & |

61a

0TBS

! A 65 (R = Ac)
Epimerization H b [:64 (R=H)
with EtsN Slow splmsnzanun
Propenyl acetate
o z oteS Organic solvent oTBS
Esterase (rPLE)
OH 62b H0 61b

Scheme 10 a Northern half precursor 64 by chemical resolution: a 52; NaHMDS, THE,
—63 °C, 96%, chromatogr. sepn.; b K,CO3, MeOH, 72%; b Northern half precursor 64 by
enzymatic resolution: a 52; NaHMDS, THE, —63 °C, 97%; b K,CO3, MeOH

Alternatively, enzymatic resolution of 61 by hydrolysis or of 62 by enzy-
matic esterification could be achieved with >99% ee and enantioselectivities
of E>200, e.g. hydrolysis with common lipases like CAL-B or BCL (Amano
PS) [86-88]. Wittig reaction and deprotection led to 64. Enzymatic resolu-
tion is also possible at the stage of C15-racemic 65 [86-88].

Thus, racemic 62 can be resolved enzymatically to give either C15 diaste-
reomer of 61, simply by using the appropriate enzyme. Because it was ob-
served that the C15 stereocenter of 62 epimerizes faster in the presence of
base [87, 88] (e.g., Et;N) than that of 61, even an enantioconvergent process
is possible, where 62a and 62b are in constant equilibrium, but only 62a is
converted to the corresponding acetate. Enantiomerically pure 61a is then
readily converted to 64.
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23.2
Southern Half Synthesis

The next task was to form the C2-C3 aldol bond stereoselectively. However,
asymmetric coupling of acetate derivatives to aldehydes is often accompa-
nied by poor S-induction [89]. Moreover, the C3-C4 bond is particularly
sensitive to retro-aldol reaction, especially under basic conditions. In the
natural products, this was observed to be the main decomposition reaction.
The first total syntheses of epothilones circumvented this problem by con-
structing this part of the molecule in an indirect manner, e.g., by using re-
duced forms at C1 or C5. We decided to employ our chromium-Reformatsky
methodology, which avoids these problems and allows the direct use of re-
agents in the correct oxidation state. The non-basic reaction conditions, the
intermediacy of a chromium(III) aldolate that is resistant to retro-aldol reac-
tion, and the potential of a direct asymmetric carboxymethyl (“acetate”)
transfer favor the use of this method [90].

Thus, aldol 66 was obtained from Evans’ amide 56 and aldehyde 57 in
76% yield and 84% de [91, 92]. After TBS protection of the free alcohol and
cleavage of the chiral auxiliary (LiOH, H,0,, THF/H,0), the resulting free
acid was to be brominated at C6 to provide the a-bromoketone required for
chromium-Reformatsky coupling to northern half building block 64. After
evaluation of many different brominating agents, phenyltrimethylammoni-
um tribromide proved to be the reagent of choice for the selective bromina-
tion at C6, affording 68 almost quantitatively (Scheme 11).

“)%1/\
O O
57 =
a c,d Br
- . N
~—Ph HO

{ \\s O OR O
N © ° OTBSO
Br
\n/\ o
o O

66:R=H
b [,.67°R=T8BS

56

Scheme 11 a 2.2 equiv. CrCl,, 0.1 equiv. Lil, THF, 63% (84% de); b TBSOT, 2,6-1utidine,
CH,Cl,, 93%; ¢ LiOH, H,0,, THF/H,0, 90%; d PhNMe;Br;, THF, 98%

233
Macrocyclization and Completion of the Synthesis

Several macrocyclization methods were pursued, including macrolactoniza-
tion and the construction of the C2-C3 bond, but it proved most efficient
to form the epothilone macrocycle through formation of the C6-C7 aldol
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Scheme 12 a EDCI, DMAP, CH,Cl,, 80%; b CSA, CH,Cl,/MeOH, 91%; ¢ Py-S0;, Et;N,
DMSO, CH,Cl,, 88%; d 2.2 equiv. CrCl,, 0.1 equiv. Lil, THF, 29%; e TFA, CH,Cl,, 79%

(Scheme 12). For this purpose, acid 68 was esterified with alcohol 64 to give
the linear epothilone precursor 69. After selective deprotection of the prima-
ry TBS ether (CSA, CH,Cl,/MeOH) and oxidation, precursor 51 (Fig. 13),
suitable for ring-closing chromium-Reformatsky reaction, was obtained. Af-
ter treatment of 51 with CrCl, and Lil in THE, the desired 6R,7S isomer was
obtained exclusively, whereas the diastereomeric precursor with the incor-
rect stereochemistry at C8 did not cyclize with the same efficiency, rate and
selectivity.

Final deprotection of the C3 alcohol then afforded epothilone D (49)
(Scheme 12). The synthetic product was shown to be identical to the natural
material in all respects.

Alternatively, a macrolactonization route can be followed, where forma-
tion of the C6-C7 aldol by chromium-Reformatsky and esterification are in-
terchanged. However, this route is longer and less selective in formation of
the C6 and C7 stereocenters, giving both syn products [50, 86-88].

234
Synthesis of Epothilone D5 Analogues

Recently, Hofle and Reichenbach also described the isolation of some further
components of the epothilone family [93]. One of these was epothilone Ds
(Fig. 14), which differs from epothilone D by the presence of an additional
unsaturation between C8 and C9. Since this double bond is inherent to our
synthesis of epothilone D, we also decided to pursue the total synthesis of
epothilone D5 and its diastereomers.

(6] OH O
Epothilone D5 (70)

Fig. 14 Structure of epothilone Ds
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Synthesis of the northern half building block 64 was the same up to com-
pound 59. Its asymmetric hydrogenation was omitted, and the subsequent
steps were performed in analogy to those of the synthesis of the northern
half of epothilone D (Scheme 13).
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Scheme 13 a TFA; b TBSCI, Et;N, cat. DMAP; ¢ K,COs;, MeOH; d (R)-o-methoxypheny-
lacetic acid, EDCI, DMAP; e 52, NaHMDS, -78 °C; fK,CO;, MeOH

The southern half of epothilone Ds is identical to that of epothilone D,
and was coupled to northern half alcohol 77 in moderate yield, presumably
because of a competing intramolecular cyclization of 68. Selective cleavage
of the primary TBS ether, followed by Doering oxidation, smoothly provided
the cyclization precursor. Intramolecular chromium-Reformatsky reaction
led to the formation of a single macrocyclic product in a similar yield as for
the saturated counterpart. The final TBS deprotection proved troublesome.
Many fluoride-based methods (TBAF, AcOH/TBAF, Py-HF, TAS-F) failed or
led to decomposition, whereas acidic cleavage with TFA in CH,Cl, led to re-
arrangement of the allylic C7 alcohol and formation of 80. Finally, treat-
ment of 78 with HF in acetonitrile smoothly cleaved the C3 TBS ether
(Scheme 14). However, the isolated product 79 was not identical to natural
epothilone Ds. The sharp contrast with the epothilone D case is currently
the subject of investigation.

7 ~
N oTBS
7 77 a-d
oH o+ o
HO
O ores?
8

Scheme 14 a EDCI, cat. DMAP; b CSA; ¢ Py-SOs;, Et;N, DMSO; d 2.2 equiv. CrCl,, 0.1
equiv. Lil; e 40% aq. HF; f TFA
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In order to overcome the problem, the inverse strategy was followed.
Chromium-Reformatsky reaction between 76-derived C8 aldehyde and a
68-derived ester afforded all four possible C6,C7-diastereomers, which can
be independently processed to epothilone Ds diastereomers (including the
natural one) by the macrolactonization route.

24
Conclusion

We have reported one of the shortest total syntheses of epothilone D so far.
A large moiety of the 16-membered macrocycle is derived from the easily
available isoprenoid nerol. Only four C-C bond formations and three protec-
tive groups are required. Only one step requires the use of a (recoverable)
chiral auxiliary. The other stereocenters are constructed by catalytic hydro-
genation (C8), resolution (C15), and induction (C6, C7). In particular the
northern half synthesis is well suited for large-scale preparation because of
the combination of cheap reagents and catalytic processes. Using essentially
the same method, a number of epothilone D5 analogues were synthesized.

3
Rapid Synthesis of Peptoid Macrocycles by Multi Component Reactions

In rapid, diversity-oriented synthesis of natural product-like compounds,
multicomponent reactions have enormous potential. The Ugi four-compo-
nent reaction (U4CR) belongs to the most widely used ones because of mild
reaction conditions, a high variability of the four components, and the fact
that the dipeptide(-like) product is a common structural motif in many nat-
ural products. Several groups have demonstrated the use of the U4CR in the
synthesis of macrocyclic or polycyclic molecules, mostly combining the
multicomponent reaction with a subsequent cyclization reaction, compara-
ble to nature’s modular strategy followed by cyclization. However, multi-
component reactions themselves also offer ample possibilities for (macro)
cyclizations. This approach requires at least one bifunctionalized building
block. However, in most cases, more bifunctional building blocks will be
employed, and such reactions will be referred to as Multiple Multicompo-
nent Macrocyclizations including Bifunctional Building Blocks (MMMiBBBs,
M?’B’s, or MiBs) [78]. There are many possibilities to achieve such reactions,
depending not only on the type and number of MCRs and the number of
components involved, but also on the directionality of the formed bonds.
For simplicity reasons, the U4CR will be the only MCR discussed in the fol-
lowing. Macrocyclization through a single Ugi reaction requires only three
components, one of which is an asymmetrically bifunctionalized building
block (see Fig. 15).
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Fig. 15 An example of a mono-Ugi macrocyclization
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Fig. 16 An example of a unidirectional MiB

In case of macrocyclization through two or more MCRs, the resulting
macrocycle may be uni- or bidirectional, i.e., the resulting dipeptide moi-
eties (N- to C-terminal direction) run in the same (parallel) or in opposite
(counter) direction, respectively. Figure 16 shows an example of a unidirec-
tional MiB (the isonitrile and amine function are too far apart for intramo-
lecular reaction, and thus, a double U4CR results).

An alternative strategy employs bifunctionalized building blocks with the
same functionality on either side, leading to a bidirectional macrocycle. The
main advantage of this method with respect to the unidirectional reaction is
the more straightforward bifunctional building block synthesis. Since only
one type of functional group is required on each building block, problems
with functional group incompatibility are avoided.

The major problem of these strategies is the competing (cyclizing)
oligomerization and polymerization that may occur in competition with the
desired double Ugi macrocyclization. Such side reactions can be hard to
control. Possible solutions are extreme dilution or pseudo-dilution condi-
tions by slow addition of a component, solid phase pseudo-dilution (see
above) or the use of a template that pre-organizes the dimeric structure,
thus making it the lower energy product. A third possibility is the use of rel-
atively rigid bifunctional building blocks that favor a structural pre-organi-
zation that leads preferentially to the desired macrocycle, such as steroid-de-
rived building blocks (see below).

As shown in Fig. 17, multiple Ugi macrocyclizations using bifunctional
isonitriles (MUMBIs) are an interesting form of MiBs, offering many possi-
bilities for macrocyclization and structural variation.

A number of different products may be formed, depending on the symme-
try of the bifunctionalized building blocks. When at least one of the bifunc-
tionalized building blocks is symmetrical, only one structural isomer of the
macrocycle is formed. When both are unsymmetrical, head-to-head and head-
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Fig. 17 Bidirectional double Ugi macrocyclizations (left: diisonitrile/diamine; right: di-
isonitrile/diacid)

to-tail isomers are possible. The number of possible products increases fur-
ther when one (or both) of the bifunctionalized building blocks contain two
different functionalities (see below). A detailed analysis is given in ref. [78].

