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1. Introduction

The five-membered carbocycle is a familiar and widespread
structural motif in natural product architectures. As a result, the
collection of chemical reactions that construct cyclopentanes rep-
resents an indispensible toolbox for synthetic chemists. Moreover,
methods that build cyclopentanes with control of sp3-hybridized
stereocenters are particularly valuable. The importance of creating
substituted cyclopentanes with control of stereochemistry has
been a driving force inspiring the creation of synthetic methods and
strategies for building functionalized five-membered carbocycles.
The pursuit of substituted cyclopentanes has showcased the wide
scope, functional group tolerance, and elegance of many synthetic
reactions. The pursuit has also exposed the limitations of various
synthetic transformations, and it has inspired chemists to improve
such processes. This review provides a comprehensive discussion
on the methods that have been used in the synthesis of fully
functionalized cyclopentanes in natural product synthesis. Previous
reviews have appeared in this area; however, they are either not
comprehensive for fully functionalized cyclopentanes,' or they are

NH.
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mannostatin A
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OMe
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Fig. 1. Selected Natural Products Containing Functionalized Cyclopentanes.

a general review of annulation.” We use these natural products as a
lens to view the current state-of-the-art methods and strategies to
form functionalized cyclopentanes.

In this review, we define fully functionalized cyclopentanes as
five membered carbocycles where each of the five sp>-hybridized
carbons bears at least one non-hydrogen substituent. Such struc-
tures are exemplified by the monocyclic substituted cyclo-
pentanoid mannostatin A and the polycyclic framework of coriolin
(Fig. 1). Of course, a cyclopentane may display up to ten non-
hydrogen substituents. We include the examples of such decasu-
bstituted cyclopentanes (shinjulactone C and ryanodol), but the
discussion is not limited to these cases. Not included in this review
are natural products that have methylene (CH;) groups in the five
membered ring (such as neofinaconitine), nor natural products
with sp?-hybridized carbons in the five membered ring, such as
antheridic acid.

Importantly, this review is organized by the reaction that as-
sembles the 5-membered carbocycle, rather than an organizational
system based on the target natural product. Particular emphasis is
placed on the overall synthetic strategy used to assemble the
stereochemically-rich cyclopentane. We organize this Report in 10
distinct sections based on the method by which the key five-
membered carbocycle is forged. Within each main section we
group mechanistically or topologically-related strategies into well-
defined subsections. Within each subsection, reports are grouped
according to the natural product target, and presented in chrono-
logical order of the earliest total synthesis.

Throughout the review, the carbon atoms that will constitute
the cyclopentane have been color coded in red; if two fully func-
tionalized cyclopentanes exist in the target, then the carbons are

McMurry, 1969:

Me
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AcOH
,,,,rMe 32% ,,,"/Me
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Fig. 2. Interconversion of Natural Products with Functionalized Cyclopentanes.
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steps

kelsoene

Scheme 1. The [2 + 2]-Cycloaddition in the Synthesis of Fully Functionalized Cyclopentanes.
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Scheme 2. All-Carbon [3 + 2]-Cycloadditions in the Synthesis of Fully Functionalized
Cyclopentanes.

color-coded red and blue, as appropriate. This review focuses on the
key steps in constructing and functionalizing the cyclopentane, and
is not an exhaustive analysis of each total synthesis. Comparative
reviews of total syntheses of target natural products in this Report
appear elsewhere.> Consequently, some of the noteworthy steps in
the syntheses may be excluded from the discussion if they do not
contribute to the cyclopentane construction or functionalization.
We show all steps that affect substitution or stereochemical
changes to carbons of the eventual fully functionalized cyclo-
pentane, and steps that do not result in changes to the cyclopentane
structure or substitution are generally not shown nor discussed in
detail.

This review is limited to natural product total synthesis, and
fully functionalized cyclopentanes that are not natural products
have not been included. Also omitted are synthetic studies toward
natural products that did not result in completion of the target.
However, in the event that a partial synthesis bears close similarity
to related total syntheses, we included those studies. Simple in-
terconversions between natural products with fully functionalized
five membered rings performed upon isolation are not covered.
Similarly, studies of rearrangements between natural product
congeners, such as those shown in Fig. 2, are not covered. Of course,
we recognize that the studies above render all previous and future
syntheses of sativene and longifoline formal syntheses of cyclo-
sativene and longicyclene, respectively; however, the syntheses of
the former molecules do not address the complexities of forming

glucosamine

fully functionalized cyclopentanes, and are not covered here. We
cover those syntheses that have appeared through the first half of
2016. In the event that an example from the literature has been
missed, the authors deeply regret the omission.

2. Cycloadditions

Cycloadditions represent versatile and powerful trans-
formations for the formation of ring structures, and it is not sur-
prising that they are employed in preparing functionalized
cyclopentane architectures. There are examples of [2 + 2]-*
[3 + 2]-, [4 + 2]- (the Diels—Alder reaction), and [5 + 2]-cycload-
ditions® that are used in the formation of fully functionalized
cyclopentane natural products.

The [2 + 2]-cycloaddition of 1,5-dienes leads to cis-fused
bicyclo[3.2.0]heptane archtitectures, and these reactions have
been used in the synthesis of targets with fully functionalized
cyclopentanes (Scheme 1). The key five-membered ring is formed
from the carbons in the intramolecular tether connecting the
alkene functional groups. Strategically, functional groups may be
installed in the tether to enable subsequent transformations that
create substitution in the target cyclopentane (such as in eq. 1).
Alternatively, substituents with appropriate stereochemistry may
be established prior to the cycloaddition event (eq. 2). The ste-
reochemistry at the bridgehead atoms favors the cis-fused dia-
stereomer that delivers the substituents in sterically less-
hindered positions. The synthesis of ginkgolide exemplifies use
of the [2 + 2]-cycloaddition where the reactivity of the cylcobu-
tane is leveraged in the formation of additional rings, and the
strategic use of the [2 + 2]-cycloaddition is non-obvious. The
bicyclo[3.2.0]heptane moiety in the kelsoene target is more sug-
gestive of the use of the [2 + 2]-cycloaddition.

The intermolecular combination of an all-carbon 1,3-dipole (5)
with an alkene (6) produces a 5-membered carbocycle (7) (Scheme
2).° These reactions often proceed with high levels of substrate-
controlled diastereoselectivity. Five natural products with fully

PO 4 PO

Ol ~ H

Y [3+2] L 0 SMe, : & OH
.0 —> PO 0 ——>po
—N ~ 7
S) © s N N (6]

PN PN

8 9 10

Scheme 3. Heteroatom [3 + 2]-Cycloadditions in the Synthesis of Fully Functionalized Cyclopentanes.
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Scheme 4. Cyclopentadiene Diels—Alder Cycloadditions in the Synthesis of Fully
Functionalized Cyclopentanes.
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Scheme 5. Intramolecular Diels—Alder Cycloadditions in the Synthesis of Fully Func-
tionalized Cyclopentanes.
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functionalized cyclopentanes have been prepared using all-carbon
[3 + 2]-cycloadditions to construct the five-membered ring. It is
perhaps surprising that relatively few fully functionalized cyclo-
pentanes are made with this reaction because it inherently con-
structs a five-membered carbocycle, vis-a-vis the Diels—Alder
reaction, which inherently forms a six-membered ring. However,
methods available for the formation of all-carbon dipoles are
relatively few in number.”

Intramolecular [3 + 2]-cycloadditions may also deliver func-
tionalized cyclopentanes where the tether carbons become the
eventual carbocycle (Scheme 3). In the context of this review, the
stereogenic carbons in the tether are derived from carbohydrate
feedstock molecules. The cycloaddition involves reaction of a nitrile
oxide 8 or a nitrone dipole (not shown) to give an isoxazoline (9) or
isoxazolidine, respectively. The stereochemistry of the bridgehead
carbon is controlled by the adjacent stereocenter, leading to posi-
tioning of the substituent on the less hindered face of the bicycle.

1) LDA, PhNTf,
2) Pd(PPhg), cat.;
nPrNH,, Cul cat.

o OM
¢ ’<
(__7\/0
(0]
: LT
‘tBu
19 Me
20 If

64% two steps

OMe
COCly;
BusN, A
79%

HO,C

1) LDA;
PhO,S,
N

O
N
2) CSA, DCM

75% two steps

2) TrOOH, _
BnNMe; iPrO

58% two steps

Scheme 6. Total Synthesis of (+)-Ginkgolide B (Corey, 1988).
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Me
7 ~Me Me0,C”~CO,Me ZnBr, 4 steps
%
CHO CsH1oNH, OAC CH.Cl,
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30
1) K,CO3, MeOH 1) MeLi, Et,0
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hv EtsN NaOAc
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89% CHClg Li,CO,4
73% three steps 32 56% three steps
H Me
1) Hy, Pd/C 3
2) aq. HCIO,
3) MePPhj I~
tBuOK
52% three steps
dr= 955 kelsoene

Scheme 7. Total Synthesis of (+)-Kelsoene (Bach, 2002).

The heterocyclic five-membered ring is subsequently opened using
standard conditions to give 10.

The intermolecular Diels—Alder reaction of cyclopentadienes
with alkenes leads to the formation of substituted cyclopentanes

that are part of bicyclo[2.2.1]heptenes (Scheme 4). Cases related
to this review (with one exception: Zhai's biomimetic synthesis
of absinthin) involve relatively simple and symmetrically-
substituted cyclopentadienes (11) reacting with substituted

F‘MP ™S Me
ooo M O —Ph h
j“\Me oVle 35 /_; -NMe PMP"', -NMe -
Pd(OAc), — 85% =
(PrO) P Phx 7 ©
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NG )03, MeOH; 2 2) T OBn)
/ NaBH,
PMP PhO 78% second
step
% 1) 0sO,, NMO
SOy,
OMe DABCO
MeO CO,Bn COBn  2) SOgpyr.
DDQ
DMSO, Et,N
“'CO.Me reflux MeO CO,Me
2 75% e 3) TMSOTY
oME Ph PPh 4) Hy, Pd/C
40 44% four steps
O'V'e ) NaH, PhSCI OMe O
COJ Mez ) MCPBA RO
_NaHCO; O Q d(oH) Pd(OH)2/C__
) (CHg)sNH,CI 3 CHaNH, MeO s

O PP Ph

AlMey
42 72% th
R = TMS o three steps
OMe
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fFiO “
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OMe
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Scheme 8. Total Synthesis of (—)-Rocaglamide (Trost, 1990).
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Scheme 9. Total Synthesis of (—)-Coriolin (Kuwajima, 1999).

alkene dienophiles 12. The cycloaddition proceeds with predict-
able endo diastereoselectivity, setting four carbon stereocenters
in 13. Variation in the substitution pattern of the dienophile is
widely tolerated, and appropriate substitution gives functional

handles for further transformations. Invariably, subsequent
transformations include the oxidative cleavage of the resident
alkene to reveal intermediate 14 that undergoes further pro-
cessing. A possible limitation of this synthetic strategy is the

OH MOMO O (.C?
OBn 1) I, MeOH N
3 steps n 1)1y Me PMP O O
2) PMBzCl, EtgN OBn
HO OH MOMO OMe DMAP
52 53 81% two steps MOMO OMe
54
LHMDS oH 0 9 1) AcOH, NaOAc OMe O
88% pmp 2) MOMCI, K,CO3 OH
MOMO OMOBn 3) Hy, Pd(OH), |
5 R s e 64% three steps  \1oMO o0~ > PMP
%0 56
Ar > Ar
Ar Ar o MeO,C
0 g7 OH _ég_--\l]\
Ar = pyren-1-yl L
R = cyclooctyl Pl
hv, CO,Me PMP
Ph 58 59

66%, 71% ee

HO
1) NaOMe MeO 5 % .COMe
2) Me ,NBH(OAc)4
62% two steps Ph
dr4.4:1 MOMO O PMP
61

(—)-silvestrol

Scheme 10. Total Synthesis of (—)-Silvestrol (Porco, 2007).
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Scheme 11. Total Synthesis of (—)-Silvestrol (Rizzacasa, 2007).
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OH Ph R>\o 0 >
| hv, CHZC|2, e \N‘H 69%
MeO o”>pvmp 70 MeO o-H dr=3:1
o er=2855:14.5
RS
69
MeO =
O PMP

Meozc—'\f_
Ph
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Scheme 12. Total Synthesis of (+)-Ponapensin and (+)-Eliptifoline (Porco, 2012).
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L 2 HO NPht 2,6-lut. TBSO ‘NPht pyr.
_ 74 55% two steps 75 81% two steps
D-glucosamine
Q OH
TBSO': ~Z N 1) 03/02
' TBSO.., wOH
TBSO-., —NOH ag. NaOClI );AE(CB):)
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4 91% TBSO 42 K
850’ NPht ° 77 NPt 0% two steps TBSO NPht
76 oH 78
4 steps
PS5 HO., o
N/)\NMeg
HO H

(-)-allosamizoline

Scheme 13. Total Synthesis of (—)-Allosamizoline (Tatsuta, 1991).

relatively few methods for the preparation of functionalized non-
symmetric cyclopentadienes.® Likely as a result of this limitation,
this type of Diels—Alder reaction occurs early in the synthetic
route to the natural product target.

The intramolecular Diels—Alder reaction of skipped trienes 15
may also be used in the formation of substitituted cyclopentanes
embedded in hydrindane architectures 16 (Scheme 5). In such
cases, the functionalized cyclopentane is made from the molecular
tether connecting the diene and dienophile. A key consideration of
this strategy is the establishment of substitution on the tether with
the desired stereochemical configuration. The intramolecuar Diel-
s—Alder reaction is a well-studied and dependable transformation,
even with quite complex substrates.”'? The hydrindanes formed
show trans ring fusions that position the tether substituents in the
sterically less hindered location. As a result of such dependability
and predictable control elements, this type of Diels—Alder reaction
has been used late in the synthetic route to complex natural
product targets.

oM

2.1. [2 + 2] cycloadditions

In the synthesis of (+)-ginkgolide B, Corey'' uses a [2 + 2]
cycloaddition to construct a polycyclic ring system containing the
five-membered ring of interest (Scheme 6). The synthesis begins
with 1-morpholinocyclopentene (17), which was converted to
cyclopentanone 18 by reaction with dimethoxyacetaldehyde fol-
lowed by hydrolysis with HCI. This cyclopentenone was advanced
to spirocyclic intermediate 19 over two steps. Conversion to the
enol triflate and coupling with alkyne 20 gave 21. Partial reduction
of the alkyne furnished the desired Z-alkene. Acidic hydrolysis of
the ortho-ester revealed carboxylic acid 1. Formation of the acid
chloride with oxalyl chloride was followed by slow addition to tri-
n-butylamine to give a ketene intermediate that underwent a
[2 + 2] cycloaddition to give 2. Baeyer-Villiger oxidation with tert-
butyl hydrogen peroxide produced y-lactone 22. This material was
advanced over four steps to 23. Enolate formation and addition to
the Davis oxaziridine gave an a-hydroxy lactone. The ether bridge
in 24 could then be constructed with catalytic camphorsulfonic acid

o Zno; i-Pr‘
— .
NH,OHHCI j.p;~Si

NaOAc 0.
69% P

1 ) 03, MeZS
2) Zn(BH,),

pr’ 60% two steps
OH 81 OH
H
HO.., wOH 7 steps HO.., o)
HO “NPht HO N/)\ NMe,

83

(-)-allosamizoline

Scheme 14. Total Synthesis of (—)-Allosamizoline (Koseki, 1993).
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D-glucose 84 85
o OH OH
HO T hee
1) Raney o0 N H
Nickel, H,  BzO.., & BzO.., wOH 5 steps HO"., o
2) mCPBA Ha(TFA) | ’ PN,
56% two steps ~ BzO 0sO,, MeCN BzO NH HO H
o, EtO,C
87 40% 882 (—)-allosamizoline

Scheme 15. Total Synthesis of (—)-Allosamizoline (Ferrier, 1994).

in methanol. Oxidation of the cyclopentene to cyclopentenone 25
was completed by allylic bromination and subsequent oxidation
with silver nitrate. An acid-promoted elimination of methanol gave
a dihydrofuran. Stereoselective nucleophilic epoxidation yielded
26. Introduction of the final required substituent was accomplished
by a diastereoselective aldol addition with tert-butyl propionate to
give 27. Lactonization with camphorsulfonic acid delivered bislac-
tone 28 and a fully functionalized cyclopentane with the desired
substitution in (+)-ginkgolide B.

The Bach'? synthesis of (+)-kelsoene utilizes a [2 + 2] photo-
cycloaddition of a 1,6-diene to construct a fully functionalized
cyclopentane (Scheme 7). The route begins with a Knovenagal
condensation of citronellene-dervied aldehyde 29 with dimethyl
malonate to give 30. An Alder-ene reaction using conditions
developed by Tietze'® delivered cyclopentane 31. This material was
advanced over four steps to cycloaddition precursor 3. A [2 + 2]
photocycloaddition in the presence of CuOTf delivered a fully
functionalized cyclopentane (4) as a mixture of diastereomers.
Acetate cleavage, oxidation of the resulting alcohol and a-bromi-
nation delivered 32 as a single diastereomer. Addition of methyl-
lithium, oxidation of the resulting alcohol to the ketone, and
elimination of bromide gave enone 33. Hydrogenation occurred
preferentially from the face opposite the methyl groups. An acid-
catalyzed epimerization of the resulting ketone delivered a fully
functionalized cyclopentane with the desired stereochemistry for
the target. A Wittig olefination completed the synthesis of
(+)-kelsoene.

2.2. [3 + 2] cycloadditions

2.2.1. Bimolecular reactions of all-carbon dipoles

The Trost'* synthesis of (—)-rocaglamide begins with a
palladium-catalyzed cycloaddition of the trimethylenemethane
(TMM)'"® precursor 35 and alkene 34 (Scheme 8). The chiral-
auxiliary'® promotes addition of the TMM from the convex face of
the boat-like confomer 36 and delivers 37 as a single diastereomer.
Removal of the auxiliary, and oxidative cleavage produces cyclo-
pentanone 39. Condensation with dimethyl phloroglucinol fol-
lowed by selective transesterification gave 40 as a mixture of alkene
regioisomers. Oxidative cyclization with DDQ delivers 41. Note the
oxidative cyclization gives the undesired trans relationship be-
tween the phenyl and PMP groups, which must be corrected. In a
preliminary study, the TMM [3 + 2] cyclization of model com-
pounds lacking the auxiliary set the tertiary stereocenter with the
desired cis configuration, albeit as a racemate. Dihydroxylation
occurs from the top face of the cyclopentene promoting a cis fusion
of the 5-membered rings. Functional group manipulation (oxida-
tion, silylation, and hydrogenolysis/decarboxylation) gave cyclo-
pentanone 42. Reaction with phenylsulfenyl chloride/mCPBA
delivers a cyclopentenone, which installs the necessary function-
ality to set the desired stereochemical configuration. Amide for-
mation under Weinreb's conditions gives 43. Hydrogenation using
Pearlman's catalyst sets the two tertiary stereocenters and delivers
44 as a 3:1 diastereomeric mixture. Presumably, the syn delivery of
hydrogen is followed by epimerization of the methyl ester, which
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Scheme 16. Total Synthesis of (+)-Trehalamine (Shiozaki, 1994).
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Scheme 17. Formal Synthesis of (+)-Coriolin (Funk, 1985).

affords the trans relationship on the five-membered ring. Desily-
lation and stereoselective reduction with hydride directed by the
vicinal hydroxide completes the synthesis of (—)-rocaglamide.

Kuwajima's'” total synthesis of (—)-coriolin begins with a [3 + 2]
cycloaddition to construct the cyclopentane that will eventually
become fully functionalized (Scheme 9). This [3 + 2] reaction of
vinyl sulfide 45 and the silyloxy allyl species 46 delivers two
annulation products (47 and 48) in a 1:1 ratio. This mixture was
subjected to an additional three steps to deliver 46. The appropriate
cis fusion of the cyclopentanes has been installed for coriolin. A
second [3 + 2] cycloaddition with silyloxy allyl species 47 gave
triquinane 48 and sets the quaternary stereocenter found in cor-
iolin. With three stereocenters in place, functional group manipu-
lation (B-elimination with fluoride, desulfurization with phenyl
thiolate, elimination, and silylation) delivered 49 with the neces-
sary functionality to install the final two stereocenters. Deproto-
nation of the enone and silylation of the extended enolate was
performed with potassium hydride and TIPSCl. An epoxide was
formed on the less hindered top face of the molecule. Epoxide
opening under acidic conditions delivered 50 and set the secondary
alcohol stereocenter of coriolin. This material was advanced over
seven steps to 51. Nucleophilic epoxidation of the enone set the
final stereocenter on the fully functionalized cyclopentane and
completed the synthesis of (—)-coriolin.

The total synthesis of (—)-silvestrol by Porco'®'® features a
[3 + 2] photocycloaddition between a 3-hydroxyflavone and a
cinnamate dipolarophile to assemble a functionalized cyclopentane
(Scheme 10). The route commences with aryl ketone 53 (synthe-
sized from phloroglucinol 52 in three steps). Deprotection of the
MOM group (cat. I/MeOH) was followed by acylation with 4-
methoxybenzoyl chloride to give 54. Treatment with LHMDS pro-
moted a Baker-Venkataraman rearrangement?’ yielding diketone
55. Sodium acetate in acetic acid promoted cyclization, dehydration
and MOM deprotection. Reintroduction of the MOM group and
hydrogenolysis of the benzyl ether delivers 56. The enantioselective
[3 + 2] photocycloaddition was performed with methyl cinnamate
(58) and chiral TADDOL derivative 57, leading to cycloadduct 60 in
71% ee. An a-ketol (acyloin) rearrangement promoted by sodium
methoxide was followed by a hydroxyl-directed reduction to
complete to give the molecular architecture of (—)-silvestrol.

In a synthesis of (—)-silvestrol, Rizzacasa’' uses the photo-
cycloaddition developed by Porco (see above) to assemble the

fully functionalized cyclopentane (Scheme 11). The route to the
3-hydroxyflavone starting material began with the commercially
available natural product naringenin. Selective benzylation
delivered 62. An oxidation with iodine yielded a flavone 63,
which upon methylation furnished 64. The desired 3-
hydroxyflavone 65 could be obtained by deprotonation at C3
position followed by boration and oxidative workup. The pho-
tocycloaddition with methyl cinnamate (58) resulted in bicyclic
intermediate 66 as a racemate. Treatment with base promoted an
a-ketol rearrangement to the B-ketoester 67. Hydride reduction
from the convex face of the bicycle delivers the desired hydroxyl
configuration in a 4.6:1 ratio. This advanced intermediate has a
fully functionalized cyclopentane, and it was advanced to the
natural product. Racemic intermediate 68 was advanced and
subsequently conjugated with an enantioenriched chiral sugar
moiety; separation of the diastereomers allowed for a synthesis
of non-racemic (—)-silvestrol.

The synthesis of (+)-ponapensin and (+)-elliptifoline by Porco??
(Scheme 12) uses a similar [3 + 2] photocycloaddition strategy to
that discussed above. The 3-hydroxyflavone 69 underwent a TAD-
DOL (70) promoted [3 + 2] photocycloaddition to give cycloadduct
72 in good yield and good stereochemical control. Hydride reduc-
tion of the ketone hydrate delivered the fully functionalized
cyclopentane 73 with the desired stereochemistry for (+)-pona-
pensin and (+)-elliptifoline, and it could be converted to either
natural product in an additional two steps.

2.2.2. Intramolecular reactions of heteroatom dipoles

Tatsuta's>> synthesis of (—)-allosamizoline begins with b-
glucosamine, which contains the desired configuration at four of
the five allosamizoline stereocenters (Scheme 13). The route begins
with the conversion of p-glucosamine to furanose 74 over three
steps. Treatment with ethanethiol and HCI delivered a dithioacetal,
which underwent TBS protection of the secondary alcohols to give
75. Desulfurization was performed with mercuric chloride and the
resulting aldehyde was transformed into oxime 76. Oxidation to a
nitrile oxide with sodium hypochlorite promoted an intramolecular
1,3-dipolar cycloaddition to deliver isoxazoline 77. Fragmentation
of the isoxazoline with ozone yielded a f-hydroxy ketone. The final
stereocenter of allosamizoline was set by hydroxyl-directed
reduction of the ketone with zinc borohydride giving 78. This
advanced interemediate contains a fully functionalized
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cyclopentane, and the natural product was completed in an addi-
tional four steps.

In a synthesis of (—)-allosamizoline, Koseki’* uses a similar 1,3-
dipolar cyclization of a nitrile oxide (Scheme 14). Beginning with
the stereochemically rich glucosamine, intermediate 79 could be
obtained over eight steps. Ring cleavage was achieved by reduction
with activated zinc powder in wet THF delivering an aldehyde. The
unpurified mixture was treated with hydroxylamine hydrochloride
to afford oxime 80. A 1,3-dipolar cyclization was promoted by
treatment with sodium hypochlorite to deliver isoxazoline 81.
Protecting group exchange affords the TBS-protected intermediate
82. Oxidative cleavage with ozone was followed by hydroxyl-
directed reduction to give 83, which installed the final

stereocenter of the fully functionalized cyclopentane. This inter-
mediate was converted to the natural product over an additional
seven steps.

The Ferrier?® synthesis of (—)-allosamizoline utilized a 1,3-
dipolar cycloaddition to assemble a fully functionalized cyclo-
pentane (Scheme 15). The route begins with p-glucose, which was
converted to 84 over five steps. Reductive opening of the
substituted pyranoside was accomplished by treatment with zinc
powder to afford enal 85. This intermediate contains three of the
required stereocenters for allosamizoline. Heating enal 85 with N-
methylhydroxylamine produced an intermediate nitrone that
cyclized to form isoxazolidine 86. The [3 + 2] cycloaddition sets
the eventual hydroxymethyl stereocenter, but the adjacent amino
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Scheme 18. Synthetic Studies Towards Pactamycin (Nishikawa, 2012).
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Scheme 19. Formal Synthesis of (+)-Coriolin (Matsumoto, 1982).

alcohol stereodiad requires adjustment. Reduction with hydrogen
and Raney nickel delivered an aziridine. Peracid oxidation of the
aziridine resulted in elimination to form cyclopentene 87. The
final two stereocenters were installed by way of a modified
Sharpless aminohydroxylation?® to give 88. This intermediate was
advanced five steps to (—)-allosamizoline.

The Shiozaki?’ synthesis of (+)-trehalamine featured a nitrile
oxide [3 + 2] cycloaddition to construct the five-membered ring
(Scheme 16). The synthesis begins with p-glucose, which could be
advanced over standard transformations to aldehyde 89. Oxime
formation delivered cyclization precursor 90. The [3 + 2] cycload-
dition was effected by treatment with sodium hypochlorite to form
a nitrile oxide which cyclized to isoxazoline 91. Hydrogenolysis of
the isoxazoline gave a hydroxymethyl ketone and led to B-elimi-
nation of the benzoyl group. Silyl protection of the primary alcohol
and Luche reduction of the ketone gave desired diastereomer 92
with its hydroxyl epimer (dr = 2.5:1). Benzyl protection of the
secondary alcohol and fluoride-mediated removal of the silyl ether
gives 93. Asymmetric epoxidation with Sharpless conditions gave
94 as a single isomer. Nucleophilic opening of the epoxide with
azide delivers fully functionalized cyclopentane 95 with appro-
priate stereochemistry and substitution for (+)-trehalamine. This
advanced intermediate underwent an additional eight steps to
complete the natural product.

In the formal synthesis of (+)-coriolin by Funk,?® a functional-
ized cyclopentane is formed in a nitrone [3 + 2] cyclization
(Scheme 17). The route begins with a conjugate addition of allyl-
silane 96 to enone 97 delivering 98 as a mixture of diastereomers.
The mixture was separated and individual diastereomers were
converted to the corresponding nitrone and heated to give

cyclization product 99. Methylation of the nitrogen atom was fol-
lowed by reduction of the N—O bond to give amino alcohol 100.
Treatment with peracid formed an N-oxide and selective Cope
elimination gave olefin 101. Hydroboration-oxidation of interme-
diate 101 was plagued by low regio- and stereoselectivity as a result
of the resident hydroxyl group. Therefore, this functional group was
removed by dehydration following the method of Gerlach?® with
chloridothioate 102 to give a diene. Hydroboration of this diene
proceeded with complete control of chemo- and regioselectively to
give an inconsequential mixture of diastereomers. A second
hydroboration-oxidation proceeded to give alcohol 103 with con-
trol of alcohol stereochemistry. Selective oxidation with Fetizon's
reagent> delivered a hydroxyketone, and Saegusa oxidation gave
enone 104, which is an intermediate previously taken to coriolin by
Matsumoto.>?

In the synthetic effort towards the cyclopentane core of pacta-
mycin, Nishikawa®! utilized a 1,3-dipolar cycloaddition of a nitrone
and an alkyne (Scheme 18). The synthesis begins glucose derivative
105. The unprotected hydroxyl undergoes an oxidation/Wittig
olefination sequence with ylide 106 to obtain the desired Z-alkene
product 107 as the major isomer in a 5:1 ratio with its geometric
isomer. Reduction to the allylic alcohol and subsequent Overman
rearrangement afforded 108. This material was advanced over 11
steps to enal 109. Acetylide addition proceeded with moderate
stereocontrol to give the desired 110 in a 3:1 diastereomer ratio.
Desilylation of the alkyne and protection of the hydroxyl groups as
benzyl ethers delivers 111. Chemoselective ozonolytic cleavage of
the alkene was followed by condensation with N-hydroxyaniline to
give nitrone 112. The [3 + 2] cycloaddition was performed in
refluxing toluene and a single product was isolated. The major
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Scheme 20. Formal Synthesis of (+)-Coriolin (Schuda, 1984).

diastereomer is the result of a favored transition state that positions
the benzyl ethers in the pseudo-equatorial position (114). The ex-
pected cycloaddition product 115 was not obtained; however
aziridine 116 was isolated. Presumably, the aziridine arises from
rearrangement of the isoxazoline 115. The stereochemical assign-
ment of the aziridine was ambiguous at this stage, but was later
clarified following dihydroxylation (see below). The aldehyde was
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reduced, activated as the sulfonate and displaced with iodide to
give 117. Treatment with TBAI and Lewis acid opened the aziridine
to give allylic amine 118. Dihydroxylation of this intermediate
delivered fully functionalized cyclopentane 119. While the func-
tionalization and stereochemistry do not directly correspond to
pactamycin, in principle this route could be used to obtain the
target.
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Scheme 21. Formal Synthesis of (+)-Coriolin (Mehta, 1986).
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Scheme 22. Formal Synthesis of (+)-Merrilactone A (Danishefsky, 2005).

2.3. [4 + 2] cycloadditions

2.3.1. Bimolecular Diels—Alder reactions of cyclopentadienes

In the formal synthesis of (+)-coriolin by Matsumoto,>* dimer-
ization of cyclopentadiene (11) assembles two of the three five-
membered rings contained in the target architecture (Scheme 19).
Dicyclopentadiene (120) was advanced five steps to intermediate
121. Ozonolytic cleavage of the alkene forms a dialdehyde, which
exists as hemiacetal 122. Oxidation followed by decarboxylation
leads to cyclopentene 123. Standard functional group manipula-
tions converted this material to substituted cyclopentene 124 over
seven steps. Hydroboration-oxidation followed by Jones oxidation
furnishes a ketone. Formation of the thermodynamic enolate is
followed by alkylation with 2,3-dichloropropene (125) on the
convex face of the bicyclic ring system to deliver 126 with good
control of stereochemistry. Oxymercuration of the vinyl chloride
following Matsumoto's method>? gave methyl ketone 127. An aldol
condensation delivered the triquinane ring system (104) of
(+)-coriolin. Treatment with isopropenyl acetate converted cyclo-
pentenone 104 to linear dienol acetate 128 under acidic conditions.
Epoxidation was followed by an elimination to give enone 128. In
this case, epoxidation on the hindered face of the polycycle is
driven by the preferential formation of a cis-fused diquinane sub-
structure. This material was advanced over five steps to an inter-
mediate published by Danishefsky and Tatsuta (130) in their
coriolin syntheses.>*3>

The formal synthesis of («+)-coriolin by Schuda®® begins with
dibromo ketal 131, which could be obtained from cyclopentanone

in two steps (Scheme 20). Double elimination of bromide gave a
cyclopentadiene (132) that dimerized via the Diels—Alder reaction
to give the bicyclo[2.2.1]heptane substructure in 134 after hydro-
lysis. This material was functionalized over six steps to give 135.
Oxidative cleavage of 135 was followed by reduction giving a diol.
Selective protection of the hydroxyl at C8 delivers 136. It is pro-
posed that an intramolecular hydrogen bond between the C1 ox-
ygen and the C3 carbinol renders the C3 alcohol less reactive. A one-
pot three-step sequence (triflic anhydride, tert-butyl ammonium
iodide, zinc metal) reduces the primary alcohol to a methyl group
yielding 137. This intermediate is functionalized to cyclopentanone
138 over three steps: ester hydrolysis, oxidation of the alcohol and
benzyl ether, and acid-promoted decarboxylation and simulta-
neous ketal hydrolysis. The acidic conditions led to epimerization of
the methyl group to give an inconsequential mixture of di-
astereomers. Treatment of ketone 138 with alcohol 139 induces
enol ether formation and subsequent Claisen rearrangement on the
convex face of the ring system to give 140. Saponification of the
benzoate gave an intermediate alcohol. Treatment with mercuric
acetate induced hydrolysis of the vinyl chloride and elimination of
the thiopropyl group to give desired enone 141. Aldol condensation
of 141 was promoted by potassium tert-butoxide to deliver the
triquinane ring system (142) of coriolin. Deconjugation of enone
142 gave a B,y-unsaturated ketone. Epoxidation with peracid occurs
from the top face, forming a cis-fused diquinane substructure.
Epoxide opening and subsequent elimination with DBU delivers
130 and intersects a published intermediate used in the Dani-
shefsky and Tatsuta syntheses of coriolin.>*>>
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Scheme 23. Synthetic Studies Towards Axinellamines (Carreira, 2000).

