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Palau’amine

This Microreview aims to identify important advances in the
asymmetric synthesis of fully substituted five-membered car-
bocyclic ring systems. Recent efforts directed towards the in-
tricate and densely functionalized core substructures of three
distinct classes of cyclopentane-based natural products will
be examined. Strategies featuring high levels of stereocon-
trol and/or conciseness in the total number of synthetic steps

required to access complex natural product ring fragments
are highlighted. Stereoselective Diels-Alder cycloaddition
approaches to access functionalized norbornene intermedi-
ates as latent chiral cyclopentanes in the tradition of Corey's
elegant prostaglandin studies are a recurring theme.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2009)

1. Introduction

Dating back to the late 1960’s, Corey’s work on the pros-
taglandins is often regarded as a milestone in the field of
synthetic chemistry.['l Utilizing a bicyclo[2.2.1]heptane ap-
proach (Figure 1, B) to forge the oxygenated five-membered
carbocyclic framework, stereocontrolled total syntheses of
prostoglandins E, and F,, (1) were accomplished® and
subsequently rendered catalytic and enantioselective.l®!
The Corey route intersects with a relatively uncommon chi-
ral synthon: a fully substituted cyclopentane 8 bearing all
of the requisite functionality for elaboration to 1. This work
remains particularly relevant as five-membered carbocyclic
cores bearing stereopentads of comparable molecular com-
plexity are found in a subset of the highly sought after
pyrrole-imidazole family of marine alkaloids (e.g. 4 and 5,
Figure 1, A) as well as biologically relevant terpenoids (2
and 3) and aminocyclopentitol-based glycosidase inhibitors
(6 and 7).
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To highlight important advances in the stereocontrolled
synthesis of penta-substituted cyclopentanes, analyses of re-
cent efforts directed towards the common E and D ring sys-
tems of oroidin dimers 4 and 5, respectively, will be provided.
Strategies and tactics regarded as being well-suited for appli-
cation to new total syntheses will be emphasized. We will
focus here only on the stereochemical challenges posed by
the intricate and densely functionalized core cyclopentanes.
Indeed, the eventual introduction and manipulation of the
heterocycles at the periphery of the carbocycle is a daunting
task of its own and has been discussed elsewhere.™

In addition, selected asymmetric approaches to the
aminocyclopentitol core of trehazolin (6) will be discussed
followed by an examination of Nicolaou’s expedient entry
into the polycyclic carbon backbone of vannusal B (2),
which includes a fully substituted cyclopentane in the form
of a bicyclo[2.2.1]heptane. Many of the approaches outlined
below involve selective manipulation of a norbornene-type
intermediate generated by a cleverly crafted Diels—Alder cy-
cloaddition reaction and all are notable for either exquisite
stereocontrol or conciseness in the total number of syn-
thetic operations required to access highly complex cyclo-
pentane-based molecular scaffolds.
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Figure 1. A: Biologically relevant natural products bearing a densely functionalized and stereochemically intricate cyclopentane core
structure. B: Corey’s bicyclo[2.2.1]heptane retrosynthetic dissection of prostaglandin F,,.

1.1. Corey’s Prostaglandin Studies

As an introduction to cyclic stereocontrol as it applies to
the synthesis of complex cyclopentanes, a selection of Core-
y’s groundbreaking prostaglandin studies will be briefly re-
visited for contextual purposes. A recent refinement of Co-
rey’s prostanoid-related methodologies (Scheme 1) fea-
tures a catalytic enantioselective Diels—Alder reaction be-
tween 5-alkyl cyclopentadiene 10 and 2-bromoacrolein. The
bracketed transition-state pathway>¢-34 relies on the ability
of m-electron-rich indole to stabilize the O-coordinated di-
enophile in an s-cis conformation to bias the enantiofacial
selectivity of the cycloaddition. The approach of the dien-
ophile is from the face opposite to the 5-benzyloxymethyl
group and the exo formyl adduct is obtained with high
selectivity for steric reasons. The reaction is run at low tem-
perature in part to suppress isomerization of the 5-substi-
tuted cyclopentadiene by a [1,5]-sigmatropic shift?*>2l that
occurs readily at room temperature (vida infra).