3.1
Synthesis of Cyclopeptide Alkaloids

3.1.1
Introduction

The cyclopeptide alkaloids are a family of 13- to 15-membered macrocycles
isolated from different plant sources. They display a variety of interesting bi-
ological activities, including antibacterial, insecticidal and sedative proper-
ties. The most striking structural features are the macrocyclic aryl ether
and, in many derivatives an enamide moiety. Most of the naturally occurring
cyclopeptide alkaloids (including the sanjoinines, condaline A, frangulanine,
and integerrine) are of type 81 (Fig. 18). The paracyclophane ring structure
is probably derived from an oxidatively decarboxylated tyrosine residue. R’
is an amino acid side chain, R? is usually an N-alkylated mono- or dipeptide,
and R? is the rest of the side chain of the B-oxidized amino acid that forms
the aryl ether. In some cases, R* and R’ together form an oxidized proline

OMe

Fig. 18 Cyclopeptide alkaloids
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residue. Some cyclopeptide alkaloids such as the paliurines share basic
structure 83, having a 13-membered metacyclophane, where R’, R? and R’
are similar to those of the 14-membered cyclopeptide alkaloids [4].

A multicomponent reaction/cyclization strategy was employed to synthe-
size simplified cyclopeptide alkaloid analogues 82. The enamide double
bond found in many natural derivatives is missing, but biologically active
cyclopeptide alkaloids with a hydrated enamide double bond (like sanjoi-
nine G1 [55, 56]) are known. The synthesis is considerably simplified by
omitting this unsaturation, obviously not required for biological activity.

3.1.2
Synthetic Concept

The obvious disconnection in cyclopeptide alkaloids and indeed the strategy
employed in most total syntheses of this type of compound is the formation
of the aryl ether bond. Many groups chose to form the macrocyclic aryl
ether by SyAr reaction. We decided to follow the inverse strategy, i.e., dis-
placement of an allylic leaving group by a phenolate. In case of the natural
cyclopeptide alkaloids, this would involve activation of -hydroxy-a-amino
acids, which is likely to be accompanied by extensive elimination. Elimina-
tion is not possible when a-methylene-3-hydroxy acids are used. Addition-
ally, the double bond activates the leaving group and provides a handle for a
possible later side chain attachment.

The linear macrocycle precursor 84 is formed in one step by Ugi reaction
between tyrosamine-derived isonitrile 85, o-methylene acids 86, and simple
aldehydes and amines (route A). This synthesis plan combines the genera-
tion of significant molecular complexity with a short synthetic sequence and
several possibilities for variation.

The alternative route (B, Fig. 19) features isocyano acid 87 and subse-
quent ring-closing Ugi reaction. However, early studies showed that the 14-

<> —<:>j o)\
3 2O A HO NC
R —: > o) _ 85

o Q
NH X NH X + )
N R NR? RGJ\H/COOH R*NH,
R2  R' g R ,
o 84 86 R'CHO
B
O
R3 o
cN
OH
87 +

R®NH,  R'CHO

Fig. 19 Retrosynthesis of cyclopeptide alkaloid analogues
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membered structures 82 were not formed (probably because of severe ring
strain in the product and intermediate 13-membered paracyclophane), and
the 28-membered double Ugi macrocycle seemed the main product. Also,
the required isocyano acids 87 are difficult to synthesize and proved to be
instable, which renders them useless for an automated approach.

3.1.3
Synthesis

The four components required for the key Ugi reaction are simple aldehydes
and amines such as isopropylamine and isobutyraldehyde, isonitrile 85 and
o-(bromomethyl)acrylic acid and derivatives (86). Isonitrile 85 was synthe-
sized from tyrosamine in three straightforward steps [94].
a-Methylene--hydroxy acids can be synthesized by the Baylis-Hillman
reaction (Fig. 20) from acrylates and aldehydes. The Baylis-Hillman reaction
affords a-methylene-f3-hydroxy acids that are not readily synthesized by
other methods in a single step under mild conditions. The main drawback
of this reaction are the generally low reaction rates and therefore long reac-
tion times. However, faster and stereoselective methods are under develop-
ment [95, 96]. The hydroxy group is converted to a leaving group, e.g., by
tosylation. Alternatively, a-(bromomethyl)acrylic acid can be employed.

o]
RCHO
ﬁ X cat. base R )W‘)J\ X
B ’
RCHO /ﬁ)k /E)k

Fig. 20 Baylis-Hillman reaction

O\
NC
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e
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Br O O NH
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YJ\OH N 4<

88 )\ 90
Scheme 15 a i-PrNH,, i-PrCHO, MeOH, 67%j; b 0.6 mmol/l, K,COs3, cat. 18-crown-6, ace-
tone, 96%
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Table 1 Cyclopeptide alkaloid library using 85 and 88

Compound R! R?

90 i-Pr i-Pr o

91 i-Pr CHCH,C(CHs,), ‘©_>
92 Ph H o Q NH
93 Ph i-Pr §/ ’\NI
95 Ph i-Bu

9 CH,Ph i-Pr

When the R group in the Baylis-Hillman products is not H, a problem
might arise in the allylic ring-closing etherification (direct vs allylic attack of
the phenolate), leading to mixtures of regio-isomers. Therefore, in an initial
study we used parent acid 88 to avoid these problems (Scheme 15).

Ugi reaction of acid 88 with isonitrile 85, isobutyraldehyde and isopropyl-
amine furnished dipeptide 89 in 67% yield. Similar Ugi reactions with other
components afforded linear cyclization precursors in yields up to 98%. The
final macrocyclization was not straightforward (no similar reactions were
described in literature), but after optimization of the reaction conditions
(varying base, solvent, concentration and reaction time) cyclopeptide alka-
loid analogue 90 was obtained in 96% yield after treatment with K,CO; and
catalytic 18-crown-6 in acetone.

Interestingly, even ammonia could be successfully employed in the Ugi re-
action, thus giving the parent cyclopeptides without additional protection/
deprotection.

Cyclopeptide alkaloids 91-96 were synthesized in analogy to 90 (Table 1).
Isonitrile derivatives of 85 could be used in the same way.

3.14
Conclusion

Synthesis of cyclopeptide alkaloid analogues of type 82 was achieved in a
short synthetic route. Based on the building blocks, only two to three steps
(Ugi reaction, macrocyclization and sometimes activation or deprotection
or post-modification) can deliver libraries of strained ansa-macrocycles us-
ing a multicomponent/macroetherification strategy. Even if the synthesis of
building blocks is included, the longest linear sequence comprises only six
or less steps. The method allows variation in each of the four components of
the key Ugi reaction as well as post-macrocyclization modification, e.g., by
Michael addition to the o,B-unsaturated amide functionality. In summary,
high diversity can be introduced in complex molecules strongly resembling
natural products in few synthetic steps.
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3.2
Biaryl Ether Macrocycles

3.2.1
Introduction

Several biologically active naturally occurring macrocycles contain biaryl
ether moieties, the most prominent representative of this class being the
(former) “last line” antibiotic vancomycin (20, see also above) [4]. The phar-
macological function of these domains is poorly understood, but it is clear
that they have a pronounced influence on the overall conformation of the
macrocycle. Because of our interest in both macrocycles and multicompo-
nent reactions and recent success in employing MCRs in the synthesis of cy-
clopeptide alkaloid analogues, we decided to use an MCR strategy in con-
structing small libraries of biaryl ether macrocycles.

3.2.2
Synthesis

Key components for the synthesis of biaryl ether macrocycles were diisoni-
triles 98 and 101. The former was synthesized in two steps (61% yield) from
commercially available diamine 97 by bisformamide formation and subse-
quent dehydration with phosphorus oxychloride (Scheme 16). Starting ma-

(0] O.
HoN NH, CN NC
97 98

HO. o) 0]
X
NH, 05N 100 H o) CN N

a9 101 N

Scheme 16 a Ethyl formate, A; b POCl;, Et;N, THE, 62% over two steps for 98, 78% for
101; ¢ p-fluoronitrobenzene, K,CO;, DMF, 61% over two steps; d H,, Raney nickel,
MeOH, 97%

terial for the synthesis of 101 was tyramine (99), which was converted to the
corresponding formamide and subsequently coupled with p-fluoronitroben-
zene to give 100. Reduction of the nitro group (H,, Raney nickel) followed
by the formamide formation/dehydration sequence then afforded diisoni-
trile 101 in good yield.

Diisonitriles 98 and 101 were subsequently employed in a double Ugi
macrocyclization reaction under pseudo-dilution conditions, where the di-
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isonitrile is added to the reaction mixture via syringe pump over several
days. Thus, diisonitrile 98 was reacted with diacids (oxalic acid, succinic
acid, and glutaric acid) and isobutyraldehyde and isopropylamine
(Scheme 17). In these cases, however, none of the expected macrocycles were
isolated and the linear Ugi products 102a-c were the main products. A pos-
sible cause for this observation is the rigidity of the aromate-conjugated
amide bonds. When longer-chain diacids were used (octanedioic acid, dode-
canedioic acid), the expected macrocycles 103a and 103b were isolated in
moderate yield. Similarly, when 98 was reacted with 1,8-diaminooctane,
isobutyraldehyde and acetic acid, macrocycle 104 was isolated in 30% yield
(Scheme 17).

For unsymmetrical diisonitrile 101, reaction with both glutaric acid and
octanedioic acid, and isobutyraldehyde and isopropylamine afforded macro-
cycle 105a and 105b, respectively, in reasonable yield. Reaction of 101 with
1,6-diaminohexane, acetic acid and isobutyraldehyde yielded 106 in a very
acceptable 51% yield (Scheme 18).

It was then demonstrated that the mixed aromatic and aliphatic isonitrile
in 101 displays a differential reactivity at both ends. Ugi reaction of 101 with
isopropylamine, isobutyraldehyde, and acetic acid yields the mono-Ugi
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product (with unreacted aromatic isonitrile or Passerini-product at the other
end) unless more stringent conditions force a twofold Ugi-4CR to occur.

3.23
Conclusion

The described synthesis illustrates that MCRs are not only a means of intro-
ducing structural diversity, but can also effect macrocyclization [78]. Such
macrocyclizations, using a multiple MCR-DOS had not been previously re-
ported in the literature. This strategy allows the fast and efficient construc-
tion of macrocycles of various sizes, simultaneously introducing a high de-
gree of diversity by variation of the components.

33
Synthesis of Steroid-Derived Macrocycles

3.3.1
Introduction

Encouraged by the success of MUMBIs to synthesize biaryl ether macrocy-
cles, we endeavored to combine this methodology with experience in steroid
synthesis to obtain very large macrocycles with both peptide and steroid
moieties (Fig. 21). These molecules bear no direct resemblance to any
known natural products, but they do display a high degree of structural
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Fig. 21 Concept towards steroid-derived macrocycles via Mibs.
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complexity. Moreover, the fact that, to the best of our knowledge, no pep-
tide/steroid hybrid macrocycles are known from nature does not evidence
that they will lack biologically relevant properties, but rather that a combi-
nation of metabolic pathways leading to these compounds has not been de-
veloped during evolution, for whatever reason.

The size of these macrocycles and their cage-like structure renders them
suitable to serve as host molecules or artificial receptors for small mole-
cules, in addition to having possible biological activity.

3.3.2
Synthetic Concept

The ring-closing reaction in this case is a double or fourfold Ugi reaction
featuring at least two bifunctionalized building blocks (e.g., steroid-derived)
[78]. Because the steroid skeleton is large and often umbrella-shaped, a
single dipeptide formed in one Ugi reaction is not long enough to span the
distance between a steroids A- and D-ring functional groups, in cases where
two different functional groups are present on one steroid building block.

The steroid may be bifunctionalized with any of the functional groups
participating in the Ugi reaction, i.e., isonitrile, amine, aldehyde (ketone),
and carboxylic acid, and having two different functionalities on one steroid
building block even increases the possibilities.

333
Synthesis

A variety of bifunctionalized steroid building blocks were synthesized from
the cheap, commercially available lithocholic acid (107, see Fig. 22).

Diacid 108, diamine 109, and diisonitrile 110 were all successfully used in
double or fourfold Ugi macrocyclization reactions [78, 97].

The first successful attempt involved diisonitrile 110. Ugi reaction of 110
with succinic acid, isopropylamine, and isobutyraldehyde led to the forma-
tion of macrocycle 111 (Scheme 19) and its head-to-head coupled isomer
112 (not shown). All of the obtained disteroid macrocycles were mixtures of
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Scheme 19

head-head (H-H) and head-tail (H-T) coupling. For simplicity reasons, only
the head-tail isomers will be shown.