In the formal synthesis of (+)-coriolin, Mehta®’ functionalizes
cyclopentadiene through a Diels—Alder cycloaddition and a photo-
induced rearrangement (Scheme 21). The route commences with
the endo selective Diels—Alder of quinone 143 and cyclopentadiene
(11) to give 144. Upon irradiation, a [2 + 2] cycloaddition delivers
pentacyclic dione 145. A [2 + 2] cycloreversion reaction occurred
under flash vacuum pyrolysis conditions to yield triquinane 146.
The desired cis,anti,cis diastereomer (in 148) was obtained by
establishing a thermal equilibrium of enone isomers by refluxing in
benzyl benzoate. The resulting mixture contained a 1:3:3.5 ratio of
starting material 146 and isomers 147 and 148. While the isolated
yield of 148 was 35—40%, starting material 146 and enone 147 could
be recycled by reestablishing the thermal equilibrium. This material
was advanced seven steps to intermediate 149. A Saegusa oxidation
gave enone 150. Enolate addition to phenylselenyl bromide fol-
lowed by oxidation and elimination provided advanced interme-
diate 142. This material was prepared in the syntheses of
(+)-coriolin by Ikegami®® and Schuda.*®

In Danishefsky's second generation® approach to

(+)-merrilactone A“’ the cyclopentane is constructed in the first
step using a Diels—Alder reaction to form a bicyclo[2.2.1]heptane
(Scheme 22). Specifically, the cycloaddition between the chlori-
nated cyclopentadiene 151 and 2-methylmaleic anhydride pro-
ceeds with endo selectivity and sets the quaternary stereocenter.
Methanolysis of the anhydride and subsequent esterification of the
free acid delivered 152. Installation of the second required methyl
group for merrilactone A was accomplished by standard alkylation.
This two-step sequence successfully produced 153, where as Diel-
s—Alder cycloaddition of 150 with dimethylmaleic anhydride was
unsuccessful. Reduction of the esters and global halide reduction
occurs over two steps with concomitant ketal hydrolysis to give
154. Ketone 154 was advanced to ester 156 over three steps
featuring a Horner—Wadsworth—Emmons olefination with 155 and
subsequent alkene reduction. This material was advanced four
steps to intermediate 157. The carboxylic acid was converted to
alcohol 158 over three steps through carboxy inversion.*! Lewis
acid opening of the acetal induced lactonization with the tethered
methyl ester, and the aldehyde was concomitantly protected as the
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Scheme 24. Total Synthesis of (+)-GAs (De Clercq, 1986).

dithiane 159. Removal of the dithiane and reduction of the corre-
sponding aldehyde gave primary alcohol 160. Elimination using the
method developed by Grieco*’ delivered the exocyclic cyclo-
pentene 161. lodolactonization furnishes tricyclic compound 162,
which is an intermediate that intersects the first route to
(+)-merrilactone A published by Danishefsky.**

In the synthetic effort towards the axinellamines by Carreira,** a
Diels—Alder reaction of the spiro-cyclopentadiene 165 is used to
synthesize a bicyclo[2.2.1]heptane (Scheme 23). The synthesis be-
gins with lithiocyclopentadienide (163), which is converted to
spirocyclic intermediate 165 by addition to epichlorohydrin (164)
and silylation. The cycloaddition of 165 with N-phenylmaleimide
(166) delivers a 1:1 mixure of diastereomers. The desired stereo-
isomer 168 could be obtained preferentially through recrystalliza-
tion from cyclohexane. Resubjection of the undesired 167 in hot
chlorobenzene gave the 1:1 mixture, which could then be crystal-
lized as before. Desired intermediate 168 is functionalized over six
steps to give cyclic anhydride 169. A desymmetrization sequence
using the method developed by Bolm, produced acid-ester 170.*>
Epimerization of the methyl ester with LDA gave the trans config-
uration of the acid-ester 171. This material was advanced six steps
to acid chloride 172. Conversion of 172 to the corresponding Cbz
carbamate 173 was accomplished using the Curtius procedure, and
it elegantly establishes the a-tertiary amine with the desired ste-
reochemistry for the axinellamines. Ozonolysis of the cyclopentane
and subsequent treatment with base resulted in dialdehyde 174.
The base selectively epimerizes the aldehyde with the more
accessible a-position. Note that this transformation converts the o-
tertiary amine stereocenter into a non-stereogenic chirotopic cen-
ter. Interestingly, a selective mono-protection of the dialdehyde
was possible, which results in desymmetrization of the pseudo-C,
symmetry in the molecule. The factors responsible for the differ-
ence in reactivity of the two aldehydes are unknown; however, it

may be attributable to either the steric difference or the proximity
of the Cbz-carbamate versus the silyloxymethyl group. Oxidation of
the remaining aldehyde to the corresponding carboxylic acid was
performed with Masamune's conditions to give 175.“ The hin-
dered chloride was installed by radical decarboxylation in the
presence of carbon tetrachloride. This advanced intermediate (176)
displays a fully functionalized cyclopentane with the required
substitution and stereochemistry found in the axinellamines.

2.3.2. Intramolecular Diels—Alder reactions of skipped trienes

The De Clerq®’ synthesis of the gibberellin natural product
(+)-GAs uses an intramolecular Diels—Alder reaction, where the
molecular tether connecting the diene and dienophile forms the
five-membered ring (Scheme 24). The route begins with conjugate
addition of a furan-derived Grignard reagent to 177, followed by
intermolecular enolate trapping with 2,3-dibromopropene (178).
The alkylation occurs on the face opposite the furan substituent
setting the first two stereocenters of the eventual fully function-
alized cyclopentane. Enol ether hydrolysis gives a ketone. Lithium-
halogen exchange of the vinyl bromide induces ring closure to give
179. Reduction of the ester and oxidation of the resulting alcohol
gives an aldehyde. Addition of the lithiated propiolate gave 180 as
the major product in 4:1 diastereomeric ratio, presumably as a
result of Felkin—Anh selectivity. Intramolecular Diels—Alder reac-
tion of 180 in the presence of B-cyclodextrin gave cycloadduct 181
in high yield and high dr; however, there was no explanation given
for the diastereoselectivity. Selective hydrogenation of the strained
disubstituted alkene with Pd/BaSO4 was followed by hydride
reduction of the unsaturated ester to give the thermodynamically
favored trans-ring fusion in 182. At this stage, the cyclopentane is
fully functionalized with five stereocenters; however, in order to
complete the synthesis of GAs, the secondary alcohol must be
converted to a carboxy substituent. Oxidation of the secondary
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Scheme 25. Total Synthesis of (+)-FR182877 (Sorensen, 2002).

alcohol, protection of the tertiary alcohol and olefination gave a
methyl vinyl ether. An ester methylation and transesterification
sequence delivers 183. Hydrolysis of the vinyl ether proceeded with
protonation on the less hindered face to set the final stereocenter
on the fully functionalized cyclopentane. Pinnick*® oxidation
completed the synthesis of (+)-GAs,

Sorensen's*® biogenetic synthesis of (+)-FR182877 employs a
double transannular Diels—Alder reaction to construct five rings,
including a fully functionalized cyclopentane (Scheme 25). This
remarkable transformation forms seven stereocenters with com-
plete stereocontrol. The route commences with the assembly of
coupling fragment 190. An Evans syn-aldol reaction between 185
and aldehyde 186 sets two stereocenters for the eventual fully
functionalized cyclopentane. The chiral auxiliary was then cleaved

with conditions delivering a Weinreb amide. Silylation of the sec-
ondary alcohol and addition of dimethyl lithiomethylphosphonate
gives ketophosphonate 187. Olefination with (E)-3-iodo-2-
methacrolein (188) and subsequent cleavage of the silyl ethers
delivers diol 189. A chelation-controlled reduction of the ketone
gave a syn-1,3-diol. Silylation and stannylation delivers coupling
fragment 190. Cross-coupling of the dienylstannane and allyl ace-
tate 191 delivered 192. This intermediate was functionalized over
four steps to give 193. Exposure to Pd,dbas promoted macrocyclic
ring closure. To install the necessary unsaturation for the Diel-
s—Alder reaction, the stabilized enolate was formed and reacted
with phenylselenyl bromide to afford an inseparable mixture of
organoselenide diastereomers (dr = 3:1). When this mixture was
treated with mCPBA and warmed to 40 °C in chloroform,
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Scheme 26. Total Synthesis of (—)-FR182877 (Evans, 2003).

Diels—Alder substrate 194 was formed and the cyclization cascade
occurred spontaneously to furnish 195. The cycloaddition leads to
the establishment of seven stereogenic centers including the final
two stereocenters for the fully functionalized cyclopentane. After
this spectacular transformation, an additional three steps were
required to complete the synthesis of the natural product.

In the Evans synthesis of (—)-FR182877,°° a similar cascade of
transannular [4 + 2] cycloadditions construct much of the

molecular architecture of the natural product, including the fully
functionalized cyclopentane (Scheme 26). The route begins with
the assembly of coupling fragment 199. An Evans syn-aldol reaction
between 196 and aldehyde 186 sets two stereocenters for the
eventual fully functionalized cyclopentane. Cleavage of the auxil-
iary and formation of a Weinreb amide was followed by addition of
magnesium acetylide. A stereoselective DIBAL reduction delivered
syn-1,3-diol 198.°! Silylation and hydroboration-oxidation of the
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Scheme 27. Total Synthesis of (—)-FR182877 (Nakada, 2009).

alkyne delivered boronic acid coupling partner 199. The Suzuki
coupling of fragments 199 and 200 gave bromodiene 201 as the
desired geometrical diene isomer. Three additional steps including
installation of the B-keto ester gave 202. lodination delivered an
allyl iodide that cyclized upon exposure to cesium carbonate
furnishing macrocycle 203 as an inconsequential 1:1 mixture of
diastereomers (epimeric at C2). Oxidation produced a diene (204)
and initiated the first transannular Diels—Alder reaction. The initial
cycloadduct 205 proceeded through the cyclization cascade
resulting in 206 as the only isolable product. The result of the
cascade is a fully functionalized cyclopentane bearing all the
required stereochemistry for (—)-FR182877. The target was
completed in four additional steps.

In the synthesis of (—)-FR182877 by Nakada®? an intramolecular
Diels—Alder reaction cascade constructs the polycyclic ring system
(Scheme 27). The route begins with an Evans aldol between 207
and aldehyde 208. The chiral auxiliary was cleaved to give a
Weinreb amide, which was advanced to intermediate 211 over four
steps. Addition of dimethyl lithiomethylphosphonate installs the
final carbon atom of the eventual cyclopentane to give a keto-
phosphonate. Olefination with aldehyde 212 gives intermediate
213. Reduction of the ketone gave the undesired anti-1,3-diol as the

major product and subsequent TES protection delivered 214. The
allylic alcohol was oxidized to give 215, which spontaneously un-
derwent the intramolecular Diels—Alder (IMDA) reaction cascade
to give 216. While a fully functionalized cyclopentane has been
assembled, the stereochemistry of the TES-protected hydroxyl
required stereochemical inversion. Desilylation with PPTS and
oxidation with DMP gave cyclopentanone 217. A stereoselective
reduction from the less hindered face gave alcohol 218 bearing the
desired stereochemistry for the natural product. The completion of
(—)-FR182877 was completed after an additional 11 steps.

In the synthesis of the C20-diterpenoid alkaloid (+)-nominine,
Gin®? uses a pyrrolidine-induced dienamine isomerization/Diel-
s—Alder cascade to construct the fully functionalized cyclopentane
(Scheme 28). Synthetic fragments 219 and 220 were condensed via
a Staudinger-aza-Wittig reaction, and a subsequent hydride
reduction of the resultant imine gave amine 221. This mixture of
four diastereomers converged through a TFA-catalyzed MeOH
extrusion and isomerization to provide the aza-1,3-dipole 222. The
1,3-dipolar cycloaddition between the betaine and unsaturated
nitrile groups yields desired isomer 224 as a minor product with its
constitutional isomer 223. The mixture is a result of thermody-
namic selection, and resubjection of pure 223 to the reaction
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Scheme 28. Total Synthesis of (+)-Nominine (Gin, 2008).
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Scheme 31. Synthetic Studies Towards Hirsutellone B (Roush, 2011).
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Scheme 32. Synthetic Studies Towards the Hirsutellones (Sorensen, 2013).

conditions allowed for the undesired material to be recycled. This
transformation builds a substantial portion of the natural product
architecture including two stereocenters of the fully functionalized
cyclopentane. Exhaustive reduction of the ketone carbon to a

Me AcO
o Me-, 1) NaBH,
h o 2) 0‘N0206H4SeCN,
H Me V5 nBugP
AcOH™ | Me 3 NalO4
Me 39% M (0] 47% two steps
e
(0]
(-)-santonin
AcO
Me.J H

279

methylene delivers 225. Conversion of the nitrile to alkene 226 was
completed through DIBAL reduction followed by a Wittig olefina-
tion that unveiled the dienophile functionality. A Birch reduction of
the aromatic ring furnished the B,y-unsaturated cyclohexanone

Scheme 33. Total Synthesis of (+)-Absinthin (Zhai, 2005).
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227. Treatment with MeOH and pyrrolidine promoted the forma-
tion of a dienamine (228) that participated in the IMDA to deliver
fully functionalized cyclopentane 229. The synthesis of
(+)-nominine was completed in two additional steps.

The Nicolau®® synthesis of (+)-hirsutellone B employs an
epoxide opening/Diels—Alder reaction sequence to construct a fully
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functionalized cyclopentane (Scheme 29). The route begins with a
Stork—Zhao olefination of (R)-(+)-citronellal followed by oxidative
cleavage to give iodo aldehyde 230. An olefination reaction of
aldehyde 230 gives an o,B-unsaturated aldehyde. A Jorgensen
asymmetric epoxidation®® with proline-derived catalyst 231 yiel-
ded an epoxyaldehyde. This was immediately exposed to
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Scheme 37. Formal Synthesis of (+)-Coriolin (Wender, 1983).
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Scheme 38. The Nazarov Reaction Mechanism.

Ph3PCHCO,Me to furnish intermediate 232 with the expected E-
geometry. A coupling reaction with stannane 233 yielded annula-
tion precursor 234. The epoxide opening/Diels—Alder cascade was
promoted with Et,AlCl to give the tricyclic core of hirsutellone B.
The stereochemical outcome of the epoxide opening was postu-
lated to result from the preferred conformation 235, and the sub-
sequent Diels—Alder reaction delivered a single diastereomer (237)
that resulted from endo-transition state 236. The resulting fully
functionalized cyclopentane contains the desired stereochemistry
for (+)-hirsutellone B. The natural product was completed in 17
additional steps.

The Uchiro®® synthesis of (+)-hirsutellone B features a cascade
Diels—Alder reaction sequence to form a functionalized cyclo-
pentanone (Scheme 30). The route begins with an oxidative
cleavage of the tertiary alkene in (R)-(—)-citronellene. Reductive
workup and silylation gives TBS ether 238. Ozonolysis of the
remaining alkene and Wittig homologation delivers 239. Ester
reduction delivered an allylic alcohol, which underwent reagent-
controlled epoxidation using the Sharpless®’ method to furnish
240. A Swern oxidation of the primary alcohol gave an aldehyde

that was homologated using the Ohira—Bestmann reagent (241).
Fluoride-mediated removal of the silyl ether delivers alcohol 242. A
Swern oxidation gave the corresponding aldehyde, which was
olefinated with 243 to give diene 244 as the desired geometrical
isomer (E/Z = 10:1). Treatment with TMSOTf promoted an intra-
molecular cyclization, presumably through a chair-like intermedi-
ate, yielding 245 as a single diastereomer. A Diels—Alder reaction of
the alkene and 1,2,3,4,5-pentamethylcyclopentadiene (246) served
to protect the eventual alkene dienophile in 247. Conversion of the
alkyne group to the olefinic iodide was achieved via hydro-
stannylation followed by iodination to deliver 248. A Stille cross-
coupling reaction with 249 gave trienyl stannane, which was fol-
lowed by silylation of the secondary alcohol yielding 250. Warming
to reflux in the presence of BHT promoted a retro-DA-IMDA reac-
tion sequence and the cycloadduct 251 was obtained. In this
particular IMDA no hypothesis was given for the diaster-
eoselectivity; however, a rationale similar to that discussed above
(234 — 237) could be used to explain the selectivity. Reduction
with NaBHy installs the final stereocenter of the fully functionalized
cyclopentane. The reduction gave the desired product 252 ina1:1.5
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Scheme 39. Nazarov Reactions in the Synthesis of Fully Functionalized Cyclopentanes.
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Scheme 40. Pyridine Electrocyclization in the Synthesis of a Fully Functionalized Cyclopentane.

ratio with the undesired alcohol epimer. The undesired diaste-
reomer could be converted to 252 using standard transformations.
The completion of (+)-hirsutellone B was completed with an
additional 16 steps (longest linear sequence).

Roush® reported synthetic studies toward hirsutellone B where
the cyclopentane core was constructed with an IMDA reaction of a
siloxacyclopentene (Scheme 31). The route begins with an enan-
tioselective Diels—Alder reaction of the dienol 253 with methyl
acrylate (254) in the presence of the reagent derived from (R)-
BINOL, Me,Zn, and MeMgBr.?° Cycloadduct 255 was converted to
the trienyl aldehyde 256 over five steps. Exposure to the lithium
acetylide derived from 257 afforded alcohol 258 with Felkin-Anh
selectivity (dr > 95:5). This propargyl alcohol was hydrosilylated
with tetramethyldisilizane. Addition of tBuOK gave silox-
acyclopentene 259. Treatment with TMSOTf promoted the Diel-
s—Alder cycloaddition and a subsequent protodesilylation of the
crude cycloadduct delivered decahydrofluorene 261. The Diel-
s—Alder proceeds through the endo conformation 260 and delivers
the product with good diastereoselectivity. Advanced intermediate
261 possesses the required substitution and stereochemical
configuration present in hirsutellone B.

In the synthesis of the decahydrofluorene core of the hirsu-
tellones, Sorensen®' employs a tandem ketene-trapping/Diel-

commences with a diastereoselective Diels—Alder reaction of olefin
262 and diene 263 to form cyclohexene 264 as a single diaste-
reomer. This intermediate was carried forward to the aldehyde 265
over four steps. Homologation with phosphonium 266 following
Kluge's method®” gave enol ether 267 as an inconsequential
mixture of alkene isomers (E/Z = 6:1). This mixture of alkenes was
subjected to dihydroxylation conditions giving «-hydroxylated
aldehyde 268. Direct treatment with ylide 269 gave alkene 270
with complete control of alkene stereochemistry. This material was
converted to the primary alcohol 271 over four steps. Oxidation and
Wittig olefination with 272 gave cyclization substrate 273. Upon
heating in toluene, elimination of acetone reveals both an electron
withdrawing goup conjugated to the dienophile and an electro-
philic ketene (274). Trapping of the ketene with the tethered amine
forms the macrocyclic substructure of hirsutellone B (275). The
Diels—Alder reaction then spontaneously occurs to complete the
molecular architecture of the natural product in 276. This advanced
intermediate contains a fully functionalized cyclopentane with the
desired substitution and stereochemistry for hirsutellone B.

In the synthesis of the dimeric guaianolide (+)-absinthin by
Zhai,%? the construction of the five-membered carbocycle arises
from a dimerization reation of 278 via a Diels—Alder cycloaddition
(Scheme 33). The route commences with natural product

s—Alder cyclization sequence (Scheme 32). The synthesis (—)-santonin, which was photolyzed to give cyclopentenone 277. A
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Scheme 41. Total Synthesis of (+)-Merrilactone A (Frontier, 2007).
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three-step sequence (hydride reduction, selenylation, and oxida-
tion/elimination) leads to cyclopentadiene 278. When stored neat
under an inert atmosphere, the slow dimerization of 278 via a
Diels—Alder reaction proceeded to deliver fully functionalized
cyclopentane 279. This intermediate was advanced to the natural
product over an additional five steps.

In the total synthesis of (+)-GA11; methyl ester, Ihara® employs
a Diels—Alder reaction of a skipped triene to construct the
hydrindane substructure of the target (Scheme 34). The synthesis
begins with a palladium-catalyzed cycloalkenylation of 280 to form
cyclohexenone 281. Conjugate addition of the vinyl cuprate
occurred from the less hindered face to give 282. This material was
advanced to intermediate 283 over six steps. Ester reduction and
alcohol oxidation gave an aldehyde. Olefination with 284 delivered
the desired E-alkene 285 in a 1.3:1 ratio. A similar sequence was
repeated (reduction, oxidation, olefination) furnishing the skipped
triene 286. Lithium-halogen exchange of the vinyl bromide and
addition to ethyl chloroformate gave 287. An inverse electron de-
mand Diels—Alder reaction formed the hydrindane core of the
gibberellins (289) and delivered the product as a single diaste-
reomer. The authors hypothesize that the high facial selectivity may
be attributed to the avoidance of steric interactions between the
carboethoxy group and the C7 methylene protons in the transition
state 288. This reaction delivers a fully functionalized cyclopentane
intermediate that was converted to the (+)-GA111 methyl ester over
seven steps.

In the synthetic effort towards hexacyclinic acid, Kalesse®
constructs a fully functionalized cyclopentane with an intra-
molecular Diels—Alder reaction (Scheme 35). The route begins with
the olefination of aldehyde 290, followed by a two-step oxidation
state adjustment to give unsaturated aldehyde 292. An Evans aldol

MeO 1M HCI MeO

O PMP  2) OsO4 NMO

reaction of the aldehyde with 293 and subsequent conversion to
the Weinreb amide provided 294. The aldol reaction appropriately
sets two of the stereocenters for the fully functionalized cyclo-
pentane. Following silylation of the secondary alcohol, the Weinreb
amide was reduced to the aldehyde. Acetylide addition and
oxidation of the resulting alcohol provided ynone 295. The IMDA
reaction proceeded to furnish the hydrindane core in 297 with
complete diastereocontrol. The selectivity can be attributed to the
pseudo-equatorial positioning of the silyl ether in the boat-like
transition state 296. Addition of vinyl cuprate occurs trans to the
adjacent substitutent, and the resulting enolate protonates to give
the cis-fused hydrindane structure. Hydride reduction occurs on
the concave face presumably to avoid interactions with the TBS
ether delivering 298. This advanced intermediate contains appro-
priate substitution and stereochemical configuration for hex-
acyclinic acid.

24. [5 + 2] cycloadditions

The synthesis of (+)-epicolactone by Trauner used a biomimetic
cycloaddition of two oxygenated arenes to construct a fully func-
tionalized cyclopentane (Scheme 36). The route commences with
vanillyl alcohol, which could be converted to cycloaddition partner
299 over six steps. The known metabolite epicoccine was synthe-
sized in five steps from eudesmic acid. Addition of two equivalents
of formalin to eudesemic acid in the presence of HCl resulted in
chlorinated isobenzofuranone 300. Dechlorination with zinc
delivered 301. The lactone was reduced in two steps with DIBAL
followed by TFA and triethylsilane. Demethylation with boron tri-
bromide furnished epicoccine. The key cycloaddition takes place in
the presence of oxidant potassium ferricyanide to give epicolactone
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Scheme 42. Total Synthesis of (+)-Rocaglamide (Frontier, 2009).
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methyl ether 302 and the regioisomeric heterodimer 303. The
cycloaddition sequence results in a pentacyclic cage-like structure
with three contiguous quaternary stereocenters. Demethylation
yields (+)-epicolactone.

The formal synthesis of (+)-coriolin was completed by
Wender®® and employs an arene-olefin photocyclization to
construct a highly congested ring system containing a fully func-
tionalized cyclopentane (Scheme 37). The synthesis begins with an
addition of the Grignard derived from bromide 305 to aldehyde
306. An in situ acetylation of the alkoxide delivers 307. Oxidative
cleavage and Wittig olefination gave acetal 309. This material un-
derwent photocyclization to give adduct 310 as the major product.
Upon cleavage of the cyclopropane ring and reductive desulfur-
ation, the triquinane structure is revealed in 311. Oxidation with
peracid in the presence of water stereoselectively epoxidizes the
cyclopentene and performs a Baeyer—Villiger oxidation of a tran-
sient aldehyde to give a formate (312). Semi-pinacol rearrangement
of the epoxide gave cyclopentanone 313. Oxidation to the cyclo-
pentenone proceeded with concomitant transformation of the
formate to the corresponding silyl ether. The a-sulfenyl group was
installed providing compound 314. Acidic removal of the TMS
group delivers intermediate 315, which was previously taken for-
ward to («)-coriolin by Danishefsky.>*

3. Electrocyclizations

Electrocyclizations®” are powerful ring-closing reactions that
predictably follow the Woodward—Hoffman rules®® for conserva-
tion of orbital symmetry. As reactions that tolerate diverse sub-
strates and predictably deliver cyclic products as single
diasteromers, it is not surprising that they have been used to create
fully functionalized cyclopentanes.

The Nazarov®® mechanism (Scheme 38) involves a pentadienyl
cation (317) derived from Lewis (or Brensted) acid complexation of
a divinyl ketone (316), which undergoes a thermally promoted
conrotatory 4m-electrocyclization to give an oxyallyl cation (318).
Loss of a proton gives dienolate 319, which may be protonated to
give the final cyclopentenone product 320. A main concern with the
Nazarov cyclization of substituted non-symmetric substrates is the
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Scheme 46. Pauson—Khand Reactions in the Synthesis of Fully Functionalized
Cyclopentanes.

deprotonation of the locally symmetric oxyallyl cation 318. There
are two regioisomeric possibilities for the deprotonation, and
regioisomeric mixtures of products can be observed.

Modern advances in controlling the Nazarov reaction rely on
substrates with coordinating groups, electronic polarization, or
cation-stabilizing atoms to control the fate of the oxyallyl cation.”®
The Nazarov reactions in this review all utilize electronically
polarized divinyl ketones that contain a furan (Scheme 39, eq. 1),
benzofuran (eq. 2—3), or tricarbonyl (eq. 4) motif to give a single
regioisomeric product. The reaction shown in eq. 1 is a particularly
elegant example where silyl transfer arrests the Nazarov reaction at
the dienolsilane 323, preserving both fully-substituted stereo-
centers created in the conrotatory electrocyclization. Two distinct
Nazarov reactions of benzofuran-containing substrates have been
used in the stereoselective synthesis of functionalized cyclo-
pentenones related to rocaglamide (eq. 2—3).

There has been one electrocyclization of a pyridine used in the
synthesis of mannostatin A (Scheme 40). Photochemical cyclization
of pyridinium chlorate (328) in the presence of water gave
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Scheme 45. Total Synthesis of (+)-Mannostatin A (Mariano, 1998).
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symmetric cyclopentene 329, which contained an amino-diol
stereotriad. Subsequent steps, including an enzymatic desymmet-
rization, were used to prepare the natural product.

3.1. Nazarov reactions

In the synthesis of (+)-merrilactone A, Frontier’' employs a
Nazarov cyclization with a siloxyfuran to construct a functionally
rich five-membered carbocycle (Scheme 41). Beginning with furan
332, lithiation and addition to Weinreb amide 333 furnishes divinyl
ketone 321. Treatment with the dicationic iridium catalyst 322
promotes the 4m-electrocyclic ring closure to deliver 323 as a single
diastereomer. As anticipated, the stereospecific nature of the con-
rotatory electrocyclization ensures that the alkene stereochemistry
is translated to the desired diastereomeric product. This is an
elegant application of the Nazarov reaction that leads to vicinal
fully substituted carbons, and the use of the siloxyfuran functional
group allows for regioselective trapping of the oxy-allyl cationic
intermediate to form the dienoate. Chemoselective removal of the
trimethyl silyl group was accomplished to give 1,6-enyne 334.
Radical cyclization of the enyne gave a vinyl stannane intermediate,
which upon protonolysis delivered an exocyclic alkene. Desilylation
with fluoride provides the functionalized cyclopentanone 335.
Conversion of the primary alcohol to the ethyl carbonate was fol-
lowed by treatment with sodium hydride leading to a Diekmann
cyclization yielding 337. This product was obtained in a 1:1 ratio
with the uncyclized p-ketoester 336, which could be converted to
the desired lactone by treatment with TsOH. Stereoselective
methylation occurs to give the more stable cis-fused ring system in
338. Hydride reduction gave fully functionalized cyclopentane 339
as a 1.2:1 mixture with the undesired alcohol epimer. The unde-
sired material could, however, be recycled by near quantitative
oxidation with DMP and resubjection to the reduction conditions.
An additional three steps were required to convert advanced in-
termediate 339 to the natural product.

The synthesis of («+)-rocaglamide by Frontier’? utilizes a Naza-
rov cyclization of a benzofuran and a stannyl alkoxyallene to form a
cyclopentenone (Scheme 42). The synthesis begins with addition of
vinylmagnesium bromide to the known benzofuranone 340,
dehydration and subsequent oxidative cleavage gave aldehyde 341.
Addition of phenyl acetylide and subsequent protection of the
resulting alcohol as the PMB ether delivered 342. Deprotonation of
the propargylic position with tert-butylithium and trapping gave
stannyl alkoxyallene 324. Reaction with excess mCPBA promoted
the oxidation/Nazarov cyclization cascade to give cyclopentenone
325 as a single diastereomer. The reaction is thought to proceed by
oxidation of the central allene carbon to give pentadienyl cation
343. Protodestannylation and conrotatory electrocyclization de-
livers cyclopentenone 325. Treatment with DDQ resulted in both
removal of the PMB-ether and oxygenation of the bridgehead car-
bon. Triflation of the enolizable ketone delivers 345. A palladium-
mediated carbonylation installs the final carbon substituent on
the five-membered ring to give ester 346. Hydrogenation over
platinum oxide delivers hydrogen from the concave face, and

Grubbs II @
%
R

377 378

Scheme 48. Ring-Closing Metathesis.

epimerization of the ester yields a single diastereomer. Finally,
ketone reduction of the cyclopentenone proceeds with substrate-
directed delivery of hydride to afford a fully functionalized cyclo-
pentane 347. The synthesis of (+)-rocaglamide was completed in
two additional steps.

In the formal synthesis of («+)-rocaglamide by Magnus,”> the
five-membered ring of interest is formed through a Nazarov cycli-
zation reaction (Scheme 43). The synthesis begins with an alky-
nylation of iodophenol 348 under Kumada conditions to give 349.
Palladium-catalyzed carbonylative cyclization delivered benzo-
furan 350. Addition of diethyl ethylphosphonate gave a keto-
phosphonate. Olefination with benzaldehyde was performed under
Masamune—Roush’ conditions to deliver (E)-configured 326. After
experimentation with several Lewis acids, it was discovered that
acetyl bromide gave the desired Nazarov cyclization product 327. It
is postulated that acetylation of 326 gives an oxonium ion (351)
which proceeds through the Nazarov cyclization to give 327 after
aqueous workup. Oxidation with ceric ammonium nitrate installed
the tertiary alcohol in 352. Four additional steps advanced inter-
mediate 352 to functionalized cyclopentenone 346, which has been
taken to (+)-rocaglamide by Frontier.”?

The total synthesis of (—)-rocaglamide by Tius’> used an enan-
tioselective Nazarov-type cyclization to construct a functionalized
cyclopentenone (Scheme 44). The route begins with reaction of
vinyl carbonate 353 with cinnamate derivative 354 to deliver
dienone 355.7% Oxidative cleavage of the DMB protecting group
gave tricarbonyl 328. Palladium-catalyzed Nazarov electro-
cyclization proceeded in the presence of ligand 356 derived from D-
(—)-tartrate, and gave desired product 329 with the appropriate
(5)-C3 stereochemistry. Oxidative etherification and enol ether
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Scheme 49. Cyclization Reactions of ¢-Diazocarbonyls in the Synthesis of Fully
Functionalized Cyclopentanes.
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Scheme 47. Application of the Pauson—Khand Reaction in the Synthesis of (+)-Ryanodol.
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Scheme 50. Total Synthesis of (+)-Axinellamines A and B (Baran, 2011).

formation gave 357. Hydrolysis of the ethyl ester and conversion of
the resulting carboxylate to the dimethyl amide delivered 358. The
aryl lithium derived from 1-fluoro-3,5-dimethoxybenzene (359)
was transmetallated with LaCl; and added to ketone 360. Oxidative
cleavage of the allyl protecting group furnished diol 361. Treatment
with base led to formation of the core dihydroxybenzofuran sub-
structure of rocaglamide via a nucleophilic aromatic substitution.
Cleavage of the enol ether delivered a cyclopentanone, which was
stereoselectively reduced following the method of Qin”’
completing the synthesis of (—)-rocaglamide.

3.2. Pyridinium ring contraction

In the synthetic approach to members of the aminocyclopentitol
family, Mariano’® developed a ring contraction of a pyridine to give
a symmetric cyclopentene (Scheme 45). Specifically, photolysis of
pyridinium perchlorate (330) induces a disrotatory 4w electro-
cyclization to give cation 362, which is intercepted by water.
Treatment with acetic anhydride and DMAP leads to the isolated
product 363. Enzymatic desymmetrization delivers chiral cyclo-
pentene 364. Protecting group manipulation over three steps pro-
vides orthogonally protected diol 365. A Pd-catalyzed addition of
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Scheme 51. Total Synthesis of (+)-Merrilactone A (Zhai, 2012).
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Scheme 52. Total Synthesis of (+)-Ryanodol (Reisman, 2016).

methylthiol delivers 366 with retention of stereochemistry.”’
Removal of the silyl protecting group was performed with hydro-
fluoric acid. Inversion of the secondary alcohol following the con-
ditions developed by Wipf*® delivers cis-amido alcohol 367.
Directed dihydroxylation delivers a triol and completes the fully
functionalized cyclopentane. Amide hydrolysis yields (+)-man-
nostatin A as its hydrochloride salt.

4. Transition-metal mediated cyclizations

Transition metal complexes mediate a diverse variety of ring-
forming reactions.®’ Control of regio- and stereoselectivity can be
quite high in these transformations, and as a result, it is not sur-
prising that transition metal-mediated reactions have been used in
the assembly of fully functionalized cyclopentane natural products.

The Pauson—Khand®>®> reaction is a well-established method
for the construction of five-membered rings. In principle, up to four
substituents and two stereocenters can be installed on a five-
membered carbocycle in a single transformation (Scheme 46, eq.
1). The regiochemistry and stereochemistry are key concerns in the
strategic use of this reaction, and tethering the reactive compo-
nents is a common strategy that limits the regiochemical possi-
bilities. The Pauson-Khand has been used in three distinct
strategies directed toward the synthesis of natural products with
fully functionalized cyclopentanes. The intermolecular Pauson—K-
hand has been used to combine an alkene (e.g. 368), an alkyne (e.g.
369), and a molecule of CO to construct a 5-membered carbocycle
(370, eq. 1). The intramolecular Pauson—Khand of a skipped enyne

(371) has been used, which converts the molecular tether into the
functionalized carbocycle (372) as part of a fused bicycle (eq. 2).
Finally, there is an example of a Mo-promoted intramolecular
Pauson—Khand reaction where an aldehyde (373) serves as a
reactive component in the cyclization to form furanone 374. In this
case, the five-membered carbocycle is also formed from the atoms
in the intramoleclar tether (eq. 3). The latter two strategies are
particularly well-suited for the synthesis of polyquinanes and
related structure types with fused five-membered rings.