The 5% diastereomeric endo contaminant reacts rela-
tively quickly with silver nitrate due to its exo-oriented
halogen and is thereby easily removed from the mixture by
decomposition to water-soluble by-products. The cyanohy-
drin is then obtained by dehydration of the intermediate -
hydroxy oxime and the latent ketone functionality is re-
vealed by hydrolysis to provide norbornene 9. A regio- and
chemoselective Baeyer—Villiger ring expansion occurs with
migration of the more substituted alkyl group and subse-
1478
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quent hydrolysis provides a carboxylate substrate poised for
1odo-lactonization. In the event, treatment with iodine un-
der basic conditions provides the bicyclic iodo-lactone 8 as
a single isomer with excellent efficiency. This fully substi-
tuted cyclopentane 8 can be easily elaborated to the “Corey
lactone” 11, a chiral synthon famous for its utility as an
intermediate for the total synthesis of various prostanoids.

2. Oroidin Marine Alkaloids

2.1. Gleason’s Diels—Alder Approach

Gleason and co-workers were inspired by Corey’s
prostanoid-directed studies to apply a related Diels—Alder
strategy to the synthetic problem posed by the highly steri-
cally congested cyclopentane E-ring of palau’amine (4). The
authors were struck by the rare use of 5-alkyl cyclopenta-
dienes in total synthesis and attributed this phenomenon to
a facile [1,5]-sigmatropic rearrangement (e.g. 12—13,
Scheme 2, A)?#-34] that precludes preparation and use of the
diene at ambient temperatures. It was shown that incorpo-
ration of a 2-silyloxy group into the diene system results in
a 30-fold increase in the stability of 12 at 23 °C relative to
5-methylcyclopentadiene.’¥ This allows for the productive
use of similar dienes in Diels—Alder cycloaddition reactions
conducted at room temperature.

Eur. J. Org. Chem. 2009, 1477-1489
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Scheme 1. Corey’s catalytic enantioselective synthesis of a key prostaglandin intermediate.!!
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Scheme 2. A: Gleason’s concise route to the functionalized chlorocyclopentane core of palau’amine (original structure assignment).[>* B:
Diastereoselectivity results.l’®! For cycloadditions 12—15 and 18—19 the endo co-product has been omitted for clarity.
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Diene 12 is competent in a variety of [4+2] reactions ex-
hibiting varying levels of endo/exo selectivity.®® In one ex-
ample, 12 underwent cycloaddition with B-chlorodehydroal-
anine oxazolone 14 at room temperature to deliver a 1:1
mixture of cycloadducts that were directly subjected to
DMDO oxidation followed by methanolysis to provide sep-
arable hydroxy ketones 16 (exo adduct shown in
Scheme 2A). Purified 16 was then oxidatively ring-opened
in good yield to deliver the fully substituted cyclopentane
17.

The complete lack of the desired exo diastereoselectivity
in reactions of oxazolone 14 with cyclopentadienes is troub-
ling. Fortunately, Gleason has shown (Scheme 2, B) that
exo-selectivity can be realized with exomethylene thio-
hydantoins and hydantoins (e.g. 18a and b, respectively) to
produce spirocyclic norbornenes such as 19a and b.[°"!

