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In this Perspective, I outline my group’s research involving the chemical syntheses of medicinally
important natural products, exploration of their bioactivity, and the development of new asymmetric
carbon—carbon bond-forming reactions. This paper also highlights our approach to molecular
design and synthesis of conceptually novel inhibitors against target proteins involved in the
pathogenesis of human diseases, including AIDS and Alzheimer’s disease.

Introduction

My long-standing interest has been to harness the power of
organic synthesis and address the problems of today’s med-
icine. I have envisioned a broad research program that
involves diverse applications of organic synthesis with an
emphasis on the exploration of chemistry and biology of
natural products as well as the development of concep-
tually novel molecular probes against target peptides and
proteins implicated in the pathogenesis of human diseases.
Our goal was a strong and vigorous synthetic program that
would complement and fuel our hypotheses and molecular
design capabilities. I have assembled a multidisciplinary colla-
boration involving organic chemistry, biology, and medicine.
This exciting interdisciplinary research endeavor has presented
excellent learning opportunities and provided solid ground for
teaching and training students in the laboratory.

Synthetic organic chemistry is, indeed, an enabling science,
particularly when dealing with critical issues of biology and
medicine. The advent of sophisticated technologies and ad-
vances in molecular biology have brought unique perspectives
to modern research in human health and medicine. For example,
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the molecular insights derived from our X-ray crystal structures
of protein—ligand complexes have greatly advanced our design
capabilities. This, in turn, led to important new challenges and
further opportunities for organic synthesis. The understanding
of human diseases at the molecular level, their pathogenesis,
and identification of biological target led to the possibility that
one could design and develop selective molecular therapeutics
for novel treatments. Selectivity may well prove to be one of the
most important factors in minimizing toxicity and side effects of
treatments.

Bioactive natural products have had a dramatic impact in
medicine and society.” They display a seemingly endless struc-
tural diversity and are often found only in miniscule quantities.
Inspiration from natural products has also brought new
perspectives to organic synthesis. The last 50 years or so have
witnessed revolutionary progress in natural product isolation,
structural elucidation, total syntheses, and biological studies.
Many times, I have been asked how I choose my molecular
targets. It seems often that it is the unique structural features of
molecules such as hapalosin or madumycin that is of first
attraction. Sometimes it is the unusual biological properties or
mode of action as with laulimalide or pelorusides. Other times,
it is the unknown that draws us in, as with those compounds
nature manufactures in only the tiniest amounts. The study of
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FIGURE 1. Bioactive natural product targets synthesized by the Ghosh group, from 1996 to 2003.

these rare natural products has motivated our development of
new and efficient chemistry for synthesis. Organic synthesis is
also at the epicenter of our medicinal research. The design of
new molecular probes as well as improvements of selectivity
and potency require the synthesis of stereochemically defined
novel structural motifs, scaffolds, and functionalities. In this
paper, we provide a brief overview of our research program
which encompasses total syntheses and biological studies of a
range of bioactive natural products, the development of new
synthetic methodologies, and our perspectives in the design
and synthesis of conceptually novel enzyme inhibitors for
possible treatment of AIDS and Alzheimer’s disease. In light
of our recent review,' the latter part will be reviewed only briefly.
Also, it is beyond the scope of this paper to include a compre-
hensive citation of all related natural product syntheses. Only
selected references have been included in the context of high-
lighting areas of particular biological or synthetic relevance.

Highlights in Natural Product Synthesis and Exploration of
Biology

Natural products display an incredible range of structural
diversity and often possess intriguing biological proper-

7968 J. Org. Chem. Vol. 75, No. 23, 2010

ties.>® In fact, many of today’s approved drugs are either
natural product-derived or have been developed on the basis
of natural product lead structures.*> One of our main
research objectives is to carry out the synthesis of rare and
scarce natural products of biological relevance and then
investigate their mode of action to obtain insight. Since our
first synthesis of hapalosin (1) in 1996, my laboratory has
carried out the synthesis of a range of medicinally important
and structurally diverse natural products shown in Figures 1
and 2.57%

Hapalosin (1) is a cyclodepsipeptide that displays intrigu-
ing multidrug-resistance reversing activity by inhibiting
P-glycoprotein.*® Our synthesis featured Evans’s asym-
metric syn-aldol reaction’” utilizing (1S,2R)-aminoindanol-
derived oxazolidinone as the chiral auxiliary.® As shown in
Figure 3, the aldol reaction with chiral imide 30 and
n-octanaldehyde provided aldol product 31 in 90% yield as
a single diastereomer. A highly diastereoselective synthesis
of the statine derivative was carried out by NaBH, reduction
of amino ketone 33 in propanol at 0 °C to provide the
corresponding amino alcohol as a mixture (5:1) of diastereo-
mers in 73% yield. This was converted to protected statine
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FIGURE 2. Bioactive targets synthesized by the Ghosh group, from 2005 to date.

derivative 34. Assembly of fragments, cycloamidation, and
removal of the protecting groups provided (—)-hapalosin.
Other syntheses™ and detailed structure—activity studies of
hapalosin were subsequently carried out.*’