An attractive strategic advantage of the Pauson—Khand reaction
is the production of an enone product, which can be subsequently
manipulated with countless alkene or carbonyl transformations. In
the context of the synthesis of cyclopentane targets, this advantage
is accompanied by the requirement that the sp?>-hybridized carbons
must be processed into substituted sp>-hybridized carbons.
Perhaps for this reason, many examples of the Pauson—Khand in
this review occur early in the synthetic route. However, judicious
use of reactions that simultaneously leverage the reactivity of the
enone and build complexity can be quite powerful. For a particu-
larly elegant example, the Pauson—Khand reaction to form 376
establishes two fused five-membered carbocycles, and just seven
subsequent transformations established the required susbstitution
and stereochemistry on the adjacent fully functionalized cyclo-
pentanes of ryanodol (Scheme 47).

Ring-closing metathesis®* is another venerable reaction that
performs reliably to construct five-membered rings from 1,6-diene
starting materials (Scheme 48). An auspicious feature of alkene
metathesis using Grubbs' catalyst is the high functional-group
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tolerance of the reaction, and this aspect of the reaction allows
cyclization of 377 to cyclopentene 378 to take place in the presence
of many resident functional groups. In order to form a fully func-
tionalized cyclopentane, the alkene product must undergo further
transformations. As with other cyclization strategies where the
tether becomes the eventual cyclopentane, establishing the ster-
eocenters on the tether is a key strategic consideration.

a-Diazocarbonyls (e.g. 379, 381) react with metals to form metal
carbenoid intermediates that may undergo cyclization reactions to
form cyclopentanones (e.g. 380, 382) (Scheme 49). In the context of
fully functionalized cyclopentane synthesis, a C—H insertion reac-
tion and a cyclopropanation and have been performed. Notably,
both reactions form all-carbon quaternary stereocenters on the
functionalized cyclopentane.

4.1. Pauson—Khand reactions

In the synthesis of (+)-axinellamines A and B, Baran®’ utilizes a
Pauson-Khand reaction of a symmetric unactivated alkene to
construct a functionalized cyclopentenone (Scheme 50). Initial
efforts towards cyclization of alkene 383 and propargyl amine 384
led to a decomposition of the alkyne cobalt complex. Conditions
were developed using NMO and ethylene glycol as an additive to
dramatically improve the yield of the desired cyclopentenone 385.
Luche reduction of the ketone proceeded with concomitant
desilylation. The resulting crude mixture was chlorinated to give
trichloride 386 as an inconsequential mixture of epimers. A
desymmetrizing Barbier reaction was performed with zinc and
indium metals to give addition product 389. In the addition step,
the aldehyde 388 approaches opposite the chloromethyl group of
387 to set the sterocenter on the cyclopentene. Displacement with
azide, Boc-deprotection and installation of the guanidine (with
390) yielded 391. A chlorination-induced cyclization was achieved
with t-butyl hypochlorite with TfNH, as an essential required
additive delivering 392 as a single diastereomer. Presumably,
stereoselective formation of a bridged-chloronium species forms
opposite the adjacent alkyl substituents. Opening of the
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chloronium ion with the tethered guanidine furnishes the spiro-
cycle with complete stereocontrol. This transformation completes
the fully functionalized cyclopentane in (+)-axinellamines A and
B, and the natural product was completed in an additional five
steps.

The pentacyclic sesquiterpene (+)-merrilactone A was synthe-
sized by Zhai,®® and utilizes a hetero-Pauson-Khand reaction to
construct a fy-lactone fused to a functionalized cyclopentane
(Scheme 51). The route begins with a Johnson—Claisen rearrange-
ment of alcohol 393. The rearrangement occurs through the
anticipated chair-like transition state and proceeds with a dr of
3.8:1 favoring the desired product 394. Simultaneous desilylation
and lactonization yields substituted y-lactone 395 as an inconse-
quential mixture of racemic diastereomers. Deprotonation of
lactone 395 gave a single racemic (E)-enolate that added to 3-
trimethylsilylpropynal (396) to deliver 397 and 398 as a 1:1
mixture of racemic distereomers. The aldol reaction proceeds with
near complete Zimmerman—Traxler control but with no facial
selectivity with respect to the chiral racemic enolate. This mixture
of distereomers was advanced 3 steps to give aldehyde 399, which
was purified from the undesired diastereomer. Note that the un-
desired diastereomer could be recycled to 397 over three steps. The
key hetero-PKR was accomplished by stirring aldehyde 399 with
[Mo(CO)3(DMF)s] first in an atmosphere of argon and then under
1 atm of carbon monoxide to give tricycle intermediate 400. The
unsaturated lactone was converted to siloxyfuran 401 by treatment
with TBSOTf. Conjugate addition to methyl vinyl ketone (MVK)
delivers adduct 402. The good facial selectivity (dr = 7.2:1) is pre-
sumably because of the addition of MVK on the face opposite the
large TBS-ether. A radical cyclization gives a tetracyclic product in
good (albeit inconsequential) selectivity yielding a tertiary alcohol.
Simulateneous desilylation and dehydration occurred with acid in
refluxing benzene to yield alkene 403. The alcohol stereocenter
could be inverted by oxidation to a ketone and hydride reduction,
which gave a mixture of the desired alcohol 404 with its alcohol
epimer, which could be recycled. This intermediate was advanced
two steps to the natural product.
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Scheme 56. Synthetic Studies Towards Hexacyclinic Acid (Prunet, 2008).
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synthesis of (+)-ryanodol, a Pauson-Khand
reaction constructs two five-membered rings that eventually
become fully functionalized (Scheme 52). The route begins with a
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Scheme 57. Total Synthesis of (+)-Gelsemine (Fukuyama, 1996).

stereoselective oxidation of (S)-pulegone to give diol 406. The
hydroxyl groups were protected as benzyloxymethyl ethers to
give 407. Addition of the magnesium acetylide occurred
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Scheme 58. Total Synthesis of Sulcatine G (Taber, 2005).
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preferentially with equatorial approach (dr = 5:1). Chemo-
selective ozonolysis of the alkene gave methyl ketone 408. The
unsaturated lactone of 409 was installed by a 1,2-addition of
ethoxyethynylmagnesium bromide followed by a silver-catalyzed
cyclization and elimination. Conjugate addition of divinyl cuprate
occurred stereoselectively to construct the all quaternary stereo-
center and deliver enyne 375. The Pauson—Khand cyclization
occurred with high yield and good dr when using [RhCI(CO);]; to
furnish 376. This spectacular transformation creates two fused
five-membered rings with substitution and stereochemistry
appropriate for the congested cis-diquinane embedded in the
ryanodol architecture. Heating of the enone with selenium diox-
ide and molecular sieves enabled the stereoselective installation
of the C4, C12 syn-vicinal diol and oxidation of C3 in a single step
producing the first fully functionlized cyclopentane in 410. Enol
triflate formation was followed by a Pd-catalyzed cross-coupling
with stannane 411 to install the final carbons of the target in 412.
Hydride reduction occurred from the less hindered face of the ring
system, and hydrogenation of the disubstituted alkene with
simultaneous hydroxyl deprotection delivered (+)-anhydror-
yanodol. Epoxidation with trifluoroperacetic acid and reductive
cyclization onto the lactone delivered (+)-ryanodol.

In the formal synthesis of (+)-coriolin, Magnus®® employs a
Pauson-Khand reaction to construct a functionalized cyclo-
pentanone (Scheme 53). The synthesis begins with addition of
lithium-TMS acetylide to aldehyde 413, and TBS protection of the
resulting alcohol delivers 414. Removal of the TMS ether and
methylation gave cyclization precursor 415. Heating enyne 415 with
Coy(CO)g in a solution saturated with carbon monoxide yielded
cyclopentenone 416 as the major diastereomer. The origin of the
diastereoselectivity is not known; however, the silyl acetylene
analog gave a much higher diastereomer ratio (dr = 26:1). Hydro-
genation of the enone gave a cis-bicyclo[3.3.0]octane which could
be allylated on the convex face. A Wacker oxidation delivers dike-
tone 417. Treatment with tBuOK induced an aldol condensation
yielding tricyclic enone 418. Deprotonation with tBuOK followed by
acidic workup gave deconjugated B,y-enone 419. Epoxidation with
mCPBA proceeds to give the cis-fused dihydroquinane substructure.
Basic workup induces elimination to form the enone. Deprotection
of the silyl group delivers 129 which is an intermediate in a syn-
thesis of coriolin by Matsumoto.>?

In the formal synthesis of (+)-coriolin, Oppolzer®® employs a
nickel-catalyzed metallo-ene-type cyclization to construct a
cyclopentanone (Scheme 54). Beginning with aldehyde 413, addi-
tion of a lithium acetylide 420 delivers a 1,5-enyne. The resulting
alcohol was silylated and the THP group was removed to give 421.
Trans-selective reduction of the alkyne was followed by two-step
iodination of the alcohol to give allylic iodide 402. The key

8

A 2 OTs base
! contraction
466 467

Scheme 60. Semipinacol Rearrangements in the Synthesis of Fully Functionalized
Cyclopentanes.

cyclization reaction was performed by stirring diene 422 with
Ni(COD); under an atmosphere of carbon monoxide to deliver two
isolable products. The desired ketoester 424 was obtained as a 3:2
ratio with the isomeric lactone 423. The authors did not comment
on the origin of diastereoselectivity; however, it is plausible the
favored diastereomer positions the ether and alkyl groups on the
less hindered convex face of the cis-fused bicycle. Saponification of
this mixture with lithium hydroxide in aqueous methanol provided
ketoacid 425. The unpurified material was taken forward to a
Barton-type decarboxylation®® yielding methylcyclopentanone
426. Stereoselective allylation occurs from the convex face of the
ring system to furnish 427, which is an intermediate synthesized by
Magnus®® in a synthesis of coriolin.

4.2. Ring-closing metathesis

In the synthesis of (—)-allosamizoline, Donohoe’! employs a
ring-closing metathesis to construct a functionalized cyclopentene
(Scheme 55). The synthesis begins with methyl pyranoside 428,
which was synthesized from b-glucosamine over four steps.
Reductive cleavage of the ring gives an aldehyde that was directly
subjected to Wittig olefination delivering diene 429. Ring closing
metathesis with Grubbs 2nd generation catalyst furnishes
substituted cyclopentene 430. Conversion of the methyl carbamate
to the urea 431 was accomplished using the procedure developed
by Basha.”? lodocyclization of 431 gave an oxazoline. Reaction of
the intermediate iodide using conditions developed by Keck”® led
to carbon-carbon bond formation on the less hindered face of the
cyclopentane affording 432 as a single diastereomer. Isomerization
of the terminal alkene with Grubbs II catalyst gave an inconse-
quential mixture of alkene isomers. Ozonolysis with reductive
workup and a global MOM deprotection yields (—)-allosamizoline.

In the synthetic effort towards hexacyclinic acid, Prunet™ uses
ring-closing metathesis to construct a functionalized cyclo-
pentenone (Scheme 56). The route commences with the asym-
metric syn-aldol of 433 with acrolein to give 434. Cleavage of the
chiral auxiliary delivered an aldehyde, and a subsequent tin-
mediated addition of ethyl diazoacetate gave B-ketoester 435. A
Lewis acid promoted condensation with acetaldehyde gives enone
436 as a 1:1 mixture of inconsequential alkene isomers. Ring-
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Scheme 59. Synthetic Studies Towards Gelsemine (Cha, 1999).
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Scheme 62. Cyclobutane Expansion Reactions in the Synthesis of Fully Functionalized Cyclopentanes.

closing metathesis proceeded smoothly to deliver functionalized
cyclopentenone 437. Mukaiyama Michael addition of enol silane
438 to 437 led to the formation of three stereocenters and highly
functionalized cyclopentanone 439. In this key Michael reaction the
forming stereocenters are the result of the stereochemical prefer-
ence of each of the reactive coupling partners. It was hypothesized
that conducting the reaction in a polar solvent reduces complexa-
tion of the reactants and allows addition of each reactive compo-
nent on their respective least hindered diastereoface.”> A radical
cyclization of B-ketoester 439 furnishes the fused carbocyclic ring
system 440. Finally, Luche reduction proceeds with hydride de-
livery from the convex face of the ring system to deliver fully
functionalized cyclopentane 441. This advanced intermediate con-
tains much of the hexacyclinic acid structure including the fully
functionalized cyclopentane.”®

4.3. Carbenoid cyclizations

In Fukuyama's”’ first total synthesis of (+)-gelsemine, a copper-
mediated cyclopropanation results in the formation of a function-
alized cyclopentanone (Scheme 57).°® Beginning with a protocol
first published by Kondo,” addition of the dianion derived from

methyl acetoacetate (442) to sorbic aldehyde was followed by
protection with ethyl vinyl ether to deliver intermediate 443.
Treatment with tosyl azide and triethylamine results in diazo
transfer to give the B-ketoester 444. The copper-mediated cyclo-
propanation was successful in constructing cyclopentanone 445 as
an inconsequential mixture of diastereomers. Hyride reduction of
the ketone occurs from the convex face of the bicycle to deliver 446,
although the diastereoselectivity is inconsequential. This interme-
diate was advanced over four standard transformations to give 447.
A Pfitzner—Moffatt'°? oxidation followed by elimination of acetic
acid produced enone 448. Refluxing intermediate 448 in a toluene/
acetonitrile mixture promotes a divinylcyclopropane Cope rear-
rangement to furnish the bicyclo[3.2.1]octadienone system 449.
This material was converted to unsaturated ester 450 by radical
deiodination, a Horner-Wadsworth-Emmons reaction of the
cyclopentenone, and protection of the indole nitrogen as an N,O-
acetal. Conjugate addition of dimethylamine occurred exclusively
from the less hindered exo-face yielding trans-amino ester 451. This
material was advanced four steps through functional group ma-
nipulations to deliver intermediate 452. Upon exposure to silver
triflate and silver carbonate an unusual lactam formation occurred
to provide fully functionalized cyclopentane 453. This advanced
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Scheme 63. Total Synthesis of (+)-Gibberellin A; (Mander, 1980).
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intermediate contains the fully functionalized cyclopentane core of
(+)-gelsemine, and it was advanced to the natural product over an
additional five steps.

The synthesis of (+)-sulcatine G by Taber'®' employs a
rhodium catalyzed intramolecular C—H insertion for the con-
struction of the cyclopentane ring (Scheme 58). The route begins
with commercial (S)-(+)-citronellyl bromide 454. This was sub-
jected to an ozonolysis/diazocoupling sequence'%? to deliver a f-
ketoester. Diazotransfer using methanesulfonyl azide furnished
cyclization substrate 455. Rhodium catalyzed intramolecular C—H
insertion gave cyclopentane 456 without erosion of enantiomeric
excess, although the product was isolated as an inconsequential
mixture of ethyl ester epimers. Treatment of 456 with base under
Finkelstein conditions induced intramolecular alkylation to give
the cis-bicyclo[3.2.0]heptane (457). Oxidation of the cyclo-
pentenone was accomplished by monobromination of the ketone
followed by dehydrobromination with calcium carbonate yielding
458. A Trost annulation'®® occurs from the convex face of the
bicyclic ring system and formed the tricyclic intermediate 459
with good diastereocontrol. Hydride reduction occurs to give the
desired diastereomer of the secondary alcohol (460) in good yield,
which represents delivery of hydride on the diastereoface of the
cyclopentanone with no less than four substituents. No explana-
tion was given for the origin of this diastereoselectivity.'’* This
advanced intermediate contains a fully functionalized cyclo-
pentane, and (+)-sulcatine G was completed in an additional five
steps.

1

4.4. Intramolecular Kulinkovich reaction

In the efforts towards the gelsemine skeleton, Cha'?® utilizes a
titanium-mediated cyclization of an w-vinylamide to construct the
tricyclic core the natural product (Scheme 59). A Diels—Alder re-
action between N-phenylmaleimide (461) and (E)-4,6-heptadienoic
acid (462) provided cycloadduct 463 with good endo selectivity.
Hydrogenation of the cyclohexene was followed by oxidative
decarboxylation to yield 464. Treatment of 464 with modified
Kulinkovic conditions led to intramolecular addition of an orga-
notitanium intermediate to the imide carbonyl. Oxidative workup
with oxygen gave the primary alcohol 465. This intermediate
contains a fully functionalized cyclopentane with substitution and
stereochemistry that matches many of the structural features found
in gelsemine.

5. Rearrangements

Several natural products contianing fully functionalized cyclo-
pentanes have been prepared using a skeletal rearrangement to
build the five-membered ring. In such cases, stereogenic carbon
atoms are installed on a larger or smaller ring; a subsequent
transformation either contracts or expands, respectively, the car-
bocyle size to arrive at the cyclopentane. All examples of rear-
rangements in the context of this review fall into four well-defined
categories: ring contraction of six-membered rings, oxa-di-m-
methane rearrangements, ring expansion of cyclobutanes, and a
Cope rearrangement.

Ring contraction of six-membered rings represents a common
strategy for the formation of cyclopentane architectures. The value
of this strategy stems from the myriad of sources of six-membered
rings; suitably substituted benzenes, cyclohexenes prepared in
Diels—Alder reactions, d-valerolactone derivatives, or other cyclo-
hexane derivatives could all conceivably undergo contraction to a
substituted cyclopentane. A common strategy for ring-contraction
features a 1,2-disubstituted cyclohexane starting material (466)
that undergoes the semipinacol'®® (Scheme 60), Wolff,'"” or
acyloin-type rearrangements (less common regarrangements have
also been used) to give cyclopentanes (e.g. 467). A useful feature of
these reactions is that migrating carbon retains its stereochemical
configuration during the rearrangement.

The oxa-di-w-methane rearrangement'%® is a process by which
six-membered rings can be contracted into suitably functionalized
cyclopentanes with predictable control of resident stereochemical
configuration (Scheme 61). The bicyclic starting materials (468) are
produced using standard Diels—Alder cycloaddition reactions.
Exposure to UV light induces the rearrangement to give the prod-
ucts 469. A subsequent cleavage of the embedded cyclopropane
gives a cis-fused bicyclo[3.3.0]heptanone (470). In the context of
this review, this strategy has been used in three separate examples,
all in the context of a coriolin synthesis. Depending on the substi-
tution pattern of the rearrangement substrate 468, the reaction can
deliver a fused-diquinane or fused-triquinane molecular
architecture.

Substituted cyclobutanes may undergo ring expansion to give
cyclopentanes (Scheme 62). In the context of this review, all such
cyclobutanes are prepared using photochemical [2 + 2]-cycload-
ditions between alkenes (471) and substituted unsaturated car-
bonyls (472). The stereospecificity of the cycloaddition allows for
the controlled production of several stereogenic carbons. The ring
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Scheme 64. Total Synthesis of (—)-Allosamizoline (Kuzuhara, 1991).
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Scheme 65. Total Synthesis of (+)-Kelsoene (Koreeda, 2002).

strain in the cyclobutane provides a potent driving force for the
subsequent cyclopentane formation. A potential limitation of this
strategy is that regioselectivity in the photochemical event requires
careful selection of alkene substitution; as a result, several steps are
required to transform the cycloaddition product (473) to the sub-
strate for ring enlargement (474). The reaction used to expand the
four-membered ring to the cyclopentane varies widely. A Tiffe-
neau—Demjanov-type rearrangement has been used (e.g.
474 — 475), but more unusual rearrangements also appear in this
review.

5.1. Ring contractions of cyclohexane derivatives

In the synthesis of (+)-gibberellin A; and gibberellic acid,
Mander'% employs a photochemical ring contraction of an a-diazo
cyclohexenone to produce a cyclopentene (Scheme 63). Cyclo-
hexadienone 477 was obtained after a five step conversion from
starting material 476. Conjugate reduction of the enone was
accomplished using standard conditions, and the unpurified ma-
terial was transformed into diazoketone 479 using sulfonyl azide
478. Irradiation of the diazo species initiated a Wolff rearrangement
to furnish 480 as a mixture of carboxylic acids (dr = 3.6:1) that were
methylated with diazomethane. A three-step oxidation sequence
furnished cyclopentenone 481. Organometallic addition followed
by esterification gave intermediate 482. Finally, conjugate addition

of the propionate ester to the enone delivered fully functionalized
cyclopentane 483 as a mixture of C4 epimers. This advanced in-
termediate contains the substituents and stereochemistry suitable
for the synthesis of the target gibberellins, and completion of
(+)-gibberellin Aj required an additional seven steps.

In the synthesis of (—)-allosamizoline, Kuzuhara''® performs a
ring contraction of a six-membered sugar derivative to a fully
functionalized cyclopentane (Scheme 64). The synthetic interme-
diate 484 was obtained from p-glucosamine over seven steps. A
modified Ferrier reaction was performed using mercuric sulfate to
give a B-hydroxy ketone, which underwent dehydration to give
enone 485. A Luche reduction was followed by activation of the
resulting allylic alcohol as the mesylate. Displacement with the
pendant urea delivered the dimethylamino oxazoline ring 487.
Dihydroxylation of the cyclohexene with OsO4 proceeded from the
less hindered convex face giving a syn-diol. Monosulfonylation of
the hydroxyl group was accomplished using tosyl chloride in pyr-
idine. Treatment with L-Selectride initiated semi-pinacol rear-
rangement to give transient intermediate aldehyde 488, which was
reduced under the conditions to give fully functionalized cyclo-
pentane 489. This advanced intermediate was advanced to
(—)-allosamizoline over two additional transformations.

In the synthesis of (+)-kelsoene by Koreeda,''" the key step is a
homo-Favorskii rearrangement which effects a ring contraction
from a six-membered carbocycle to a bicyclo[3.2.2]heptane and
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delivers a fully functionalized cyclopentane (Scheme 65). The
synthesis begins with methoxycyclohexa-1,4-diene (490) which is
hydrolyzed, protected as the ketal and epoxidized to give 491.
Regioselective epoxide opening with selenium occurred away from
the ketal and upon elimination gave allylic alcohol 492. Chlorina-
tion and addition of Grignard 493 gave enyne 494. A Pd-catalyzed
cyclization of enyne 494 delivers annulation product 495. This
material was carried forward over four steps to cyclohexenone 496.
Conjugate addition occurs under conditions developed by Khar-
asch''? on the less hindered face of the enone to give intermediate
497. Exposure of the B-keto tosylate 497 to base resulted in a
mixture of two cyclobutanones. Minor product 502 results from the
desired homo-Favorskii rearrangement producing a fully func-
tionalized cyclopentane (mechanism shown), and 501 is the product
of intramolecular enolate alkylation with the tethered tosylate. The
crude ketone mixture was treated with acid, which induced the
isomerization of the undesired 501 to an inconsequential mixture
of cyclobutanones containing the desired 502. The isomerization of
501 to 502/503 may proceed via intermediates 498—500 The
separable cyclobutanones were converted to their respective
tosylhydrazone derivatives, and they were subsequently reduced to
(+)-kelsoene.

In the synthesis of the a-mannosidase inhibitor, (+)-man-
nostatin A, Vasella'® employs a ring contraction from an N-ami-
nolactam (504) to form a fully functionalized cyclopentane
(Scheme 66). Mesylate 503 (derived from p-ribonolactone) was
converted to N-aminolactam 504 over two steps. Oxidation with
lead (IV) acetate provided fully functionalized cyclopentane 505.
This oxidative ring contraction was developed by Vasella and has
multiple proposed mechanistic pathways.''* This material was
converted over four steps to the orthogonally protected triol 506.
Substitution with methanethiolate installed the thioether.
Fluoride-mediated removal of the silyl protecting group furnished
507. The final stereocenter of the cyclopentane was installed by
imidate formation with spontaneous displacement of the mesylate
to give fully functionalized cyclopentane 508. Hydrolysis of the
oxazoline delivers (+)-mannostain A as the hydrochloride salt.

The total synthesis of (—)-massadine was completed by Baran
and Chen utilizing a ring contraction (Scheurer rearrangement) to
give a fully functionalized cyclopentane (Scheme 67)."'> The route
begins with (S)-Garner's aldehyde (509), which was olefinated and
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reduced to give allylic alcohol 510."'® Carbodiimide coupling with
carboxylic acid 511 delivers ester 512. Enolate formation and
addition to aldehyde 513 was followed by oxidation of the resulting
alcohol giving cyclization precursor 514. Treatment with Mn(OAc)3
induced a radical cyclization resulting in the formation of three
stereocenters in 515. Hydrolysis of the lactone delivered 516, which
was advanced nine steps to intermediate 517. Epimerization of the
C9’ (massadine numbering) stereocenter was performed under
acidic conditions to deliver 518. Reduction of the ketone proceeded
with axial attack by the hydride reagent to deliver alcohol 519.
Treatment of 519 with titanium isopropoxide and TBHP induced the
bioinspired skeletal rearrangement proposed by Scheuer!”'® to
give fully functionalized cyclopentane 520. An additional six steps
were required to complete the synthesis of (—)-massadine.

The Chen'! synthesis of (—)-axinellamines A and B takes
advantage of a similar ring-contraction (Scheuer rearrangement) to
give the fully functionalized cyclopentane core (Scheme 68). The
route begins with 516, which was prepared as shown above. This
intermediate was advanced six steps to 521. Basic epimerization of
the C12 (axinellamine numbering) stereocenter delivered 522.
Ketone reduction proceeded with axial attack of hydride to give
523. The oxidative cyclization delivered 524 and the spiro-cyclic
core of the axinellamines. Installation of the chlorine atom with
retention of configuration was accomplished by activation of the
alcohol as the sulfonate and treatment with nucleophilic chloride
to give 525. Mechanistically, the reaction proceeds through inter-
mediate aziridine 525. Advanced intermediate 526 has the appro-
priate substitution and stereochemistry for the axinellamines, and
the synthesis was completed in an additional 13 steps.

The formal synthesis of (+)-gymnomitrol by 1t6'?° employs a
skeletal rearrangement of a bicyclo[2.2.2]octane derivative
(Scheme 69). The synthesis commences with an alkene isomeri-
zation/Diels—Alder cycloaddition between diene 527 and cyclo-
pentene-1,2-dicarboxylic anhydride (528). Refluxing in toluene
with TsOH delivered endo-adduct 529 as the only product. Four
functional group manipulations were used to convert cycloaddition
product 509 to intermediate 530. Desulfurization gave intermedi-
ate 531. Epoxidation with mCPBA gave epoxy alcohol 532. Upon
alumina chromatography a skeletal rearrangement took place to
deliver keto-alcohol 533. Finally, Jones oxidation yielded diketone
534, which intersected a synthetic intermediate previously taken to
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ﬁ ﬁ
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Me” Me 0 ><
503 me” M Me” Me
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Scheme 66. Total Synthesis of (+)-Mannostatin A (Vasella, 2003).
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Scheme 67. Total Synthesis of Massadine (Chen, 2014).

(+)-gymnomitrol by Coates.!?!

In an approach toward gelsemine, Fleming'>? assembles a fully
functionalized cyclopentane using a rearrangement from a bicyclo
[2.2.2]octane into a bicyclo[3.2.1]octane (Scheme 70). The route
commences with a Diels—Alder reaction of diene 535 and -
nitroacrylate to give desired bicycle 536 in a 1:1 diastereomer ratio.
Functional group manipulation was performed over five steps to
deliver 537. Epoxidation with perbenzoic acid 538 occurred unex-
pectedly on the more hindered face to give 539. Opening of the
epoxide with magnesium bromide gave a bromohydrin (540),
which underwent a skeletal rearrangement to give 541. This ma-
terial was advanced to tricyclic intermediate 542 over four steps.
While a fully functionalized cyclopentane was formed in 543, the
substitution pattern needed to be adjusted for gelsemine. Oxidation
of the secondary alcohol and addition of vinylmagnesium bromide
gave allylic alcohol 543. Chloride 544 was obtained by reaction with
thionyl chloride. Presumably, chloride substitution of the alcohol
was followed by an SN2’ process resulting in the trisubstituted
alkene. Substitution of the allylic chloride gave an allyl silane, and

treatment with trioxane in formic acid induced an allyl silane
addition to an acyl iminium ion. This reaction gives advanced in-
termediate 545, which contains a fully functionalized cyclopentane
and the core molecular architecture of gelsemine.

Romo'?>!%4 developed an enantioselective strategy to the spi-
rocyclic core of palau'amine in which a chlorination/ring contrac-
tion sequence delivers a fully functionalized cyclopentane (Scheme
71). A Diels—Alder reaction of vinyl imidazolone 546 with the chiral
lactam 547 provides the tricyclic product with good control of
regioselectivity. Under the conditions of the cycloaddition the
double bond migrates regenerating the imidazolone ring. Silyl
protection of the primary alcohol delivers 548. An oxidation/elim-
ination sequence performed with dimethyldioxirane provides car-
binolurea 549. Ring contraction with N-chlorosuccinimide
furnished the chlorinated spirocyclic hydantoin and fully func-
tionalized cyclopentane 550.

In the synthetic effort towards massadine, Carreira'?’ reports a
silver-promoted norbornyl skeletal rearrangement to form the
cyclopentane of massadine (Scheme 72). The route begins with a

1
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Scheme 68. Total Synthesis of Axinellamines A and B (Chen, 2016).

cycloaddition of cyclopentadiene 551 with dimethyl fumarate
delivering norbornylsilane 552. Bromolactonziation provided tri-
cyclic intermediate 553. The skeletal rearrangement occurs upon
treatment with silver nitrate wherein desilylation and bond
migration occurs with elimination of bromide giving intermediate
lactone 555. Cleavage with methanol furnishes alcohol 556. A
Swern oxidation gave ketone 557, which was advanced to 558 over
four steps. Imine formation with 2,4-dimethoxybenzylamine was
followed by addition of cyanide in the presence of zinc chloride to
deliver iminonitrile 559 with good diastereoselectivity (>95:5). The
selectivity can be attributed to addition of TMS-cyanide to the

528 5280 0 4steps
PhMe
Me cat. TsOH
527 92%
mCPBA Me AOs
quant Me “gro 61%
OH
Me
Me
Me
(+)-gymnomitrol

ketone face opposite the benzyloxymethylene groups. This material
was advanced over six steps to intermediate 560. Ozonolysis frag-
mented the norbornene skeleton. Workup with acetic anhydride
and triethylamine resulted in regioselective ester formation,'®
which successfully differentiated the carbonyls to give 561 and
completed the core of massadine.

In an alternative route towards, Carreira'?’ uses the same
skeletal rearrangement to construct the cyclopentane but func-
tionalizes the core using a 4-component-Ugi-reaction (Scheme 73).
Ketone 557 underwent an Ugi-reaction with 2,2-
dimethoxybenzylamine and 2-nitrophenylisonitrile (563) to give

27

S Lo HO Me
_—
EtNH Me
PrOH Me
87% 531
Cro, Q
Me aq. HQSO4
Me acetone

Scheme 69. Formal Synthesis of (+)-Gymnomitrol (It6, 1979).
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Scheme 70. Synthetic Studies

amide 564. As above, the major diastereomer results from nucle-
ophilic attack on the less hindered imine face. Over the next seven
steps this material was advanced to intermediate 565. Ozonolytic
cleavage and workup according to Schreiber's method differenti-
ates the resulting carbonyl groups and gives 566.°° A Barton
decarboxylation/oxygenation®® was used to convert the aldehyde
to secondary alcohol of 567, which proceeded with retention of
configuration. To complete the core of massadine, the alcohol was
silylated and the ester stereocenter was epimerized yielding 568.
This advanced intermediate contains a fully functionalized cyclo-
pentane with appropriate substitution for a massadine synthesis.

5.2. Oxa-di-m-methane rearrangements

In the first enantioselective synthesis of (—)-coriolin, Demuth'?®
OH mPso 1 TIPSO
N\ _
547 H
= 1) PhH, 2,6-lut
BnN\\<NB” 2) TBSCI, Et;N ~ BNN
DMAP N
o 54% two steps Bn
546 548
TIPSO Ts
N
NCS, CaHio
%
75%

Scheme 71. Synthetic Studies

Towards Gelsemine (Fleming, 1988).

utilizes an oxa-di-w-methane rearrangement to assemble the
cyclopentane (Scheme 74). The synthesis begins with chiral reso-
lution of racemic diketone (+)-569 to deliver (—)-569 over three
steps. Methylation of enantiopure 569 was carried out with two
equivalents of sodium hydride and methyl iodide; subsequently, an
additional equivalent of sodium hydride and 18-crown-6 with
excess methyl iodide gave tri-methyl diketone 570. When this
mixture was irradiated in acetone, the oxa-di-w-methane rear-
rangement occurred to give cyclopentanone 571 with it's a-methyl
diastereomer. The unpurified product mixture was alkylated with
chloride 572 under standard conditions. Dissolving metal condi-
tions resulted in cyclopropane fragmentation and selective ketone
reduction. Finally, oxidative cleavage of the alkene furnished 573. A
base-catalyzed aldol condensation formed the triquinane core.

Direct reaction with isopropenyl acetate formed the dienol acetate,
Ts TIPSO NS
N
o DMDO o
H MQSOM, HO H
" 5 SMezs BnN i e
TBS 99%
6 o )\N
Bn
549
NH,
palau'amine

Towards Palau'amine (Romo, 2001).
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Scheme 74. Total Synthesis of (—)-Coriolin (Demuth, 1986).

which upon epoxidation and elimination delivered alcohol 129. The
synthesis was completed in an additional three steps following the
protocol of Trost.'*?