Interestingly, the smaller macrocycle 113 was not detected. Even though
the succinate-bridged double dipeptide should be long enough to span the
distance between the two functionalities on the steroid, a macrocycle like
113 would be quite strained. The bulky isopropyl groups might cause signif-
icant steric hindrance too. Additionally, formation of the smaller macrocycle
would require at least one energetically disfavored cis amide bond.
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A similar experiment using a diamine (ethylenediamine) as the bridging
agent instead of a diacid, in combination with isobutyraldehyde and acetic
acid, led to the isolation of macrocycle 114 (Scheme 20).

114 (H-T)

Scheme 20

In addition to this fourfold Ugi macrocyclization using two equivalents of
one bifunctionalized steroid building block and another (simpler) bifunc-
tionalized building block, two different steroid building blocks can be com-
bined to form a macrocycle in a combined Ugi 5-CR/Ugi 4-CR. For example,
diacid 108 and diisonitrile 110, generated by condensation of a steroidal
keto-acid with o-(carboxymethyl)-hydroxylamine, react with isobutyralde-
hyde and isopropylamine to form macrocycle 115 (Scheme 21).

O NH, o

)
PN

Scheme 21

Similarly, reaction of diisonitrile 110 and diamine 109 with isobutyralde-
hyde and acetic acid affords 116 in a double U4CR (Scheme 22).

In all of the cases described above, characterization of the product
macrocycles was complicated by the presence of up to two diastereomers
per U4CR. Induction of stereochemistry is typically low in Ugi reactions,
and the formation of four new stereocenters in 114, for example, probably
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leads to generation of all 16 possible stereoisomers (in addition to the possi-
ble structural isomers!). The use of (para)formaldehyde as aldehyde compo-
nent in the Ugi reaction does avoid the formation of new stereocenters.
Macrocycles 117-121 (Scheme 23) were prepared in analogy to the reactions

12173%

Scheme 23

above, using paraformaldehyde instead of isobutyraldehyde as the aldehyde
component. The products were formed in yields up to 73%, which is excel-
lent for a one-step synthesis of such complex macrocycles. Because of reduc-
tion in steric hindrance, yields of macrocyclization using paraformaldehyde
are typically doubled with respect to isobutyraldehyde reactions.
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It is noteworthy that in the synthesis of 117, the smaller Ugi macrocycle
118 was also formed. The lack of sterically demanding isopropyl groups in
comparison to 113 allows the formation of this somewhat strained macrocy-
cle. Because of this intriguing result, the diacid component in this reaction
was varied to cyclopropane-1,1-dicarboxylic acid (Scheme 24) and tereph-
thalic acid (Scheme 25).

Interestingly, in the former case the fourfold Ugi “large” macrocycles were
the main products (49% yield), while the smaller macrocycle was also isolat-
ed in smaller amounts (8%). In the latter case, however, the “smaller”
macrocycle 125 was the main product (33% yield).

In order to increase structural diversity and to create a polar domain in
the cage-like interior of these steroid/peptide macrocycles, dihydroxylated
diacid 127 was synthesized in two steps from cholic acid (126) and reacted
with diisonitrile 110, paraformaldehyde, and isopropylamine to form macro-
cycle 128 and its head-head isomer (Scheme 26).

The same dihydroxylated steroid diacid was reacted with biarylether di-
isonitrile building block 98 (see above) and paraformaldehyde and isopropyl-
amine (Scheme 27). Double Ugi macrocycle 129 was the main product, but
extremely large fourfold Ugi macrocycles (130 and head-head isomer) were
also isolated.
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Reaction of diisonitrile 110 and oximcarboxylic acid 131 (Scheme 28) il-
lustrates the versatility of this method by extending the number of different
functional groups on the steroid building blocks. The oxime reacts as the
imine-component that is usually formed from the aldehyde and the amine
in the Ugi reaction.

In the previous cases, the two or four Ugi reactions taking place were ei-
ther identical or similar, but in this case, the reaction taking place at the
oxime side involves other components than the reaction on the carboxylic
acid side. In effect, two four-component reactions are combined to give a
five-component macrocyclization reaction.
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334
Conclusion

The synthesis of a small library of very large (up to 60-membered) steroid/
peptide hybrid macrocycles has been achieved using double and fourfold
Ugi reactions. This type of compound has not previously been described in
literature. Neither have multicomponent reactions been used so far to form
directly macrocycles of this size. In fact, synthetic macrocycles of this size
with this structural complexity are very rare.

4
Postmodification Studies of Macrocycles

Post-modification has already been described above as the final stage in the
biosynthesis of natural products, concerning mainly oxidation/reduction,
elimination/addition, and side chain attachment or removal after construc-
tion of the macrocycle, and combination of metabolic pathways. In a synthet-
ic context, the term refers to the same set of minor modifications, performed
on a known active natural product. A striking example for the usefulness of
chemical post-modification is the discovery of ketolides as post-modified
erythromycin derivatives. In these compounds, the erythromycin C-3 cladi-
nose sugar is cleaved off and the remaining alcohol is oxidized to the corre-
sponding ketone. The sugar, which was formerly thought to be essential for
the biological activity, could be omitted, and the resulting ketolides show
higher stability, while retaining high antibiotic activity, even against eryth-
romycin-resistant strains. New active derivatives based on these variations
continue to be found [77].

A promising approach to this topic is the development of biocompatible
solid phase attachment systems for macrocycles that allow on-bead enzy-
matic and chemical modification [4]. While making use of recent develop-
ments in polymeric support for resins, we endeavored in constructing a new
linker system, which allows easy attachment of macrocycles to the solid
phase, simple organic or enzymatic reactions, and cleavage from solid sup-
port under mild conditions [98].
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We chose to employ PEGA ;9o and PEG (polyacrylamide backbone with
PEG spacer and amine functionalization) because its higher polarity allows
water or buffer as solvent and better enzyme permeation with respect to
classical polystyrene-based resins [99-100], while it is still compatible with
a wide range of organic transformations and solvents.

The model macrocycle for this project was decided to be the rifamycin
SV family, because of its high (antibiotic) activity and the presence of many
(partially sensitive) functional groups.

Rifamycin SV (133, Fig. 23) is a naturally occurring macrocycle isolated
from Nocardia mediterranei by Senti, Greco and Ballotta in 1959. It shows a
high in vitro antibiotic activity through inhibition of DNA-dependent RNA
polymerase, but bioavailability is low due to its poor water solubility. The
semisynthetic derivative rifampicin (135) displays markedly higher water
solubility and in vivo activity. We chose 3-formylrifamycin (134) as model
macrocycle for the possibility of binding it to solid phase by hydrazone
bond formation in a manner similar to rifampicin (Fig. 24).

H: Rifamycin SV (133)
CHO: 3-Formylrifamycin (134)

M —_—
R= N‘N”\ : Rifampicin (135)

R=
R=

N\

3-Formylrifamycin

derivatives
37% aq. HCHO/
1% aq. HCI
or
Acetone/
Modification 1% aq. HCI
1-Amino-4-methyl-
piperazine/THF

Rifampicin
derivatives

Fig. 24 Solid phase attachment of 3-formylrifamycin, modification and cleavage
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The primary objective was to perform a systematic chemical screening of
the positions available for modifications and later, selection of those avail-
able positions, the modification of which retains or even enhances or modi-
fies the biological activity.

The first task was to design a linker between the primary amine function-
ality on the resin and the hydrazine function that ultimately binds the
macrocyclic aldehyde. As mentioned above, the employed resin (PEGA 900)
features a primary amino group at the end of a PEG spacer connected to the
polyacrylamide backbone. To assure monofunctionalization, the amino
group was monobenzylated, thereby preventing possible proximity prob-
lems. Subsequently, the resulting secondary amine was provided with a
handle for the introduction of the hydrazine functionality (see Scheme 29).

polyacrylamide PEG
backbone spacer
f_}%

H
@\WNWAO/{\/O;/‘\NHQ = PEGA1900
O n
a-c
e R e
136 (PEGA1900)

forg

RifCHO + 138

e Q/LN
138 ——— ]
B”/\©\/ﬁ ~
N~ .
139 N“ "Rif

Scheme 29 a PhCHO, EtOH; b NaBH,, MeOH; ¢ a,¢/-dibromo-p-xylene, DMF; d hydra-
zine monohydrate, DMF; e 3-formylrifamycin (134, =RifCHO), DMF; f 37% aq. HCHO/
1% aq. HCI, 85%; g acetone/1% aq. HCI, 80%; h 1-amino-4-methylpiperazine, THE, 75%

Rifampicin + 138

3-Formylrifamycin was then attached to the solid support through hydra-
zone formation. Under several cleavage conditions, it proved possible to ob-
tain either 3-formylrifamycin or rifampicin in good to excellent yield. For
example, in case of cleavage with acetone/1% HCI, the product is obtained
in 80% overall yield over linker synthesis and connection/ disconnection
(total six steps) [98].

To determine the scope of this linker system, the connection/disconnec-
tion sequence was also performed with a variety of other aromatic aldehydes
(see Table 2). Overall yields usually vary from reasonable to good, with some
exceptions, where little or no cleavage product was isolated.
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Table 2 Attachment to and cleavage from PEGA-hydrazine linker of selected aromatic alde-
hydes (Isolated % over attachment and cleavage)

Aldehyde Total Yield (%)
p-Bromobenzaldehyde 84
3,5-Di-tert-butylsalicaldehyde 83
3-Formylrifamycin 80
3-Formylsalicylic acid 55
2,4-Dihydroxybenzaldehyde 45
Cinnamaldehyde 43
p-Cyanobenzaldehyde <10
Benzophenone <10

Although some specific functional groups in these molecules are incom-
patible with the current method, the fact that 3-formylrifamycin is bound
and cleaved in excellent yield demonstrates that several sensitive functional-
ities (acetal, enol ether, ketone, dienoate) are well tolerated. Various posi-
tions of the antibiotic could be acylated selectively.
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Abstract a-Hydroxylated lignans, dimers of phenylpropene with important biological
properties, have been enantioselectively prepared following different synthetic strategies.
The early approaches to optically active a-hydroxylated lignans involved the use of chiral
auxiliaries or were based on the stereoselective a-oxygenation of lactone lignan enolates.
Most recently compounds from the pool of chiral building blocks, such as sugars or mal-
ic acid, became important starting materials for the asymmetric construction of a-hy-
droxylated lignans. The biaryl lignans schizandrin and isoschizandrin were obtained ei-
ther by oxazoline-based biaryl coupling as key reaction or by asymmetric hydrogenation
followed by stereoselective water addition. The preparation of furofuran lignans was
achieved from dialkyl malates and tetrahydrofuran lignans were accessed from arabinose
and xylose, respectively. Arabinose and malic acid, as well as unfunctionalized lactone
lignans, prepared from chiral S-benzyl-p-butyrolactones, were employed for the synthe-
sis of a-hydroxylated lactone lignans. Further details of the strategies and an outlook for
future investigations into methodology and interesting targets are provided in this re-
view.

Keywords c-Hydroxylated lignans - Natural product synthesis -
Enantioselective hydrogenation - Chiral building blocks - Malic acid
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List of Abbreviations

2,6-lut 2,6-Lutidine

cmpd Compound

DMP 2,2-Dimethoxypropane
HB Hiinig’s base

im Imidazole

MBA (+)-Methylbenzylamine
MIBK Methylisobutylketone
NMO N-Methylmorpholinoxide
TES Triethylsilyl

TMB 3,4,5-Trimethoxybenzaldehyde
1

Introduction

Lignans are secondary plant metabolites possessing a variety of biological
activities [1, 2]. They are dimers of phenylpropenes, which are by definition
connected between C(8) and C(8') [3]. Lignans are of great structural variety
due to numerous potential oxidation states at the C(7)/C(7") and C(9)/C(9)
positions, and to the possibility of aryl-aryl bond formation [1-3].