The authors provide an elegant solution to the problem
of stereoselective introduction of the chlorine substituent
into the palau’amine E-ring and the route is notable for its
conciseness and creativity. Unfortunately, 17 bears a
stereopentad with an a/l-cis configuration while a recently
proposed structural revisionl®”! of palau’amine suggests
that the chloride is disposed on the B-face of the molecule
and that the D-E fusion is trans (cf. 4, as depicted in Fig-
ure 1, A). This notion has not been confirmed by crystallo-
graphic data and awaits verification from total synthesis
campaigns. For clarity, the stereochemical orientations of
the original and revised core stereopentads are shown in
Figure 2. It is noteworthy that the revised configuration is
conserved amongst other oroidin alkaloids (e.g. 5).

palau'amine

HoN_ CHO
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NH,

NH, NH,
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Figure 2. Insightful bicyclo[2.2.1]heptane (norbornene) approaches
to the E-ring of palau’amine.[>8]

2.2. Carreira’s Synthesis of a Massadine Precursor

Carreira has exemplified a synthetic route!® to access the
fully substituted p-ring of massadine-type alkaloids.”) The
overall strategy (Figure 2) is to produce an enantiopure
norbornene intermediate as the conformationally rigid cy-
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Scheme 3. Carreira’s enantioselective synthesis of a massadine D ring precursor featuring a creative and efficient functionalization of the
C7 position of norbornene and a highly diastereoselective Strecker reaction;3") R* = (-)-menthyl.
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clopentane precursor and then to manipulate functionality
at the C7 position (norbornene numbering) in a chemo- and
diastereoselective manner followed by oxidative cleavage of
the olefin. The sequence (Scheme 3)°! commences with a
diastereoselective cycloaddition of 5-(trimethysilyl)cyclo-
pentadiene with a chiral fumarate to provide the bicy-
clo[2.2.1]heptane efficiently. The C7 position is then oxy-
genated by a remarkable sequence wherein bromo-lactoniz-
ation of 20 is followed by an Ag'-mediated rearrangement
of the C7-silane to generate the inverted alcohol 22 via
methanolysis of the putative lactone intermediate 21. The
authors report that the process is reliable on >50 gram
scale. The alcohol is then advanced in a straight-forward
way to ketone 23.

A Strecker reaction on ketone 23 produced a single
amino-nitrile isomer 24. The exquisite diastereoselectivity
was attributed to steric shielding of one iminium dia-
stereoface by the bulky exo-oriented benzyloxymethylene.
The azidonitrile 25, generated by Cu''-catalyzed diazotrans-
fer could be successfully reduced and elaborated to the silyl
ether 26. Oddly, attempts at reduction of variously pro-
tected amino-nitrile substrates led to decomposition. At this
stage, an ambitious oxidative ring cleavage was postulated
to strategically differentiate between the carbon atoms of
the norbornene double bond. In the event (Scheme 4, A),
ozonolysis provided regioselectively the ester/aldehyde 29 in

European Journal
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excellent yield. The authors invoke anchimeric participation
of one benzyloxy group in the rearrangement of the pri-
mary ozonide to generate the putative oxonium species 28
followed by methanolysis and dehydration to 29. A similar
neighbouring group participation-regioselectivity phenome-
non has been observed during ozonolotic ring opening of
norbornene 34 (Scheme 4, B).['% In this case the proximal
endo-disposed carboxylate distinguishes between the two
sp>-hybridized carbon atoms of the double bond by giving
rise to a fused tricyclic acetal-hemiacetal ring system 35
that can be reduced to the differentiated bicyclic lactone
36.

“Carboxy-inversion” (30—31, Scheme 4, A)!'!l was real-
ized by generation of the unsymmetrical diacyl peroxide
from carboxylic acid 30 using DCC and peracid. This inter-
mediate was heated to promote rearrangement to the mixed
carbonate and subsequent methanolysis afforded the
alcohol 31. An inconsequential diastereomeric mixture of
diazides 32 was obtained in four additional steps. Tandem
acetate saponification/ester epimerization with Cs,COj3 pro-
vided the massadine core fragment 33 in an enantioselective
fashion (24 linear steps). Notably, carboxylic acid 30 may
be poised for a Barton/Hunsdiecker-type decarboxylative
chlorination!®! that would provide access to a chlorocyclo-
pentane scaffold which maps directly onto the revised struc-
ture of palau’amine (4).
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Scheme 4. A: Completion of a D-ring-core fragment of massadine featuring end-group differentiation through ozonolotic olefin cleav-
age.[®®] B: A related norbornene ozonolysis resulting in regioselectivity due to neighboring group participation.!*!
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Scheme 5. Gin’s synthesis of bridged lactam intermediate 43.[%)