A photo-induced skeletal rearrangement was employed by
Singh'*° to assemble the triquinane core of («)-coriolin (Scheme
75). The synthesis begins with aryl aldehyde 575, which under-
went organometallic addition of 576 to give intermediate 577. This
material was advanced to B,y-enone 578 over three steps. Aryl
oxidation, under conditons developed by Adler,”*! results in an
oxaspirodienone (579), which undergoes an IMDA reaction to give
the functionalized bicyclo[2.2.2]octenone 580. This material was
advanced to intermediate 561 over six steps. Photochemical rear-
rangement of 581 in acetone delivered triquinane 582. Radical
cleavage of the cyclopropane delivered 583, which is an interme-
diate in coriolin syntheses by both Little’>? and Funk.”®

In the formal synthesis of (—)-coriolin by Banwell,">? a key oxa-

MgBr

di-t-methane rearrangement was used to construct the triquinane
scaffold (Scheme 76). The route commences with a Diels—Alder
cycloaddition between diene 584 and cyclopentenone to deliver
585. This cycloadduct was functionalized over seven steps to give
photo-rearrangement precursor 586. Irradiation promoted the oxa-
di-m-methane rearrangement to give an inconsequential epimeric
mixture of benzoyl esters (587). Reductive cleavage of the ben-
zoyloxy group with samarium iodide delivered 588. Radical cleav-
age of the cyclopropane ring gave a cyclopentanone that was
oxidized with IBX to the corresponding cyclopentenone 589. Ace-
tate cleavage delivers 104, which is an intermediate prepared by
Trost in a synthesis of coriolin.'*®

5.3. Ring expansions of cyclobutane derivatives

In the total synthesis of (+)-a-caryophyllene alcohol, Corey'>*

O OH oH

O
3 steps NaIO4
MeCN

575

Scheme 75. Formal Synthesis of (+)-Coriolin (Singh, 1999).
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Scheme 76. Formal Synthesis of (—)-Coriolin (Banwell, 2013).

uses a skeletal rearrangement to construct a cyclopentane (Scheme
77). The route begins with a [2 + 2] photocycloaddition of cyclo-
hexenone 591 with 4,4-dimethylcyclopentene (592) to give fully
functionalized cyclobutane 593 as the major stereoisomer. Addition
of methyllithium gave the tertiary alcohol 594. Treatment of 594
with aqueous sulfuric acid induced fragmentation of the cyclo-
butane ring and skeletal rearrangement to give the natural product.
The mechanism is hypothesized to proceed through intermediate
carbocation 595, which results from loss of water. Fragmentation of
the cyclobutane gives a carbocation (596) that can be intercepted
by water to give a-caryophyllene alcohol.

In the synthesis of (+)-coriolin, Tatsuta>® constructs the triqui-
nane ring system using a ring expansion (Scheme 78). A stereo-
controlled [2 + 2] photocycloaddition of cyclohexene 597 with 3-
acetoxy-2-methyl-cyclopent-2-enone (598) gives a fully function-
alized cyclobutane. This first step sets four of the required five
stereocenters for the fully functionalized cyclopentane. Ketone
reduction furnishes 599. Protecting group manipulations and
activation of the secondary hydroxyl as a tosylate gave 600.
Treatment of intermediate 600 with base induced a unique skeletal
rearrangement to give fully functionalized cyclopentane 602.
Reductive deoxygenation gave a cyclopentene, and the MOM ether
and acetonide were hydrolyzed under acidic conditions. Dihy-
droxylation occurred stereoselectively from the concave face of the
bicycle to form the energetically favored cis-fused diquinane sub-
structure in 603. This material was carried forward eight steps to
intermediate 604. Elimination of the two tertiary alcohols gave a
cross-conjugated dienone and subsequent removal of the acetates
gave intermediate 130. A non-stereoselective epoxidation gave,
among other diastereomers, (+)-coriolin.

Me><j Me

hv Me

Me

The Greaney'>® synthesis of (+)-merrilactone A and (+)-ani-
slactone A employs a Tiffeneau—Demjanov-type ring expansion to
construct a cyclopentanone (Scheme 79). The synthesis begins
with a [2 + 2] photocycloaddition of 4,5-dimethylmaleic anhy-
dride 605 and dimethylketene acetal to deliver cyclobutane 606.
Reductive opening of the anhydride gives a diol, which is benzyl
protected. Treatment with sulfuric acid delivers cyclobutanone
607. Reaction with ethyl diazoacetate (608) in the presence of a
Lewis acid effected a Tiffeneau—Demjanov-type reaction yielding
cyclopentanone 609. Transesterification with allyl alcohol was
followed by C-alkylation of the B-keto ester with allyl bromide.
Upon reaction with Pd(OAc);, a Tsuji-Trost decarboxylation-
dehydrogenation sequence proceeded to deliver cyclopentenone
610. A three-step functional group manipulation sequence gave
alcohol 611. Nucleophilic epoxidation gave a diastereomeric
mixture favoring the undesired B-epoxide diastereomer (612)
with the desired a-epoxide 613. The B-diastereomer could, how-
ever, be recycled through reductive deoxygenation to regenerate
enone 611. Silyl protection of 613 was followed by a stereo-
selective addition of acetylide 614 on the convex face of the 6-oxa-
bicyclo[3.1.0]hexane to deliver 615 as a single stereoisomer. Basic
methanolysis of the silyl group afforded 616. Cleavage of the
epoxide with titanium was followed by a 5-exo-dig cyclization
onto the alkyne affording a single stereoisomer 617.°¢ A fully
functionalized cyclopentane has been synthesized and was elab-
orated to (+)-anislactone A in six steps. Additionally, advanced
intermediate 617 could be advanced over eight steps to complete a
synthesis of (+)-merrilactone A.

(x)-a-Caryophyllene Alcohol

Scheme 77. Total Synthesis of (+)-a-Caryophyllene Alcohol (Corey, 1965).
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5.4. Cope rearrangement

In the synthetic effort toward palau’amine, Gin'*’ constructs a
fully functionalized cyclopentane through a [3,3]-sigmatropic
rearrangement of a bridged tricyclodecadiene (Scheme 80). The
synthesis begins with the Diels—Alder reaction of 14-
benzoquinone and cyclopentadiene (11) to give dihydroquinone
618. Epoxidation of the enone was followed by a Favorskii-like
rearrangement of the keto-epoxide to deliver keto-ester 619. This
intermediate underwent enolate alkylation to give 620, which has a
1,5-diene substructure. This intermediate underwent spontaneous
[3,3]-sigmatropic rearrangement to give a dynamic mixture of
enone 620 and cyclopentanone 621. This dynamic mixture was
subjected to Meerwein—Pondorf—Verley reduction conditions
which selectively consume the more reactive cyclopentanone and
converts all the reactive mixture to secondary alcohol 622. Chloride
displacement proceeded with retention of configuration to deliver
623."°% This material was advanced three steps to bridged ketone
624. Oxime formation followed by treatment with thionyl chloride
induced a regioselective Beckmann rearrangement to form the
lactam, which was subsequently protected as the Boc-carbamate
(625). Oxidative cleavage of the alkene and reductive workup
gave a diol that spontaneously cyclized to a lactone upon treatment
with TsOH. Silylation of the primary alcohol delivered 626. The
benzyl ether was removed, and cyclization of the free alcohol with
the carbamate and dimethoxymethyl benzene delivered 627. Hy-
drolysis of the lactone was followed by methylation of the resulting
carboxylic acid. Oxidation of the primary alcohol gave an aldehyde
that was epimerized to the more stable trans configuration in 628.
The fully functionalized cyclopentane contains the appropriate
functionalization and stereochemistry for palau'amine.

6. Aldol and related reactions

The aldol reaction and related reactions of enolate-type nucle-
ophiles with carbonyl electrophiles are versatile processes that

have been used in many syntheses of natural products with fully
functionalized cyclopentanes. Such reactions have performed well
in complex substrates decorated with many functional groups. The
diversity in target molecules made with these reactions attests to
their value as bond-forming processes.

The intramolecular aldol reaction forms a five membered car-
bocycle when the substrate is either a 1,4- or 1,6-dicarbonyl
(Scheme 81). The former synthetic strategy begins with a ketone
starting material 629 (eq. 1), which undergoes functionalization
(e.g. alkylation) at the a-position to reveal a 1,4-dicarbonyl (630).
Cyclization gives the five-membered carbocycle (631).

The latter strategy (1,6-dicarbonyl aldol) commonly begins with
cyclohexenes of the type 632 (eq. 2). Such molecules are often
prepared with good control of diastereoselectivity using the Diel-
s—Alder reaction. A subsequent oxidative cleavage reveals the 1,6-
dicarbonyl adorned with stereocenters at the intervening carbons
(633). Aldol condensation with mild buffered-acid conditions gives
the five-membered ring architecture (634). Typically, the more
hindered carbonyl acts as the electrophile.

A particularly striking strategic use of aldol reactions appears in
a ryanodol synthesis where no less than three intramolecular aldol
reactions are used to prepare two fused fully functionalized
cyclopentanes (Scheme 82). The substrate for the final intra-
molecular aldol is a 1,6-dicarbonyl that is revealed from oxidative
cleavage of a cyclohexene prepared by a Diels—Alder reaction.

6.1. 1,4-Dicarbonyl cyclizations

In the total synthesis of (+)-cyclosativene by Piers'>® performs
an aldol reaction of a 1,4-ketoester to construct a five-membered
ring (Scheme 83). The route begins with known enone 640,
which oxidation to furnish 641. Conjugate addition of methyl
cuprate and acylation of the resulting enolate delivers enol acetate
642. Ozonolysis, oxidative workup, and methylation of the resulting
carboxylic acid gave aldol cyclization precursor 643. Enolate for-
mation and Diekmann-type condensation delivered a
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Scheme 79. Total Synthesis of (+)-Merrilactone A and (+)-Anislactone A (Greaney, 2010).

functionalized five-membered ring (644). The ketone bearing an
acidic a-hydrogen was deprotonated and protected as the isopropyl
enol ether. A Wittig olefination was performed on the remaining
ketone and hydrolysis of the two enol ethers delivered keto-
aldehyde 645. Wittig olefination of the aldehyde gave alkene 646.
Ketone reduction and dehydration gave a functionalized cyclo-
pentene. Hydroboration-oxidation of the less hindered alkene
delivered 647. Oxidation and hydrazone formation furnished 648.
Treatment with butyllithium formed the lithium salt, which upon
heating induced a 1,3-dipolar cycloaddition to deliver pyrazoline
649. Photolysis of this compound gave (+)-cycosativene displaying
a fully functionalized cyclopentane.

In the formal synthesis of (+)-cyclosativene by Yoshikoshi, n
intramolecular aldol of a 1,4-dicarbonyl constructs the cyclo-
pentane (Scheme 84). The synthesis begins with intermediate 650
available from (—)-carvone. Consecutive enolate additions to
dimethyl carbonate and allyl bromide deliver 651. Demethox-
ycarbonylation was performed by heating in DMSO with sodium
cyanide. An oxidative cleavage of the allyl group gives keto-
aldehyde 652. Treatment with base induces an aldol reaction of
the 1,4-dicarbonyl to form cyclopentane 653 as a mixture of alcohol
epimers. Oxidation state adjustment required six steps and gave
cyclopentanone 655. Methylation of the ketone and subsequent
alcohol oxidation gave a cyclopentenone, which was dehydrated to

140 a

a mixture of exo- and endo-cyclic alkenes. This mixture could be
resolved to give the desired endo-cyclic alkene by heating in the
presence of iodine delivering 656 as the sole product. A Wittig re-
action/hydrolysis sequence provided a mixture of aldehydes, which
was epimerized with base to the more stable 657. A second ho-
mologation sequence was performed, and the resulting aldehyde
was reduced to give primary alcohol 627. This highly functionalized
cyclopentene is an intermediate taken to (+)-cyclosativene by
Piers.!>?

In the synthesis of sesquiterpene natural products (+)-long-
icyclene and (+)-longiborneol, Welch'*! constructs the cyclo-
pentane through a reductive aldol cyclization (Schemes 85 and 86).
The synthesis begins with (—)-carvone, which can be transformed
into tetrahydroeucarvone 659 over three steps. Enolate formation
under thermodynamic conditions and alkylation with chloride 660
delivers keto-olefin 661 as an inconsequential mixture of di-
astereomers. Oxidative cleavage of the alkene produced keto-acid
662. Acid-catalyzed lactonization delivered enol lactone 663.
Reductive cleavage of the lactone and aldol cyclization gave
cyclopentanone 664. This compound was discovered to be prone to
fragmentation, so the material was immediately subjected to
mesylation/elimination to give B,y-unsaturated ketone 665. A
Wittig reaction installed the methyl enol ether 666, and hydrolysis
gave a mixture of aldehydes that underwent epimerization to the
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Scheme 80. Synthetic Studies Towards Palau'amine (Gin, 2008).

more stable configuration in 667. This aldehyde served as a key
intermediate in the synthesis of both longicyclene and long-
iborneol. Towards the synthesis of longicyclene, Jones oxidation
provided carboxylic acid 668. Conversion to the acid chloride and
addition of diazomethane delivered a diazoketone that underwent
copper-mediated cyclization yielding cyclopropyl ketone 669. This
advanced intermediate contains a fully functionalized cyclo-
pentane with the appropriate substitution and stereochemistry for
(+)-longicyclene, and an additional three steps completed the

1,4-dicarbonyl! aldol:

Me
steps KOH
3;> Yjﬁ
631
1,6- dlcarbonyl aldol:
R R R
0gPhp  Ox mild acid
T —_— 2)
0% Ox
632 633 634

Scheme 81. Aldol Reactions in the Synthesis of Fully Functionalized Cyclopentanes.

natural product.

The synthesis of (+)-longiborneol from intermediate aldehyde
667 continued with a Wittig reaction to give diene 670 (Scheme
86). Hydroboration-oxidation of the diene produced diol 671. Sul-
fonylation of the primary alcohol and oxidation of the secondary
alcohol delivered ketone 672. An intramolecular enolate alkylation
delivered a tetracyclic intermediate, which is the natural product
longicamphor. Finally, a dissolving metal reduction with calcium
delivered the fully functionalized cyclopentane of longiborneol.

In the synthesis of tricyclic sesquiterpenoid (+)-gymnomitrol,
Welch'#? utilizes an aldol condensation to construct a cyclo-
pentenone (Scheme 87). Cyclopentanone 629 was converted to 1,4-
diketone 630 by alkylation with dibromide 673 and oxidation. A
base-catalyzed aldol condensation furnished bicyclic cyclo-
pentenone 631. Conjugate addition of methyl cuprate gives the cis-
fused diquinane, and trapping of the enolate with allyl chloride
gives 674 as an inconsequential mixture of diastereomers. Forma-
tion of the thermodynamic enolate was followed by alkylation on
the convex face of the bicycle to yield 675 as a single diastereomer.
Hydroboration-oxidation of the alkene occurs with concomitant
ketone reduction to deliver diol 676. Jones oxidation gave a car-
boxylic acid, which was methylated to yield ester 677. A
Dieckmann-type condensation occurs with strong base, and silyl
trapping of the enolate provides tricyclic ketone 678.
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Scheme 82. Aldol Reactions in the Synthesis of Ryanodol.

Stereoselective reduction of the ketone from the less hindered face
furnishes a fully functionalized cyclopentane (679) bearing the
necessary stereochemistry for gymnomitrol. Completion of the
synthesis required an additional five steps.

In the synthesis of the tricothecene mycotoxin T-2 tetraol tetra-
acetate, Colvin'®® builds the cyclopentane ring using an aldol
addition of a 1,4-ketoaldehyde (Scheme 88). The synthetic route
begins with lactone 680, which can be advanced to bicyclic inter-
mediate 681 over two steps. Conjugate addition of methyl cuprate
occurs from the convex face of the ring system. Epoxidation and a
semi-pinacol rearrangement in the presence of ethylene glycol

gives 682. Two successive oxidations gave the keto lactone 683
which existed exclusively in the enolized form. Allylation delivered
enol ether 684. Reduction of the lactone with DIBAL produced an
unstable lactol, which could be further reduced with triethylsilane
to give deoxygenated 685. Hydride reduction of the ester was fol-
lowed by heating in toluene to promote a Claisen rearrangement to
give a ketone. Silylation of the primary alcohol gave 686. Dihy-
droxylation and oxidative cleavage delivered keto aldehyde 687.
The aldol addition took place with sodium methoxide to give a 4:1
mixture of diastereomers favoring the desired 688 (the configura-
tion of the secondary alcohol is inconsequential). The alcohol was

Me
A = DDQ
HO dioxane
(0]
91%
Me
640
. 1) NaHMDS;
1) Oz H,0, NaHMDS Me ) Me,CHBr
NaOH MeO PhMe, A = Me OMe
—_— —_— T
2) CHoN, . Me  2)p o/
Me 76% o Ph3P
67% two steps H™ > Me 3) HCI; K,COg4
Me 644 MeOH
52% three steps
Me 1) L|AIH4
OHC Me Ph3P—
Me Me 2) SOCIZ, pyr.
(sia),BH
33% three steps
645
Me 1) CrO4pyr TsHNN® nBuLI
TsNﬁN{i2 Me 105-130 °C_ 130 °©
50%
three steps
Me a7
Me
Me Me Me
e Me hv
- Me
N=\
Me Me
649 (+)-cyclosativene

Scheme 83. Total Synthesis of (+)-Cyclosativene (Piers, 1973).
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Scheme 84. Formal Synthesis of (+)-

subsequently protected as the pyranyl ether, and olefination of the
ketone gave 689. The pyranyl ether was cleaved and the resulting
alcohol oxidized to ketone 690. The ketone was a-hydroxylated
with oxaziridine 691 and then reduced with hydride to give the
trans-1,2-diol 692; both additions having occurred from the less
substituted exo face of the bicycle. Treatment with PPTS selectively
deprotected the ketal, and epoxidation with peracid gave fully

Cyclosativene (Yoshikoshi, 1975).

functionalized cyclopentane 693. This advanced intermediate was
taken to 694, a relay intermediate in the synthesis of T-2 tetraol,
which was completed in an additional four steps.

The sesquiterpenoid (—)-merrilactone A was synthesized by
Inoue'** and utilized a transannular aldol reaction of a cyclo-
octenedione (Scheme 89). Beginning with the unsaturated v-
lactone 695, a [2 + 2]-photocycloaddition with trans-1,2-

RuQO,4, 0OsO,
3 steps NaH DME H,0, tBuOH
Na|O4
Me Me
93%
)-carvone 86%
HO,C Me ) MsCl, Et3N
Ac20 DIBAL
HCIO4 30+ coII|d|ne A
€ 90% 80% 87%
two steps
H
1) HCIO,, H,0 OHC Me
PhP=CHOCH; 2) KoCOy, MeOH_ 7 ,
Y DMSO ™ 100% two steps Me
" Me”Me
88% Me e 667
H M o M Me
CrO3, HpSO, HOZC , 12)) E)CI-?EI)ZE?@ z 3 st
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acetone 1 <o 3 Cuoz TzHFzA \M p v \Me
86% Me’Me Y Me Me "
668 Me _
669 longicyclene

Scheme 85. Total Synthesis of (+

)-Longicyclene (Welch, 1974).
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Scheme 86. Total Synthesis of (+)-Longiborneol (Welch, 1974).

dichloroethylene (696) successfully establishes the two methyl
stereocenters with the desired syn-relationship. Dechlorination
with zinc delivers bicyclic intermediate 697. This material was
advanced to cyclobutene 698 over six steps. Dihydroxylation,
alcohol oxidation, and Grignard addition gives fully functionalized
cyclobutane 699. Ring closing metathesis was followed by oxidative
cleavage of the diol yielding a cyclooctenedione (701). With care-
fully optimized conditions, the transannular aldol reaction gave
diastereoselective carbon-carbon bond formation to yield the cis-
fused diquinane 704. Deprotonation occurs at the most sterically
accessible position (distal from the BTB group) to give a favored (E)-
configured enolate, which exists in conformation 703 that mini-
mizes diaxial interactions of the substituents. Transannular cycli-
zation of 703 leads to the observed product 704 with excellent
stereoselectivity. This material was advanced over three steps to -
bromoacetal 705. Treatment of 705 with radical conditions led to 5-
exo-trig cyclization in good yield producing a mixture of di-
astereomers. The mixture could be simplified to isomer 707 by
treatment of 706 with EtOSiMe3; and Lewis acid. This material was
advanced over six steps to trisubstituted alkene 708. Reduction of
the ketone with sodium in ammonia resulted in a stereoselective

reduction to the desired B-hydroxy compound. This sets the final
stereocenter in the fully functionalized cyclopentane, giving 710.
This advanced intermediate has appropriate substitution and ste-
reochemistry for (—)-merrilactone A, and the synthesis was
completed in an additional two steps.

The first synthesis of (+)-pactamycin was accomplished by
Hannesian (Scheme 90).'4> Pactamycin has a densely functional-
ized cyclopentane core with three contiguous fully substituted
stereocenters. The cyclopentane was constructed using an aldol
condensation. Commercially available L-threonine was used to
synthesize intermediate 711 over three steps. Condensation with
unsaturated aldehyde 712 and silylation of the resulting second-
ary alcohol delivers 714. The stereochemical outcome can be
rationalized by the favored Zimmerman—Traxler transition state
model 713. Intermediate 714 was advanced three steps to ketone
715. Ozonolysis of the alkene provides the desired 1,4-dicarbonyl
relationship. A Mukaiyama-type aldol condensation proceeded in
the presence of TiCl4 to yield cyclopentanone 696. Alcohol elim-
ination yields cyclopentenone 717. Unexpectedly, nucleophilic
epoxidation occurred from the undesired bottom face of the car-
bocycle. Luche reduction delivered epoxy alcohol 718. At this

1) LDA
o B Me KOH Me,CulLi; Me & N\
e
673 == o AlyiCl o
—> EtOH y
2) Hg(OAc), HMPT;
Me H o H Me 84% Me H3O+ Me
629 630 631 74% three steps  g74
dr= 3'2
Me.
Me "\& \_gn1) CrOs Cone
SlazBH oH 2304
Mel o H202: CHzN 5
o NaOH M
64% 829% e 84% two steps
675 ° 676
HO
L|HMDS Me
AMPT NaBH, Me 5 steps
TBSCI Me
o 87%
65% BSO TBSO
678 679 +)-gymnomitrol

Scheme 87. Total Synthesis of (+)-Gymnomitrol (Welch, 1979).
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Scheme 88. Total Synthesis of T-2 Tetraol Tetraacetate (Colvin, 1990).

stage, it was known that an inversion of the epoxide would be
necessary to complete the synthesis of pactamycin. An invertive
displacement of the secondary alcohol generated azide 719 with
the required nitrogen stereochemistry. A three-step sequence
(TES removal, oxidation, Grignard addition) delivered tertiary
alcohol 720 as a single diastereomer. The epoxide inversion began
with liberation of the primary alcohol with fluoride. Treatment of
the epoxy alcohol with zinc triflate induces a Payne rearrange-
ment to give an intermediate spiro-oxirane, which is subsequently
opened by acetic acid giving 721. The acetate-protected alcohol
was converted to the corresponding TBDPS ether. Treatment of
the diol with triflic anhydride led to Williamson-type epoxide
formation yielding 722. Finally, opening of the epoxide with ani-
line 723 gave advanced intermediate 724, which has the desired
substitution and stereochemistry on the five-membered ring of

pactamycin. Completion of the synthesis required an additional
ten steps.

In the total synthesis of pactamycin, Johnson'“® used an aldol
condensation to form a highly functionalized cyclopentenone
(Scheme 91). The synthesis begins with a cinchonidine catalyzed
Mannich reaction of diketone 725 and imine 726. When catalyst
727 was employed, product 728 could be obtained with good
enantioselectivity. Desymmetrization of the Mannich product was
accomplished using a hydride reduction where addition of hydride
to a lithium chelate of 728 occurs away from the sterically large
urea group. TBS protection gives 729. An intermolecular aldol re-
action with formaldehyde homologated the ketone. Oxidative
cleavage of the alkene delivers the 1,4 dicarbonyl relationship in
730 necessary to deliver a cyclopentenone. Reaction with sodium
methoxide promotes an aldol condensation delivering 731.

4
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Scheme 89. Total Synthesis of (—)-Merrilactone A (Inoue, 2006).

Nucleophilic epoxidation on the same face as the nitrogen groups
yields 732 in high diastereoselectivity. Silylation of the primary
alcohol with the sterically demanding TBDPS group shielded one
reactive diastereoface of the ketone, and addition of methyl
Grignard led to the desired tertiary alcohol stereocenter on 733.
Finally, nucleophilic opening of the epoxide with 3-acetylaniline
(734) yielded the fully functionalized cyclopentane 735, which
contains the desired molecular architecture of pactamycin. An
additional three steps was required to complete the natural
product.

Corey'¥ reported an approach to gibberellic acid using an aldol
of a 1,4-ketoaldehyde that was an improvement over their previ-
ously published route,"”! which used the aldol of a 1,6-dicarbonyl
(Scheme 92). As such, this effort represents a formal (or second
generation) synthesis of gibberellic acid. This route begins with the
Horner—Wadsworth—Emmons olefination of ketone 736 with ylide
737. Vinyl cuprate conjugate addition occurs to give an inconse-
quential mixture of diastereomers, and the product mixture un-
dergoes oxidative cleavage to give 1,4-ketoaldehyde 738. An aldol
condensation in ethanolic sodium hydroxide furnishes spiro enone
739. This material was advanced to the ketal 740 over six steps.

Treatment with potassium tert-butoxide induced intramolecular
alkylation to give 741. Intermediate 741 was converted to ketone
742 over 10 steps. Selective formylation at the least hindered a-
position provided 743. Methylation of the enol tautomer 743 gave
(E)-enol ether 744 in a 6:1 ratio with its geometrical isomer. This
mixture was formylated and the aldehyde was reduced to give 745.
Subsequent ketone reduction delivered diol 746 as a mixture of
alcohol epimers. Treatment with oxalic acid promoted formation of
enal 747. Finally, standard Wittig olefination completed the second
generation synthesis of 748.

In the synthetic effort towards delphinine, Wiesner'“® used an
intramolecular aldol addition to create the central five-membered
carbocycle of the target (Scheme 93)./4° The methoxy tetralone
starting material (749) underwent consectutive with allyl bromide
and BOMCI to give 750. Subsequent oxidative cleavage gave aldol
substrate 751. A base-catalyzed aldol reaction constructed the five
membered carbocycle (752). This tricyclic intermediate was func-
tionalized over 12 steps to 753. Amination with Raney nickel in
methanolic ammonia proceeded to deliver the desired amine 754
with dr = 10:1. The unpurified amine was acetylated, the benzyl
groups were removed by hydrogenolysis, and the diol was oxidized
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Scheme 90. Total Synthesis of (+)-Pactamycin (Hanessian, 2012).

to the diketone 755. Heating the diketone with potassium cyanide
promoted a sequence of reactions that resulted in the fully func-
tionalized cyclopentane 759. First, aldol condensation delivered an
a,p-unsaturated ketone, which was followed by a stereoselective
conjugate addition of cyanide. Subsequent hydrolysis of the nitrile
provided an amide, which cyclized to the lactamol 759. Treatment
of this intermediate with acidic methanol opened the lactamol to
give ketone 760. Hydride reduction gave a separable mixture of
diastereomers containing 761. This advanced intermediate contains
the central five-membered ring of the delphinine-type alkaloids
with appropriate substitution and stereochemistry for delphinine.

6.2. 1,6-Dicarbonyl cyclizations

The synthesis of (+)-gibberellin A5 was completed by Nagata'>°

and built a fully functionalized cyclopentane using an aldol

cyclization of a 1,6-ketoaldehyde (Scheme 94). The synthesis begins
with tricyclic ketone 762 which underwent hydrocyanation to give
a mixture of cis- and trans-cyano ketones. Recrystallization of the
mixture in the presence of acid caused epimerization to the more
stable trans isomer, which was isolated as a single product (763).
This product was advanced to amine 764 over four steps. Birch
reduction gave a dienol ether, and the amine was activated as the
sulfonamide. Upon acidic workup, the dienol ether isomerized to
cyclcohexenone 765. To prepare the ketoaldehyde for the aldol
cyclization, the cyclohexenone was converted to the dienol and
reduced to give a mixture of hydroxyl-olefin isomers. Oxidative
cleavage of the alkene gave the 1,6-ketoaldehyde (766) that
cyclized to cyclopentane 767 upon contact with neutral alumina.
This material was advanced four steps to intermediate 768. The
final substituent on the fully functionalized cyclopentane was
installed by elimination of the tertiary alcohol to give enone 769
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followed by hydrocyanation to give the cis-cyano ketone 770. This
advanced intermediate contains the appropriate functionality and
stereochemistry for gibberellin Ai;s; and the synthesis was
completed in an additional 20 steps.

The Corey'”! synthesis of (+)-gibberellic acid commences with a
Diels—Alder reaction between quinone 751 and trans-2,4-
pentadiene-1-ol to give 772 (Scheme 95). This material was car-
ried forward to tricyclic intermediate 773 over 10 steps. Dihy-
droxylation followed by oxidative cleavage furnishes 1,6-
dialdehyde 774. When treated with dibenzylammonium tri-
fluoroacetate an aldol condensation gave the desired «,-unsatu-
rated aldehyde 775 and constructed the five-membered carbocycle.
Olefination with methylenetriphenylphosphorane provided a
diene, and acidic removal of the THP ether furnished 748. The
alcohol functional group was deprotonated and acylated with
trans-2-chloroacrylyl chloride (776) to give an unsaturated ester
777. When heated to 160 °C, an endo-selective Diels—Alder cyclo-
addition proceeded to give lactone 778 as the sole stereoisomer.
Treatment of 778 with base and methyl iodide led to chloride
elimination and enolate alkylation. Removal of the MEM protecting
group with anhydrous zinc bromide yields (+)-779. This racemic
intermediate was resolved by formation of two diastereomeric
carbamates with (—)-a-phenethylamine, separation by chroma-
tography, and hydrolysis to give (+)-779. Hydrolysis of the lactone
was followed by oxidation to the diacid with sodium ruthenate in
sodium hydroxide. During the oxidation the intermediate acid
aldehyde undergoes base-catalyzed epimerization to the more
stable B-formyl derivative before being oxidized to the diacid.

Chemoselective esterification gave 780. Hydroxylactonization was
achieved by treatment with mCPBA. Saponification of the inter-
mediate lactone, performed under basic conditions, was followed
by iodolactonization to give 781. This synthetic intermediate con-
tains a fully functionalized cyclopentane with all the required ste-
reochemistry for (+)-gibberellic acid. The synthesis was completed
in an additional three steps.

The first total synthesis of (+)-ryanodol was completed by
Deslongchamps'®? in 1979 (Scheme 96). The construction of the
two fully functionalized cyclopentanes was performed in separate
steps each using an aldol reaction. The synthetic route commences
with 5,6-dimethoxyindane (782). Formylation of the indane with
dichloromethoxy methane (783) gave 784, which was then
advanced five steps to give aromatic lactone 785. Oxidative dear-
omatization/rearrangement of 785 gave racemic dienone 786. A
Diels—Alder reaction occurred between racemic dienone 786 and
enantiopure dienophile 787 (prepared in five steps from (+)-car-
vone) proceeded to give equimolar amounts of 788, 789 and 790,
791. Intermediates 788 and 789 arise from Diels—Alder cycloaddi-
tion from the desired diastereoface of the diene, and they are
inconsequential acetal epimers. Diels—Alder products 790 and 791
represent cycloadducts arising from addition to the undesired
diene diastereoface. Nevertheless, the entire mixture was subjected
to aqueous base, which induced acetal hydrolysis, ketone epime-
rization, enolization, and intramolecular aldol addition to give 792
and 793 as an exo/endo pair and 794 and 795 as an exo/endo pair. In
this mixture, the endo diastereomers were favored (~3:1) over the
exo diastereomers. Treatment of this unpurified material with
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aqueous acetic acid followed by 1 N NaOH induced an aldol reaction
and delivered the first fully functionalized cyclopentane (796).">
The diol was advanced four steps to intermediate 797. Oxidative
cleavage of the olefin in the presence of acid revealed a 1,6-
diketone, which underwent transannular aldol addition to give
798. This material was advanced six steps to mesylate 799. Treat-
ment with base induced a Grob fragmentation to give an alkene.
Hydrolysis of the orthocarbonate gave 800. Epoxidation of the
alkene was performed with trifluoroperacetic acid to give -
epoxide 801.!°* Basic hydrolysis of the lactone occurred with
concomitant nucleophilic opening of the epoxide yielding lactone
triol 802. This material was advanced four steps to intermediate
803. Treatment of 803 with acid led to enol ether 804 as a mixture
of stereoisomers. Ozonolysis delivered a ketone, which was trans-
formed to the enol acetate 805. This material was converted to the
corresponding enone 806 by an elimination reaction with DBN.
Hydride reduction of the ketone gave the endo allylic alcohol. Hy-
drolysis of the acetonide with aqueous sodium hydroxide delivered
anhydroryanodol (807) in a 3:1 ratio with the isomerized lactone
epianhydroryanodol (808). This mixture could be separated and
each alkene was epoxidized to give 809; note that 807 undergoes
oxidation with concomitant transesterification to give 809. Finally,
areductive cyclization under dissolving metal conditions furnished
(+)-ryanodol.

The complex natural product (+)-ryanodol bears two fully
functionalized cyclopentanes (Scheme 97). In the Inoue'® total
synthesis both functionalized cyclopentanes are formed in a
transannular aldol reaction of an eight-membered ring. The syn-
thesis begins with a Diels—Alder reaction between 2,5-
dimethylbenzene-1,4-diol (810) and maleic anhydride (811) to
give 812 which creates two quaternary stereocenters. The anhy-
dride could be hydrolyzed to the dicarboxylic acid, which under-
went electrolysis with a platinum electrode to give the Cy-
symmetric intermediate 813. To obtain the fused functionalized five

membered rings a two-directional functionalization with an
intramolecular aldol cyclization was performed.”® A stereo-
selective Corey-Chaykovsky epoxidation was followed by regiose-
lective ring-opening with ammonia to produce 814. Treatment with
sodium nitrite in acetic acid results in two regioselective ring-
expansions to give the 1,5-cyclooctanedione eight-membered ring
of 815. Formation of the silyl enol ethers was followed by double
epoxidation with DMDO from the bottom face to give 816. Desily-
lation with triflic acid resulted in diketone 817. The transannular
aldol was found to proceed in the presence of Brensted acid, and
the optimized conditions of 3 mol% triflic acid in methylene chlo-
ride delivered the fused five-membered ring system of 819. This
transformation is thought to proceed through intermediate 818,
which minimizes ring strain and transannular interactions and
leads to the observed aldol diastereomer. The resulting syn-diol was
protected as the acetonide, and the remaining hydroxyl group was
oxidized to give ketone 820. Ketone 820 is a Co-symmetric mole-
cule, and it enabled resumption of the two-directional synthetic
strategy toward ryanodol. Two-fold oxidation of the diketone 820
gave 821. The resulting hydroxyl groups were protected as the
methoxymethyl ethers. Oxidation of the alkene using catalytic co-
balt and molecular oxygen gave an inconsequential mixture of
stereoisomers 822."°’ Silyl protected peroxide 822 was transformed
to the corresponding C,-symmetric ketone, which underwent hy-
dration upon chromatography to give 823. Differential protection of
the two hydroxyl groups was required at this stage. To this end,
benzyl ether formation at the less hindered C15 position was fol-
lowed by conversion of the remaining hydroxyl to the corre-
sponding thiocarbonate (825). The C,-symmetry of previous
intermediates has now been broken and the five-membered car-
bocycles are further functionalized independently. Homolytic
cleavage of the C—O bond of the thiocarbonate gave a bridgehead
radical which successfully formed 826 upon reaction with allyl-
tributyltin. This material was advanced over four steps to
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Scheme 93. Synthetic Studies Towards Delphinine (Wiesner, 1972).

intermediate 827. Organolithium addition to the more reactive
ketone gave intermediate 829, which has the first fully function-
alized cyclopentane installed. The equatorial approach of the
organolithium was attributed to sterically less hindered approach
of the nucleophile. This material was advanced five steps to inter-
mediate 830. Oxidation of the secondary alcohol was followed by
addition of isopropenyl lithium, which occurred away from the
acetonide to give 831. In the final stages of the synthesis, the silyl
ethers and acetonide were cleaved. The ketone was then reduced
by hydride, which is thought to be directed by the revealed tetraol
to give the second fully functionalized cyclopentane. Hydro-
genolysis of the benzyl ether delivered (+)-ryanodol.