Some lignans are additionally hydroxylated at C(8). These C(8), or so-
called a-hydroxylated, lignans have also attracted the interest of synthetic
chemists, since they exhibit important pharmacological properties or act as
insecticide enhancers. Some of the biologically most active a-hydroxylated
lignans with different core structures are displayed in Fig. 1. The biphenyl
gomisin A (1) is hepatoprotective [4], the tetrahydrofuran olivil (2) is used
as radical scavenger [5], the lactone wikstromol (3) was found to be an-
tileukemic in vivo [6] and also hepatoprotective [7], and the furofuran
paulownin (4) exhibit insecticide-enhancing activity [8].

The first diastereoselective synthesis of o-hydroxylated lignans appeared
in the literature over two decades ago [9]. The first synthesis of optically ac-
tive compounds, however, was achieved a decade later [10]. It is the aim of
this chapter to provide an overview of the efforts made towards the enan-
tioselective synthesis of a-hydroxylated lignans. Despite their attractive
properties, only about 20 articles appeared in the literature describing the
synthesis of optically pure a-hydroxylated lignans. Three general strategies
have been followed: 1. chiral auxiliary-based synthesis; 2. a-hydroxylation of
optically active lactone lignans, unfunctionalized at C(8); 3. synthesis from
the pool of chiral building blocks (sugars or malic acid). All of these ap-
proaches will be discussed in the following sections.
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2
Lignans by Chiral Auxiliary-Based Biaryl Coupling

One of the first asymmetric syntheses of an a-hydroxylated lignan was pub-
lished in 1990, from Meyers and co-workers [11]. The target molecules were
schizandrin (5) and iso-schizandrin (6), possessing similar structures and
biological properties to their congener gomisin A (1). At this time, the abso-
lute configuration of the naturally occurring (+)-enantiomer of schizandrin,
as well as the relative configuration of isoschizandrin, was uncertain and
one motivation for the synthesis of 5 and 6 was to provide proof for the pre-
viously determined stereochemistry.

Retrosynthetic analysis of 5 and 6 yielded ketone 7 as pivotal intermedi-
ate. A key reaction for the synthesis of 7 was the auxiliary-controlled, di-
astereoselective biaryl coupling of a phenyl magnesium bromide (from 8 or
9) with aryloxazoline 10 (Scheme 1). This coupling strategy was developed
in the Meyers laboratory [12] and previously applied to the enantioselective
synthesis of other naturally occurring biaryl lignans, such as steganone [13].

The coupling of aryl bromide 8 or 9 with aryloxazoline 10 was conducted
by in situ formation of the Grignard reagent in refluxing THE. The diastere-
oselectivity of this reaction was highly dependent on the substituent R at the
oxomethylene group. The best (S)-selective aryl coupling in combination
with a good yield (dr (§)-11:(R)-11=6.2:1, yield 68%) was achieved with a
TBDMS protecting group (bromide 8). In contrast, the opposite diastereose-
lectivity (1:5.2, (S)-12:(R)-12) was observed in the coupling reaction of bro-
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Scheme 1

mide 9, bearing a free hydroxy group, with oxazoline 10 (Scheme 2), but the
yield was low (26%) and could not be substantially improved upon by vary-
ing the reaction conditions.

OMe OMe
MeO MeO
() )
Mg, A =z
gorg +10 — ' MO oy MeOT AL Ph
68% (R =TBDMS) MeO 4 j’ MeO C ]’
26% (R = H) N, N~
MeO I MeO |
OMe OMe OMe OMe
(S)11 (R=TBDMS) 62 : 1 (R)-11(R=TBDMS)
(812 (R = H) 1 52 (R-12(R=H)

Scheme 2

The oxazoline moiety and the TBDMS group were removed to afford the
enantiomerically pure hydroxy acid 13 in 75% yield. Reprotection of the hy-
droxy group with TBDMSCI, reduction of the carboxyl group with DIBALH,
and bromide formation (Ph;P, NBS), provided benzyl bromide 14 (70%)
alongside the corresponding dibromide (7%). Extension by a three-carbon
unit was achieved by alkylation of the lithium enolate of N-propylidenecy-
clo-hexaneamine with benzyl bromide 14. No diastereoselectivity was ob-
served in this step, furnishing the two C(8)-diastereoisomers as a 1:1 mix-
ture. Acid-catalyzed hydrolysis of the imino group and the TBDMS ether af-
forded the hydroxy aldehyde, which was converted to the bromo aldehyde 15
in 66% overall yield. Reductive cyclization of 15 to the corresponding cy-
clooctanol-epimers was achieved with Sml, and with HMPA as co-solvent.
The presence of the carcinogenic HMPA was essential for acceptable yields.
In the absence of HMPA, a Meerwein-Pondorf-type oxidation of the result-
ing alcohol to ketones (S)-16/(R)-16 occurred at the expense of aldehyde 15.

The alcohol epimers were oxidized with PCC to ketones (S5)-16/(R)-16 in
71% combined yield. The separation of the diastereoisomers (S)-16 and
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(R)-16 was difficult at this point, but it was readily achieved at the alcohol
stage, despite the additional stereocenter at C(8). As described, both ke-
tones, (S)-16 and (R)-16, were obtained in almost equal amounts. Acid or
base-mediated equilibration of the stereocenter at C(8) produced a 7:3 mix-
ture of (§)-16 and (R)-16 (Scheme 3). This experimental result was in accor-
dance with Dreiding models of the cyclooctane diastereoisomers.

As mentioned, the relative configuration of isoschizandrin (6) was uncer-
tain, and structure (S)-17 or structure (R)-17 were proposed for this lignan
(see Fig. 2) [14]. Addition of MeLi to ketone (S)-16 yielded compound
(R)-17 as a single isomer (96%, dr>100:1). Epimer (S)-17 was obtained in
three steps by olefination (CH,Br,, Zn, TiCly), epoxidation (MCPBA), and
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OMe

(S)-17

Fig. 2

reductive opening of the oxirane (LiBEt;H), in 60% yield (dr 14:1). Compar-
ison of the NMR spectra of compounds (S)-17 and (R)-17 with that of
isoschizandrin (6) indicated several differences. Consequently, the structure
of isoschizandrin was neither that of (S)-17 nor that of (R)-17.

Upon treatment of diastereoisomerically pure ketone (R)-16 with MeLi
an 8:1 mixture of compounds ent-6 and ent-5 was obtained in 85%
yield (Scheme 3). The synthetic isoschzandrin was in all respects iden-
tical to (+)-isoschizandrin (6). However, both, (—)-schizandrin (ent-5) and
(—)-isoschizandrin (ent-6) have the opposite sign of optical rotation from
those of the natural products, establishing the absolute configuration of the
schizandra lignans.

Since ketone (R)-16 was prepared in a non-selective way when an achiral
imino enolate was alkylated, it was considered whether alkylation of chiral
enolates, such as that of oxazoline 18, with benzyl bromide 14, would pro-
vide stereoselective access to the corresponding alkylation product 19 with
R-configuration at C(8) (Scheme 4). Indeed, alkylation of 18 with 14 gave
the biaryl 19 and its diastereoisomer almost quantitatively, in a 14:1 ratio.
However, reductive hydrolysis using the sequence 1. MeOTf, 2. NaBH,, and
3. H;07, afforded hydroxy aldehyde 20 in 25% yield at best. Furthermore,
partial epimerization at C(8) occurred (dr 7.7:1). An alternative route, using
chiral hydrazones, was even less successful.

OMe OMe

MeO 1) MeOTf  MeO
o OTBDMS 2) NaBH, O OH
Me — O~="" DA, 14 MeO Me 3) Hy0* MeO” N#  CHO
\ MeO o MeO B,
N 96% NP 25% O "Me

N
18 OMe MeO MeO
OMe

Scheme 4

OMe

19 + isomer
14 : 1

OMe

20 + isomer
8 :1
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The enantiomers of the naturally occurring lignans, schizandrin (5) and
isoschizandrin (6), have been prepared from oxazoline 10 in 11 steps with
0.7% and 5.5% overall yield, respectively. Although both natural products are
accessible by this strategy, the reported synthetic approach is basically a route
to isoschizandrin (6). Schizandrin (5) was obtained only as minor congener
and a selective synthesis of 5 has not been accomplished by the authors.

3
Synthesis by a-Oxygenation of C(8)-Unfunctionalized Lactone Lignans

An obvious approach to a-hydroxylated lignans is the oxygenation at C(8)
of a-unfunctionalized lactone lignans. The major advantages are 1. a pletho-
ra of chemical syntheses of optically pure lactone lignans [1, 2] and 2. the
availability of enantiomerically pure lignans from natural resources [15].
The most frequently used protocol for the enantioselective synthesis of lig-
nans employ B-benzyl-p-butyrolactones as chiral intermediates. Diastereose-
lective alkylation of these key intermediates and further functionalization
produce a variety of lignans with different core structures.

Both, o-hydroxylated lignans of the dibenzyllactone-type and of the
biarylcyclooctane-type have been enantioselectively prepared from the cor-
responding f-benzyl-y-butyrolactones via a-alkylation followed by a-oxy-
genation (Scheme 5). The hydroxy group was introduced in two different

| \ =
R _ 0
(0]
=
R_\ | ‘\\Me
x “Me
R|_'
"\ OH
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ways: either by the a-hydroxylation of a lactone enolate or by the addition
of water to an o,f-unsaturated lactone.

As mentioned above, several syntheses of optically active B-benzyl-y-bu-
tyrolactones have been reported in the literature [1, 2]. A comprehensive
overview of the methods available for the synthesis of 3-benzyl-p-butyrolac-
tones is displayed in Scheme 6. Asymmetry was introduced involving either

ribonolactone glutamic acid

CO,R resolution
Ar/\E jj (enzymatic,
H g, h chiral base)

Co,

OH
Ne-4

asymmetric
hydrogenation

OH

Scheme 6

starting materials from the pool of chiral building blocks (a-c [16-18] and
p [19], g [20]) or auxiliary-controlled diastereoselective syntheses (s-u
[21-23]). Transition metal-catalyzed reactions, such as the carbene insertion
(k [24]) or hydrogenation (i [25]), have also been applied. Furthermore, chi-
ral sulfoxides (e [26], f [27]) and silanes (o [28]), as well as enzyme-cat-
alyzed desymmetrization of achiral compounds (d [29], m [30]), have been
successfully employed for the synthesis of S-benzyl-y-butyrolactones.
Desymmetrization of achiral cyclobutanones (I [31]) or resolution of racem-
ic succinates (h [32, 33]), was also possible with chiral amine bases (e.g.,
methylbenzylamine or ephedrine).

In the past few years, new approaches for the enantioselective synthesis of
B-benzyl-y-butyrolactones appeared in the literature. Some of these approach-
es involve the asymmetric hydrogenation of 2-benzyl-2-butenediols (j [34]),
the radical mediated rearrangement of chiral cyclopropanes (r [35]), the tran-
sition metal catalyzed asymmetric Bayer-Villiger oxidation of cyclobutanones
(n [36]), or the enzymatic resolution of racemic succinates (g [37]).
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Two classes of a-hydroxylated lignans have been enantioselectively pre-
pared: a) wikstromol (3) [10, 38] and related natural products [39] and b)
gomisin A (1) and congeners [40, 41]. In both cases, chiral, non-racemic ita-
conic acid derivatives have been synthesized as key compounds for the prep-
aration of f-benzyl-y-butyrolactones (either by resolution (g [32]) or by
asymmetric hydrogenation (h [25])).