2.3. Gin’s Synthesis of Chlorocyclopentane Oroidin Cores

Gin and co-workers have employed a long known [3,3]-
sigmatropic rearrangement (vida infra) of bridged tricyclo-
decadienes (e.g. 39, Scheme 5)!'? in order to obtain a C7-
functionalized norbornene intermediate suitable for elabo-
ration to the chlorocyclopentane core of 4. Chemoselective
nucleophilic epoxidation of the racemic Diels—Alder adduct
37 provides a keto-epoxide which can be subjected to a
Favorskii-type ring-contraction rearrangement. This step
proceeds by enolization followed by intramolecular oxirane
ring-opening and finally dehydrative ring-contraction to
provide the enone/ester 35 in good yield. Subsequent o-al-
kylation affords the ketone 39 that bears a 1,5-diene system
susceptible to equilibration via a [3,3]-sigmatropic re-
arrangement (39—40) as first described by Woodward.['3!
This process provides a latent chloride functionality at C7
of norbornene 40 in the form of a ketone thereby rendering
relatively simple Diels—Alder adducts such as 34 useful as
synthons for the preparation of complex cyclopentanes. The
39/40 mixture in a thermodynamic ratio of 72:28 was re-
duced under Meerwein—Verley—Pondorf conditions, ad-
vancing selectively intermediate 40 through rearrangement
and reduction. The notable efficiency of this process relies
on Curtin—-Hammett chemical kinetics of the dynamic 39/
40 system. The alcohol 41 can be chlorinated with net reten-
tion of configuration and the ketone 42 is generated
through the intermediacy of an ene-carbamate Curtius re-
arrangement product. A thionyl chloride mediated
Beckmann ring expansion of the oxime was completely re-
1482
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43

gioselective resulting from migration of the more substi-
tuted alkyl group to provide the lactam 43 after Boc protec-
tion.

Reductive ozonolysis (Scheme 6) of the cyclopentene in
43 and subsequent intramolecular alcoholysis of the imide
(TsOH) gave 44 after silyl ether protection. Oxazoline 45,
generated in two additional steps, could then be chemo-
selectively hydrolyzed and esterified to afford 46. Finally,
oxidation of the alcohol was accompanied by a fortuitous
epimerization resulting in formation of aldehyde 47 (19 op-
erations from cyclopentadiene) as a single diastereomer.
Chlorocyclopentane 47 bears a differentially functionalized
stereopentad corresponding to the revised palau’amine E-
ring stereochemical configuration,[” albeit in racemic form.
The diastereomeric bridged cyclopentane 48, prepared by a
related sequence from the 39/40 mixture, maps directly onto
the originally proposed structure of palau’amine.[ Thus,
stereoselective access to both chlorocyclopentane oroidin
cores was accomplished from a common intermediate.

2.4. Chen’s Mn""-Enolate Oxidation Strategy

Chen has developed a Mn(OAc);-promoted oxidative
radical heterobicyclization of B-keto esters tethered to un-
saturated N-heterocyclic ring systems (Scheme 7).['Y1 When
49 is treated with Mn'"" in warm acetic acid the resulting
enolate undergoes single electron oxidation to an electro-
philic a-radical™! that cyclizes by a 5-exo/6-endo pathway
to generate 50 and 51 in a cascade bicyclization reaction.

Eur. J. Org. Chem. 2009, 1477-1489
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Scheme 6. Gin’s completion of diastereomeric oroidin chlorocyclopentane core synthons.!'?!