The first stereoselective synthesis of (+)-orostanal, completed
by Zhou,'”® begins with commercially available hyodeoxycholic
acid, which could be advanced to intermediate 832 following the
two-step method of Ziegler (Scheme 98).">° Ozonolysis of the
cyclohexene followed by reductive workup afforded keto-aldehyde
833. The aldol reaction was promoted with exposure to neutral
alumina and resulted in a fully functionalized cyclopentane. Axial
attack on the ketone leads to the cis-fused hydrindane substructure
with the aldehyde positioned on the convex face of the polycyclic
molecular architecture in 834. This intermediate contains a fully

functionalized cyclopentane and was converted to the natural
product over an additional ten steps.

Baran's'®® synthesized the fully functionalized cyclopentane
852, which served as a common intermediate for the synthesis of
the (—)-axinellamines, (—)-palau’'amine, and (—)-massadine
(Scheme 99). The route commences with an enantioselective
Diels—Alder reaction of a 1-siloxydiene 841 and 842 to give
cyclohexene 844. This material was carried forward to the diazide
845 over six steps. Ozonolytic cleavage of the alkene gave a 1,6-
diketone (846). Dibromination followed by exposure to dry silica
promoted an intramolecular aldol reaction to form a fully func-
tionalized cyclopentane (847).'°' Chlorination of the more reactive
bromide and cleavage of the PMB-ether furnished diol 848.
Although a fully functionalized cyclopentane has been synthesized
at this stage, it contains neither the correct substitution or desired
stereochemistry for the natural targets. Tandem invertive chlori-
nation and elimination were promoted with sulfuryl chloride to
give enone 849. A Luche reduction of the chloroketone and
displacement of the bromide with N,N’-bis(Boc) guanidine pro-
vided 850. Re-oxidation of the allylic alcohol with IBX induced
spirocyclization to give 851 as a mixture of diastereomers favoring
the desired stereoisomer. Treatment with sodium diformylamide
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installed the primary ammonium group and Boc deprotection with
TFA delivered 852. Advanced intermediate 852 was a versatile
synthetic intermediate that was used in the synthesis of the
(—)-axinellamines, (—)-palau'amine, and (—)-massadine.

The first synthesis of (+)-pallambins C and D by Wong'®?
ploys a Grob fragmentation-intramolecular aldol cyclization
sequence to construct a fully functionalized cyclopentane (Scheme
100). The synthesis commences with a reduction of the Wieland-
Miescher ketone (853) to diol 854. Benzyl protection of the diol
was followed by epoxidation. Nucleophilic opening of the oxirane
with methyl Grignard occurs at the less substituted carbon to give
855. Displacement of the hydroxyl with chloride and subsequent
elimination delivers 856. Hydroboration-oxidation proceeds ster-
eoselectively to give the trans-decalin. Acylation of the resulting
hydroxyl group and hydrogenolysis of the benzyl ethers provides
857. Oxidation to a diketone using Jones reagent was followed by
selective conversion of the less hindered ketone to the diethyl ketal
858. The acetyl protecting group was removed and a Bam-
ford—Stevens-type iodination gave the vinyl iodide 859. Benzyl
protection of the secondary alcohol and transketalization was fol-
lowed by a palladium-catalyzed alkoxycarbonylation to deliver
ester 860. Ester reduction and protection of the resulting alcohol as
the MOM ether gives 861. Hydroboration-oxidation on the less
hindered alkene face, and acylation of the resulting alcohol deliv-
ered 862. This material was advanced over five steps to interme-
diate 863. Upon treatment with potassium tert-butoxide, a Grob
fragmentation gave 1,6-ketoaldehyde 864 as an intermediate. A
subsequent aldol cyclization occurred to give 865. The constraints
of the intramolecular tether ensure the aldehyde approaches on
one diastereoface of the enolate, and the secondary alcohol ster-
eocenter is inconsequential. At this stage, a fully functionalized
cyclopentane has been synthesized, but the secondary alcohol must

C' 783
CH3
T|CI4
Me 784
10) oMe Me
Me o

(+)-carvone

1N NaOH
—_—

THF
endo/exo 3:1

MeO aq. NaOH; o
5 steps \I\: NBS o)
O

be converted to a tertiary alcohol. Introduction of the methyl group
on the more hindered face of the molecular architecture required
multiple steps.'®® Intermediate 865 was advanced five steps to
homoallylic alcohol 866. Substrate directed epoxidation was
accomplished using the method of Sharpless, and fragmentation of
the C—0 bond was performed with LiAIH4. Advanced intermediate
867 contains a fully functionalized cyclopentane with appropriate
functional groups for the synthesis of (+)-pallambins C and D. The
synthesis was completed in an additional six steps.

The total synthesis of (+)-pallambins C and D was completed by
Baran'®* in eleven steps (Scheme 101). The cyclopentane was
constructed with an intramolecular Mukaiyama aldol. The route
commences with furfuryl alcohol (868). An Eschenmoser—Claisen
rearrangement with N,N-dimethylpropionamide dimethyl acetal
(869) and subsequent silyl hydride reduction of the resulting amide
produces aldehyde 870. A Robinson annulation with ethylvinyl
ketone (871) yielded cyclohexenone 872. Conjugate addition of
vinyl cuprate and enolate trapping with TMS chloride delivers silyl
enol ether 873. Oxidative ring-opening of the furan gave keto-
aldehyde 874. This sensitive material was carried forward without
chromatography into the aldol reaction. Lewis acid promoted
Mukaiyama aldol reaction assembles the bicyclo[3.2.1]octane con-
taining the functionalized five-membered ring. The reaction pro-
ceeds with complete stereocontrol to give 875 as a single
stereoisomer. The stereochemistry of the tertiary alcohol is the
result of bidendate chelation of the Lewis acid with the ketone and
aldehyde carbonyls and suppression of any retro-aldol, aldol pro-
cesses. The tetrahydrofuran could be assembled by treatment with
trifluoroboron etherate and trimethylorthoformate. The reaction is
thought to proceed through an acetal, which eliminates to an
oxocarbenium ion. Nucleophilic conjugate addition of methanol
occurring from the top face results in an unproductive intermediate

785 786

OH
} =0 aqg. AcOH;
1N NaOH
o oM LN Thr
Ier IFT 527% from 786
TP
795

Scheme 96. Total Synthesis of (++)-Ryanodol (Deslongchamps, 1979).
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Scheme 98. Total Synthesis of Orostanal (Zhou, 2002).

as cyclization would deliver the higher energy trans-fused bicycle.
Upon conjugate addition of methanol to the bottom face, cycliza-
tion with the hydroxyl group delivers the cis-fused tetrahydrofuran
ring 876. This material was directly subjected to bromination with
acetyl bromide to furnish 877. Reduction of the bromide using Stille
conditions gave 878, which contains a fully functionalized cyclo-
pentane with the required substitution and stereochemistry for
pallambins C and D. Completion of the synthesis required an
additional four steps.

In the total synthesis of (+)-rocaglamide by Dobler,'® addition
of a cyanohydrin anion to a benzofuranone assembles the key five-
membered ring (Scheme 102). The synthesis commences with an
addition of benzofuranone 880 to (E)-cinnamaldehyde (881) to give
desired diastereomer of 882 with modest selectivity. Aldehyde 882
was transformed to the corresponding cyanohydrin 883. The
cyanohydrin could be deprotonated with LDA, and an aldol-like
addition to the ketone occurred and an acyloin (884) was isolated
upon elimination of the nitrile. The diastereoselectivity is the result
of preferential formation of the cis-fused bicycle. Following earlier
precedent, carboxylation with Stiles'®® reagent occurred on the
concave face of the ring system opposite the two aryl substituents.
Hydrolysis to the B-keto-acid, and amide formation delivered
dimethylamide 885. Substrate directed hydride reduction
completed the synthesis of (+)-rocaglamide.

The asymmetric synthesis of (+)-gelsemine was completed by
Zhai and Qiju,'®” and the fully functionalized cyclopentane is con-
structed with an aldol addition of a 1,6-ketoaldehyde (Scheme 103).
The route commences with an enantioselective organocatalytic
Diels—Alder reaction of dihydropyridine 887 and dienophile 888 to
give desired endo product 891 after reduction.'®®'% Surprisingly,
intermediate 890 was also isolated from the reaction mixture,
which may suggest dienophile double bond isomerization under
the reaction conditions. This material could be converted to the
desired cycloadduct 891 by heating with DBU. Reduction with
DIBAL gave a lactol, which upon Wittig reaction delivered a methyl
enol ether that was converted to acetal 892. Ozonolysis of the
alkene gave a 1,6-ketoaldehyde that undwerent aldol addition
upon treatment with base to give fully functionalized cyclopentane

893. This material was advanced over six steps to intermediate 894.
The final carbon substituent of the cyclopentane was installed with
an enolate alkylation of the pendant oxindole moiety to give 895.
Removal of the MOM ether delivered (+)-gelsemine.

The squarate ester cascade is a reaction sequence developed by
Paquette,'’? and it was used to efficiently assemble the triquinane
framework of (+)-coriolin (Scheme 104). Lithiated cyclopentene
897 was added to squarate ester 896, to which excess vinyl lithium
was added. The two possible stereochemical outcomes of the
organometallic additions are inconsequential due to independent
pathways to the desired triquinane 904. The product of syn-addi-
tion (898) undergoes a di-anionic oxy-Cope rearrangement to give
871. Anti-addition induces a 4m-electrocyclic ring opening of the
cyclobutane (899) to give 900, which is followed by an 8m-elec-
trocyclization to give 901. After regeneration of the ketone (902), an
intramolecular aldol furnishes the tricyclic intermediate 904.
Treatment with acid leads to ketone 905. Deoxygenation of the
tertiary alcohol occurred over two steps to give 906. A dehydrative
1,3-carbonyl transposition was effected with LiAlH; and MOM
protection of the secondary alcohol gave intermediate 907. Enolate
alkylation stereoselectively installed the quaternary stereocenter
forming the energetically favorable cis-ring fusion in 908. Nucleo-
philic addition of methyllithium and dehydration formed the
exocyclic alkene. A Saegusa oxidation installed the final unsatura-
tion and delivered 142, which is an intermediate previously syn-
thesized by Ikegami>® in a synthesis of coriolin.

The first Danishefsky*> synthesis of the sesquiterpene
(+)-merrilactone A begins with a Diels—Alder reaction between
2,3-dimethylmaleic anhydride and diene 909 to afford cyclohexene
910 (Scheme 105). The endo selectivity of the cycloaddition gives
the desired relative stereochemistry for the target molecule. This
material was carried forward to lactone 911 over five steps. The
alkene underwent ozonolysis to a 1,6-dialdehyde that cyclized
upon treatment with mild acid to give enal 912. Following reduc-
tion of the aldehyde, addition of triethyl orthoacetate and acid
induced a Johnson—Claisen rearrangement to give ester 913 as a
mixture of diastereomers favoring the desired stereoisomer. The
ester was then hydrolyzed, and iodolactonization proceeded to give
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914, which contains a fully functionalized cyclopentane complete
with the substituents and stereochemistry required for merri-
lactone A. The natural product was completed over an additional
eight steps.

6.3. Henry reactions

In the synthesis of (+)-mannostatin A, Ogawa'’! constructs the
cyclopentane by double addition of nitromethane to a dialdehyde
(Scheme 106). The synthesis begins with an oxidative cleavage of
myo-inositol derivative 915 to give a dialdehyde intermediate (916).
Base-catalyzed double addition of nitromethane gives diol 917 as a
complex mixture of diastereomers. This mixture was advanced to
intermediate 918 and separated, with the major diastereomer
having the desired configuration. This material was converted to
919 by selective O-acetate removal and sulfonate formation.'”>”>
Heating in sodium acetate inverted the C1 and C4 configurations
and resulted in a diol. Treatment of the diol with MsCl delivered

racemic monomesylate 920. Nucleophilic substitution with potas-
sium thioacetate proceeded with inversion to set the final stereo-
center for mannostatin A (921). This material was converted to
mannostatin A over an additional three steps.

In the synthesis of (+)-trehazolin, Ogawa'”* constructs the
cyclopentane by double addition of nitromethane to a dialdehyde
(Scheme 107). The synthesis begins with intermediate 918 that was
previously synthesized (see Scheme 106 above) in the route to
mannostatin A. Conversion to the desired stereoisomer 922 was
performed over five steps according to the protocol developed by
Lichtenthaler.'”? Selective O-deacetylation with sodium methoxide
in methanol was followed by formation of the N,O-isopropylidene
to give 923. A resolution of this racemic mixture was achieved by
formation of a chromatographically separable diastereomeric
mixture of (S)-acetylmandelates 925 and 926. Ester cleavage of 926
and oxidation of the resulting secondary alcohol yields ketone
(+)-927. Conversion to the exo-olefin was accomplished by con-
version to a mixture of spiro-epoxides with diazomethane/DMSO

74
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Scheme 100. Total Synthesis of (+)-Pallambins C and D (Wong, 2012).

followed by reduction with trimethylphosphite to give 928. To
complete the synthesis of trehazolin, stereochemical inversion of
C4’ was required. Hydrolysis of the ketal was followed by selective
sulfonylation of the allylic alcohol. Acetate protection of the sec-
ondary alcohol delivered 929. Substitution with sodium acetate
successfully inverted the C4’ stereocenter and dihydroxylation
from the less hindered face delivered 930. This advanced inter-
mediate contains a fully functionalized cyclopentane with the
desired substitution and stereochemistry for (+)-trehazolin, which
was completed in an additional four steps.

7. Mannich reactions

The Mannich reaction is a powerful C—C bond-forming reaction
that is a mainstay of alkaloid total synthesis. The reaction is
dependable in complex substrates. As a result, it is not surprising
that the Mannich reaction has been employed in the creation of
carbocycles that are part of fully functionalized cyclopentane nat-
ural products. Mannich reactions that form a five-membered ring
require the substrate to contain a carbonyl and an iminium ion in a
1,6-relationship; however, the method by which the nucleophilic
enol and the iminium are prepared vary widely.

The Mannich reaction gives products that display a 1,3-N,0O-
relationship (e.g. 3-amino ketone), and the Mannich reaction is
well suited to targets with this functional group pattern. However,

if such a relationship can be revealed through retrosynthetic
simplification, then other C—C bonds may be targeted for the
Mannich disconnection. For example, the central fully functional-
ized cyclopentane in gelsemine has been prepared using a Mannich
reaction of 931 (eq. 1) to forge the C5—C16 bond of 932, which is
part of a 1,3-N,O-relationship in the natural product (Scheme 108).
However, the C5—C6 bond becomes another Mannich disconnec-
tion if the target is simplified to a C7 carbonyl containing inter-
mediate (933 — 934).

In the synthesis of (+)-gelsemine, Johnson employs an
intramolecular Mannich reaction to form the polycyclic molecular
architecture (Scheme 109). The synthesis commences with a con-
jugate addition/chloride elimination of alcohol 935 to the vinyl
diester 936 to deliver 937. An intramolecular photochemical [2 + 2]
cycloaddition provided tricyclic intermediate 938. The stereo-
chemistry of the product is a result of the suprafacial addition of
both alkene components and the constraints of the intramolecular
tether. This material was carried forward nine steps to cyclo-
butanone 939. A retro-Claisen reaction was induced by addition of
methylamine providing amido ester 940 as a single diastereomer.
Conversion to the aldehyde was performed by an exhaustive
reduction of the ester followed by oxidation to the corresponding
aldehyde. Treatment with potassium carbonate epimerized the
aldehyde and promoted cyclization to yield 941. This material was
carried forward five steps to the Mannich reaction precursor 942.
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Treatment of 942 with refluxing TFA generated the acyliminium
ion, and the desired intramolecular Mannich reaction occurred to
deliver fully functionalized cyclopentane 943, and the natural
product was completed in an additional nine steps.

The Speckamp'’® synthesis of (+)-gelsemine begins with a
Diels—Alder reaction of N-methylmaleimide (944) and alcohol 945
(Scheme 110). The less hindered carbonyl of intermediate 946 was

additional transformations gave intermediate 948.”” Enolate for-
mation and addition to 2-(phenylseleno)-ethanal gave a mixture of
aldol products, which were advanced to the desired vinyl com-
pound 931 as a mixture of silyl enol ether geometrical isomers.
Exposure to Lewis acidic conditions promoted formation of an N-
acyliminium ion, which cyclized to give aldehyde 932 as a 3:1
mixture with its C16 epimer. This establishes the fully functional-

reduced and converted to the corresponding N,0-acetal 947. Two ized cyclopentane with the desired functionality and
OMe
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Scheme 102. Total Synthesis of (+)-Rocaglamide (Dobler, 2001).
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Scheme 103. Total Synthesis of (+)-Gelsemine (Zhai & Qiu, 2015).

stereochemistry for gelsemine. An additional 11 steps were used to
complete the synthesis of (+)-gelsemine.

In the synthesis of (+)-gelsemine by Overman,'’® the aza-
tricyclodecane ring system was constructed with an intra-
molecular Mannich reaction (Scheme 111). The synthesis
commenced with the Diels—Alder reaction of siloxy cyclo-
hexadiene 949 and methyl acrylate to give bicyclo[2.2.2]octene
950. This material was functionalized over three steps to give
951. A Curtius rearrangement sequence converted the carboxylic
acid to primary amine 952. Alkylation and TIPS removal delivered
953. Treatment with potassium hydride and 18-crown-6 gener-
ated a formaldimine alkoxide (954), which participated in an
anionic aza-Cope rearrangement. Quenching the reaction with
methyl chloroformate delivered intermediate 956. Selective
removal of the carbonate group delivered cis-hexahy-
droisoquinolinone 957. Bromination was envisioned as a means
of installing a functional handle for the eventual hydroxymethyl
group, and treatment of the enecarbamate with molecular
bromine delivered monobrominated compound 933. Exposure to
TFA generated the acyliminium ion and promoted the intra-
molecular Mannich reaction to give azatricyclodecane 934. In
this cyclization, the tetrahydropyridine ring must exist in a boat
conformation (as seen in 958) in order to obtain the necessary
overlap with the enol r-system. The thermodynamically favored
C16 epimer delivers the tricyclic product with the bromine
substituent on the exo face. At this stage a fully functionalized
cyclopentane has been achieved, but the substitution does not
match gelsemine. Seven steps were used to install the spiroox-
indole moiety of gelsemine (959). Aziridine formation was ach-
ieved by heating the bromide in refluxing cyanide to give 960.
The aziridine nitrogen was methylated, the aziridine was opened
with cyanide at the less hindered position, and the ethoxy ethyl
protecting group was removed to give 961, which represents a
fully functionalized cyclopentane with appropriate stereochem-
istry for gelsemine. Completion of the synthesis required an
additional three steps.

The synthesis of (—)-lepenine by Fukuyama'’® features an
intramolecular Mannich reaction to form the key five-membered

ring (Scheme 112). The synthesis begins with a Mitsunobu reac-
tion with enantiopure lactic acid derivative (963) and guaiacol
(962) to deliver 964 with complete inversion of stereochemistry.
Reduction with DIBAL and addition of vinylmagnesium chloride
provides 965 as a mixture of alcohol epimers. Heating the allylic
alcohol in p-nitrophenol with triethyl orthoacetate promoted the
Johnson—Claisen rearrangement to give the y,d-unsaturated ester
966. This intermediate ester is also a Claisen substrate, and it un-
dergoes a subsequent rearrangement to yield phenol 967. The
Claisen rearrangement cascade proceeds through the usual chair-
like transition state and transfer of stereochemical information
gives the expected stereoisomer in 967. This material was advanced
three steps to 968. Saponification of the ethyl ester and Friedel—-
Crafts acylation delivers 969. Addition of vinylmagnesium chloride
and elimination of the resulting alcohol gave diene 970. Cleavage of
the pivaloyl ester, esterification with methacrylic acid furnished
cycloaddition substrate 971. Heating in benzonitrile promoted the
Diels—Alder cycloaddition furnishing tetracyclic intermediate 972
in good yield. Hydroboration-oxidation occurred on the convex
face of the cis-6,6 ring system which gave complete diaster-
eoselectivity to give alcohol 973. The Mannich precursor 974 was
prepared over three steps. Treatment of key substrate 974 with
Pd(0) in acetic acid led to loss of the alloc protecting group. Intra-
molecular cyclization gave an iminium ion that underwent Man-
nich cyclization to give 975. This material was advanced over three
steps to o-quinone monoketal 976. Heating in an ethylene atmo-
sphere, a Diels—Alder reaction occurred with complete diaster-
eoselectivity on the less hindered face of the diene to give
cycloadduct 977. This material was advanced three steps to 978.
The final stereocenter of the fully functionalized cyclopentane was
set by hydroboration-oxidation of cyclopentene on the less hin-
dered face to give 979. Advanced intermediate 979 contains a fully
functionalized cyclopentane and could be advanced to (—)-lepenine
in four additional steps.

In Baran's'®° unified approach to the ent-atisane, atisine, and
hetidine alkaloids, a fully functionalized five membered ring is
synthesized via an azomethine ylide isomerization followed by a
Mannich cyclization (Scheme 113). Beginning with the ent-
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kaurane (—)-steviol, much of the required stereochemistry is amine and reaction with diethyl chlorophosphate provided
present for the hetidine alkaloids. Amide formation introduced phosphoramidate 980. A three step sequence to form bicyclo
the requisite nitrogen for the Mannich reaction. Reduction to the [2.2.2]octane intermediate 981 begins with oxidative cleavage of
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Scheme 105. Total Synthesis of (+)-Merrilactone A (Danishefsky, 2002).
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Scheme 106. Total Synthesis of (+)-Mannostatin A (Ogawa, 1994).

the alkene with cobalt acetoacetate to form a 1,5 dicarbonyl. Aldol
cyclization delivers the bicyclo[2.2.2]octane and the resulting
tertiary alcohol is protected as the acetate (981). Following the
Sudrez conditions,'®! C—H activation occurred selectively at C20.
During the iodination, the phosphoramidate was also oxidized to
the corresponding imine 982. Treatment with allyl amine in
methanol led to condensation and alkylation to give imminium

ion 983. Subsequent deprotonation to an azomethine imine, and
re-protonation isomerized the imminium ion and triggered the
Mannich cyclization to give hetidine skeleton 984. While this
structure is not a natural product, it contains the fully function-
alized cyclopentane, all of the carbons, and the stereochemistry

found in (—)-spirafine Il and other structurally related natural
products.
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Scheme 107. Total Synthesis of (+)-Trehazolin (Ogawa, 1994).
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The synthetic effort towards palau'amine by Harran'®? seeks to
take advantage of the symmetry present in the natural product
(Scheme 114). The fully functionalized cyclopentane is constructed
by a halogenative enamine Mannich-type reaction of 960. The
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synthesis begins with tetrahydropyridazine 954 which could be
advanced four steps to give key dimerization precursor 955.
Dienolate formation and subsequent oxidation gave meso-dimer
956 as the major product in a 3:1 ratio with its trans
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Scheme 110. Total Synthesis of (+)-Gelsemine (Speckamp, 1994).
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diastereomer. A rhodium-catalyzed reduction provided 959 as a
complex mixture of stereoisomers. This inconsequential mixture of
diastereomers was treated with Cy,BOTf and base, which induced a
double fragmentation double tautomerization sequence to give
960. The halogenative desymmetrization reaction proceeds with
tBuOCl and magnesium chloride to give 961 as a mixture of C10
epimers thus completing the fully functionalized cyclopentane.
This advanced intermediate contains many of the structural fea-
tures found in palau'amine.

8. Conjugate addition reactions

This section describes syntheses where the fully funtionalized
cyclopentane is created using a conjugate addition of an enolate (or
related nucleophile) to an unsaturated carbonyl. Conjugate addi-
tion reactions, including the Michael reaction, inherently produce
enolates; such enolates can be captured in a variety of creative
ways. As a result, the reactions featured in this section are highly
varied, and they contain many domino or cascade reactions of
carbanions (e.g. tandem Michael—aldol reactions). We collect all
relevant conjugate addition reactions and all cascade or tandem
reactions involving conjugate additions in this section.

As mentioned above, the reactions in this section are particu-
larly diverse. For example, there are two distinct syntheses of the
complex alkaloid gelsemine (Scheme 115) that use enolate conju-
gate additions in markedly different strategies. The first (eq. 1) uses
tandem nitronate and ester enolate (993) conjugate additions to
divinyl ketone 994 to give a bicyclic product 995. This reaction
builds the key cyclopentane while creating the C5—C6 and C15—C16

bonds of the target molecule. In another gelsemine synthesis (eq. 2)
an intramolecular reaction of a nitrile enolate and an unsaturated
oxindole (996) creates the fully functionalized cyclopentane and
the C6—C20 bond in 997. The conjugate addition reactions shown
were used to build a fully functionalized cyclopentane with good
control of product stereochemistry; however, the reactions have
little else in common. A feature of this section is the wide variety of
creative uses and tandem tranformations that have been based on
the conjugate addition reaction.

In the synthesis of (+)-gymnomitrol by Biichi,"°” a conjugate
addition is followed by an intramolecular cyclization to construct
the key five-membered ring (Scheme 116). The synthesis begins
with quinone ketal 998, which is obtained from 4,5-dimethoxy-2-
methylbenzaldehyde in three steps. Condensation with 1,2-
dimethylcyclopentene delivered 1001 as the major diastereomer.
Mechanistically, the sequence begins with Lewis acid activation to
give quinone derivative 999. Conjugate addition of 1,2-
dimethylcyclopentene is followed by trapping of the resulting
carbocation by the tethered enol ether in 1000. This cyclization sets
four of the five stereocenters in gymnomitrol favoring the desired
stereoisomer. The unpurified material was reduced with hydride to
set the final stereocenter of gymnomitrol giving intermediate 1002.
Completion of the synthesis of (+)-gymnomitrol required five
additional steps for the deletion of the enol ether functionality and
olefination of the ketone.

In the synthesis of coriolin by Danishefsky,>* the key five-
membered ring in the target was constructed in a cascade pro-
cess featuring a Michael addition and an aldol condensation
(Scheme 117). An addition of the enolate derived from 1003 to the

183
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Scheme 112. Total Synthesis of (—)-Lepinine (Fukuyama, 2014).

Michael acceptor 5,5-dimethyl cyclopentenone (1004) was fol-
lowed by refluxing in acid to deliver 1005. A Diels—Alder reaction
with diene 1006 gives the tricyclic 1007 as a single diastereomer.
Addition from the bottom face of the cyclopentenone was
controlled by formation of the energetically preferred cis fusion of
the cyclopentanes. The enone functionality was installed by addi-
tion to phenylselenyl chloride and subsequent oxidation and
elimination with NalO4 to give 1008. Regiospecific addition of
methyl to the enone carbonyl gave allylic alcohol 1009. Diketone
1010 was accessed over the following steps: ozonolysis, Jones
oxidation, decarboxylation with barium hydroxide, and lead ace-
tate cleavage of the hydroxy acid. An aldol condensation of the 1,4-
dicarbonyl delivered tricyclic product 1011. Deconjugation of the
a,B-enone to the B,y-unsaturated ketone 1012 was completed with
potassium tert-butoxide and acetic acid. Treatment with DIBAL

resulted in reduction of the less-hindered ketone, and the more
substituted ketone required dissolving metal reduction. These two
steps resulted in the formation of diol 1013. Epoxidation with
mCPBA occurred stereoselectively by forming the favorable cis ring
fusion of the cyclopentanes. Chromium oxidation provides ketone
1014. Treatment of 1014 with LDA resulted in -elimination of the
epoxide and subsequent formation of an enolate that underwent
sulfenylation to yield 1015. The resulting thioether was oxidized
with peracid to a sulfoxide that was eliminated upon reflux to give
exo-methylene 130. Double epoxidation of the divinyl ketone with
peroxide completed the synthesis of (+)-coriolin.'®*
Considerations of the biosynthesis of shinjulactone C led Taka-
hashi'®> to hypothesize that this natural product was biosyntheti-
cally related to the structurally similar compound ailanthone
(Scheme 118). It was found that ailanthone could be converted into
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shinjulactone C in low yield by prolonged reflux in pyridine. This
spectacular reaction creates a decasubstituted cyclopentane
embedded in the shinjulactone C architecture. Of the five contig-
uous fully substituted carbons, two of the quaternary carbons and
both tertiary alcohols are forged in this transformation. With this
discovery in hand additional effort was committed to a mechanistic
investigation of the reaction. It was hypothesized that ailanthone
undergoes oxidation at C1, hemiacetal fragmentation, isomeriza-
tion of the exo-methylene, and epimerization at C9 to give pre-
sumed reactive intermediate 1017. This intermediate would be
deprotonated at C5 to form a dienolate nucleophile, which would
undergo conjugate addition to the enone at C12. The conjugate
addition presumably resulted in an enolate, nucleophilic at C13,
which underwent cyclization by adding to the C1 carbonyl.

In order to investigate the mechanistic hypothesis shown above,
ailanthone was converted to 1018, which is a protected analog of
reactive intermediate 1017. Treatment of 1018 with refluxing pyri-
dine resulted in the isomerization of the exo-methylene to give
1019. Conversion of the TBS ether to the corresponding carbonyl
gave 1020. This molecule differs from reactive intermediate 1017
only in the configuration at C9 and the presence of two acetate
protecting groups. Refluxing of this molecule in pyridine led to the
formation of acetylated shinjulactone C (1021). The performance of
this intermediate in the reaction cascade gives strong support for
the mechanistic hypothesis.

In the first total synthesis of the quassinoid (+)-shinjulactone C,
Grieco'®® utilizes the technology developed by Takahashi (see
Scheme 118 above) to assemble a decasubstituted cyclopentane
(Scheme 119). The route begins with Wieland-Miescher ketone
853, which was stereoselectively reduced with hydride to give
alcohol 1022. This material was advanced over nine steps to cycli-
zation precursor 1023. A Diels—Alder cycloaddition with
substituted diene 1024 using conditions developed by Grieco'®’
produced tricyclic intermediate 1025, which contains all five car-
bons of the eventual fully functionalized cyclopentane. This mate-
rial was functionalized over four steps to give tetracyclic compound
1026. A stereoselective hydroboration-oxidation reaction of the
tertiary alkene was followed by alcohol oxidation to give ketone
1027. This material was advanced over five steps to ketone 1028.
Treatment of 1028 with DIBAL reduced both carbonyl groups, and
subsequent treatment with acidic methanol led to dehydration and

acetal formation delivering 1029. Oxidaton of the secondary
alcohol provided ketone 1030. Dihydroxylation and protection of
the diol as the acetonide afforded 1031. Oxidation of the ketone
over three steps led to a-methoxy ketone 1032. This material was
advanced over seven steps to intermediate 1033. Swern oxidation
of the secondary alcohol gives a ketone. Treatment with acetic
anhydride in DMAP forms the enol acetate (1034) while simulta-
neously acetylating the primary alcohol derived from the opening
of the hemiketal. Cleavage of the methyl ether with boron tri-
bromide was followed by Jones' oxidation to give cyclization pre-
cursor 1020. Following the conditions developed by Takahashi,
when 1020 was heated in pyridine (+)-shinjulactone C diacetate
(1021) was produced in moderate yield. Ester hydrolysis gave the
natural product.

In the Crimmins'®® synthesis of (+)-ginkgolide B, the five
membered ring is assembled in an annulation involving a conjugate
addition (Scheme 120). The route begins with furanyl aldehyde
1037, which can be advanced to 1038 over three steps. Addition of
ethynylmagnesium bromide delivered syn alcohol 1039 as the
major product in a 1.2:1 diastereomer ratio. The undesired anti
diastereomer could be converted to the desired 1039 via a Mitsu-
nobu inversion. The alcohol was silylated and the alkyne was
carboxylated to deliver 1040. Treatment of acetylenic ester 1040
with the zinc-copper homoenolate 1041 delivered the cyclo-
pentenone 1042. Mechanistically, this transformation proceeds via
a conjugate addition followed by a Dieckmann condensation. An
intramolecular photocycloaddition resulted in formation of two
contiguous quaternary carbon stereocenters on cyclopentanone
1043. Desilylation, and activation of the alcohol as the sulfonate
gave intermediate 1045. Lactone formation under acidic conditions
gave pentacyclic intermediate 1046. The ketone was oxidized to the
corresponding enone with standard conditions to give 1047.
Epoxidation of the enol ether with DMDO in the presence of
aqueous acid resulted in spontaneous hydrolyis of the epoxide to a
hemiacetal followed by fragmentation of the cyclobutane. Treat-
ment with acidic methanol and trimethylorthoformate led to acetal
formation giving 1048. Barton deoxygenation® removed the sec-
ondary hydroxyl group to give 1049. Modified conditions of a Davis
procedure successfully led to a-hydroxylation of the B-dicarbonyl.
Acylation with propionic anhydride delivered 1050. Enolate addi-
tion to the cyclopentenone gave the undesired 1051 as the major

88
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product. Epimerization of the methyl stereocenter with NaOMe/
MeOH generated a 1:1 diastereomeric mixture with desired prod-
uct 1052. The undesired isomer could then be isolated and resub-
jected to epimerization conditions to obtain more of the desired
material. Lactone cleavage was performed with camphorsulfonic
acid and methanol to give 1053. Heating the ketal with PPTS
resulted in elimination of methanol and yielded enol ether 1054.
Epoxidation of the cyclopentene with concomitant intramolecular
lactonization gave fully functionalized cyclopentane 1055 with the
appropriate substitution and stereochemistry found in ginkgolide
B. Two additional standard transformations were used to complete
the synthesis of the natural product.