3.1
a-Hydroxylated Lactone Lignans by a-Hydroxylation of Lignan Enolates

The initial step in the synthesis of wikstromol (3) was the Stobbe condensa-
tion of dimethyl succinate 21 with vanilline. Interestingly, a high yield was
only obtained when LiOMe was employed as base (ca. 90%), otherwise the
yield was in the range of 20% [32a]. Hydrogenation of the Stobbe condensa-
tion product quantitatively yielded the racemic itaconic acid ester rac-22.
Resolution of rac-22 with (+)-methylbenzylamine (MBA) afforded the enan-
tiomers (S)-22 and (R)-22 in 23% and 26% overall yield, respectively [33].
The selective reduction of the ester moiety in 22 was achieved with
Ca(BH,),, generated from CaCl, and NaBH, (ca. 85% yield). Benzylation of
the phenol moiety and a-alkylation with LDA/benzyl bromide 23 provided
di-O-benzyl-matairesinol 24 in 76% yield (from (R)-22). The introduction of
oxygen was achieved by the reaction of the lithium enolate of 24 with molec-
ular oxygen (Scheme 7), but this reaction was of low selectivity. In the best
case, a 2:1 mixture of the cis-isomer 26 (desired) and the trans-product 25

1) LiOMe, vanilline
2) Hy, Pd/C 10%

MeOZCI 3) (+)-MBA j@/ [CogMe Mer@/\R[COZMe
CO,Me CO,H
21

(S)-22 (23%) (R)-22 (26%)

1) Ca(BHa),
2) BnBr, K,CO3
76% | 3) LHVDS,

LI

MeO
Pd/C 10% BnO H

3 -« OHo
quant.

MeO
OBn OBn

26 (32%) 25 (15%)

Scheme 7 MBA=(R)-(+)-methylbenzylamine
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was obtained. Furthermore, the combined yield of the oxidation reaction
did not exceed 47%. Other methods of enolate oxidation (e.g., Mo-peroxides
[42]) produced only minor improvements. The removal of the benzyl groups
from compound 26 provided wikstromol (3) in 3% overall yield over eight
steps. The low overall yield and the non-selective synthesis of the key inter-
mediates 26 are crucial drawbacks of this route to optically pure o-hydroxy-
lated lactone lignans.

From di-O-benzylwikstromol 26, other classes of naturally occurring
o-hydroxylated lignans, such as lactols or diols, were prepared as well. Thus,
the reduction of 26 with a large excess of LiAlH,, followed by hydrogenation,
afforded carinol 27 in 53% yield [39]. The partial reduction of the carbonyl
group with DIBALH and hydrogenation provided carissanol 28 in 66% yield
(Scheme 8).

MeO
Meo OH 1) LiAIH, 1) DIBAL ©
L _oH 2) Hy, PAIC 10% 2) Hp, Pd/C 10% Y
HO N - 2 P HO W

OH 53% 66% OH oH

MeO
OH
27

MeO
OH

28

Scheme 8

3.2
a-Hydroxylated Biaryl Lignans by Addition of Water to Benzylidene Lignans

The initial step for the synthesis of a-hydroxylated biaryl lignans, such as
gomisin A (1), was again a Stobbe-condensation, as shown in Scheme 7. The
chirality was introduced by the asymmetric hydrogenation of the double
bonds in compounds 29 and 30 (Scheme 9) [25, 40]. This reaction was
achieved with Rh(cod)BF, and (R,R)-MOD-DIOP as chiral ligand, a modi-
fied DIOP ligand, originally developed by Achiwa and co-workers [43]. With
this catalyst, the (S)-configurated products 31 and 32 have been obtained
quantitatively and in 94% enantiomeric excess. Recently, new chiral ligands
for the asymmetric hydrogenation of 2-benzylidene succinic acid mono es-
ters have been introduced by Burk and co-workers ((R,R)-Et-DuPHOS, [44])
and by Zhang et al. ((S,S)-TangPhos, [45]), with which better ees have been
realized (97-98% EtDuPHOS and 95-99% TangPhos). The latter ligand pro-
duced the (R)-enantiomer.

Conversion of the monoesters 31 and 32 to the lactones 33 and 34 was
achieved in 91% and 78% yield, respectively. Optically pure lactones 33 and
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34 have been obtained by either the recrystallization of the lactone (33) or
the methanol extraction of the monoester (32).

The condensation of lactones 33 and 34 with 3,4,5-trimethoxy-benzalde-
hyde (TMB) was carried out in a three step sequence (1. LDA, 2. Ac,0, 3.
DBU), affording the bisbenzyllactones 35 (91%) and 36 (94%). The oxidative
biaryl coupling of 35 and 36 to lactones 37 and 38 was examined with differ-
ent metal reagents with TFA as the proton source (see the Table in
Scheme 10). The highest yields were realized with Ru(O,CCF3), and with
Fe(ClO,);, the latter in the presence of dichloromethane as co-solvent. The
cost factor and the reaction time favor the use of Fe(ClO,4);. The reaction
was diastereoselective and the newly-formed (axial) stereocenter had the
(R)-configuration. Lactone 37 was produced in 91% yield. The asymmetric
lactone 38, on the other hand, was obtained in only 46% yield. The major
side-product was the regioisomeric coupling product (7%) [40a]. The yield
was improved when the methylendioxy group was cleaved prior to the cou-
pling reaction. After re-installation of the methylendioxy group, lactone 38
was obtained in 59% overall yield from 36. DIBALH reduction of the car-
bonyl group followed by acetalization yielded bis-acetals 39 (96%) and 40
(92%). The introduction of oxygen at C(8) was achieved after a palladium
catalyzed allylic rearrangement of the double bond. Dihydroxylation of com-
pounds 41 and 42 with OsO, followed by dimesylation and epoxide forma-
tion with NaH, gave the compounds 43/44 (85%) and 45/46 (96%), each mix-
ture of epimers in a ca. 1:4 ratio. Lithium aluminum hydride reduction of
the isomerically-pure compounds 44 and 46 provided (+)-schizandrin (5)
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and (+)-gomisin A (1) in almost quantitative yield (Scheme 10). The synthe-
sis of schizandrin (5) and gomisin A (1) was very effective. From itaconic
acid derivatives 29 and 30, 13 and 15 steps, respectively, were necessary to
afford 1 and 5 in overall yields of 41% and 31%, respectively.

Since the synthetic sequence presented in Scheme 10 is lengthy, and the
oxygenation of the endo double bond in compounds 39 or 40 seemed to be a
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more straight forward strategy, shorter routes towards 1 and 5 have been ex-
amined. However, better overall yields of schizandrin 5 were realized neither
by dihydroxylation nor by epoxidation, though only 3-4 steps were required.
On the other hand, formal addition of water to the o,3-unsaturated lactones
37 and 38 according to the Mukaiyama protocol (O,, Mn(acac),, PhSiH;
[46]), produced the diastereoisomers 47/48 and 49/50, each isomer in a 1:6
ratio (~80% overall yield). Reduction of the lactone moiety according to the
sequence shown in Scheme 11 furnished 5 and 1 in 63% and 48% yield, re-

0, RO 1) LiAIH,, A
Mn(ac_ac)2 2) MsCl, py
37% MeO 3) LiAlHg, A (+)-schizandrin (5, 63%)
38 MeO. (+)-gomisin A (1, 48%)
MeO
OMe OMe
47 R = Me (11%) 48 R = Me (70%)
49 R = -CH,- (11%) 50 R = -CH,- (67%)

Scheme 11

spectively. Although this route was shorter and more elegant, the overall
yields were not satisfactory (31% for 5 and 14% for 1).

(+)-Isoschizandrin (6) could be prepared from epoxide 43; however, since
43 was obtained only as minor diastereoisomer, a stereoselective synthesis
for 6 was developed. The starting material was diol 51 (from the reduction
of lactone 37), which was stereoselectively epoxidized to compound 52 using
VO(acac),. Nucleophilic displacement with iodide, and reductive epoxide
opening, provided cyclooctane 53 containing an exo double bond and a
benzylic hydroxy group with (R)-configuration. Due to the preferred con-
formation of the cyclooctane ring (supported by molecular mechanics cal-
culations), the benzylic hydroxy group directs the epoxidation reagent
(VO(acac),) to the si-face, affording the (S)-configurated epoxide as a single
isomer. After mesylation, compound 54 was obtained in 92% yield. Sodium
borohydride reduction of 54 finally provided (+)-isoschizandrin (6) in 49%
yield (Scheme 12).

In this chapter two syntheses of optically active o-hydroxylated lignans
from unhydroxylated lactone lignans have been described. Both synthetic
strategies used optically pure S-benzyl-y-butyrolactones as key precursors.
These were prepared either from the corresponding racemic mixture by res-
olution with chiral amine bases or by asymmetric hydrogenation of the cor-
responding benzylidene succinates. Both synthetic sequences suffer from
lengthy syntheses and from oxygenation reactions, which proceed with rela-
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Scheme 12 MIBK=methylisobutylketone

tively low diastereoselectivity. Despite the number of necessary steps, the
synthesis of the biaryl lignans was very effective (average yield for each step
92-93%).

4
Synthesis from Chiral Natural Products

4.1
a-Hydroxylated Lignans from Sugars

Sugars are often used as chiral precursors for the synthesis of optically ac-
tive compounds, because they are readily available in large quantities and
they are relatively inexpensive. The major restriction is that only the D-se-
ries of sugars is usually available. An exception is arabinose, which is an at-
tractive chiral source since both enantiomers are commercially available.
Two different classes of optically active a-hydroxylated lignans have been
prepared from sugars by Yamauchi and co-workers: lactone lignans [47, 48]
and tetrahydrofuran lignans [49, 50]. In both cases, only model compounds
were synthesized, such as lactone lignan 55 (Scheme 13), as a result of the
synthetic strategy. The key intermediate for the synthesis of lactone lignan
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55 is tetrahydrofuran 56. This precursor is accessible from lactone 57, which
is prepared in 4 steps from L-arabinose (58) (Scheme 13).

The strategy was chosen because compound 57 is readily prepared from
58 and is easily transformed to 56 by a-alkylation followed by reduction of
the lactone moiety. Additionally, both cis- and trans-lactone lignans can be
synthesized by one common intermediate.

411
a-Hydroxylated Lactone Lignans from L-Arabinose

The transformation of L-arabinose (58) to lactone 57 was based on a route
developed by Marquez and Sharma [51]: Selective protection of the primary
hydroxy group with TBDPSCI and oxidation of the lactol moiety with bro-
mine afforded lactone 59. Subsequent selective deoxygenation ¢ to the car-
bonyl group proceeded under Barton-McCombie conditions providing lac-
tone 57 in 21% yield (Scheme 14).

1) TBDPSCI . O_o hCcicE=s)oph
2)Br, EtOH  sppBTO” " 2) BuzSnH, AIBN
58 — » [ » 57 (21% from 58)
HO OH
59

Scheme 14
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Addition of piperonal (60) to the lithium enolate of 57, followed by pro-
tection of the hydroxy groups, gave lactone 61 in 43% yield and with high
stereoselection at C(2). The diastereoselectivity at the benzylic carbon was
4:1 (S:R), which is not important since this stereocenter will be removed in a
later stage of the synthesis. Reduction of the lactone moiety and regioselec-
tive removal of the benzylic silylether was achieved by treatment of 60 with
DIBALH and Et;SiH/BF;, furnishing tetrahydrofuran 56 in 71% yield [47].
Selective deprotection of the TBDMS ether and oxidation provided furanone
62 in 81% yield. The second benzyl group was introduced by nucleophilic
addition of benzyl magnesium bromide to the carbonyl group of 62. The re-
action proceeded with excellent stereoselectivity but moderate yield (59%).
Completion of the synthesis of the lignan analog 55 required the conversion
of the silyloxymethyl group into a carbonyl group. TBAF mediated removal
of the TBDPS group, followed by iodide formation (I,/Ph;P, imidazole) af-
forded tetrahydrofuran 63. Reductive ring opening followed by protection
produced olefin 64 (63% yield from 63). The additional carbon was removed
by OsO,/N-methylmorpholinoxide (NMO) dihydroxylation and cleavage of
the vicinal diol with NalO,. After treatment with potassium carbonate, lactol
65 was obtained in 13% yield (from 64). Both oxidation steps proceeded in
low yields. For example, the yield for the dihydroxylation was 24% (50%
based on recovered starting material). No reasons are given for the low con-
version in the dihydroxylation step, and improvements of the yield failed.
Silver carbonate-mediated oxidation of the lactol group of 65 afforded lac-
tone 55 in 51% yield (Scheme 15). In total, 20 steps are required for the
transformation of L-arabinose (58) into trans-lactone 55 and the overall yield
over all steps was only 0.1%. Furthermore, since the synthetic strategy re-
quired the use of a benzyl nucleophile which is hardly available from highly
functionalized benzyl halides, the generality of this route to a-hydroxylated
lactone lignans is arguable. Additionally, the synthesis is based on several
key reactions with a low yield, such as the aldol addition and the dihydroxy-
lation, which could not be improved.