Two C-C bonds and three contiguous stereocenters are es-
tablished in this step; as only two of a possible eight dia-
stereomers are obtained, this strategy may be well-suited for
the synthesis of complex natural product substructures. The
ester functionality of lactone 50 is then excised under decar-
boxylative conditions to afford the alcohol 52. This inter-
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Scheme 7. Chen’s Mn!""-mediated oxidative radical heterobicyclization strategy to access the core skeleton of oroidin alkaloids.!
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mediate can be oxidatively rearranged to the spirocyclic cy-
clopentanone-hydantoin 53 with concomitant epimeri-
zation of the methylene amino-bearing stereocenter. Dia-
stereomeric cyclopentanone 54 can also be prepared from
50 in three high-yielding and stereoselective synthetic oper-
ations.
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While the relative stereochemistry of 54 is epimeric to the
massadine/palau’amine core-ring fragment at two sterco-
genic centers and the problem of stereoselective introduc-
tion of the chlorine substituent has not been addressed, this
work represents an elegant application of Mn"-enolate oxi-
dation to complex cyclopentane synthesis and the route is
extremely concise relative to contemporary approaches to
similar carbocycles.

2.5. Romo’s Synthesis of the D-E trans-Fused 5-5 Ring
System of Revised Palau’amine

Chen’s oxidative ring-contraction strategy borrows from
the pioneering work of Lovelyl'® and Romo!'”! who have
demonstrated that Diels—Alder adducts such as 55
(Scheme 8) can be converted into the palau’amine core skel-
eton by a two-step oxidation/chlorination/ring-contraction
sequence.'7#17°1 The unsaturated imidazolone 55 is first
subjected to DMDO oxidation at low temperature provid-
ing the allylic alcohol 56 in excellent yield as a single dia-
stereomer. Treatment of the cup-shaped 56 with an electro-
philic chlorinating agent results in halogenation on the con-
vex face of the tricyclic system. This generates an iminium
species that is susceptible to a 1,2-alkyl migration to yield
the ring-contracted spirocycle 57 in good yield on gram sca-
le.l'7°] The use of cyclohexene as a HOCI buffer suppresses
formation of aromatized over-oxidation by-products. The
lactam was cleaved with concomitant epimerization of the
methoxycarbonyl-containing stereocenter to provide the all-
trans relative stereochemistry common to oroidin alkaloids
4 and 5. The relative configuration of this anti-chlorocyclo-
pentane 58 was verified crystallographically.l'’ Cyclization
to the trans-fused 5-5 system was realized under mild Mit-

sunobu conditions at room temperature to provide the aza-
bicyclooctane 60 in 74% yield.'7! Notably, the coupling
constants of several key protons in this core substructure
correlate well with palau’amine. Demonstration of the feasi-
bility of this intramolecular cyclization to obtain the D-
E trans-fused 5-5 ring system of the revised palau’amine
structure is a critical achievement toward an eventual total
synthesis of 4.

3. Trehazolin Aminocyclopentane Core!'®!

An established retrosynthetic analysis!'®4l of trehazolin is
depicted in Figure 3. The fused aminooxazoline system is

6
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Figure 3. Retrosynthetic disconnection of the glycosidic C—N bond
of trehazolin (6) generates the aminocyclitol ring fragment and a
glycosyl isothiocyanate.!'8d]
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Scheme 8. Romo’s Diels—Alder/oxidation/tandem chlorination-1,2-alkyl shift sequence delivers densely functionalized spirocycles for elab-

oration to the trans-fused bicyclic core substructure of palau’amine.
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often envisioned to arise from a thiourea precursor via the
intermediacy of a carbodiimide. Glycosidic C-N bond dis-
connection then gives rise to the densely functionalized
aminocyclopentitol ring fragment and a glucopyranosyl de-
rivative. Section 3 will focus on creative and efficient ap-
proaches to the aminocyclopentane core of 6.