In the synthesis of («+)-longiborneol by Ihara,'®® a double
Michael addition is used to assemble a fully functionalized cyclo-
pentane (Scheme 121). The route begins with dicyclopentadiene
derivative 1056 which was alkylated with iodide 1057 to give 1058.
A retro-Diels—Alder reaction releases cyclopentadiene to give

9

cyclopentenone 1059. Addition of methyllithium gave a tertiary
alcohol and oxidative transposition with PCC gave enone 1060. Silyl
deprotection, alcohol oxidation and olefination gave cyclization
precursor 1061. The double Michael reaction proceeds with LHMDS,
which constructs a fully functionalized cyclopentane as part of the
core molecular architecture of the sesquiterpene natural products
(1062); however, the natural products require conversion of the
carbomethoxy substituent into a hydroxyl group. Basic hydrolysis
of the ester gave 1063. After much experimentation, radical
decarboxylation conditions were found to deliver 1064 in good
yield. This advanced intermediate contains the appropriate func-
tionality and stereochemistry for (+)-culmorin, and ketone reduc-
tion completed the natural product. Intermediate 1063 was taken
forward to (+)-longiborneol by exhaustive ketone reduction to give
1065 and an oxidative decarboxylation as discussed above.

The synthesis of (+)-rugulosin by Nicolaou'®® features two
distinct cascade processes based on conjugate addition chemistry
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that construct two fused fully functionalized cyclopentanes
(Scheme 122). The synthesis begins with cyclohexenone 1068,
which was synthesized from the known diacetate 1066 in four
standard steps including an enzymatic desymmetrization. Nitrile
1070'°! was stirred with LHMDS followed by addition of cyclo-
hexenone 1068 to give anthradihydroquinone 1071. When this
material was treated with manganese dioxide (1.5 wt equiv) in
CH(Cl, intermediate 1073 was formed. This reactivity has been
studied by both Nicolaou and Snider'?> and mechanistically it
could be viewed as sequential conjugate addition reactions or as a
hetero-Diels—Alder reaction. A tenfold dilution of intermediate
1073 with CH,Cl; and treatment with additional managanese di-
oxide formed 1075. Finally, warming the solution in the presence
of triethylamine delivered 1077. The cascade reaction (termed
cytoskyrin cascade) involves two sequential Michael reactions to
deliver the cage-like structure of rugulosin (1074 — 1077).
Experimentally, it was found that the entire transformation of
1071 to 1077 could occur in a single flask without isolation of
intermediates. This single elegant biomimetic transformation
builds two fused fully functionalized cyclopentanes with complete
control of stereochemical configuration. Acidic removal of the
MOM protecting groups completed the synthesis of (+)-rugulosin.

In the asymmetric synthesis of (+)-gelsemine by Qin,'* the

of (+)-Gymnomitrol (Buchi, 1979).

cyclopentane ring is constructed by a Michael addition of a nitrile
enolate and an oxindole (Scheme 123). The synthesis begins by
conversion of (R,R)-1078 into the alkyne 1080 by reduction, tosy-
lation, and addition of the lithiated acetylide (1079). This material
was advanced to cis-olefin 1081 over eight steps. Condensation of
the acid and hydroxyl groups delivered oxepinone 1082. The first of
two intramolecular Michael additions gave a mixture of insepa-
rable diastereomers in a 66% yield favoring the desired 1083.
Reductive cleavage of the lactone was followed by acetal formation
and oxidation of the primary alcohol to give aldehyde 1084.
Condensation with N-methoxyindole 1085 and subsequent dehy-
dration of the resulting alcohol with thionyl chloride gave a
mixture of alkenes 1086 and 996 in a 1.5:1 ratio. This mixture un-
derwent the second Michael addition, which constructed the fully
functionalized cyclopentane yielding 1088 and 1089 as a pair of C7
epimers. This transformation successfully synthesized the C20
quaternary stereocenter on the fully functionalized cyclopentane,
but led to the undesired (S)-configuration at C6. To invert the
configuration at C6, the oxindole was deprotonated, and the
resulting enolate was treated with PhSeCl. Oxidative elimination
gave an alkene, which was hydrogenated over the Lindlar catalyst
to produce two diastereomers favoring the desired C7 epimer
(1090) in a 2:1 ratio. This advanced intermediate contains a fully
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functionalized cyclopentane, and four additional steps were used to
complete the synthesis of (+)-gelsemine.

In a formal synthesis of (+)-gelsemine, Aubé'®* performed a
double conjugate addition to construct a bicyclo [3.2.1] octanone
containing a fully functionalized cyclopentane (Scheme 124). In the
first step of the synthesis, the dianion of ethyl 3-nitropropionate
(1061) was generated with LDA. This was reacted with p-benzo-
quinone dimethyl ketal (963) to afford bicycle 964 as an inconse-
quential mixture of diastereomers. Treatment of the diastereomeric
mixture 964 with DBU led to a single unsaturated ester 1062.
Introduction of the spirooxindole was achieved over six steps to
give 1063. Ketal removal and Horner-Wadsworth-Emmons reaction
with tert-butyl diethylphosphonoacetate (1064) delivered 1065
predominantly as the desired E-isomer (E/Z = 3:1). Conjugate
addition of methylamine on the less hindered face, alloc-
protection, reduction with lithium borohydride, and acetylation
furnished 1066. This intermediate has previously been taken to
(+)-gelsemine by Fukuyama.’’

Synthetic efforts towards the hetidine and hetisine diterpenoid
natural product frameworks (e.g. kobusine), were reported by
Sarpong'®® (Scheme 125). These skeletons have dense polycyclic
structures where the cyclopentane displays four carbon stereo-
centers, two of which are quaternary. The synthesis begins with
alkylation of commercially available B-ketoester 1097 with known
iodoalkyne 1098. Saponification and decarboxylation delivered
indanone 1099. Hydride reduction of the ketone and alcohol
elimination with PPTS gave indene 1100. Cycloisomerization with
gallium(IIIl) iodide provided benzannulated cycloheptadiene 1101.
Selective reduction of the disubstituted alkene was performed with
diimide. Treatment with ceric ammonium nitrate oxidized the
benzylic position to give an enone, which underwent stereo-
selective hydrogenation furnishing 1102. Allylation gave a mixture
of O- and C-allylation products; heating the mixture resulted in a
Claisen rearrangement simplifying the mixture to 1103. Simulta-
neous reduction of the ketone and nitrile was followed by Boc-
protection of the resulting amine to give 1104. Treatment of the
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Scheme 120. Total Synthesis of (+)-Ginkgolide B (Crimmins, 1999).

hydroxyl 1104 with thionyl chloride resulted in chlorination and
spontaneous substitution by the tethered carbamate to give 1105.
Demethylation with sodium ethanethiolate yielded 1106. Oxidative
dearomatization performed with [bis(trifluoroacetoxy)iodo]ben-
zene gave cyclohexadienone 1107. Finally, oxidative cleavage yiel-
ded a ketoaldehyde which cyclized via a conjugate addition upon
stirring in silica gel to furnish 1108. This advanced intermediate
contains many of the structural features of hetidine and hetisine-
type alkaloids including a fully functionalized cyclopentane with
the appropriate stereochemical configuration.

9. Friedel—Crafts and related reactions of nucleophilic
alkenes

The intramolecular Friedel—Crafts acylation is a reliable process
for the formation of five-membered carbocycles as part of fused
polycyclic architectures. The Friedel—Crafts acylation has been used
in two distinct strategies for the synthesis of gibberellin natural
products; both approaches used the reaction to build the core
dodecahydrofluorane substructure. In the first approach (Scheme
126, eq. 1), Lewis acid-promoted cyclization of 1109 led to the for-
mation of the tetrahydrofluorenone 1110. In the second strategy,

Brensted acid mediated cyclization of 1111 gave tetrahydrofluorene
1112.

The strategic use of the Friedel—Crafts reaction benefits from the
wide range of substituted benzenoid starting materials that may be
employed in a regioselective bond-forming reaction. As seen in the
above examples, the dodecahydrofluorene core of the gibberellins
is expeditiously constructed. After the Friedel—Crafts cyclization,
the six carbons of the benzene undergo functionalization to reveal
the substituted cyclohexane present in the natural product. The
products of the Friedel—Crafts cyclization (1110 and 1112) displayed
functional handles for further manipulations, and both strategies
provided intermediates that could be transformed to the gibber-
ellins. One potential limitation of such Friedel—Crafts reactions in
the synthesis of fully functionalized cyclopentanes is the require-
ment that the product five-membered ring contain (at least) two
sp>-hybridized carbon atoms. These carbons must undergo addi-
tional transformations en route to the fully saturated (sp3-hybrid-
ized) carbocycle.

Two approaches to the natural product cyclosativene have used
a cyclization of a substituted norbornene to build the fully func-
tionalized cyclopentane. Activation of the suitably substituted
starting material 1113 leads to an electrophilic intermediate 1114
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(Scheme 127). The electrophilic (i.e. carbocationic) carbon is trap-
ped by the nearby alkene with concomitant introduction of a
nucleophile. The nucleophile may be tethered to the substrate, or it
may be an external reagent. The structure of these cyclization
products displays the same tricyclo[2.2.1.0%6]hexane core as
cyclosativene, and as a result the reactions are a good fit for the
topology of this interesting target.

In the progress towards the synthesis of (+)-gibberelic acid
(GA3), Nakanishi'®® constructs a cyclopentane using an intra-
molecular Friedel-Crafts acylation (Scheme 128). The synthesis
commences with a Diels—Alder reaction between diene 1116 and
acrylate 1117 to give adduct 1118 as a mixture of endo/exo di-
astereomers. Hydrolysis of the esters and nitrile was accompanied
by a decarboxylation to yield dicarboxylic acid 1119. Heating in
acetic anhydride delivered the cyclic anhydride 1109. The intra-
molecular Friedel-Crafts cyclization occurred upon treatment with
AlCl3 in benzene to give cyclopentenone 1110. Epoxidation with
peracid and subsequent opening by the tethered carboxylic acid
resulted in a lactone 1121. This hydrofluorene derivative was the
most advanced intermediate obtained by Nakanishi.

Completion of the synthesis from intermediate 1121 was
accomplished by Yamada'®” approximately twenty years later. The
secondary alcohol was protected as the TMS ether (1122). A Cor-
ey—Chaykovsky epoxidation was followed by treatment with boron
trifluoroetherate to give an aldehyde on the less hindered face of
1123. Seven additional steps were required to advance 1123 to in-
termediate 1124. Cyclohexenone 1125 was obtained through a
dissolving metal reduction of the phenyl ring, acidic hydrolysis of
the enol ether and double bond isomerization. A photochemical

[2 + 2] cycloaddition with allene gave tetracyclic adduct 1126 with
a syn ring fusion. This material was advanced over five steps to
intermediate 1127. Fluoride removal of the SEM ether, activation as
the sulfonate and elimination with DBU gave alkene 1128, which
could be advanced over twelve steps to 1129. lodolactonization of
1129 installs the oxygen-containing stereocenter on the cyclo-
pentane ring. Removal of the MOM protecting group and elimina-
tion of the iodide with DBU delivers GAz,

In a second generation synthesis of (+)-gibberellic acid by
Mander,'?® the key five-membered ring is constructed using an
intramolecular Friedel—Crafts acylation (Scheme 129). The syn-
thesis commences with benzyl iodide derivative 1130. Alkylation
with enediolate 1131 delivers the hydrofluorene precursor 1111. The
Friedel—Crafts reaction was induced with polyphosphoric acid, and
a simultaneous decarboxylation furnishes cyclopentadiene 1112.
This material was advanced over the next three steps to diazo ke-
tone 1132. Acid-catalyzed cyclization delivered tetracyclic ketone
1133. Standard functional group transformations over the next
three steps delivered 1134. Carboxylation of the benzylic position
was accomplished by first deprotonation followed by stirring in a
carbon dioxide suspension in ether. The configuration of the car-
boxy bearing benzylic stereocenter was undesired for the synthesis
of gibberellic acid, and would require later epimerization. Hydro-
genation of the cyclohexene gives the cis-fused ring system in 1135.
This material was advanced four steps to cyclohexadiene 1136. The
methyl ester was converted to the corresponding carboxylic acid
under nucleophilic conditions, and bromolactonization gave
cyclized product 1137. This unstable intermediate was immediately
subjected to chromium-based reduction conditions, which gave
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1138. Epimerization of the benzylic carboxylate was performed in
DBU to correct the stereochemistry for the natural product. A two-
step transesterification delivered compound 1139 which had pre-
viously been taken to gibberellic acid by Mander.!*

The formal synthesis of cyclosativene by Riehl'% creates a fully
functionalized cyclopentane with an intramolecular cyclization
reaction (Scheme 130). The synthesis commences with a Diel-
s—Alder cycloaddition between cyclopentadiene (11) and citraconic
anhydride to give 1140. Reductive cleavage of the anhydride 1140
and sulfonylation of the resulting diol delivers 1141. Reaction with
excess lithium bromide gives homoallylic bromide 1142. Nucleo-
philic substitution with sodium cyanide delivers cyclization pre-
cursor 1143. Upon treatment with benzenesulfenyl chloride,
cyclization occurs to give tricyclic compound 1144 and creates a
fully functionalized cyclopentane. This material was advanced over
eight steps to carbomethoxy sulfone 1145. A Dieckmann-type re-
action delivered B-keto sulfone 1146. Removal of the sulfone over
three steps delivers 1147. This intermediate was previously taken
forward to cyclosativene by Yoshikoshi.??®

Synthesis of (+)-cyclosativene was completed by Baldwin?"'
wherein a fully functionalized cyclopentane was constructed with
an intramolecular cyclization of a homoallylic carbocation (Scheme

131). The norbornene scaffold was assembled with a Diels—Alder
cycloaddition of propynal and 2,3-dimethylcyclopentadiene (1149;
generated in situ from 1148) to give 1150. Conjugate addition of
allyl alcohol to the unpurified aldehyde delivered ether 1151.
Aldehyde reduction and bromination of the resulting alcohol was
followed by displacement with lithium acetylide to give 1152. Ether
cleavage and subsequent activation of the resulting alcohol as the
tosylate gave cyclization precursor 1153. Solvolysis of 1153 led to a
carbocation, which was trapped by the alkene giving the key five-
membered ring; the resulting carbocation was intercepted by the
tethered alkyne leading to intermediate 1154. Hydrolytic workup
gave ketone 1155, which contains the fully functionalized cyclo-
pentane of cyclosativene. The natural product was completed in an
additional three steps.

In the synthesis of (+)-nominine by Muratake and Natsume,*’? a
Lewis acid-catalyzed Prins reaction’”® is used to form a fully
functionalized cyclopentane (Scheme 132). The route commences
with a palladium-catalyzed intramolecular a-arylation of 1156 to
give 1157 as a mixture of diastereomers favoring the undesired cis
isomer (4.2:1). Acetal formation under standard conditions gave
1158. Under the conditions of the acetal formation, an epimeriza-
tion occurred which decreased the cis:trans ratio to 2:1. The desired
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trans isomer was isolated and the cis isomer was recycled by re-
establishing the equilibrium. Birch reduction of the arene gives
predominantly the undesired B,y-enone 1159, but this could be
isomerized with NaOMe to the desired o,B-enone 1160. Luche
reduction of 1160 gives allyl alcohol 1161 as the sole isomer.
Eschenmoser—Claisen rearrangement of the allylic alcohol was
followed by amide reduction and protection to give 1162. Treat-
ment of 1162 with Lewis acid initiates opening of the acetal to give
an oxocarbenium ion, which is intercepted by the nearby alkene to
form a fully functionalized cyclopentane (1163). This material was

advanced over 17 steps to intermediate 1164. Removal of the Cbz
protecting group was followed by chlorination of the alcohol and
subsequent cyclization to furnish O-acetylnominine. Acetate
cleavage with base delivered the natural product.

10. Radical reactions
Radical cyclizations represent versatile C—C bond formations

that can lead to cyclopentane formation with concomitant forma-
tion of stereogenic carbon atoms, including quaternary carbon
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Scheme 126. Friedel—Crafts Acylations in the Synthesis of Gibberellic Acid.
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stereocenters. Such reactions are tolerant of steric crowding, and
they are commonly used to form stereodiad strucutral motifs as
part of larger arrays of contiguous stereocenters.

Typically, a molecule with a 1,5-relationship between sp2-hy-
bridized carbons will undergo an intramolecular pinacol-type
coupling to give a substituted cyclopentane (Scheme 133). For
example, a 1,5-ketoaldehyde (1165) reacts with Sml; to give ketyl
radical 1166. The ketyl radical undergoes 5-exo-trig cyclization,
followed by single electron reduction and protonation to give the
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diol 1167. Yields are good and the diastereomeric ratio can be quite
high.

In general for such radical cyclizations, the stereochemical
outcome at the forming stereocenters is rationalized by consid-
ering the most stable chair-like transition state that places the
resident substituents in an equatorial position. Reductive cycliza-
tion gives the syn-1,2-diol. The preference for the formation of the
syn diol in these substituted cases, and in other unsubstituted
dialdehydes (e.g. adipaldehyde), has been explained by a chelate
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Scheme 128. Total Synthesis of (+)-Gibberellic Acid (Nakanishi, 1969; Yamada, 1989).
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Scheme 129. Total Synthesis of (+)-

with samarium.”®* The adjacent alkoxy substituent forces the
emerging diol to be anti with respect to the alkoxide.?> However,
not all cases follow this trend and other factors may complicate
this stereochemical model (see discussions of individual syntheses
below).

The starting material is not limited to ketoaldehdyes, and a va-
riety of functional group patterns participate in this type of

Gibberellic Acid (Mander, 1975).

reaction, provided the two sp?-hybridized carbons exist in a 1,5-
reationship. For example, 1,5-ketoesters, 1,5-ketonitriles, 1,5-
ketooxime ethers, and d,e-unsaturated aldehydes all perform well
in this type of reaction. Such flexibility in starting material allows
for strategic placement of a variety of functionality (alcohols,
amines, ketones, alkenes, etc.) in the product for subsequent
transformations.

0o
Me
| o
Me, Me LiBr Me
o 1) LiAIH,, Et,O HVMPA _ ~
O  2)TsCl, pyr. OTs Br
OT:
0 69% three steps 1141 S 142
1140
Me PhS Me Me CN
NaCN, HMPA 7 CN PhSCI CN = 8 steps
%
CH,CI
89% twosteps A 852% 2 1144 —Cl C— 41aa>T"
Me KHMDS Me 1) LiAIH,, THF  Me Me Ve
CO.M THF; (@] 2) LiO‘ EtNHZ (0]
e N
2 AcOH 3) CrOg, pyr. Me
Me SO,Ph 78% Me SOPN 719, three steps Me Me’
1145 1146 147 (+)-cyclosativene

Scheme 130. Formal Synthesis of (+)-Cyclosativene (Riehl, 1976).
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_> M 7 pyr. B
e — o
'&CI 85%
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1152 1153 1154

3 steps \E%
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1155 (%)- cyclosatlvene

Scheme 131. Total Synthesis of (+)-Cyclosativene (Baldwin, 1980).

Particularly powerful examples of radical cyclizations in the
context of this review form o-bonds between a fully substituted
stereocenter and a heteroatom-bearing stereocenter (e.g. C4—C8 in
caryose, Scheme 133). The diastereoselectivity is often high, and
this method has been used in elegant syntheses of tertiary alcohol
stereocenters.

A second theme in this section involves homolysis of a sigma
bond to form a carbon-centered radical that undergoes 5-exo-trig
cyclization of a tethered alkene (Scheme 134, eq. 1). A suitable

Moo PdCl,(Ph4P)
2 32
OoHCe o, C52C0s
65%
cisftrans=4.2 Q" O
oo ¢
1157
0
NaBH,
CeCly
94%
1159 1160
|  NaOMe, MeOH $
55%
BFOFEt,
ﬁ
66%

1) Et3SiH, Pd(OAc),
Et3N; SOCI,, pyr._

K,COg3 MeOH

N = 2
Cbz OH
1164

Scheme 132.

Me

starting material 1168 undergoes bond homolysis to give radical
1169. Cyclization of radical 1169 over a tethered alkene gives a new
radical (1170) that abstracts a hydrogen atom to give the product
1171. The initial o-bond homolysis varies widely, and in the context
of this review C—S, C—Hg, C—0, and C—H bonds have been cleaved
to provide reactive radical intermediates. This strategy is exem-
plified by a key cyclization in the Hart synthesis of (+)-gelsemine
(eq. 2). Homolysis of N,S-acetal 1172 gave an a-amino radical that
cyclized to give intermediate 1173.

(CH,0H), Li0, EtOH
TsOH lig. NH,;
95% aq. HCI
cis/trans = 2 88% 1159
7% 1160
OH 1) meo_ OMe
Me NMe, , A

R

2) BH3 NH3, Buli;
Piv,0, EtsN, DMAP
63%
two steps

OPiv 17 steps
—_—

5

(£)-nominine

Total Synthesis of (+)-Nominine (Muratake and Natsume, 2004).
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Scheme 133. Pinacol Couplings in the Synthesis of Fully Functionalized Cyclopentanes.

Radical reactions are well-suited to cascade processes that
create multiple bonds. This review contains three unique reactions
that deviate from the typical themes discussed above and create
multiple new rings in a single step (Scheme 135). Reisman reported
a reductive cyclization of substrate 1174 to give the molecular

AlJ. Ferreira, CM. Beaudry / Tetrahedron 73 (2017) 965—1084

architecture of maoecrystal V (eq. 1). Second, Overman reported an
elegant radical addition-cyclization-fragmentation cascade reac-
tion between 1176 and radical acceptor 1177 (eq. 2). Finally, Little
reported a fragmentation-cyclization of 1180 to give triquinane
1181. Intermediate 1181 was advanced to complete a formal syn-
thesis of coriolin'*? (eq. 3).

10.1. Pinacol-type reactions of carbon-heteroatom double bonds

In the synthesis of («+)-rocaglamide by Taylor,>’° the fully
functionalized cyclopentane was constructed with a radical-
mediated pinacol coupling (Scheme 136). The route commences
with alkylation of benzofuranone 1183 with iodide 1184 under
standard conditions to give 1185 as a 1:1 mixture of diastereomers.
Hydrolysis of the dithiane produced aldehyde 1186. Upon treat-
ment with samarium iodide, the pinacol coupling occurred deliv-
ering 1187 as a 1:1 mixture of diastereomers (epimeric at C3).
Coordination of samarium between the oxygens of the ketoalde-
hyde during the formation of the ketyl radical is thought to result in

FG o-bond . 5-exo-trig H-atom )
homolysis cyclization * donor Me
- ER e RO
1168 1169 1170 171
MeO H
nBuzSnH 0 o “
AIBN cat. o) steps )
ADHCAL o
PhH \L —NMe >
Me
87% © i ~NMe
Me 0.C
Me!
1173 2 ()-gelsemine

Scheme 134. ¢-Bond Homolysis-5-exo-trig Cyclizations in the Synthesis of Fully Functionalized Cyclopentanes.

H )
Me H tSémloz,HLlBr Me
X U | BuOH
Me O H 54% Me
0
0
1174

Me Ru(bppy)s(PFe).
blue LEDs, MeCN

D D
EtO,C CO4Et
|
Me H Me
1178
28%
HO Y
OH
: H
\Me Me | mecn, Me 5 steps_ Me
— > Me P e
N 93% y
N’ H = H
1180 1181

Me /L OAc
o o 0
maoecrystal Z

coriolin

Scheme 135. Radical Cyclizations Forming Multiple Rings.
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Scheme 136. Total Synthesis of (+)-Rocaglamide (Taylor, 1991).

MeO o Ph. COOMe

1191 COOMe

MeO (o) Triton B

36%
1190 dr=22:1

AcOH/MeCN
87%

OMe

(+)-rocaglamide

Scheme 137. Total Synthesis of (+)-Rocaglamide (Qin, 2008).

the cis-relationship in diol 1187. However, the target rocaglamide
bears an anti-diol relationship, so an inversion of the secondary
alcohol would ultimately be required. A Swern oxidation delivered
ketone 1188. Conversion of the ketone to the p-ketoester 1189 was
accomplished over three steps following the conditions of Kraus>°”
discussed above. Ester 1189 was converted to the corresponding
amide and a stereoselective ketone reduction was directed by the
vicinal hydroxyl group to complete (+)-rocaglamide.

In the Qin’’ synthesis of (+)-rocaglamide, a radical cyclization
was employed for constructing the fully functionalized cyclo-
pentane (Scheme 137). The synthesis began with a Michael addi-
tion of benzofuranone 1190 with «-methoxycarbonylcinnamate
(1191) to furnish the desired intermediate 1192 in modest yield and
modest dr. The radical cyclization with samarium metal and 1,2-
diiodoethane delivered cyclopentanone 1193, which is in equilib-
rium with its enol tautomeric form (1194). The radical cyclization
gave a single diastereomer of 1194 resulting from the preferential
formation of the cis-fused bicycle. Amidation of the mixture of 1193
and 1194 was performed with lithium dimethylamide, and the

product 1195 was formed as a single diastereomer in which the
enol tautomer was not observed. It was shown that this diaste-
reomer is the thermodynamic product of the reaction. Finally, ke-
tone reduction proceeds with internal delivery of hydride directed
by the vicinal hydroxyl group to give the desired diasteromer
completing the synthesis of (+)-rocaglamide.

In the synthetic efforts towards rocaglamide, Kraus’’’” con-
structs a functionalized cyclopentanone using a samarium-
mediated cyclization of a ketonitrile (Scheme 138). Conjugate
addition of ketone 1196 to acrylonitrile delivered 1197 as a racemic
mixture. Treatment with samarium iodide induces a radical cycli-
zation exclusively furnishing the cis ring fusion in ketone 1198. This
intermediate was converted to the corresponding acyl cyclo-
pentenone 1199 over three steps. Conjugate addition of phenyl
cuprate was expected to occur from the convex face to deliver a syn
relationship of the two aromatic substituents. However, addition of
the organometallic occurred away from the p-methoxyphenyl
substituent to deliver 1200. Amide formation and ketone reduction
with sodium borohydride delivered a fully functionalized
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Scheme 138. Synthetic Studies Towards Rocaglamide (Kraus, 1989).
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Scheme 139. Total Synthesis of (+)-Caryose (Iadonisi, 1997).

cyclopentane 1201. Unfortunately, it was discovered that this in-
termediate did not display the desired relative stereochemistry of
rocaglamide when compared with an authentic sample of the
natural product.

The synthesis of the unusual monosaccharide (+)-caryose was
completed by Iadonisi,>®® and it used a radical cyclization of a
ketoaldehyde to construct the fully functionalized cyclopentane
(Scheme 139). The route begins with 1202, a compound synthe-
sized from p-xylose in five steps. Swern oxidation yields the
ketoaldehyde cyclization precursor 1203. Exposure to samarium
iodide promotes the expected cyclization to give 1204 as the major
product in a 23:1 diastereomer ratio. As expected, the syn-diol
diastereomer is formed (trans with respect to the vicinal benzyloxy
substituents) likely as a result of a samarium chelate during the
cyclization.?4 At this stage, a fully functionalized cyclopentane has
been synthesized, but the completion of caryose requires further
functionalization. The secondary alcohol was oxidized giving ke-
tone 1205. Addition of allyltrimethylsilane and TiCl4 gave homo-
allylic alcohol 1206 with good selectivity. The authors hypothesize
that the stereoselectivity of the addition can be attributed to
complexation of the reagents to the adjacent hydroxyl and internal

syn-delivery of the allyl group. The fully functionalized cyclo-
pentane now displays all the appropriate stereocenters for the
natural product (+)-caryose. The natural product was completed in
an additional four steps.

In the synthesis of (+)-trehazolin by Giese,’?° a pinacol-type
coupling using samarium iodide was used to synthesize the fully
functionalized cyclopentane (Scheme 140). Intermediate 1207 was
prepared in five steps from p-glucose using standard synthetic
transformations. Ring opening of the pyranose with methoxyamine
hydrochloride delivers an oxime, and oxidation gives 1208. Radical
cyclization of keto-oxime 1208 occurs stereoselectively to form the
cis-amino alcohol 1211 as a single diastereomer. In a departure from
the stereochemical model invoked in the samarium-chelated
pinacol coupling of dicarbonyls, experiments by Giese with 1208
and congeners suggested that interactions between tether sub-
stituents can favor either syn or anti products. The cyclic acetal
protecting group in 1208 was designed to favor conformation 1209,
which has a syn co-planar relationship of the ketone and oxime
double bonds. Reduction of 1209 gives radical anion 1210, which
leads to formation of the C5,C1 syn amino alcohol 1211. Cyclization
product 1211 had the desired configuration of the tertiary alcohol
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Scheme 140. Total Synthesis of (+)-Trehazolin (Giese, 1998).

stereocenter, but the amine-bearing stereocenter required stereo-
chemical inversion. Interestingly, some substrates gave C5,C1 trans-
configured amino alcohol products; however, no substrates were
found that gave the appropriate trans,trans-diastereomer with
respect to C5, C1 and C2. Although not commented upon by the
authors, all cyclizations led to formation of the trans relationship
between the emerging amine-bearing stereocenter at C1 and the
resident alkoxy substituent at C2.!° The inversion of the C1 ster-
eocenter began with ester protection of the tertiary alcohol and
oxidation of the hydroxylamine ether to the oxime ether 1212. The
acetate was removed, and stereoselective reduction of the oxime
ether delivered 1213. Selectivity of the hydride addition may be
explained by complexation of the LiAlH4 by the adjacent hydroxyl
group promoting delivery from the convex face of the bicycle. The

fully functionalized cyclopentane now bears all of the stereocenters
contained in (+)-trehazolin, and the natural product was
completed in an additional four steps.

In the synthesis of (+)-trehalamine by Chiara,”!" a similar ster-
eoselective ketone-oxime ether reductive cyclization constructs a
fully functionalized cyclopentane (Scheme 141). The synthesis be-
gins with 1214, which was prepared from p-mannose in seven
steps. Conversion to the radical cyclization precursor 1215 occurs
over two steps. Radical cyclization is promoted by treatment with
samarium iodide. Substrate 1215 contains a cyclic acetal protecting
group, similar to the cyclization substrate 1208 used by Giese.
However, a C5,C1 trans-amino alcohol diastereomer was observed
in 1216. Also similar to the Giese synthesis, the amino alcohol
formed displays a trans relationship between the emerging amine

Me><0
1) BnONH,
OH 7steps . /"o OH __byr.
2DMP
HO  OH BnO  OAc 82%
D-Mannose 1214 two steps
Me O\_ Me O\_
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THF/tBuOH; 0., X _..NHOBn NHa/MeOH o. NHOBn
_ " . " —_ . "
86% > 99%
BnO OAc BnO
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0 ~
TH,0 Me)( O O
pyridine O.., N 2steps  HO-, N
e — > \
) P
82% )\ o~ “NH;
) BnO p O Me HO
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(+)-trehalamine

Scheme 141. Total Synthesis of (+)-Trehalamine (Chiara, 1999).
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Scheme 142. Synthetic Studies Towards Hexacyclinic Acid (Clarke, 2009).

bearing stereocenter at C1 and the resident substituent at C2. The
stereochemical result was attributed to minimization of allylic 1,3
strain in the cyclization transition state.’'? As a result of the ste-
reochemistry present in the p-mannose starting material, inter-
mediate 1216 requires stereochemical inversion of the alcohol
bearing stereocenter at C2. The acetate protecting group was
removed with ammonia and methanol to give 1217. Triflation of the
secondary alcohol induces an intramolecular substitution to form
the oxazoline 1218. An additional two steps were required to

complete the synthesis of (+)-trehalamine.
213

a reductive radical cyclization to build a fully functionalized
cyclopentane (Scheme 142). The synthesis begins with an intra-
molecular Diels—Alder reaction of diene-yne 1219 to yield bicyclic
lactone 1220. Conjugate addition of a vinyl cuprate occurs on the
diastereoface opposite the benzyloxy methyl substituent. After an
aqueous workup, cis-fused bicycle 1221 is obtained. Lactone
reduction and thioacetal formation gave intermediate 1222.
Oxidation of the primary alcohol was followed by addition of
vinylmagnesium bromide to give 1223. The desired diastereomer
was obtained in a 30:1 ratio and can be rationalized by Felkin-Anh

In the synthetic studies toward hexacyclinic acid, Clarke“ "> uses analysis. The alcohol was protected as the silyl ether and the
S dr=4.5:1 OAc
>—Im
0 BugSnH__ AcO..; NHOBn mCPBA
=NOBn AIBN Na,CO,
- 54% ;
NHCbz ° AcO NHCbz 79%
D-glucosamine 1226 1227
OAc OAc OAc
H
, : \ |
AcO.,, NOBn Og; AcO.., OH SOCl,_  AcO 0 3 steps
2 NaBH, A 82% X0
AcO  'NHCbz 20-40%  AcO  'NHCbz AcO { N
H
1228 BORSM 1229 1230
OH
H
HO.., o)
N/)\NMez
HO H

(-)-allosamizoline

Scheme 143. Total Synthesis of (—)-Allosamizoline (Simpkins, 1992).
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Scheme 144. Total Synthesis of (+)-Coriolin (Weinges, 1993).

dithiolane protecting group was removed to give aldehyde 1224.
With three stereocenters in place, the key reductive cyclization was
investigated. The 5-exo-trig cyclization proceeded in a solution of
HMPA and water to give fully functionalized cyclopentane 1225. It
was hypothesized that the two newly formed stereocenters in this
all trans diastereomer is a result of repulsion of the anionic oxygen
and carbon atoms in the transition state. Advanced intermediate
1225 contains a fully functionalized cyclopentane with substituents
and stereochemistry found in the natural product.

10.2. o-Bond homolysis—5-exo-trig cyclizations

In the Simpkins?'# synthesis of (—)-allosamizoline, the aglycone
of allosamidin, a carbon-centered radical adds to an oxime ether
constructing a fully functionalized cyclopentane (Scheme 143).
Akin to other aminocyclitol syntheses, stereochemical information
in the carbohydrate glucosamine is transferred to the cyclopentane
scaffold. Radical precursor 1226 is obtained from p-glucosamine in
five standard transformations. Treatment of 1226 with the tribu-
tyltin radical induces C—O bond homolysis to give an alkyl radical,
which adds to the oxime ether. The major product 1227 was iso-
lated as an inconsequential epimeric mixture at C1. The major C5
diastereomer arises from a preferred chair-like transition state with
equatorial tether substituents.’'> The benzyloxyamino group was
oxidized to an oxime ether (1228). Oxidative cleavage with
reductive workup delivers alcohol 1229 in modest yield based on
the recovered oxime. Treatment of 1229 with thionyl chloride leads
to alcohol activation and cyclization of the tethered carbamate to
give cis-fused bicycle 1230. This advanced intermediate contains

the appropriate substitution and stereochemistry for (—)-allosa-
mizoline, and the natural product was completed using an addi-
tional two transformations.