On the other hand, the flexibility of the synthetic strategy was demonstra-
ted by the synthesis of the corresponding cis-lactone 70 from intermediate
62 [48]. In order to obtain the epimer at C(3) it was necessary to introduce
the “benzylic” carbon first and the oxygen second. The extension by one
carbon at C(3) was effected by olefination using the Tebbe reagent (which
will provide the “benzylic” carbon). The oxygen was then stereoselectively
introduced at C(3) by dihydroxylation with OsO,/NMO (R:S=97:3). The re-
gioselective transformation of the silyloxymethylene group of compound 66
into a carbonyl group was achieved after protection of the diol moiety. Thus,
the silyl ether was converted via iodide 67 to lactone 68 using essentially the
same sequence as described above (66—67—68, 75% overall yield). Cleavage
of the dioxolane, iodide formation, and ring closure gave oxirane 69 in 80%
yield. The key reaction of the synthesis was the introduction of the second
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aromatic moiety. This was accomplished by addition of the higher order
cuprate Ph,Cu(CN)Li to the oxirane to provide the trans-lactone lignan 70,
albeit in low yield (22%). The yield could not be improved by varying the
reaction conditions. The synthesis of an a-hydroxylated trans-lactone lignan
was achieved in a lengthy sequence (23 steps) and in low overall yield
(0.5%). The major restriction of the synthesis is, in analogy to the cis-iso-
mer, the introduction of the second aryl group by an aryl nucleophile.

4.1.2
Tetrahydrofuran Lignans from D-Xylose or L-Arabinose

The Yamauchi group used two pentoses, D-xylose (59) [49] and L-arabinose
(58) [50], for the enantioselective construction of olivil-type lignans
(Scheme 16). Depending on the pentose employed (58 or 59), they have de-
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7 0 28 o
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2R)-T1
U (25)-72 U
O._o D-xonseEL-arabinose i, SO0
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HO :
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HO
74

Scheme 16

veloped strategies for the selective synthesis of either C(2)-epimer, 71 or 72.
They have further identified the furanones 73 and 75 and the lactones 74
and 76 as key intermediates. The synthesis is basically an adoption to the
synthesis of the lactone lignans described in the preceding section. On the
other hand, comparison of all stereocenters of either 71 or 72 with those of
olivil (4) revealed that neither of the synthetic derivatives have the exact rel-
ative configuration of olivil-type lignans. This belongs to the strategy by
which the stereocenter at C(4) can only be synthesized with the configura-
tion opposite to that of olivil (4).

According to the procedure described in the preceding section, D-xylose
(77) was converted in four steps and 30% overall yield to the trityl ether 76.
Aldol addition to piperonal (60) and protection of the hydroxy groups as
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MOM ethers provided compound 78 as a 1:1 mixture of epimers at the ben-
zylic carbon. These epimers were separable by chromatography and the sub-
sequent reactions were carried out with either of the separated isomers (the
yields shown in Scheme 17 are average yields for the transformations of

1) LDA, 60
O OH  4steps 2) MOMCI, HB
—_— 76 _—
HO™ "oH 30% 70%
OH
D-xylose (77)
1) LiAlH4
86% | 2) pvcl, py
1) HCO,H
2) NalO,
HO oPv 3) PPTS, +-BuOH OH opy
o) o)
H W 4) NaBH4 TrO H \’
MOMO % 50% MOMO o
HO MOMO
80 79
1) TsOH
2) DIBALH
25% 3) conc. HCI
4) TBDPSCI, im
o)
o 2.\ >
8 o 1) BnMgCl
\ (COCly,, DMSO 2) TBAF
N B —— e 75 _— > 72
HO o OTBDPS 5T% 52%

Scheme 17 HB=Hiinig’s base

each epimers). LiAlH, reduction followed by regioselective protection of the
primary hydroxy group using pivaloyl chloride afforded 79 in 86% yield.
The trityl ether was selectively removed with formic acid. Subsequent diol
cleavage with NalO, produced the corresponding aldehyde. The selective de-
protection of the benzylic MOM ether was effected with PPTS in t-BuOH.
Reduction of the carbonyl group gave compound 80 in 50% yield from 79.
The cyclization of the diol to the tetrahydrofuran was accomplished with
TsOH. This reaction proceeded with high stereocontrol, no matter which
epimer was used. Consequently, a separation of the two C(2)-epimers,
(R)-78 and (S)-78, was not necessary. DIBALH reductive removal of the
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pivaloyl group, cleavage of the second MOM ether and selective protection
of the primary hydroxy group (as TBDPS ether) afforded compound 81 as
single isomer in 25% overall yield from 80. Swern oxidation of the second-
ary alcohol gave furanone 75 in 87% yield. The second benzyl group was in-
troduced as benzyl Grignard reagent, similarly to the synthesis of the trans-
lactone lignans (see above). TBAF mediated removal of the silyl group af-
forded the (2S)-epimer 72 in 52% yield. The difficulties in preparation of
functionalized benzyl magnesium halides restricts this routes to the synthe-
sis of olivil analogs.

By the same strategy applied for 72, the 2R-epimer 71 was synthesized
from L-arabinose (58) (Scheme 18). Aldol adduct 82 was prepared from 58

OPv

5 steps 5 steps O 0]

58 - H 7

Too% Taen MOMO o

HO MOMO
82 + epimer (9: 1) 83

2) (COCl),, DMSO

1) PPTS, t-BuOH
8%
3) BuzSnH, AIBN

O
0 J
2 steps 4 steps
71 - 73 - R
39% 50% MOMO OPv

84
Scheme 18

in 5 steps and 29% overall yield. Interestingly, the stereochemistry of the al-
dol addition of lactone 74 to piperonal (60) was significantly different to that
of lactone 76 to 60. Whereas the latter aldol reaction produced a 1:1 mixture
of epimers at the benzylic carbon, the aldol adduct 82 and its epimer were
obtained in a 9:1 ratio. The different ratios can be explained by modeling
the approach of the carbonyl group of 60 to the enolates of 74 and 76. Both
lactone enolates approach the carbonyl group from their Re-face, guided by
the adjacent oxo anion. Consequently, the newly formed stereocenter at C(2)
has R-configuration. The carbonyl group of piperonal (60), on the other
hand, can be approached from either the Si- or the Re-face. In the case of
compound 76, having the appendages of both stereocenters on the opposite
site of the ring system, the enolate can approach the carbonyl group from
either the Si- or the Re-face (Fig. 3, structures A and B) with no difference
in steric repulsion. Consequently, aldo]l adduct 78 was formed as a 1:1 mix-
ture of epimers at the benzylic carbon. The enolate of lactone 74 contains an
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oxo anion, determining the stereochemistry of the nucleophile, and a trity-
loxymethylene group, which occupies the space on the opposite site of the
ring system. The latter substituent strongly interacts with the aryl moiety
when the carbonyl group was approached from the Si-face whereas the steric
repulsion is minimized when the nucleophile attacks from the Re-face
(Fig. 3, structures C and D). Therefore, compound 82 with R-configuration
(threo) at the benzylic carbon is favored over the erythro product (dr
RR:RS=9:1).

Aldehyde 83 was obtained from lactone 82 in 5 steps and in 48% overall
yield, according to the sequence described for its epimer in Scheme 17. Se-
lective cleavage of the benzylic MOM ether using PPTS in t-BuOH produced
the lactol, which upon chloride formation under Swern conditions and de-
halogenation (BusSnH, AIBN) furnished tetrahydrofuran 84 with R-configu-
ration at C(2). The synthetic strategy underlines the importance of good
stereocontrol in the aldol reaction because the stereocenter at the benzylic
carbon is not removed as it is in the acid catalyzed cyclization of 80. From
tetrahydrofuran 84, furanone 73 was prepared in 50% yield using the same
sequence as described for the epimer. Finally, benzyl Grignard addition, fol-
lowed by TBAF mediated silyl ether cleavage gave the 2R-configurated olivil
analog 71 in 39% overall yield.

In conclusion, analogs of olivil-type lignans with different configurations
at C(3), compounds 71 and 72, have been prepared in 19 steps and 1.6% and
1.0% overall yield, respectively. The lengthy sequence, the low yield of key
reactions, and the restrictions in the functionality of one of the two aryl
groups are the major drawbacks derived from the use of sugars as starting
materials. Additionally, derivatives with the correct olivil-type stereochemis-
try cannot be produced by this strategy.

4.2
a-Hydroxylated Lignans from Malic Acid

Although the use of starting materials from the pool of chiral building
blocks is an attractive approach to the synthesis of a-hydroxylated lignans,
sugars are of limited value. Having a look at the structures of a-hydroxylated
lignans, another chiral natural product, malic acid, seems to be a reasonable
starting material. This inexpensive o-hydroxy acid is available in both enan-
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tiomeric forms and has already a properly functionalized core unit
(Scheme 19, emboldened substructures). All that has to be done is the stere-
oselective introduction of the two benzyl groups. For these reasons, malic
acid is the most frequently used chiral starting material for the construction
of optically active a-hydroxylated lignans. Depending on the electrophiles
employed in the stereoselective C-C-bond forming reactions, several classes
of a-hydroxylated lignans, such as lactone (wikstromol-) or furofuran
(paulownin-type) lignans, were prepared from malic acid, which will be dis-
cussed in this chapter.

4.2.1
Furofuran Lignans from Diethyl Malate

(R)-Diethyl malate (85) was used as the starting material for the synthesis of
paulownin (2) [51]. Malate 85 was converted to lactone 86 using the protocol
of Saito et al. [52]. Aldol addition of the lithium enolate of 86 to piperonal
(60) gave compound 87 in 80% yield and in a 2:1 mixture of the S- and
R-epimer at the benzylic carbon. The stereoselection at the benzylic carbon
is in agreement with that obtained for the reaction of 76 with 60 (see above).
The lactone moiety was transformed in three steps into the tetrahydrofuran
88 as a single isomer in 84% overall yield. The structure of compound 88 is
similar to that of the intermediates 73 and 75 (see Scheme 16), although it
was realized in a more efficient way than these precursors. From diol 88 two
routes to paulownin (2) have been examined (Scheme 20) [51, 53]. The ini-
tial synthesis involved eight steps: functionalization at C(4) with appropriate
stereochemistry was conducted in four steps by selective protection of the
primary hydroxy group, oxidation of the secondary, olefination using the
Tebbe reagent, and dihydroxylation with OsO,/NMO (44% overall yield).
This sequence for the stereoselective introduction of a carbon at C(4) is
matching that for the synthesis of cis-lactone lignan 70. The dihydroxylation
proceeded with 6:1 stereoselection at C(4) in favor of diol 89 over its C(4)-
epimer (Scheme 20). Oxidation of the primary hydroxy group, addition of
an aryl Grignard reagent, and deprotection afforded the triol 90 in 22%
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overall yield as a single isomer. The good stereoselectivity of the Grignard
addition to the carbonyl group can be explained by the Cram chelate model.
However, the Grignard addition proved to be a reaction with a low yield.