3.1. Carreira’s Total Synthesis of Trehazolin

Carreira’s innovative total synthesis of trehazolin (6)!'”!
relied on a key spirocyclic intermediate, whose asymmetric
synthesis was without precedent. Preparation of the nonra-
cemic spirocycloheptadiene (Scheme 9, 61) called for exqui-
site regioselectivity and chemoselectivity in the condensa-
tion of a metal cyclopentadienide with epichlorohydrin, as
initial SN2 displacement vs. epoxide opening would lead to
enantiomeric products. Therefore, the relative reaction rates
would govern the enantioselectivity of the transformation
with initial epoxide opening followed by spirocyclization af-
fording the desired optically active (R)-61. The authors
found that treatment of lithium cyclopentadienide with
enantiopure (R)-epichlorohydrin in the presence of NaH
delivered 61 in good yield and excellent enantioselectivity
(91% ee).l'] Remarkably, the requisite 1,4-amino alcohol
functionality could then be obtained directly from tri-
chloroacetimidate 62 by treatment with an electrophilic io-
dinating agent in aqueous acetonitrile. This outcome is
mechanistically consistent with iodonium complexation fol-
lowed by N-cyclization to generate an allylic iodide that is
subsequently hydrolyzed under the reaction conditions, giv-
ing rise to the 1,4-amino carbinol 63. Nucleophilic opening
of the imidate is followed by diastereoselective epoxidation
from the less hindered face of the molecule. Next, Lewis
acidic conditions promote epoxide ring opening by the vici-
nal trichloroamide to efficiently provide the bicyclic oxazol-
ine 66. The spiro-fused cyclopropyl moiety was then frag-
mented under free-radical conditions affording the terminal
alkene with concomitant partial reduction of the tri-
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chloromethyl group. Penta-substituted cyclopentane 67 was
eventually advanced to synthetic trehazolin in a successful
total synthesis campaign.[**!

3.2. Crimmins’ Formal Total Synthesis of Trehazolin

Crimmins’ recent synthesis of the hexa-substituted ami-
nocyclopentitol core of trehazolin (6) is notable for its com-
plete stereocontrol.?! The Evans dialkyl boron triflate pro-
tocol (Scheme 10) generates the (£)-boron enolate which re-
acts with 3-butenal to yield the syn-aldol product in good
yield. Diastereofacial selectivity in this example is governed
by minimization of 1,3-diaxial interactions in the chairlike
Zimmerman-Traxler transition state (as shown). Protection
of 68 followed by ring-closing metathesis (RCM) generated
a cyclopentene from which the chiral oxazolidine auxiliary
was reductively removed. The alcohol 69 was then con-
verted into the N-sulfonyl carbamate by treatment with p-
toluenesulfonyl isocyanate and subsequent iodo-amination
was affected by complexing the olefin from the less-hin-
dered face with iodine followed by electrophilic cyclization
to generate the iodide 70 in good yield on multi-gram scale.
Elimination provided the trisubstituted cyclopentene 71
that was elaborated to 72 by four protecting group manipu-
lations. DMDO epoxidation of the less hindered face of the
alkene gave epoxide 73 as a single isomer.

As shown in Scheme 11, mildly acidic conditions pro-
mote the nucleophilic opening of the epoxide by the proxi-
mal carbamate carbonyl oxygen to generate efficiently the
oxazolidinone 74 and a Grieco elimination protocol®! was
used to convert the primary acetate into the exocyclic olefin
75. Dihydroxylation under Upjohn conditions was com-
pletely stereoselective, affording a single triol 76 in 75%
yield. The heavily functionalized cyclopentane 76 could be
successfully progressed to the advanced trehazolin synthon
77 in two additional steps (18 linear operations from 3-but-
enal). The fully substituted peracetylated cyclopentane in-
termediate 77 intersects with Shiozaki’s synthetic routel*”
to the glycosidase inhibitor trehazolin, thus constituting a
formal total synthesis.