The synthesis of (—)-coriolin by Weinges*'® uses an
oxymercuration-radical cyclization sequence of R-(—)-carvone to
construct functionalized cyclopentane 1232 (Scheme 144). The
alkyl mercury species, generated after oxymercuration, is reduced
to a mercury hydride species that undergoes C—Hg o-bond ho-
molysis and a 5-exo-trig radical cyclization. Treatment with peracid
induces an oxidative sequence leading to acetate 1236. The reaction
is thought to proceed via Baeyer—Villiger oxidation (to 1233), trans-
esterification (to 1234), alcohol oxidation (to 1235) and a subse-
quent Baeyer—Villiger reaction yielding 1236. Acetate hydrolysis,
Mitsunobu bromination, and elimination under basic conditions
delivers a mixture of disubstituted alkenes with cyclopentene 1237
isolated as the major regioisomer (5:1). Epoxidation occurs pref-
erentially from the convex face of the ring system to give 1238 as
the major diastereomer. The epoxide was opened with phenyl-
selenide, which was followed by elimination to give an allylic
alcohol. The alcohol was then protected as the PMB-ether to furnish
1239. Intermediate 1239 is a related compound to a coriolin pre-
cursor published by Curran,”!” but 1239 is non-racemic and it has
the eventual secondary hydroxyl of coriolin installed and masked
as a PMB-ether. However, many of the following transformations
resemble those used in the Curran (+)-coriolin synthesis. Specif-
ically, organocuprate-mediated allylic substitution occurred
following Curran's precedent to give 1241. This intermediate was
elaborated to enyne 1242 over six steps. Radical-based cyclization
with samarium iodide, again following Curran's route, constructs
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Scheme 145. Total Synthesis of (+)-Gelsemine (Hart, 1994).

the triquinane core of (—)-coriolin (1243). Protecting group
manipulation over three steps gives enone 1244. A Saegusa
oxidation, and silyl deprotection gives common coriolin interme-
diate 130. Nucleophilic epoxidation gave coriolin as a 2:1 mixture
with its spiro-oxirane epimer.

In the synthesis of (+)-gelsemine by Har a free radical is
used to construct the tricyclic core and a fully functionalized
cyclopentane (Scheme 145). All of the carbon atoms for the cyclo-
pentane were installed with a Diels—Alder cycloaddition of diene
1245 and N-methylmaleimide yielding 1246. This material under-
went functional group manipulation over three steps to deliver
alkene 1247. Reduction of the imide with sodium borohyride occurs
from the convex face of the ring system to give a carbinol lactam,
which was alkylated with ethyl iodode to yield a mixture of
isomeric ethoxy lactams favoring the desired 1248 in a 7:1 ratio.
The lithium enolate generated from 1248 was alkylated on the
convex face using MOMCI to deliver 1249. This material was
advanced over three steps to thioether 1172. Treatment with
standard radical conditions led to carbon-sulfur bond homolysis
and cyclization with the tethered a,f-unsaturated ester to give the
tricyclic core of gelsemine (1173). This key transformation leads to a
fully functionalized cyclopentane, but requires inversion of
configuration at C15. Intermediate 1173 was converted over eight
steps to aldehyde 1250. Treatment with aqueous acid removed the
acetate group and spontaneous lactol formation delivered 1251
with the appropriate substitution and stereochemistry for gelse-
mine. This advanced intermediate was converted to (+)-gelsemine
over an additional five steps.

The core of hexacyclinic acid was stereoselectively synthesized
by Landais®"® using a 5-exo-trig radical cyclization of a 1,6-diene
(Scheme 146). The synthetic route commences with an aldol re-
action between racemic ester 1252 and aldehyde 1253. The major

t,218

stereoisomer (1254) results from a combination of direction from
the silyl substituent and Zimmerman—Traxler considerations.”?® A
palladium-catalyzed sulfonylation delivered the radical cyclization
substrate 1255 as a mixture of alkene isomers (E/Z 95:5). The radical
cyclization was performed photochemically in the presence of
catalytic p-TolSO,SePh furnishing fully functionalized cyclopentane
1257. The stereochemical outcome is rationalized by the authors
with a chair-like transition state 1256, which places all large sub-
stituents pseudo-equatorial. Intermediate 1257 contains a fully
functionalized cyclopentane with substitution and stereochemistry
corresponding to many of the structural features of hexacyclinic
acid. It was advanced four steps to 1258, which displays the ABC
ring system of the natural product.

In the synthesis of the reported structures of (+)-vannusals A
and B by Nicolaou,??!??? 3 transannular radical cyclization forms a
cyclopentanone substituted at each of the four sp3-hybridized
carbons (Scheme 147). Beginning with enone 1259, conjugate
addition of the vinyl cuprate derived from 1260 delivers 1261 as an
inconsequential mixture of geometric alkene isomers that were
advanced through the synthesis. The silylated alcohol was con-
verted to acetal 1262 over the three steps shown. Intramolecular
spirocyclization via a Mukaiyama-type aldol reaction occurred by
exposure to excess TMSI and HMDS giving 1263. The cyclization
proceeded stereoselectively with the electrophile approaching
opposite the vinyl group. Acylation of the ketone was performed
using standard conditions to deliver keto-ester 1264 as a mixture of
diastereomers. Treatment of 1264 with conditions developed by
Snider??® induced the ring closure to form cyclopentanone 1266 via
the radical pathway shown. The product was obtained as a single
diastereomer unaffected by either the ester stereochemistry or the
alkene geometry. At this stage, three of the stereocenters have the
desired configuration for vannusal B. A stereoselective ketone
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Scheme 146. Synthetic Studies Towards Hexacyclinic Acid (Landais, 2005).

reduction with DIBAL delivers alcohol 1267. Presumably, the hy-
dride approaches on the less hindered face away from the ethylene
bridge. Functional group transformations delivered intermediate
1268 over four steps. The aldehyde was converted to allyl vinyl

LiCl, Cul .
TMSCI; -
%

H
OTBS I 1260

C.
o~ MgBr

>71%

1261

KH J
(Me0),CO_ MeO
—_—

95%

Me

1264

“OMe AcOH

ether 1269. The desired E-geometry of the enol ether was expected
based on steric considerations. Microwave heating induced a
Claisen rearrangement which established the quaternary stereo-
center. Reduction of the aldehyde gave advanced intermediate
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ﬁ
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Scheme 147. Total Synthesis of (+)-Vannusals A and B (Nicolaou, 2010).
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Scheme 148. Total Synthesis of (—)-Maoecrystal Z (Reisman, 2011).

1270. At this stage a fully functionalized cyclopentane with all the
required stereochemistry and substituents for vannusal B has been
created. An additional 19 steps were required to complete the re-
ported structure of the natural product.

In the first synthesis of (—)-maoecrystal Z, Reisman®?* uses a
samarium-mediated reductive cascade cyclization reaction to
construct a fully functionalized cyclopentane (Scheme 148). The
synthesis begins with silation of (—)-y-cyclogeraniol (1271)

. 1) KOH
Me O Me | CrCla NiCl 2) PhthNOH
Et,N, THF bee
9 steps 1280,1281
— EE—— 3) SOCl,
o MH 66% pyr.
Me1 278 Me 1 :7 9 (ar >20:1) 43% three steps

Ru(bppy)s(PFe¢)2
MeCN

© blue LEDs
1178
28%

H A
Me' Me 1285 Me' Me 1286
D. D
EtO,C COEt | |MeOLC, ,—~0Bn o
[ ) </, Me
Me™ N Me g oM N NHMs
Me 3
1178 1280 iPr 1281

(=)-chromodorolide B

Scheme 149. Total Synthesis of (—)-Chromodorolide (Overman, 2016).
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Scheme 150. Formal Synthesis of (+)-Coriolin (Little, 1987).

followed by epoxidation to give 1272 as the major product. A
reductive epoxide coupling with acrylate ester 1273 following
Gansiuer's method?%’ delivered spirolactone 1274 as a single dia-
stereomer. Alkylation with iodide 1275 (prepared from S,S-pseu-
doephedrine) delivered 1276 as an inconsequential mixture of
epimers, which was further transformed to enoate 1277 by sele-
nation/selenoxide elimination. Removal of the silyl ethers was
followed by oxidation of the diol to dialdehyde 1174. When radical
substrate 1174 was subjected to samarium iodide and LiBr, the fully
functionalized cyclopentane 1175 was obtained. The stereochemi-
cal configuration of the alcohols in the product is believed to be the
result of a reactive conformation that minimizes steric interactions
of the aldehyde carbonyls and the cyclohexane ring. Advanced in-
termediate 1175 contains a fully functionalized cyclopentane that
was converted to the natural product in four additional steps.

10.3. Radical cyclizations that form multiple rings

In the first total synthesis of (—)-chromodorolide B, Overman?>2°
builds a fully functionalized cyclopentane using a novel radical
addition/cyclization/fragmentation cascade (Scheme 149). The
cascade brings together a butenolide and trans hydrindane frag-
ment while constructing three stereocenters. The route begins by
elaborating known enedione 1278 over nine steps to vinyl iodide
1279. The hydrindane fragment was coupled with aldehyde
1280°?7 using a modified Nozaki—Hiyama—Kishi reaction in the
presence of ligand 1281. The allylic alcohol 1282 was isolated as a
single alcohol epimer. Hydrolysis of the methyl ester was followed
by esterification with N-hydroxyphthalimide. Suprafacial allylic
chlorination with thionyl chloride proceeded regio- and stereo-
selectively delivering chloride 1176.°*® The key radical cyclization
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was performed with blue LEDs in the presence of a ruthenium
bipyridyl complex. After much experimentation, optimized condi-
tions were realized with d2-Hantzch ester (1178) to give desired
compound 1179 in a 1:1.3 ratio with the C8 epimer in a combined
65% yield (28% of desired 1179). Use of the dideuterio Hantzch ester
was to decrease the rate of hydrogen atom transfer to intermediates
1284. The reaction proceeds via the radical cascade mechanism
shown. Although the diastereoselectivity and chemical yield was
somewhat modest, an impressive increase in molecular complexity
transpires over the course of this reaction, and nearly the entire
oxygenated moiety of the natural product has been constructed.
Moreover, the fully functionalized cyclopentane is delivered in a
single step from the coupling of relatively simple functional groups.
The benzyl ether was functionalized to carboxylic acid 1285 over
five steps. Treatment with 4 M HCI resulted in acetonide depro-
tection and lactonization to form lactol 1286. Global acetyl pro-
tection delivered (—)-chromodorolide B.

In the formal synthesis of (+)-coriolin by Little ”“ an intra-
molecular reaction of an alkene with a 1,3-diyl (i.e. alkyl 1,3-
diradical) was used to assemble the cyclopentane (Scheme 150).
The synthesis begins with benzyl protection of the commercially
available furanone 1287. The lactone was reduced and methylated
under acidic conditions to give acetal 1288. The benzyl group was
removed and a Swern oxidation gave aldehyde 1289. Condensation
of 1289 with cyclopentadiene (11) delivered fulvene 1290. The
bicyclic skeleton of diazene 1292 was formed using a Diels—Alder
reaction with dimethylazodicarboxylate (1291). This was advanced
to diazene 1293 over three steps. A Wittig reaction with triphe-
nylphosphonium methylide opens the lactol to give cyclization
precursor 1180. Photodeazetation of diazene 1180 formed the tri-
quinane 1181. Mechanistically, photolysis leads to 1,3-diyl 1294,
which undergoes intramolecular cyclization with the tethered
alkene via a favored chair-like transition state (1295) with an
equatorial alcohol substituent and suprafacial addition to the diyl.
Epoxidation was accomplished with peracid to deliver 1296 in good
yield and a 4:1 diastereomer ratio. Interestingly, the minor dia-
stereomer is the product of epoxidation to give a trans-diquinane
substructure. This minor diastereomer was confirmed by X-ray

132

crystallographic studies. There are many examples in this review
which demonstrate that conversion of similarly unsaturated
diquinanes to cis-bicyclo[3.3.0]octanes proceeds reliably with
complete diastereocontrol. This is the only example where the
trans-diastereomer was observed even as a minor component. Even
more interesting, deletion of the alcohol functional group in 1181
was anticipated to prevent Henbest delivery of oxygen to the a-face
of the alkene; however, the deoxygenated substrate 1299 delivered
1300 with the trans-bicyclo[3.3.0]octane substructure as the major
product. The reason for this diastereoselectivity is unknown.
Epoxide 1296 underwent elimination with LDA, selective protec-
tion of the secondary alcohol as the benzoate ester and chromium
oxidation with transposition of oxygen to deliver enone 1297.

1. mCPBA Li '?
2.LDA
O~ -
H =
H OH
1310 1311 1312
H OAc
PdCl,, Pb(OAc)4, AcOH
> \ @)
S H
1313 AcO 1317
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[Pd —— Pa >
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1314 a4
1315 Aco- 1
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Scheme 153. Application of Cyclooctadiene Reactivity in the Synthesis of Fully Func-
tionalized Cyclopentanes.
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Conjugate addition using a higher order cuprate successfully
installed the angular methyl group, leading to a cis-fused diquinane
substructure (1298). Saegusa oxidation and ester hydrolysis let to
intermediate 104, which intersects an intermediate prepared by
Trost'?? in a synthesis of (+)-coriolin.

11. Functionalization of five-membered carbocyclic starting
materials

A common strategy for constructing fully functionalized cyclo-
pentanes involves the functionalization of simple five-membered
carbocyclic starting materials. With dozens of simple building
blocks available, and a variety of transformations in the chemist's
toolbox, it is somewhat surprising that many syntheses in this
section are represented by a few well-defined patterns.

Cyclopentadiene is an inexpensive starting material common to
many syntheses of natural products with fully functionalized
cyclopentane architectures. Alkylation of cyclopentadiene gives
substituted cyclopentadienes with functionality at all five carbons.
A common strategy is to alkylate with an alkoxymethylene group
(11 — 1301) (shown in Scheme 151); however, dialkylations are
also known.?** These cyclopentadienes undergo facile Diels—Alder
cycloaddition on the diene face opposite the substituent. The most
common dienophile for this sequence is singlet oxygen; however,
nitroso and alkene dienophiles have also participated to give ni-
trogen- and carbon-substituted cyclopentenes, respectively. Sub-
sequent fragmentation of the O—O sigma bond reveals an all trans
1,2,3-trisubsituted cyclopentene (1302). Cyclopentene 1302 may
undergo 1,2-alkene difunctionalization such as dihydroxylation to
give 1303, epoxidation, or bromohydrin formation to reveal the
fully functionalized cyclopentane. Depending on the choice of
conditions, this 1,2-alkene difunctionalization may occur on the
less hindered face, or it may be directed by the substrate to give
oxygenation syn to the diol.

Another common pattern is for 1302 to first undergo intra-
molecular Sy2’-type cyclization, often via a carbamate intermediate
(1304).>>> A subsequent 1,2-difunctionalization of the transposed
alkene leads to substitution at all positions of the cyclopentane. In
this strategy, both the Diels-Alder reaction and 1,2-alkene func-
tionalization perform reliably with heteroatom reagents (e.g. '0,
and OsOy, respectively); as a result, many of the natural products
(trehazolin, mannostatin A, allosamizoline) made with this

synthestic strategy display multiple heteroatom substituents on
the fully functionalized cyclopentane.

Acyl acetal 1305 is a readily available intermediate derived from
p-mannose. Addition of phosphonate 1306 under basic conditions
gives 1308 (Scheme 152).2?° Intermediate carbanion 1307 cyclizes
via intramolecular Horner—Wadsworth—Emmons olefination to
give enone 1308. The enone can be reduced under Luche conditions
to form allylic alcohol 1309. Hydride delivery occurs on the less
hindered ketone diastereoface to give 1309 as a single diaste-
reomer. Intermediate 1309 has been used in multiple syntheses of
targets with a fully functionalized cyclopentane.

Cyclooctadienes may undergo transannular ring contraction to
give cis-bicyclo[3.3.0]octane architectures. The two common
starting materials prepared in this strategy are shown in Scheme
153. 1,3-Cyclooctadiene (1310, eq. 1) is oxidized to the corre-
sponding epoxide (1311). Lithiation of the more acidic allylic posi-
tion is followed by transannular ring closure to give 1312.2%C
Alternatively, 1,5-cyclooctadiene (1313) undergoes Pd-catalyzed
cyclization in the presence of acetate to give C,-symmetric start-
ing material 1317 (eq. 2).>! This intermediate can be processed in a
variety of ways, including an enantioselective enzymatic desym-
metrization (see below).

Cyclopentanones have also been used as building-block starting
materials for fully functionalized cyclopentane natural products.
Four separate syntheses of gymnomitrol begin with cyclo-
pentanone 1321 (Scheme 154). This intermediate is prepared from
dimethyl-3-ketoglutarate (1318).2>? Acid promoted condensation
with 2,3-butandione (1319) gives 1320. Deoxygenation gives 1321.
Ketone 1321 undergoes subsequent transformations that result in a
dialkyated ketone intermediate of general structure 1322. This
material is advanced to gymnomitrol. Other than ketone 1321,
cyclopentane 1323 was used in an anguidine synthesis, and 1324
was used in a synthesis of coriolin.

Contrasting with the strategic patterns discussed above for
cyclopentadienes and cyclopentanones, the strategic use of cyclo-
pentenone starting materials represents the most varied tactic to
approach to fully functionalized cyclopentanes (Fig. 3). Many
substituted cyclopentenone starting materials have been used, and
the enone functional group allows for a wide variety of standard
transformations including enolate alkylations, additions to the
carbonyl, Baylis—Hillman additions, conjugate additions, and
Stork—Danheiser-type sequences.

1. RoNLi;
o Me (EtO),P(O)CI
HCI 2. H,, Pt/C
Meo,c M __coMe —(f5—> ©
1318 Me)l\n’Me Me
1319 O 1320
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Me Me "} R2 " Me
alkylation \ steps e
Clomo 2 (0 =
Me Me )
1321 1322 gymnomitrol
/ Me o
M h
e steps l‘ h
© o AcO ‘ .
AcO [/ "OH
1323 anguidine

coriolin

Scheme 154. Cyclopentanone Starting Materials Used in the Synthesis of Fully Functionalized Cyclopentanes.
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Fig. 3. Cyclopentenone Reactivity.

11.1. Cyclopentadiene functionalizations

The Trost>*>?34 synthesis of («+)-allosamizoline was achieved
alongside a general desymmetrization strategy for amino-
cyclopentitols (Scheme 155). This method of desymmetrizing meso
alkenediols involves a palladium-catalyzed ionization/cyclization
reaction to prepare chiral oxazolidinones. The synthesis of allosa-
mizoline begins with meso diol 1325 (derived from cyclo-
pentatdiene). Premixing diol 1325 with p-
toluenesulfonylisocyanate followed by exposure to a Pd(0) catalyst
promoted conversion to oxazolidin-2-one 1326 as a single product.
An additional three steps were used to convert tosyl oxazolidinone
1326 to amino oxazoline 1328. Alkene 1328 was particularly
unreactive, but after much experimentation epoxidation was found
to be most successful with peroxytrifluoroacetic acid giving the
epoxide on the convex face of the bicycle. Acidic hydrolysis gave a
trans-diol, which was the final required substituent on the fully
functionalized cyclopentane. Hydrogenolysis of the benzyl group
completed the synthesis of (+)-allosamizoline.

The Danishefsky?>> synthesis of (—)-allosamidin (Scheme 156)
began with meso-diacetate 1329 (derived from cyclopentadiene).
An enzymatic desymmetrization®>® with electric eel acetylcholin-
esterase delivers chiral alcohol 1330 with excellent enantiose-
lectivity. Standard functional group manipulations were used to
convert 1330 to carbamate 1331. Cyclization in the presence of
triethylamine and trifluoroacetic anhydride gave oxazolidinone
1327. This material was also an intermediate in the Trost allosa-
mizoline synthesis, and following the precedent of Trost>*> un-
derwent aminooxazoline formation (1328), epoxidation and
hydrolysis to give diol 1332. An additional four steps were used to
convert this intermediate to (—)-allosamidin complete with its
disaccharide moiety.

In the synthesis of (+)-allosamizoline, Ganem?*” also uses a
desymmetrization of a substituted cyclopentene (Scheme 157). The
synthesis begins with exposure of 1333 (derived from cyclo-
pentadiene) to NBS in wet DMSO to deliver a single bromohydrin
stereoisomer 1334. Mechanistically, bromonium ion formation
occurs on the face syn to the hydroxyl groups.>*® Backside opening

of the bromonium ion positions the incoming hydroxyl on the face
anti to the resident hydroxyl groups of the substrate. Ring closure
was performed with methanolic sodium carbonate to give epoxide
1335. This two-step epoxidation sequence leads to formation of the
diastereomer with the epoxide positioned anti to the diol; note that
peracid oxidation would lead to the syn diastereomer. Nucleophilic
epoxide opening with sodium azide and subsequent reduction
delivered aminotriol and fully functionalized cyclopentane 1336.
An additional three steps were used to convert this material to
(#)-allosamizoline.

In the synthesis of (—)-allosamidin, Imperiali“*” uses the enzy-
matic desymmetrization developed by Danishefsky>>® to obtain
synthetic intermediate 1338 (Scheme 158). An addition reaction of
dimethylcyanamide delivers aminoimidate 1339. This material was
cyclized via a Hg(Ill) mediated ring closure which successfully
transfers the stereochemistry to the newly formed center in the
desired oxazoline 1341. Oxidative demercuration with radical ox-
ygen conditions leads to hydroxyl formation on the convex face of
the bicycle to furnish a fully functionalized cyclopentane.?*° The
target (—)-allosamidin was completed in an additional four steps.

In the synthesis of (—)-allosamizoline, Iwata’*! desymmetrizes
meso-diol 1342 with a chiral auxiliary containing stereogenic sulf-
oxides (Scheme 159). The synthesis commences with benzyl pro-
tection of 1325 (derived from cyclopentadiene 11) followed by
dihydroxylation on the less hindered alkene face to deliver 1342
with good dr. Conversion of meso diol 1342 to chiral acetal 1344
was accomplished in two steps using chiral sulfoxide 1343 and
Lewis acid conditons. Treatment with KHMDS and benzyl bromide
induces elimination followed by benzylation to give 1345 with high
diastereoselectivity. Acidic hydrolysis of the chiral auxiliary yields
1346. Activation of the alcohol as a sulfonate, displacement with
azide, and reduction produces fully functionalized amino-
cyclopentatol 1347 with the required stereochemistry for the
target. This material was advanced to 1348 over four steps which is
an intermediate previously taken to (—)-allosamizoline by
Tatsuta.”?

In the synthesis of (+)-mannostatin A, Ganem?*? constructs the
fully functionalized cyclopentane by desymmetrizing 1-(methyl-
thio)cyclopentadiene (1349, Scheme 160). The synthesis begins
with a hetero-Diels—Alder reaction of 1319 and the chiral acyl-
nitroso compound derived from oxidation of 1350. This step de-
livers 1351 with three stereocenters, each appropriately function-
alized for mannostatin A. Reduction of the N—O bond with
aluminum amalgam and subsequent acetyl protection delivers
1352. Dihydroxylation of 1352 proceeded with complete facial
selectivity to give a fully functionalized cyclopentane. Such dihy-
droxylations have been studied,”** and the major diastereomer is
believed to be the result of a directing effect on osmium from the
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Scheme 155. Total Synthesis of (+)-Allosamizoline (Trost, 1990).
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Scheme 156. Total Synthesis of (—)-Allosamidin (Danishefsky, 1991).

neighboring heteroatoms. Acetylation of the diol furnishes 1353.
Hydrolysis of the amide under acidic conditions provided
(+)-mannostatin A as the hydrochloride salt.

In the Trost synthesis of (+)-mannostatin A%>4, the desymmet-
rization strategy developed for (+)-allosamizoline?>> was applied
(Scheme 161). Beginning with meso diol 1354 (derived from
cyclopentadiene) and toluenesulfonyl isocyanate, a palladium-
catalyzed ionization/cyclization reaction was performed to deliver
oxazolidinone 1355. Allylic oxidation with selenium dioxide
introduced the required hydroxyl group found in the mannostatin
A structure. The crude mixture was oxidized with Dess-Martin
periodinane to an enone. Luche reduction of this enone delivers
the desired a-alcohol 1356 in a 7:1 mixture with the undesired
stereoisomer. Opening of the carbamate with base delivers amino
diol 1357. The diol was protected as the acetonide, and substrate
directed epoxidation with peroxytrifluoroacetic acid furnished
1358. Treatment with lithium methanethiolate opened the epoxide
to 1359, which completes the fully functionalized cyclopentane.
The regioselectivity in the epoxide opening was explained by
stereoelectronic considerations. The acetonide protecting group
leads to a more rigidified bicyclo[3.3.0]octane structure, and
Furst—Plattner-type considerations favor pseduoaxial attack of the
thiolate nucleophile with the observed regioselectivity. Removal of

the sulfonate and acetonide protecting groups completes the syn-
thesis of (+)-mannostatin A.

In the synthesis of (+)-trehazolin, Carreira®** begins with
lithium cyclopentadienide (163), which undergoes double addition
with (R)-epichlorohydrin (164) to deliver 1360 as a pure enan-
tiomer (Scheme 162). Treatment with sodium hydride and Cl3CCN
delivered trichloroacetimidate 1362. Iodocyclization presumably
gave the allylic iodide 1364 which underwent SN2’ addition with
water to yield the observed allylic alcohol product 1365. Sillylation
of the secondary alcohol and nucleophilic opening of the imidate
furnishes cyclopropylcarbinyl bromide 1366. Epoxidation from the
less hindered top face with dimethyldioxirane delivers 1367.
Epoxide opening with the tethered trichloroacetamide occurs un-
der Lewis acid conditions to give 1368. Radical fragmentation of the
cyclopropane to give alkene 1369 proceeded with partial reduction
of the trichloromethyl group. This material was advanced four steps
to phenyl ketone 1370. A Norrish Type Il cleavage of the aryl ketone
gave alkene 1371. The unpurified material was dihydroxylated with
0s04 furnishing 1372 which displays the desired functionality and
stereochemistry for the target. This material was advanced to
(+)-trehazolin over three steps.

The Ganem”*® synthesis of (+)-trehazolin capitalizes on the
desymmetrization approach developed for their mannostatin

O~
TMS O\/\
O\/\ ™S NBS Ho on T™S
_»steps Na,COz__ HO.,, wOH
@ Ho:,, wOH aq. DMSO MeOH
7 HO Br quant.
1333 1334 1335
0o OH
~" TS O~ 1us ’
H 1) Me,NH, MeOH
1) NaNg HO:., "\ .OH Im,C=S_ HO.., o ) MepNH, MeO HO.., 0
2) Hy, Pd/C > 2) LiBF 4, MeCN P
2 ¢ 81% )§S HO' N7 ~NMe,
HO  NH; Ho! 4 N 85%
1336 1337 two steps

(+)-allosamizoline

Scheme 157. Total Synthesis of (+)-Allosamizoline (Ganem, 1994).
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OBn
@ steps TBSO.., WwOH m:ﬁNCN TBSO.., O _NMe, Hg(TFA),
! 1338 95% 1339
BnO BnO
TBSO.,, Oy, NaBH, ,
0 NaOH TBSO.,, 0 4 steps
Z 0,
NM 69% -
(TFAHG” H N ®2| o steps Ho! | N~ “NMe;
1340 1341

HO NH HO

Ac

NHAC

(-)-allosamidin

Scheme 158. Total Synthesis of (—)-Allosamidin (Imperiali, 1996).

synthesis discussed above (Scheme 163). Specifically, the Diel-
s—Alder reaction of cyclopentadiene 1301 with the chiral nitroso
species derived from 1373 gave the bicyclic product 1374. Reduc-
tion of the N—O bond was performed with sodium amalgam, and
the product (1375) was separated from its diastereomer. Cyclo-
pentene 1375 was epoxidized to give 1376. As before, epoxidation
results in the syn diastereomer as a result of peracid coordination to
the substrate. Hydrolysis of the epoxide was slow, but could be
promoted using 2:1 H,O/TFA to furnish a diol albeit in a 1:1.6 ratio
in favor of the undesired diastereomer. The diol was converted to

the corresponding acetate 1377. At this stage, a fully functionalized
cyclopentane has been constructed, but the tertiary alcohol has yet
to be installed. Intermediate 1377 was converted to exocyclic
alkene 1378 using Grieco's method.*’ Stereoselective dihydrox-
ylation avoiding steric interactions with the adjacent substituents
furnished diol 1379. This advanced intermediate has been synthe-
sized by Shiozaki’’ in a synthesis of trehazolin.

The Carreira®® synthesis of the pallambins uses two distinct
processes to create each of the fully functionalized carbocycles, and
this synthesis could fall into either Section 11 or 4 of this review

OBn
OBn
OBn 1) BnBr 1) TMSCI  BnO.,, .wOBn
steps NaH o BnO oBn __EtaN
, 1, " —>
HO.., ./, wOH 2)0sO, " 5 TMSOTH
1 l\;g/lg (RR)-1343 0,0
% HO OH 91% y
1325 two steps . Ol S
=81 1342 two steps ) /S S\o
OBn @
1344
BnO.,, «OBn
KHMDS o8n o8
; 1) Tf,0, pyr.
BnB BnO
BB O  10%HCI_ BnO.., ~\,..0Bn 2 MBUNNs _ gro,, N .0Bn
91% o . - > 3) H,, Pd/C
>96% de s s 91% 9 E
7 N BnO"  OH thrggit/; s BnO NH,
1346 P 1347
1345 on 0
OAc H]\
4 steps HOw AN o Og &
S22 e ACO.,, 0 . ko)
P !
" X0 Ho! ¢ N~ NMe:
AcO H (—)-allosamizoline 1343
1348

Scheme 159. Total Synthesis of (—)-Allosamizoline (Iwata, 1998).
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Scheme 160. Total Synthesis of (+)-Mannostatin A (Ganem, 1991).

(Scheme 164). The first cyclopentane begins as fulvene and the
second cyclopentane is created in a rhodium catalyzed C—H
insertion reaction. We choose to discuss the synthesis here because
more than half of the fused 5,5 fully functionalized system is
installed with the fulvene. The route begins with a Diels—Alder
reaction of methyl acrylate with fulvene (1381), the latter of which
was generated in situ by a reduction and Hoffman elimination of
the bench-stable dimethylaminofulvene (1380). Cyclopropanation
with conditions developed by Denmark®#’ delivered a tricyclic in-
termediate. The exocyclic olefin could be stereoselectively hydro-
genated with Wilkinson's catalyst to give 1383 as the only product.
Installation of the ketone in 1384 was accomplished by a three-step
sequence involving a-hydroxylation, ester reduction, and oxidative
cleavage of a diol. Methylation of ketone 1384 was followed by a
Mukaiyama aldol reaction with acetaldehyde and Dess—Martin
oxidation of the resulting B-hydroxy ketone to form 1,3-diketone
1385. Formation of the diazoketone 1387 was performed with
conditions developed by Danheiser.>*® Unpurified 1387 was sub-
jected directly to rhodium conditions, which resulted in C—H
insertion to deliver desired tetracycle 1388. This C—H insertion
reaction sets the final substitution on one fully functionalized
cyclopentane and constructs the carbocyclic structure of the second
key five-membered ring. The structure of pallambins A and B
required that the C8 carbonyl served as a functional handle for the
installation of the remaining substitution on the five-membered
ring. This is a particularly demanding requirement due to the

steric hindrance present in the substrate and the presence of two
distinct ketone carbonyls. In the event, enolization of the acidic
ketone was followed by formation of an enol triflate and subse-
quent Negishi cross-coupling to give 1389. Dipolar cycloaddition
with bromonitrile oxide approached from the convex face resulting
in the desired stereochemistry. This advanced intermediate (1390)
contains both fully functionalized cyclopentanes with the appro-
priate stereochemistry for the synthesis of (+)-pallambins A and B.
An additional six steps was required to complete the natural
products.

Schoop®*® reported synthetic studies toward rocaglamide
wherein the key five-membered carbocycle was forged using an
unusual alkylation-olefination®*® sequence (Scheme 165). Alkyl-
ation of phosphorane 1391 with bromoketone 1392 and subse-
quent deprotonation and intramolecular Wittig olefination delivers
functionalized cyclopentadiene 1392. Enol ether hydrolysis under
acidic conditions furnishes cyclopentenone 1394. Hydride reduc-
tion of the ketone to 1395 occurs stereoselectively. This two-step
method results in three stereocenters appropriately set for roca-
glamide. Oxidative cyclization with ceric ammonium nitrate and
1,3-cyclohexanedione provided dihydrofuran 1396. The cyclization
results in a fully functionalized cyclopentane, but the product does
not possess the tertiary alcohol found in rocaglamide. Oxidative
aromatization of this intermediate in the presence of methanol
gave 1397. A two-step oxidation/reduction sequence was used to
invert the alcohol stereocenter to give advanced intermediate 1399.

o

1) Se0,
HO. 1) TsNCO YN 2) DMP J
@ T @ o, > 3)NaBH, ‘
[ 2)Pd(OP)P] ) NaBH, 37
OH 97% two steps 3 o
7 0,
1354 1355 9270 Ifree steps T 4356
yrrs Mo NHTs NHTs
K2CO z € "OMe z H
2LU3 HO.., H;O0* O"'Qs CHgSLi O"'Q’SMG
e 2) CF3CO3H 'V'e7( o] 7Me7<
) > 3 3 o o R .
95% o' 0 . "o o
1357  80% two steps 1358 1359
NH,
1) Na/NHz; _ HO.., SMe
2)aq. TFA
HO®  “OH

(+)-mannostatin A

Scheme 161. Total Synthesis of (+)-Mannostatin A (Trost, 1993).
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This rocaglamide intermediate contains many of the structural
features found in the natural product; however, it lacks the tertiary
alcohol and methyl ether.