PPTS-catalyzed cyclization of triol 90 provided paulownin (2) in 69%
yield. The overall yield for the synthesis of paulownin (2) from the key inter-
mediate 88 was only 5%. Therefore, a shorter and more efficient route in-
volving a photocyclization was examined [53]. Etherification of the primary
hydroxy group of compound 88 with benzyl trichloroacetimidate 91, fol-
lowed by Swern oxidation afforded furanone 92 in 66% yield. Photocycliza-
tion according to the Kraus procedure [54], using a mercury lamp and rose
Bengal as sensitizer, gave paulownin (2) in 38% yield. Following this strate-
gy, 2 was prepared in three steps from intermediate 88 and in an overall
yield of 25% (Scheme 20). The synthesis of paulownin (2) was the first prep-
aration of an optically-active furofuran lignan. The modified procedure in-
volving a photocyclization [53] allows the preparation of 2 in 8 steps and
13% overall yield from diethyl malate.
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4.2.2
a-Hydroxylated Lactone Lignans from Dialkyl Malates

Diethyl malate (85) was also used for the construction of meridinol (97), an
o-hydroxylated lactone lignan with sudirific and sedative properties, and its
diastereoisomer 98 [55]. a-Alkylation of 85 with benzyl iodide 93, according
to the procedure developed by Seebach and Wasmuth [56], gave compound
94 with anti-configuration in 78% yield. The amount of syn-isomer was not
reported. The carboxyl group at C(4) of compound 94 was converted to the
alcohol as follows: LiAlH, reduction and acetalization with anisaldehyde
produced stereo- and regioselectively the C(2)-C(4) acetal. Re-oxidation
of the remaining primary hydroxy group at C(1) and esterification with
t-BuOH/Ac,0 provided the dioxane 95 (28% overall yield from 94). Subse-
quent hydrolysis of the acetal and the ester followed by etherification gave
lactone 96 in 83% yield. The alkylation of lactone 96 was achieved with LDA
and benzyl iodide 93. However, this reaction proceeded neither with high
yield nor with acceptable stereoselectivity, thus providing after TMSBr-me-
diated removal of the MOM group meridinol (97) and its epimer 98 in 19%
and 15% yield (from 96), respectively. As a result, the combined overall yield
for both isomers was only 5% (Scheme 21). Two crucial disadvantages are
associated with this strategy: 1. the non-selective reduction of the carboxy
group at C(4), along with an unavoidable reduction-oxidation sequence, and
2. the low-yielding, non-selective c-alkylation of the p-butyrolactone. The

© 1) LiAH, OMe
o~©—\ EtO,C_OH g; é’:g‘:":shyde' TsOH Buo,Co_O
, .
LDA o L

4) Ac,0, +BuOH o
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Scheme 21
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attack from the Re-site blocked on either site

Fig. 4

non-selective alkylation is surprising, when compared with the highly stere-
oselective alkylations of 2-unsubstituted p-butyrolactones (see above). This
result can be explained as follows (supported by molecular modeling calcu-
lations). a-Unsubstituted S-benzyl-p-butyrolactone enolates are stereoselec-
tively trans-alkylated due to the difference in the steric repulsion of the
Re- and the Si-face (Fig. 4, structure A). In a-substituted 3-benzyl-y-butyro-
lactone enolates, the stereocenter at C(3) forces the MOM group in a posi-
tion opposite to the stereocenter. Thus, the lowest energy conformation of
the enolate of 96 is that in which the methoxymethyl moiety and the stereo-
center occupying both half-spaces (Fig. 4, structure B) and the approaching
electrophile is partially blocked by either the stereocenter at C(3) or the
MOM group at C(2) (Fig. 4). A similar observation has been made in the al-
kylation of chiral dioxanones [57].

The stereoselective introduction of both benzyl groups simultaneously in
one step seemed to be particularly attractive for a short synthesis of a-hy-
droxylated lactone lignans from malic acid (99). Such a simultaneous double
alkylation requires the formation of a chiral 1,3-diene-1,4-diolate, which was
not known. On the other hand, achiral 1,3-diene-1,4-diolates (di-enolates)
have been previously prepared by Garrett et al. [58] and subsequently em-
ployed for the synthesis of racemic lignans by Snieckus [59] and Pohmakotr
[60]. With knowledge of the synthesis and reactivity of di-enolates, we
planned to prepare chiral di-enolates from dioxolanones and to alkylate
these di-enolates in a stereocontrolled manner (Scheme 22). For the devel-
opment of the described double deprotonation/alkylation strategy, tert-butyl

o oM
oA A o . HO,C._,OH
— N m— N — \E
t-Bu® O X t-Bu™ O X COyH
Ar O MO
M

. 99
=Li,Na, K
X=OR, SR, NR,

Scheme 22
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ester 100 [61] and dimethyl-amide 101 (Scheme 23) were synthesized as sub-
strates from (S)-(—)-malic acid (99) [62]. Ester 100 was chosen because of its
steric hindrance and selective removal under mild conditions. On the other
hand, it was shown that 1,4-bis-dialkylamides provide more stable di-eno-
lates than the corresponding esters, for which reason dimethylamide 101
was prepared [63].

Dioxolanones 100 and 101 were treated with two equivalents of lithium
amide bases, whereupon various electrophiles were added in excess
(Scheme 23 and Table 1). Unfortunately, addition of two equivalents of LDA

Table 1 Conditions for the attempted double deprotonation of dioxolanones 100 and 101

Entry Cmpd Base (equiv.) T [°C] t [min]* E* Products
1 100 LDA (2) -78 0 23 Decomp.
2 100 LHMDS (2) -78 10 DCl 102 (20%)
3 101 LDA (2) -78 10 23 103 (25%)
4 101 LHMDS (2) -78 15 DCl 103 (41%)
5 101 LHMDS (2) -105 0 23 103 (35%)

* Addition of the electrophile after x min; 0 min means metallation of the dioxolanones
in the presence of the electrophile

to dioxolanone 100 at —71 °C, even in the presence of benzyl bromide 23,
furnished complete decomposition (Table 1, entry 1). Metallation of 100
with two equivalents of LHMDS gave spirolactone 102 (Scheme 24) in 20%
yield and >20:1 diastereoselectivity (entry 2). An analogous aldol product,
alcohol 103 (Scheme 24), was obtained when amide 101 was reacted with
two equivalents of LDA or LHMDS and treated with DCI or benzyl bromide
23 (entries 3-5). Neither deuterated nor alkylated dioxolanones were formed
under any examined conditions. Aldol product 103 was isolated in up to
40% yield and with good diastereoselectivity (>10:1).

The formation of 102 and 103 can be explained if one assumes that de-
protonation at C(5) or at C(1’) occurred with similar reaction rates to afford
the enolates A and B (Scheme 24). Evidence for this assumption is the find-
ing that upon treatment with one equivalent of base (data not shown), the
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same aldol products, 102 and 103, were formed. Instead of a subsequent a-
deprotonation of the second available proton, enolate A underwent a rapid
B-elimination, even at —105 °C, producing the lithium salts of fumaric acids
104 and 105 (depending on the dioxolanone employed), and pivaldehyde.
The fumaric acid salts were isolated as their corresponding acids after work-
up. The pivaldehyde then reacted, as soon as it was liberated, with enolate B
to give aldol products 102 or 103 in good yields, keeping in mind that the
maximum yield is 50% for this reaction.

The absolute configuration of the major isomers of spirolactone 102 and
amide 103 was 2S,5R,1'R, based on the known configuration of malic acid
and determination of the relative configuration by an X-ray structure analy-
sis of amide 103 [62].

Since the formation of optically active, dioxolanone-based di-enolates
was not successful, a consecutive alkylation strategy was developed for
a short synthesis of (—)-wikstromol (ent-3) from (—)-malic acid (99)
(Scheme 25). The first alkylation reaction was analogous to that reported for
the enantioselective total synthesis of (—)-meridinol (97). In order to avoid a
reduction/re-oxidation sequence and an almost unselective second alkyla-
tion, two disadvantages of the synthesis of meridinol (97) [55], we planned
to use a different strategy for the second alkylation. Therefore, we have fo-
cused our strategy on two stereoselective alkylation reactions, one of dialkyl
malates and one of a dioxolanone prepared thereof. Both alkylation reac-
tions were previously described by Seebach and coworker [56, 63, 64]. The
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major challenge of our consecutive alkylation strategy was the stereoselec-
tive synthesis of a C(1')-benzyl substituted dioxolanone and its diastereose-
lective alkylation at C(5). The preparation and alkylation of C(1’)-substitut-
ed dioxolanones has not been reported and the stereochemical outcome was
uncertain, due to the additional stereocenter in the side chain (Scheme 25).
The diastereoselective alkylation of dialkyl malates has been frequent-
ly used in the past [65]. However, according to the original procedure
[63] (dialkyl malate, base, —78—-20 °C, then —78 °C, electrophile, then
—78—0 °C, 16 h), the alkylation proceeded in average yields of about 50-
60% and in diastereoselectivities in the range of 9:1 anti / syn. In our hands,
application of this procedure to the reaction of benzyl bromide 23 with di-
methyl malate 106 produced the alkylated compounds in only 20% yield.
The yield of the alkylation was easily improved (>75%) when the ester was
deprotonated with LHMDS in the presence of the electrophile at =78 °C and
the reaction mixture was allowed to warm to 10 °C (Scheme 26 and Table 2).

OH ; OH OH
2.1 equiv. LHMDS
RO C/k/cozR' +28 —————— o CJVCOZR' * RO COR
2 THF, -78 °C-=Tgng S 2

85, 106 - 110 \@[OMQ OMe
OBn OBn

111a- 116a 111s - 116s

Scheme 26
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Table 2 Yields and stereoselectivities of the alkylation of diesters 85, 106-110

Entry cmpd R R Tend Products dr Yield  Remarks
[°C] [%]

1 106 Me Me 14 111a: 111s 8:1 75

2 85 Et Et 14 112a: 112s 9:1 91

3 107 i-Pr i-Pr 9 113a: 113s 19:1 80 (17:1; 78%)*?

4 108 t-Bu t-Bu 9 114a: 114s 7:1 94 (9:1; 90%)*

5 109 i-Pr t-Bu 16 115a: 115s 9:2 90

6 110 t-Bu i-Pr 16 116a: 116s 40:1 78

# Results of a repetition experiment (T,,4=16 °C)

Furthermore, a significant simplification of the original procedure was real-
ized. Yield and ratio of syn- and anti-product was dependent on the steric
effects of the ester groups. Commercially available dimethyl, diethyl, and
diisopropyl malate 106, 85, and 107 afforded the alkylation products
111a-113a and 111s-113s in 75%, 92%, and 80% combined yield, respective-
ly. In the case of diisopropyl malate 107, the reaction was incomplete and ca.
10% of starting material was recovered. The diastereomeric ratio increased
in the order Me, Et, i-Pr ester from 8:1 to 19:1 (anti-:syn-isomer). It was as-
sumed that the diastereomeric ratio could be increased even more, when the
bulkier tert-butyl group (“bigger is better”) was used for both ester moi-
eties. Di-fert-butyl malate 108 was prepared [66] and alkylated using our
modified reaction conditions [67]. Surprisingly, the two diastereomers 114a
and 114s were obtained in a 7:1 ratio (!) but in almost quantitative yield. We
reasoned that only one of the tert-butyl groups of malate 108 was responsi-
ble for the low stereoselectivity and prepared the mixed esters, isopropyl-
tert-butyl ester 109 and fert-butyl-isopropyl ester 110.