CpLi, NaH, I(sym-collidine),ClO4, NiBry, LiBr,
o Tll—)|F, 60% OR NaHCOs, CH,CN @) RO 5 THF. 80%
cl _
S & 61% A
N™ “ccly
NaH, R=H(61) TIPSOTY, R =H (63)
CI5CCN, 2,6-ut,
95% R = C(NH)CCl; (62) 95% R = TIPS (64)
1. DMDO, /
TIPSO acetone, 65% TIPSO nBuaan Et3B, T|PSO \\\J
2. BF3-OFty, 87% NaBH4 EtOH
, . — . &
’/NH / 7
75% HOT NN ref. [19]
c:c:l3 o)
CC'a CH,Cl
65 66 67

Scheme 9. Carreira’s total synthesis of trehazolin from an optically active spirocycloheptadiene 61.[1°]
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o O ngUZBOTIf CTEIE: . OR O O 92%
utenal ,Cly, : 2. LiBHy,
/\)J\N)Lo ~78°C100°C N H 04"’9 /\/\)J\ ko 8a% TBSQ
“CyH : —_— OH
84 / S - = @
(90%
Ph borsm) Ph
TBSOTH, R =H (68) 69
2,6-Iut,
92% R=TBS
1. TosNCO,
THF TBSO TBSO
2.1, KoCOs, B DBU, PhH, B TBSO DMDO, TBSO
Et,0 v‘\o 80°C, 91% v-"\o 4 steps : N acetone, 74% AN
- . - i //\\ — OAc " "OAc
7% “N “N
(2 steps) | / 0 / o NHBoc o NHBoc
Tos Tos
70 71 72 73

Scheme 10. Crimmins’ RCM/electrophilic cyclization—elimination sequence to access the fully substituted cyclopentane intermediate 73

en route to a formal synthesis of trehazolin.?"]

1. K;CO3, MeOH, 98%
2. 0NO,CgH,SeCN,

TBSQ PBUs, THF TBSO
TBSO CSA (10 mol-%), AR\ 3. H20p, THF, '
N DCM, 83% HO»O OAC  71% (2 steps) HO>C/¢
Vel S e R 5!
5 = NH o. MNH
O NHBoc R °
0 (@]
73 74 75
050, (2.7 mol-%), TBSQ oy 1. KOH, EtOH
NMO, acetone/H,0, ~J 2_Aczd, pyr, ACQ, OAc
75% HO OH DMAP AcO ~Yaw I
' OAc —— trehazolin (6)
= NH 86%
Ie) < ref. [22]
\( (2 steps) AcO NHAc
o)
76 77

Scheme 11. Crimmins’ synthesis of the carbocyclic sugar of trehazolin.l*]

3.3. Ganem’s Formal Total Synthesis of Trehazolin

Ganem’s synthetic approach to trehazolin (6)*3! was to
craft an N,O-heteronorbornene intermediate by a dia-
stereoselective  heterocycloaddition whereby reductive
N,O-bond cleavage of the cycloadduct would furnish a
3,4,5-trisubstituted cyclopentene that could be further
functionalized by osmylation or epoxidation. The route
(Scheme 12) begins with a hetero-Diels—Alder reaction be-
tween S-alkylcyclopentadiene 10 and a chiral acyl nitroso
species, generated by in-situ oxidation of the hydroxamic
acid 78. Relative and absolute stereocontrol in the forma-
tion of the three contiguous chiral centers is mitigated by
approach of the heterodienophile from the face opposite
to the 5-benzyloxymethyl group as well as intramolecular
hydrogen bonding in the acyl nitroso species (as shown),
which directs endo cycloaddition anti to phenyl group. In
this way, the mandelate-derived hydroxy stereocenter pro-
1486
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vides an acceptable level of diastereofacial selectivity (dr
= 4:1) such that multi-gram quantities of the purified tri-
substituted cyclopentene 80 were accessible following re-
duction with sodium amalgam.!?3] Epoxidation proceeded
from the face opposite the bulky benzyloxy methyl substit-
uent to provide epoxide 81 in excellent yield. Unfortu-
nately, the epoxide was resistant to hydrolysis under acidic
conditions and only after prolonged exposure to aqueous
TFA was ring-opened unselectively to a 1:1.6 mixture of
desired triol 82 and its isomer (not shown) in modest yield.
The benzyloxy methyl substituent was then converted into
the required tertiary hydroxy quaternary center by a se-
quence involving hydrogenolysis, Grieco elimination!?!]
and OsOy-mediated dihydroxylation, which, upon global
deprotection, afforded the unprotected aminocyclopentitol
core of 6 in good yield. As this intermediate has been pre-
viously converted to trehazolin,?? a formal total synthesis
was achieved.
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Scheme 12. Ganem’s synthesis of trehazolin precursor 84 featuring a creative acyl nitroso heterocycloaddition reaction (10—79).23!