11.2. Cyclopentene functionalizations
The Ikegami’® synthesis of (+)-coriolin begins with a
substituted cyclopentene derived from 1,3-cyclooctadiene (1312)
(Scheme 166). Benzylation of the alcohol and bromination with N-
bromosuccinimide resulted in the regio- and stereoselective for-
mation of a bromohydrin. Hydrogenation of the benzyl ether gave
1400. Chemoselective oxidation was possible due to the steric
hindrance of the bromohydrin. Silylation of the unreacted hydroxyl
furnished bromoketone 1401. Elimination of bromide with DBU
yields enone 1402. Conjugate addition from the convex face and
subsequent enolate protonation delivered the cis-fused ring system
of 1403. This material was advanced over four steps to intermediate
1404. Silyl deprotection and oxidation of the resulting alcohol gave
ketone 1405. Formation of the thermodynamic enolate and addi-
tion to allyl bromide on the convex face gave 1406, which sets the
quaternary stereogenic carbon in coriolin. A Wacker-Tsuji oxidation
with PdCl, and CuCl delivered a methyl ketone. The 1,4-dicarbonyl
underwent an aldol condensation upon treatment with potassium
tert-butoxide furnishing 1407 and the tricyclic core of coriolin. The
a-methylene functionality was installed by enolate addition to
methyl iodide followed by selenation and oxidation with peroxide.

Acidic removal of the pyranyl ether delivers 142. Deconjugation of
the enone with tert-butoxide affords the ,y-unsaturated carbonyl.
Epoxidation with peracid occurred with facial selectivity favoring
the cis fusion of the five membered rings in 1408. Elimination with
DBU provided the y-hydroxy enone 130, which intersects an in-
termediate previously taken to coriolin by Danishefsky** and
Tatsuta.>

In the synthesis of (+)-mannostatin A by Knapp,?°! the route
begins with known cyclopentene 1309 (Scheme 167), which is
obtained from p-ribonolactone as discussed in the beginning of
this section. This material could be advanced over two steps to
imidothioate 1409. lodocyclization gave oxazolidinone 1410.
Removal of the PMB protecting group and substitution with
methyl thiolate gave 1411, which contains a fully functionalized
cyclopentane. Substitution reaction proceeded with retention of
configuration, likely as a result of anchimeric assistance from the
vicinal nitrogen atom. Hydrolysis of the oxazolidinone and ketal
groups over two steps completed the synthesis of (+)-man-
nostatin A.

Fuchs?>? synthesized (+)-mannostatin A using the same cyclo-
pentene intermediate (1309) as Knapp>! (Scheme 168). The allylic
alcohol 1309 was converted to a trichloroacetimidate. After sub-
stantial experimentation, it was found that addition of DIEA and
methanesulfenyl triflate in portions led to the isolation of N-sul-
fenylimidate 1412. Resubjection of 1412 to similar conditions led to
cyclization delivering 1413. While cyclized product 1413 could be

- o)
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CC| Cloy CCly
O & L N g 2o S
I
60% oue > ~
163 1361 136 I
1360 959 1362 156
(0] I_|Br
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O ‘0
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Br J
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3 ! — T
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Scheme 162. Total Synthesis of (+)-Trehazolin (Carreira, 1995).
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achieved from the acetimidate in a single step, superior yields were
obtained if performed as a two-step transformation. Acidic meth-
anolysis of 1413 delivered (+)-mannostatin A as the hydrochloride
salt.

The Mehta®>® synthesis of (+)-kelsoene begins with chiral
diacetate 1317 (Scheme 169), which is available from 1,5-
cyclooctadiene (1313) as discussed in the intro. Acetate hydrolysis
and oxidation of the corresponding diol gave dione 1414. Wittig
olefination desymmetrizes the diketone and hydrogenation occurs
from the convex face of the diquinane to deliver 1415. Enolization
under kinetic conditions and silylation gave the corresponding enol
ether, which underwent Saegusa oxidation to give enone 1416.
Subjection of 1416 to methyllithium gave the 1,2-addition product,
and treatment with PCC led to oxidation with allylic transposition
(1417). A [2 + 2]-photocycloaddition with trans-1,2-
dicholoroethylene from the convex face of the diquinane fur-
nishes tricyclic intermediate 1418. Three additional steps featuring
a reductive dechlorination were used to form intermediate 1419.
Homologation of the ketone by olefination following Kluge's
method®? (to 1420) and hydrolysis gave aldehyde 1421. The favored
diastereomer positions the aldehyde on the less hindered face of
the polycyclic framework. Four additional steps were required to
complete the synthesis of (+)-kelsoene.

A synthesis of (—)-kelsoene was completed by Schulz
beginning with Mehta's intermediate 1419 (Scheme 170).>°> A
Corey-Chaykovsky epoxidation delivered 1422. Hydrogenation the
cyclobutene proceeded with concomitant epoxide pinacol rear-
rangement to give aldehyde 1423 as the major stereoisomer.
Addition of methyllithium and oxidation of the resulting alcohol
gave methyl ketone 1424. Treatment with base epimerized the
ketone stereocenter delivering a fully functionalized cyclopentane
containing the desired stereochemistry for the natural product.
Olefination with the Petasis reagent completed (—)-kelsoene.

The Danishefsky?*® synthesis of (+)-gelsemine begins with
epoxidation of the bicyclo[2.2.1]heptadiene 1425 to give 1426
(Scheme 171). Alumina-promoted rearrangement delivers the
aldehyde 1427. Through a divinylcyclopropane-Cope rearrange-
ment, the carbocyclic core of gelsemine (1430) was established.
Three of the cyclopentane stereocenters have been set at this point

254
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in the synthesis. Hydroboration-oxidation of the cyclopentene
proceeded with complete chemoselectivity and excellent regiose-
lectively to deliver 1431. The chemoselective preference arises from
the greater strain in the cyclopentene double bond. The regio-
chemical preference arises from homo-allylic stabilization of partial
carbocation character at C16 that developed during an asynchro-
nous hydroboration. Swern oxidation of the resulting alcohol de-
livers a ketone. Formation of the silyl enol ether and treatment with
Eschenmoser's salt gives f-amino ketone 1432, and a subsequent
Hofmann elimination delivers enone 1433. Luche reduction from
the less hindered face gives an allylic alcohol, and a second
hydroboration-oxidation sequence generates diol 1434. Selective
activation of the primary alcohol was followed by oxetane forma-
tion (1435). Ether cleavage and Swern oxidation gave cyclo-
pentanone 1436. A Horner-Wadsworth-Emmons olefination of the
ketone led to a mixture of separable alkene isomers (3:2 favoring
the Z-alkene). Both alkene isomers were independently reduced
with DIBAL to give 1437. A Johnson—Claisen rearrangement was
performed to install the quaternary stereocenter of intermediate
1438. Formation of the acyl azide and subsequent Curtius rear-
rangement (Shiori modification®®’) gave rise to carbamate 1439.
The oxetane was activated with boron trifluoride etherate and
addition by the carbamate nitrogen delivered 1440. This advanced
intermediate contains the fully functionalized cyclopentane found
in (+)-gelsemine. An additional 17 steps were used to complete the
synthesis of the natural product.

In the synthesis of (—)-sulcatine G (Scheme 172), Mehta®>® uti-
lizes a similar strategy developed for their kelsoene synthesis dis-
cussed above. Desymmetrization of the ring system 1441 was
accomplished over five steps to give cyclopentanol 1442. Alcohol
oxidation yielded ketone 1443. Acylation with dimethyl carbonate,
selenation, and oxidation provides enone 1444. The required
methyl group for sulcatine G was introduced by cuprate addition,
and the resulting diketone was re-oxidized to form 1445. Cyclo-
butane 14146 was obtained by a [2 + 2]-photocycloaddition with
trans-1,2-dichloroethylene. Addition occurred exclusively from the
less hindered convex face of the diquinane ring system to deliver
tricyclic intermediate 14146. Treatment of the diastereomeric
chloride mixture with DIBAL resulted in ketone reduction with low
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Scheme 163. Total Synthesis of (+)-Trehazolin (Ganem, 1998).
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Scheme 164. Total Synthesis of (+)-Pallambins A and B (Carreira, 2015).

diastereoselectivity (dr = 55:45). The complicated mixture of di-
astereomers was subjected to reductive dechlorination and hy-
drogenation to produce a mixture of alcohol epimers 14147.
Selective silylation of the primary alcohol was followed by acetate
formation, at which time the desired diastereomer (1448) could be
purified. Advanced intermediate 1448 contains the fully function-
alized cyclopentane with the desired stereochemistry for (—)-sul-
catine G. An additional eight steps was required to complete the
synthesis of the natural product.

OEt
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o) Br \

>\._< 1392 COEt
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1391 87%
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OEt »
CAN

35%

OH [
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The synthesis of epoxyqueuosine by Carell’>>?%° begins with
cyclopentene intermediate 1309 (Scheme 173). A Mitsunobu reac-
tion with hydrazoic acid followed by a Staudinger reduction de-
livers allyl amine 1449. Protection of the nitrogen as the
trichloroacetimide was followed by acetonide cleavage and silyla-
tion with TBSCI to give 1450. Epoxidation occurs on the diaster-
eoface opposite the silyl ethers to furnish fully functionalized
cyclopentane 1451. This intermediate could be advanced to epox-
yqueuosine over an additional three steps.
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O
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81%

rocaglamide

Scheme 165. Synthetic Studies Towards Rocaglamide (Schoop, 2000).
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Scheme 166. Total Synthesis of (+)-Coriolin (Ikegami, 1981).

11.3. Cyclopentanone functionalizations

The sesquiterpene (+)-gymnomitrol was synthesized by
Paquette’®! beginning with ketone 1321 (Scheme 174). Methyle-
nation was accomplished by heating with formalin and N-methyl-
anilinium trifluoroacetate to give 1452. Copper-catalyzed conjugate
addition of the vinyl Grignard species 1453 was followed by
methylation on the convex face of the bicycle to obtain 1454.
Epoxidation gave silyl-oxirane 1455, which was hydrolyzed to
aldehyde 1456. Aldol addition of the keto-aldehyde gave the tri-
cyclic scaffold of gymnomitrol. The secondary alcohol stereocenter
was then oxidized to diketone 1457. Methylation of the less hin-
dered ketone was followed by dehydration with POCl; to give an
exocyclic alkene. Finally, stereoselective reduction of the ketone

delivered a fully functionalized cyclopentane and completed the
synthesis of (+)-gymnomitrol.

In the synthesis of (+)-gymnomitrol by Coates,'?' a condensa-
tion of cyclopentanone 1321 with ethyl formate delivered inter-
mediate 1458 (Scheme 175). Reaction with hydroxylamine in
sodium methoxide led to formation of the a-cyano ketone 1459 as
an epimeric mixture. Upon heating with acrolein diethyl acetal
(1460), alkylation occurred from the convex face of the bicycle
yielding the ethoxyallyl ketone 1461. Refluxing with ethylene glycol
and acid afforded 1,3-dioxolane 1462. Reductive decyanation was
accomplished with lithium in liquid ammonia, and the resulting
enolate ion was trapped as its silyl ether. Regeneration of the
lithium enolate with methyllithium was followed by stereoselective
methylation again on the convex face to give 1463, which contains
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Scheme 167. Total Synthesis of (+)-Mannostatin A (Knapp, 1991).
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Scheme 168. Total Synthesis of (+)-Mannostatin A (Fuchs, 1994).

the three vicinal quaternary carbon stereocenters of gymnomitrol.
Acid catalyzed removal of the acetal gave an aldehyde, which was
resistant to a planned aldol cyclization. Chromium oxidation gave
the corresponding carboxylic acid 1464. Lactonization occurred
upon treatment with acetic anhydride to deliver 1465. Reduction of
the ester carbonyl with DIBAL gave an aluminum hemiacetal, which
fragmented to an aluminum enolate and a tethered aldehyde. Aldol
cyclization successfully occurred under these conditions, presum-
ably due to the enhanced reactivity of the enolate (compared with
the unsuccessful aldol reaction of 1463 under acidic conditions)
Oxidation of the aldol product delivered bridged diketone 1466. A
regioselective methylation, dehydration and carbonyl reduction
completed the synthesis of (+)-gymnomitrol.

Synthetic efforts towards gymnomitrol and related compounds
was performed by Imanishi (Scheme 176).”°? Beginning with
cyclopentanone starting material 1321, the lithium enolate was
formed and added to diphenyldisulfide. Reformation of the lithium
enolate and O-allylation delivers allyl vinyl ether 1467. Heating in
toluene gave rise to a Claisen rearrangement, which occurred on
the convex face to afford 1468 as a single product. Desfulfurization
was accomplished with dissolving metal conditions to give the
corresponding enolate. Methyl iodide approaches the generated
enolate on the less hindered convex face to give a single diaste-
reomer 1469. Ozonlysis gives an aldehyde that was protected as the
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acetal (1470). Reduction of the ketone, mesylate formation and
elimination gave cyclopentene 1471. A four-step sequence con-
verted the protected aldehyde to a diazoketone (1472). Upon
exposure to copper(ll) acetylacetonate, cyclopropanation occurred
yielding 1473. Cleavage of the cylopropane ring with sulfuric acid in
methanol gave fully functionalized cyclopentane 1474 bearing the
desired stereochemistry found in gymnomitrol.

The synthesis of (+)-gymnomitrol by Snider’®®> begins with
ketone 1321 (Scheme 177). Alkylation of the bicyclic ketone with
LHMDS and 1-iodo-2-butyne (1475) delivers a mixture of mono-
alkylated epimers along with some dialkylated material. Treatment
of the mixture with standard alkylation conditions gave 1476 in
good yield over the two steps. Exposure to potassium 3-
aminopropanamide (1477) induces an alkyne-zipper isomeriza-
tion, and silylation of the acetylide gives 1478. The key step in the
synthesis is an oxidative free-radical cyclization to establish the
tricyclic architecture of gymnomitrol. The oxidative cyclization of
1478 with Mn(OAc); gives 1479 as a mixture of (E)- and (Z)-vinyl
silanes. Desilylation of the mixture was effected by treatment with
hot acetic acid to give exocyclic alkene 1480. Completion of
(+)-gymnomitrol is accomplished by ketone reduction with sodium
borohydride delivering the fully functionalized cyclopentane.

In the synthesis of anguidine by Brooks?%* a 13-
cyclopentanedione (1323) is desymmetrized by enantioselective

H Me
1) MePPhsl I 1) LHMDS
BuOK TMSCI
2) Hy, Pd/C 2) Pd(OAC),
59% oH 80%
two steps 1415 two steps
O | Me1) (CH,0H), 0y Me

TsOH
2) Na-naphthalenide H.,,

3) Amberlyst-15 d
69% three steps Me

(+)-kelsoene

Scheme 169. Total Synthesis of (+)-Kelsoene (Mehta, 2001).
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Scheme 170. Total Synthesis of (—)-Kelsoene (Schulz, 2001).

carbonyl reduction with Baker's yeast to give chiral ketol 1481
(Scheme 178).%%°> Hydroxyl inversion occurred over two steps to
give 1482. This material was converted to ester 1483 over three
steps. Bromination occurred following the method of Marquet,”®®
and subsequent elimination gave cyclopentene 1484. The cyclo-
pentene was dihydroxylated to give the desired diastereomer in a
5:1 ratio (1485). Presumably the stereoselectivity results from the
steric size of the adjacent silyl ether. Treatment of this intermediate

with base induced lactonization; the regioselectivity can be
attributed to reaction of the less hindered hydroxyl group. Inter-
mediate 1486 was advanced 12 steps to intermediate 1487. A
Wititig olefination and removal of the silyl group yielded 1488.
Finally, epoxidation with peracid delivered the fully functionalized
cyclopentane (1489) of anguidine. Completion of the synthesis
required an additional two transformations.

In a synthesis of (+)-coriolin, Trost begins the synthesis with

ot OtBu _P_J
mCPBA o A|203 O EtO 1428
7 LIHMDS
Ar = o-nitrobenzene
1427 1429
1425 1426
OtBu H o7 SHCHDMS: Omu H 0O, E?ONCI 5, DMSO
e 2) LIHIMDS, TESCI
N
NaOH, H,05 EiN:
1 / 1430 1431 Eschenmosers
Oz omuH NO2
O H omuH NO: u
1) NaBH,
Mel, _CeCly
Abos 2)9-BBN:
NaOH H20,
NMe2 1432 1433 1434
O, NaH
OtBu H &
MsCI, ETaN 1)TFA (EtO)ZP\/COZEt " O
NaHMDS COCl DlBALH
1435 EhN 1436 1437
2
) NaOH
CHsc(OEt EtOH ‘! O
DPPA
Me oH EtO,C ,I\EﬂtggHA MeO ZC
1438 1 439
N
N o
MeN—
(0]

Scheme 171. Total Synthesis of

(+)-gelsemine

(+)-Gelsemine (Danishefsky, 2002).
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Scheme 172. Total Synthesis of (—)-Sulcatine G (Mehta, 2002)
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Scheme 173. Total Synthesis of Epoxyqueuosine (Carell, 2013).

)

1321
Mele— /~TMs
o mCPBA &:
74% BOHSM 50% AOH
Me 74%
1454 1455 Ho__H
meMe__CHO 1) MeLi Me Me
S 1) 2%KOH 2) POClg Me
o H,CrO, 3) LiAIH, /
38% two steps 21% three steps ()-gymnomitrol
1457

Me
1456
Scheme 174. Total Synthesis of (+)-Gymnomitrol (Paquette, 1979)
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Scheme 175. Total Synthesis of (+)-Gymnomitrol (Coates, 1982).

enedione starting material 1490, which has become an important
building block in chemical synthesis?®’ (Scheme 179). The enone
functionality was masked as a thioether by conjugate addition of
methanethiol. A chemoselective ketalization protected the less
hindered ketone. Finally, monosulfenylation using dimethyl disul-
fide occurred to give 1491. Alkylation with the substituted allyl
iodide 1492 gives 1493. Peracid oxidation of the sulfides to the
corresponding sulfones yielded 1494. Treatment with fluoride
promoted allyl silane addition to the ketone giving triquinane 1495.
This material was advanced three steps to intermediate 1496,

which was epoxidized with peracid to give 1497. The stereo-
selectivity of the epoxidation can be explained by the preferential
formation of the cis diquinane substructure. Acetal hydrolysis and
elimination of the sulfones gave dienone 1498. Reductive opening
of the epoxide gives a mixture of isomeric products, and subse-
quent treatment with DBU delivers a single dienone alcohol 1499.
Conjugate reduction with lithium in liquid ammonia gave an 80:20
mixture of B,y- and a,B-unsaturated ketones. Epoxidation of this
crude mixture was followed by isomerization with DBU to give the
allylic alcohol 129. This material was advanced four steps to

1) LDA Me SPh
o _(PhS), > 180 °C Me | .SPh L, lig. NH,
2) LDA O—" PhMe O Mel
Me /\/Br Me 94% Me 48%
1321 52% two steps 1467 1468
0 (6]
Me . Me ; Me
Me 1% _~ 1) Oz Me,S Me'S —( 11) LiAlH, Me /< ]
N \O/ 2) TsOH \ o O~ 2) MsCl, pyr. \ 0
HO_  OH 3) Nal, DBU
Me 72% two steps Me o Me
1469 1470 86% three steps 1471
o)
Me{ MeOH
Me'V'e Cu(acac),
4 steps * =N, requx dé 2304
64% 90%
Me 1473
1472
Me
Me H H
i LOMe MeO Me HO Me
o = Me Me
Me Me
Me
1474 1474 O ()-gymnomitrol

Scheme 176. Synthetic Studies Towards Gymnomitrol (Imanishi, 1993).
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Scheme 177. Total Synthesis of (+)-Gymnomitrol (Snider, 1997).
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60%
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Scheme 178. Total Synthesis of Anguidine (Brooks, 1983).

intermediate 130, which is an intermediate previously taken to the
natural product by Danishefsky.>*

The formal synthesis of (+)-coriolin by Curran®!” begins with 2-
methylcyclopentenone (1500) (Scheme 180). This material was
advanced using an Ireland—Claisen rearrangement, selenolactoni-
zation and elimination to give bicyclic intermediate 1505. Treat-
ment of 1505 with the cuprate derived from 1473 induced
substitution with opening of the bicycle furnishing 1507. Functional
group manipulations over five steps occurred to give 1508. An
elegant cascade radical cyclization was promoted by treatment
with samarium iodide to give the desired triquinane ring system
with cis ring fusions. Hydrolysis of the ketal furnishes 1509. Con-
version to the cross-conjugated dienone 142 was accomplished by
formation of the silyl enol ether and oxidation with DDQ. This
advanced intermediate was previously prepared and taken to cor-
iolin by Danishefsky>* and Tatsuta.>®

11.4. Cyclopentenone functionalizations

In the synthesis of («)-coriolin, Koreeda’®® uses a one-step
aldol-alkylation to construct a bicyclo[3.3.0]octenone system
(Scheme 181). The dialkylation reaction begins with a substituted
cyclopentenone 1510, which was treated with base to generate

dianionic intermediate (1511). This intermediate undergoes double
addition to 3-iodo-2,2-dimethylpropanal (1512), and the aldol
functional group is protected as its MOM ether to give bicyclic
product 1513. The regioselectivity of the alkylation is the result of a
more reactive anion at C5; reaction of the C5 anion leaves a fully
conjugated enolate intermediate, which undergoes subsequent
alkylation. Alternatively, initial alkylation at C4 would leave a less
stable cross-conjugated anion. Addition of methyllithium to enone
1513 and elimination upon acidic workup delivered enone 1514. A
conjugate addition of the cuprate derived from 1515 occurred from
the convex face of the bicycle. Acid-catalyzed acetal removal and
subsequent aldol cyclization delivered triquinane scaffold 1516.
Alcohol protection and elimination delivers enone 1517. A stereo-
selective and regioselective carbonyl reduction was performed
under Luche conditions. Interestingly, the diastereomer formed in
the Luche reduction arises from hydride addition to the concave
face of the bicycle. After evaluating other hydride reducing reagents
and substrates, it was postulated that the steric size of the benzoate
group is responsible for the unexpected diastereoselectivity. A
subsequent acetylation gave 1518. A Salmond?®®° oxidation installs
the carbonyl yielding cyclopentenone 1519. Reductve removal of
the acetate and benzoyl deprotection furnishes intermediate 104,

which has been taken forward to (+)-coriolin by Trost.'??
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Scheme 179. Formal Synthesis of (+)-Coriolin (Trost, 1981).

The synthesis of (+)-kelsoene by Piers®’® begins with cyclo-
pentenone (1520). Conjugate addition of the lower order hetero-
cuprate 1521 delivers 1522 (Scheme 182). Intramolecular alkylation
delivered the cis-fused bicyclo[3.3.0]octane substructure of kel-
soene. Hydrogenation using Crabtree's catalyst’’! occurred from
the less hindered face of the bicycle to give 1523 with good

O
e

OA
1)NaBH, 2 ¢

LDA; TBSCI

diastereoselectivity. Selenium based oxidation of ketone 1523 gave
cyclopentenone 1524. Addition of methyllithium formed a tertiary
alcohol that could be oxidized with PCC on alumina to give the
transposed enone 1525. A [2 + 2] photocycloaddition with ethylene
proceeded stereoselectively from the less hindered face of the bi-
cycle furnishing 1526 and completing the tricyclic core of kelsoene.

OTBS

o | (™

CeClj C > _Me HMPA, A
—_— ,
2) Ac,0 @/Me ,,(
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PhSe e Me 1) TBSOM/6>(M\eBr
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Scheme 180. Formal Synthesis of (+)-Coriolin (Curran, 1988).
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Scheme 181. Total Synthesis of (+)-Coriolin (Koreeda, 1983).

After many unsuccessful attempts at olefination of the ketone, the
Lombardo®’? reagent was effective at delivering alkene 1527
Hydroboration-oxidation delivered fully functionalized cyclo-
pentene 1528. This material was advanced to the methyl ketone
1529 over three transformations. Treatment with acid induced
ketone epimerization, which established the desired stereochem-
istry for the target. Finally, olefination with the Lombardo reagent
completed the synthesis of (+)-kelsoene.

In the synthesis of (+)-merrilactone A, Mehta?’ begins with a
substituted cyclopentene-1,3-dione (Scheme 183). Desymmetriza-
tion of 1530 was performed over three steps requiring double
hydroxymethylation, protection of the diol as the acetonide and
Luche reduction to give 1531. A 1,2-addition of an allylcerium

reagent was followed by hydroxyl oxidation with manganese di-
oxide to give hydroxyenone 1532. A two-step transketalization
sequence delivered the desired acetonide 1533 in a 1:1 ratio with
1532, which could be recycled. This material was advanced four
steps to diene 1534. Ring closing metathesis®’* delivered tricyclic
intermediate 1535. A [2 + 2] cycloaddition with trans-dichloro-
ethylene was successful in promoting the formation of vicinal
quaternary stereocenters as a complex mixture of diastereomers.
The cycloaddition proceeds with modest facial selectivity (dr = 2:1)
with respect to the enone because the acetonide blocks the a-dia-
stereoface. The desired major isomer 1536 was isolated as an
inconsequential mixture of chloride diastereomers. Reductive
dehalogenation was followed by ketone reduction with DIBAL,

b (NC’C” Me, H LDA, THF; Me,
1521 KH THF ; PhSeCI %
%
BF 5 OEty; 202
O aq.NH,CI Ph3P sRhCI LS a3
52% two steps °
1520 >69% 1522 v two 5p 1523 1524
. H 2 hv ZnBr, Me, .
1) MeLi, THF _ Me, Hoch, M CH,Br BHj, THF;
% ‘ =
B , H,05, NaOH
2) /'chg 90% L TIC|4
- 0,
2 03 H Me H Me 639% 80%
60% 1525 1526
Me (0]
HO\: \‘4 1) ag. HCIO,
Me, H = H 3steps Me H = H CDCly, A
“ < —_— ‘. <
2) ZnBr,
B B CH,Br, TiCl, H
H Me H Me i H Me
1528 1529 50% two steps kelsoene

Scheme 182. Total Synthesis of (+)-Kelsoene (Piers, 2001).
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Scheme 183. Total Synthesis of

which proceeds with complete diastereoselectivity to give 1537. It
was speculated that the diastereoselective ketone reduction is the
result of either the steric bias of the polycyclic architecture or co-
ordination of the hydride reagent to the acetonide oxygens. The
resulting fully functionalized cyclopentane contains all the desired
stereochemistry for (+)-merrilactone A, and the natural product
was completed over an additional ten steps.

In a formal synthesis of (+)-merrilactone A, Greaney?’” begins
with functionalized cyclopentenone 1538 (Scheme 184). Silylation
of the alcohol was followed by a 1,2-addition of the organolithium
derived from 1539 furnishing 1540. Fluoride deprotection and
oxidation gave a cyclopentenone. The tertiary alcohol was then

(

0" mé

)-merrilactone A
(+)-Merrilactone A (Mehta, 2006).

protected as a silyl ether to give 1541. A two-step sequence
involving Eschenmoser's reagent yielded 1542. The key conjugate
addition—aldol process was promoted by Et;AICN and TiClg, and
1543 is obtained as the major diastereomer (dr = 7:1). Mechanis-
tically, addition of cyanide gives a cyclic E-configured ketone eno-
late. The aldol reaction presumably proceeds through a closed
titanium-chelated transition state leading to the favored anti-
aldol diastereomer. Desilylation and treatment with boron tri-
fluoride furnished the oxatriquinane core 1544. Using a similar
approach to Mehta,?”> photocycloaddition with dichloroethylene
proceeded to give a mixture of diastereomers favoring addition on
the B-diastereoface of the enone (1545). Dechlorination with zinc
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Me DMAP Me NMO
) tBuLI TESOTf
Me |/~\><Me OH Me 26'“ TESO Me
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1542 r=7.
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73%

NaBH,
ﬁ
>66% SR
Ome
1547

(+)-merrilactone A

Scheme 184. Formal Synthesis of (+)-Merrilactone A (Greaney, 2012).
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Scheme 185. Total Synthesis of (+)-Palau'amine (Namba, Nishizawa, Tanino, 2015).

dust gave cyclobutene 1546. A stereoselective ketone reduction
delivered fully substituted cyclopentane 1547, which is an inter-
mediate previously prepared in the total syntheses of (+)-merri-
lactone A by Mehta and Singh.?”>

The synthesis of (+)-palau’amine accomplished by Namba,
Nishizawa and Tanino?’®?’” begins with cyclopentenone (1520,

Scheme 185). A Morita—Baylis—Hilman reaction with TBS-
protected glycolaldehyde (1548) delivers 1549. Acetylation,
Luche reduction, and TBS protection delivers a 2:1 mixture of
diastereomers (1550). This diastereomeric mixture was carried
several steps through the synthesis. This mixture was subjected
to an Ireland—Claisen rearrangement to give 1552. The geometry
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Scheme 186. Synthetic Studies Towards (+)-Rocaglamide (Bruce, 1999).
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Scheme 187. Formal Synthesis of (—)-Allosamizoline (Nemoto, 2016).
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of the trisubstituted alkene is the result of a favored chair-like
transition state with equatorial positioning of the silylox-
ymethyl group. The carboxylic acid was converted to the acyl
tosylhydrazide, and the silyl ethers were cleaved under acidic
conditions furnishing diol 1553. Cyclization of 1553 was cata-
lyzed by Hg(OTf), to give 1554 exclusively as the cis-fused bi-
cycle; however, the product remained an inconsequential
mixture of alcohol diastereomers. Alcohol oxidation simplified
the diastereomer mixture giving good yields of ketone 1555.
Saegusa—Ito oxidation provided 1556. A second Mor-
ita—Baylis—Hilman reaction with formaldehyde delivered alcohol
1557. Conjugate addition of nitromethane under basic conditions
occurred from the convex face of the bicycle to deliver 1558. The
unpurified material was subjected to hydride reduction to yield a
fully functionalized cyclopentane 1559. Interestingly, the hydride
addition occurred from the concave face of the bicycle; no
explanation was offered for this diastereoselectivity, but it may
result from a greater steric demand of the vinyl and nitro methyl
groups compared with the cyclic acyl hydrazide. This material
was advanced ten steps to intermediate 1560. The central ring
architecture of palau'amine was then constructed in a cascade
reaction initiated by treatment of 1560 with LHMDS. Deproto-
nation induces B-elimination of a trifluoromethyl amide, which
simultaneously cleaves the N—N bond and generates an imine
(1562). Intramolecular nucleophilic addition to the activated
imine delivers the trans-bicyclo[3.3.0]octane ring system. The
cascade continues with the addition of the tethered pyrrole to
the methyl ester to form diketopiperizine 1564. This intermedi-
ate was advanced over 12 steps to alcohol 1565. The activation of
the secondary alcohol as the chloride proceeded with retention
of stereochemistry and induced a cyclization with the guandine
nitrogen to form an intermediate aziridine (1566). Subsequent
backside attack of chloride resulted in 1567, which has the
required stereogenic chloride configuration and the fully func-
tionalized cyclopentane found in (+)-palau’amine. The natural
product was completed in an additional seven steps.

In the Bruce’’® synthesis of a (+)-rocaglamide analog, the
opening synthetic sequence capitalizes on the rich reactivity of the
enone functional group (Scheme 186). Specifically, conjugate
addition of phenyl cuprate to enone 1569 gives an anti-diary-
Icyclopentanone 1570 after an aqueous workup. Thermodynamic
enolate formation and alkylation with chloride 1571 delivered tri-
substituded cyclopentanone 1572 with control of diaster-
eoselectivity. Intramolecular electrophilic aromatic substitution
was followed by an acid promoted dehydration to give the fused
tricyclic intermediate 1573. Dihydroxylation of the trisubstituted
alkene in 1573 was problematic, but a 28% yield of 1574 was ob-
tained using optimized conditions. Steric crowding from the nearby
aryl groups hinders the convex face of the ring system making
formation and/or cleavage of the osmate ester low yielding.
Oxidation of the secondary alcohol, a-carboxylation with the Stiles
reagent,'®® and methyl ester hydrolysis delivers p-ketoacid 1575.
Formation of the ketoamide was performed with dimethylamine
hydrochloride, and the product existed exclusively in the keto form
with the amide substituent anti to the vicinal phenyl group. Finally,
hydride reduction of the ketone gave target compound 1576 with
modest diastereoselectivity. This final product contains a fully
functionalized cyclopentane, and it is an analog of (+)-rocaglamide
where the furanyl oxygen has been replaced with a methylene
group.

In the Nemoto synthesis of (—)-allosamizoline, cyclo-
pentenone 1520 undergoes an asymmetric aziridination using
chiral diamine catalyst 1577 (Scheme 187). The key aziridination is
believed to proceed through assembly 1578, wherein the primary
amine first forms an iminium cation intermediate and the
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secondary amine aids in delivery of the sulfonyloxy carbamate to
the Re-face of the ring yielding 1579. Selenation and ketone
reduction each occurred stereoselectively from the convex face of
1579 to deliver 1580. Treatment with aqueous acetic acid resulted
in regioselective opening of the aziridine ring to furnish 1581.
Oxidative elimination of the selenide delivered cyclopentene 1582.
Acidic removal of the Boc protecting group and treatment with
triphosgene produces cyclic carbamate 1583. This material was
advanced three steps to allyl ether 1584. A suprafacial 2,3-Wittig
rearrangement resulted in homo-allylic alcohol 1585. Stereo-
selective epoxidation is thought to arise due to hydroxyl direction
to deliver fully functionalized cyclopentane 1586. Acidic opening of
the epoxide and acetate protection of the resulting triol was fol-
lowed by oxidative removal of the PMB ether delivering 1230. In-
termediate was previously prepared and taken to allosamizoline by
Simpkins®'# and Tatsuta.”

12. Conclusion

This review has presented the syntheses of natural products
containing fully-functionalized cyclopentanes. Substituted cyclo-
pentanes are a common and central structural feature in many
important synthetic target molecules, and this molecular feature
has inspired and challenged synthetic chemists for decades. Stra-
tegies for constructing fully-functionalized cyclopentanes were
organized into ten well-defined patterns. All major reaction types
including pericyclic, ionic, and radical reactions have been used to
prepare such molecular architectures. Cascade processes are often
particularly powerful strategies used to create cyclic motifs with
control of multiple stereogenic carbon atoms. Moreover, those
cascade sequences that are biomimetic or bioinspired have been
particularly useful in creating the most highly substituted
cyclopentanes.
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Interestingly, advanced intermediate 441 contains two fully functionalized
cyclopentanes; however, the target hexacyclinic acid requires only one fully
functionalized cyclopentane. The uncolored fully functionalized cyclopentane
of 441 was constructed beginning with the cyclopentenone building block
starting material shown above, by way of intermediate 438. See Section 11 for
similar functionalizations of related enones.

Fukuyama T, Liu G. ] Am Chem Soc. 1996;118:7426—7427.

. Here we discuss Fukuyama's 1996 report of the synthesis of (+)-gelsemine. An

enantioselective synthesis of (+)-gelsemine was published by Fukuyama in
which intermediate 449 was prepared as a single enantiomer, see
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