The hitherto unknown esters 109 and 110 were obtained from malic acid
99 in 85% and 20% overall yield, respectively (Scheme 27). Esterification of

0O o 1. (COCI),, DMF O o
2. i-PrOH, EtsN
o] Bty o]
.'\ngu)koH lLJg"H/U\O]-PI’
+Bu O 76% +Bu" O
17 118
1) DCC, t-BuOH, cat. TsOH 1) 2N HCl aq.
91% | 2) cat. NaHCO3, i-PrOH, A 30% | 2)119
OH QNH OH
- otB CO,i-P
i-Pro,C COt-Bu e e “| tBuO,C 2T
109 110

Scheme 27
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dioxolanone 117 (DCC, t-BuOH), followed by base-catalyzed trans-esterifi-
cation in hot i-PrOH in the presence of a catalytic amount of NaHCO; [61],
afforded the ester 109 in 91% yield. Ester 110 was prepared by the esterifica-
tion of the carboxyl group of dioxolanone 117 (—118, 76%), followed by the
selective hydrolysis of the acetal moiety with 2N HCI and esterification of
the C(1) carboxyl group with isourea 119 [68] (—110, 30% yield).
Alkylation of 109 and 110 with benzyl bromide 23 provided the following
results [69]: succinates 115a and 115s were formed in 90% yield and in a ra-
tio of 9:2, whereas succinates 116a and 116s were obtained in a ratio of 40:1,
although the yield was only 78% and ca. 10% of the starting material re-
mained. Thus, malate 109 and di-fert-butyl malate 108 reacted comparably
with respect to both yield and stereoselectivity, as did malates 110 and 107.
Molecular mechanics calculations of the intermediate enolates provided a
rationale for these findings, which is displayed in Fig. 5. Since the electro-
phile approaches the enolate perpendicular to the C=C double bond [70],
steric hindrance caused by the alkyl groups is pivotal for either the Re- or
the Si-site attack. The anti-selectivity was enhanced by a factor of two when
the isopropyl ester at C(1) (malate 107) was substituted by a tert-butyl ester
(malate 110). In this case, the Re-face is more effectively blocked because
one of the methyl substituents of the tert-butyl group is positioned exactly
in the trajectory of the electrophile. On the other hand, steric repulsion on
the opposite Si-face should decrease the anti-selectivity. In fact, this is the
case with malate 108 having a tert-butyl group at C(4). Again, the difference
between an i-Pr group and a t-Bu group becomes apparent. Whereas both
Me groups of the i-Pr group are positioned away from the enolate moiety
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this is not possible with the #-Bu group, with which one Me group inevitably
shield the Si-face. As a result, malate 108 was alkylated with lower stereose-
lectivity than malate 107. Consequently, the lowest anti-selectivity was
achieved with malate 109, in which the bulky tert-butyl group is at C(4) and
the comparably smaller isopropyl group is at C(1). Therefore, increased ster-
ic hindrance at C(1) increases the anti-selectivity, whereas increased steric
hindrance at C(4) decreases it. In conclusion, dialkyl malate 110 may be de-
scribed as a matched and dialkyl malate 109 as a mismatched pair of differ-
ently encumbered alkyl esters.

The best compromise with respect to reactivity and availability of the
starting material was the use of diisopropyl malate 107. This malic acid ester
is easy to prepare and its alkylation with various benzyl bromides can be
achieved with good yields (53-67%, not optimized) and high stereoselectivi-
ties (dr~95:5 for 120 and 121). An exception with respect to the stereoselec-
tivity was the 2,4,6-trimethylbenzyl substituted succinate 122, which was ob-
tained in a dr of only 83:17 (Fig. 6) [71].

Saponification of the succinates 113, 120-122 was carried out in ethanolic
KOH. The reaction proceeded smoothly under these conditions. However,
even if diastereomerically pure starting material was employed, mixtures of
anti- and syn-isomer of diacids 123-125 (ratio ca. 10:1) were formed in
quantitative yields [71]. The more crowded succinate 122 was saponified to
its diacid 126a without epimerization at C(2). Diacid 123 could be recrystal-
lized to afford the pure anti-isomer, but the recrystallization was not reli-
able. Therefore, the acetalizations with pivaldehyde were carried out with
the mixtures of diastereomers in 72-83% combined yield. This reaction was
best achieved in benzene as solvent, affording the cis-dioxolanones 127a-
130a and the trans-dioxolanones 131a-134a (from the anti-diacids), along-
side the cis-dioxolanones 127s-129s (from the syn-diacids), in a ca. 5:1:1 ra-
tio (Scheme 28) [72]. The fourth possible isomer, the trans-dioxolanones
from the anti-diacids, having (25,2'R,4’'S)-configuration, was not detected in
any case.

Isomerically pure dioxolanone 127a was obtained from the crude reaction
mixture after recrystallization. Again, this process was irreproducible, and
the yield for stereoisomerically pure 127a was low (50-70%). For this rea-
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son, a mixture of the isomers was allowed to react with the benzyl bromides
at —78 °C, using LHMDS as the base (Scheme 29). Surprisingly, only the cis-
dioxolanones 127a-130a were alkylated under these conditions, providing
diastereomerically pure dioxolanones 135-138 according to the 'H NMR
spectra of the crude reaction mixtures [69]. Cis-dioxolanones 127s-129s, as
well as trans-dioxolanones 131a-133a, were recovered unchanged. The al-
kylation products 135-138 were isolated in 50-70% yield (67-81% yield
based on the amount of the reacting cis-dioxolanones 127a-130a).
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The different alkylation ability of dioxolanone 127a vs dioxolanones 131a
and 127s may be explained by either of the following mechanisms
(Scheme 30) [69]. Initially, the lithium carboxylates of the dioxolanones
127a, 131a, and 127s (127a-Li, 131a-Li, 127s-Li) are formed with one equiva-
lent of LHMDS. This reaction is very exothermic and could be monitored
easily with an internal thermometer. Then the carboxylates may be deproto-
nated by a second equivalent of LHMDS to afford the enolates 127a-2Li,
131a-2Li, 127s-2Li (Scheme 30, path A). The latter two are enantiomers and
have the same relative configuration. This reduces the problem to the com-
parison of the enolate structures of 127a-2Li and 131a-2Li. If the enolates
were formed in all cases, then the steric interactions of the enolates with the
incoming electrophile must be responsible for the different reactivity
(Scheme 30, path A).

23
A 127a2Li — > 135

—— 131a2li —Hf>
127s-2Li /A
127a  1equiv.LHMDS 127aLi 1 equiv. LHMDS
131a ———— > 131ali

127s 127s-Li 23
B 127a2Li — > 135

L—> 131ali —f>
1275l

Scheme 30

On the other hand, LHMDS is a bulky base and, more likely, the kinetic
deprotonation at C(4’) occurs selectively with carboxylate 127a:Li, providing
the enolate 127a-2Li, which is alkylated, while the isomeric carboxylates
131a-Li and 127s-Li remained unchanged (Scheme 6, path B).

The assumption that from a mixtures of dioxolanones only one diastereo-
mer was alkylated, was independently confirmed by alkylation experiments
involving stereoisomerically-pure dioxolanones 127a and 131a with benzyl
bromide 23 as the electrophile and LHMDS as the base. Dioxolanone 127a
was alkylated within 5 h at =78 °C to afford product 135, whereas diox-
olanone 131a was recovered unchanged (no alkylation or isomerization
products were detected) in over 90% yield under identical reaction condi-
tions. If the enolate 131a-2Li would have been formed, then reprotonation
should occur from both stereofaces. In fact, this was observed when the re-
action of diastereomerically pure dioxolanone 127a-2Li with benzyl bromide
23 was quenched prior to the complete consumption of the nucleophile. In
this case, product 135 was accompanied by cis-dioxolanone 127a and the
corresponding trans-dioxolanone, which were formed in a 2:1 ratio!
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Further evidence was provided by molecular mechanics calculations of
the three carboxylates 127a-Li, 131a-Li, 127s-Li, whose minimum energy
conformations are depicted in Fig. 7. The calculated structures of the lithi-
um carboxylates 131a-Li and 127s-Li indicated that the proton at C(4') is
shielded by either the fert-butyl group of the dioxolanone moiety (131a-Li,
dy.c@)y..1-ctern=3.15 A) or the CH, group of the side chain (synaxial inter-
action between H-C(4') and H-C(3) in 127s-Li, dy_c()..n.c(3)=2.43 A). In the
case of dioxolanone 127a-Li, neither of the stereocenters interfere with the
base, and deprotonation to the enolate is possible even at —78 °C (Fig. 7).

Dioxolanones 135-138 were converted to the corresponding lactone lig-
nans in a one-pot procedure by regioselective reduction of the carboxyl
group using borane dimethylsulfide complex followed by acid hydrolysis of
the dioxolanone moiety. In the reduction step, an appropriate solvent is cru-
cial for good yields. Dioxolanone 135 upon treatment of borane dimethylsul-
fide in THF gave, after hydrolysis, lactone 139 and lactol 140 in 19% and
20%, respectively. Several by-products have been formed, some of which
were structurally characterized [70]. Much better results were obtained
when the reaction was carried out in Et,O. The yields of the lactone lignans
141-143 were generally over 80% (Scheme 31).

Ph—; Ph  BHyMe,S, THF, A :gg BHyMe,S, Et,0,A Al Ar

e, - B —— o,

0 'o>|(-| then 4N HCI, A 12; then 4N HCI, A e /OOH

° Ar=Ph Ar=Ar'-Ar o ., Ha Pd/C
139 X =0 (19%) 141 Ar = Ar’ (88%) — ent-3
140 X = H,OH (20%) 142 Ar=Ar (85%) 99%
143 Ar = Ar® (82%)
15% | BBrg

HO
T
HO 144

Scheme 31
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Hydrogenolysis of the benzylether of lactone 141 (H,, 10% Pd/C) quanti-
tatively afforded (—)-wikstromol (ent-3). The overall yield of ent-3 from di-
isopropyl malate 107 over six steps was 30% [62]. This strategy for the con-
struction of optically-active lactone lignans provided a short and stereose-
lective synthesis with comparably good overall yield.

Demethylation of the methoxy groups in lactone 142 was achieved with
BBr; in dichloromethane. The reaction conditions were not optimized, and
the yield of a-hydroxylated enterolactone 144 was low (15%). Several
byproducts, such as both regioisomers of the mono-methylether, were ob-
tained.

The amount of borane is also important in the regioselective reduction of
the dioxolanones (Scheme 31). The use of a large excess of borane resulted
in the partial reduction of both carboxyl moieties. Completion of the reduc-
tion with LiAlH,, and further functional group manipulations, gave (—)-cari-
nol (ent-26) in 35% overall yield (Scheme 32) [62].

xs BHy'Me,S
135 ——— > >, HO
- 110OH
OH

(=)-carinol (ent-26)

Scheme 32

The synthesis of the biologically more active (+)-isomer of wikstromol
(3) was achieved using the non-naturally-occurring (R)-malic acid (ent-99)
in 20% overall yield utilizing the strategy described above [67]. However, ac-
etalization of substituted succinates, such as diacid 123a (Scheme 28), with
pivaldehyde under thermodynamic control afforded the diastereoisomeric
trans- and cis-dioxolanones in a ratio of ca. 5:1, in agreement with previous
observations [72]. Much better stereoselectivities have been realized, when
malic acid was converted to the dioxolanone using Noyori’s kinetic acetal-
ization [73, 74]. In an attempt to prepare dioxolanone ent-127a from the
per-silylated succinate 145, only the corresponding diacid was recovered
from the reaction mixture (Scheme 33).

The inhibition of proliferation of several cancer cells was investigated
with the compounds shown in Fig. 8. One of these lignans, compound 143,
was active, having an ICs; of ca. 35 wmol/l against HT 29 colon cancer cells
[75] and others [76]. This result was in agreement with previously observed
cytotoxicities of a-unfunctionalized lactone lignans [77].

Our strategy for the synthesis of a-hydroxylated lactone lignans might be
extended to the general synthesis of a-hydroxylated lignans, when either of
the alkylation steps is changed to an aldol addition. For example, berchemol
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(148) [78], a tetrahydrofuran lignan containing a vicinal diol subunit, should
be produced when the second alkylation is replaced by an aldol reaction.
Thus, the dioxolanone 127a, after enolization with LHMDS and treatment
with O-benzyl-vanilline (146), furnished the aldol product 147 in 80% yield
as a mixture of diastereomeric benzylic alcohols (ratio ca. 1.5:1). Unfortu-
nately, the initial strategy for the conversion of dioxolanone 147 to berche-
mol (148), which has not yet been synthesized, was unsuccessful
(Scheme 34). We are currently examining alternative routes for this conver-
sion.

Upon supplementing the first alkylation by an aldol reaction, other types
of a-hydroxylated lignans should be attainable as well. In the case in which
both C-C bond formations are aldol reactions, furofuran lignans, such as
paulownin or analogs, should be obtained. On the other hand, aldol addition
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followed by alkylation should yield lignans of the olivil-type. As mentioned
above, the latter class of lignans has not been prepared with natural occur-
ring configuration and substitution pattern. The only change in the synthet-
ic strategy is the appropriate protection of the additional benzylic hydroxy
group (Scheme 35). The application of these considerations towards a short
synthesis of paulownin (4) and olivil (2) is underway.

Ar—,  <OH

alkylation  HOwS—
“HAr

00 0
RO,C._OH  ggoi  ROC._LOH - % olivil-type
. R | yp
HO > e} OH
CO,R J COR H | H o
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L HOw i
o “UAr
paulownin-type
Scheme 35
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