4. Vannusal B

4.1. Nicolaou’s Expedient Entry into the Fused Polycyclic
Skeleton of the Vannusals

Nicolaou’s enantioselective total synthesis of the origi-
nally assigned structure of vannusal B (2)**! commences
with a catalytic asymmetric three-component 1,4-addition/
aldol reaction (Scheme 13). Treatment of cyclohexenone

and an aliphatic aldehyde with a vinyl zirconium species
in the presence of a chiral rhodium catalyst provides aldol
product 85 as a mixture of diastereomers (dr = 1.4:1) in
good yield. The rhodium catalyst serves a number of func-
tions in a proposed catalytic cyclel®*?! that is initiated by
transmetallation of the alkenyl zirconium and © complex-
ation of the newly generated olefin-appended rhodium with
the cyclic enone. Asymmetric transfer of the alkenyl group

o Mn(OAc);, CsHit
TMSI, TEA, g Cu(OAc),,
CH,Cl, EtOH, reflux
OMe
50% 68%
(2 steps)

CeHi3

K, R=H (87)
(Me0),CO

R = CO,Me (88)

{i
[Rh(cod)(MeCN),JBF;, O  OH OTBS o MeO.__OMe
(S)-Binap, THF, r.t. 6 steps H
CICpyZr - =
et 52% P
C6H13 C5H13
[¢]
lk/\/OTBS 85 86

89, 96% ee
——
— 2
ref. [24c]

Scheme 13. Nicolaou’s expedient entry into the bicyclo[2.2.1]heptane framework of the vannusals featuring a highly convergent catalytic

asymmetric three-component reaction.>4l
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onto C4 of the enone then gives rise to a chiral rhodium
enolate capable of engaging the aldehyde in an aldol reac-
tion. A critical feature of this multicomponent reaction is
chemoselectivity of the in situ generated rhodium alkenyl
species in differentiating between enone and aldehyde,
thereby allowing sequential cascading events in a one-pot
transformation. Cyclohexanone 85 was then advanced to
acetal 86 by a short series of oxidation state adjustments
and functional group manipulations. Intramolecular spiro-
cyclization via a Mukaiyama-type aldol reaction was affec-
ted by exposure to TMSI in the presence of base to afford
the methoxy spiroketone 87 in acceptable yield. The B-keto
ester was subsequently obtained by KH-mediated methoxy-
carbonylation. Finally, the remaining quaternary center of
the desired bicyclo[2.2.1]heptane substructure was fash-
ioned by a Mn™-enolate oxidation/5-exo radical cyclization
pathway according to the Snider synthetic protocol.?> This
key vannusal building block 89 was obtained with high op-
tical purity (96% ee) and a related intermediate (Scheme 13,
lower right box) was successfully advanced to the originally
assigned structure of vannusal B.?*‘l Intriguingly, the spec-
troscopic data of the synthetic compound did not match
those reported for the naturally occurring vannusal B, thus
underscoring the bewildering question as to the true molec-
ular identity of this natural product.

5. Outlook and Conclusion

Stereochemically intricate cyclopentanes decorated with
contiguous arrays of heteroatoms at the periphery of the
carbocycle and/or fused to heterocyclic ring systems en-
compass some of the more daunting challenges for modern
synthetic chemistry. Given the exciting advances outlined
abovel®®! and the recent arrival of completed total syntheses
of complex oroidin dimers,?” a creative solution to the syn-
thetic problem posed by palau’amine amid other capti-
vating and coveted natural products should be forthcoming
in the near future.
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