Sinefungin (2) is an interesting nucleoside with structural
similarities to S-adenosylmethionine (SAM).*’ Sinefungin
exhibits a range of biological activity including antifungal,
antiviral, and antiparasitic properties. The biological mech-
anism of action is related to the inhibition of SAM-
dependent methyltransferase enzymes. Despite the intrigu-
ing bioactivity, sinefungin could not be used clinically
because of its in vivo toxicity, possibly due to its lack of
selectivity against MTases.*! Structural modifications may
lead to an improvement in selectivity. This has been an active
area of investigation by many research groups.*

Our synthesis of sinefungin (Figure 4) features a highly
diastereoselective alkylation of b-ribose and (15,2 R)-amino-
indanol-derived chiral oxazolidinone 36 to provide 37 in
78% vyield as a single diastereomer.” A Curtius rearrange-
ment installed the C-6 amino stereochemistry. The C-9
amino acid stereochemistry was established by a chiral bis-
phosphinorhodium complex-catalyzed asymmetric hydro-
genation®® of a-acylaminoacrylate derivative 38, provid-
ing 39 in 95% yield as a single isomer (98% de) by chiral
HPLC analysis. Adenylation of acetate derivative 40 using
Vorbruggen’s conditions,* TMSOTf with N® -benzoyladenine
derivative 41 provided S-nucleoside 42 in 93% yield. This
was then converted to sinefungin after removal of the
protecting groups. Additionally, the synthesis provided
access to a variety of structural variants of sinefungin. We

have also carried out a formal synthesis of sinefungin utiliz-
ing an efficient elongation of protected ribose derivative 43.
As shown in Figure 5, reaction of triflate 43 with an alkyl-
nyllithium reagent in the presence of 1,3-dimethylpropyle-
neurea (DMPU) provided alkyne derivative 44 in 86% yield.
Removal of the TBS group and LAH reduction afforded
E-allylic alcohol 45 exclusively. Sharpless asymmetric epoxi-
dation*® followed by regioselective epoxide opening*® pro-
vided azidodiol 46, which was converted to sinefungin.

Sinefungin is an inhibitor of MTase, and recently, a
sinefungin-bound X-ray crystal structure of M Tase has been
determined by collaborators Dong and Li at the Wadsworth
Center in New York.*” The structure provided important
molecular insights for designing less toxic and more selective
sinefungin-based novel inhibitors. Both syntheses of sine-
fungin are being utilized for the design and synthesis of the
next generation of inhibitors in our laboratories.

We became interested in madumycin II (3) synthesis because
of its effectiveness against methicillin-resistant S. aureus or
MRSA, a drug-resistant bacteria that is resistant to all
current antibiotics except vancomycin. However, vancomy-
cin is burdened with many serious side effects.*® A number of
derivatives of madumycin IT underwent clinical evaluation.*’
We carried out an enantioselective synthesis for the possible
preparation of structural analogues which could not be
derived from natural products.” As shown in Figure 6, the
synthesis is highlighted by the development of a 1,3-syn-diol
segment in enantiomerically pure form utilizing an enzy-
matic desymmetrization of a cyclopentane meso-diacetate as
the key step. Optically active derivative 47 could be prepared
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FIGURE 3. Synthesis of (—)-hapalosin (1).

in multigram quantities. Ozonolysis followed by NaBH, reduc-
tion and protection of alcohols provided 48, which was con-
veniently elaborated to 49. Oxazole formation was accom-
plished using Burgess reagent followed by an oxidation to
provide 50. Brown’s asymmetric crotylboration was employed
to install the C,- and Cs-stereocenters of madumycin II.

As shown, syn-homoallyl alcohol 51 was obtained in 75%
yield and high optical purity (>95% ee). It was converted to
acid 52. Coupling of 50 and 52 followed by Yamaguchi
macrolactonization of the resulting seco acid provided
macrolactone 53. Deprotection of both MOM-protecting
groups was carried out using nBuyN"Br~ and dichloro-
dimethylsilane to provide madumycin IT (Figure 7).

Our synthesis of polyoxin J (4) involved a stereoselective
m-CPBA-promoted electrophilic epoxidation of ribose-derived
allylic alcohol 54 (Figure 8), followed by the regioselective
epoxide opening with diisopropoxytitanium diazide using
Sharpless’ conditions.*® Azido diol 56 was converted to
polyoxin C. The synthesis of 5-O-carbamoyl polyoxamic acid
57 was stereoselectively prepared using Sharpless’ epoxi-
dation®® of an L-tartrate-derived allylic alcohol and a regio-
selective epoxide-opening®® as the key steps. Coupling of
polyoxin C and polyoxamic acid (57) provided polyoxin J (4).

Tetrahydrolipstatin (5) is a saturated derivative of lipstatin,
which was isolated from Streptomyces toxytricini in 1987. It
is an inhibitor of pancreatic and gastric lipases that are
responsible for the digestion of fat from food. In 2003, it
was approved by the FDA under the trade name Orlistat for
the treatment of morbid obesity.’® Furthermore, tetra-
hydrolipstatin is an inhibitor of fatty acid synthase (FAS), an
enzyme responsible for the synthesis of fatty acids in many
human carcinomas. FAS is required for tumor cell survival,
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and therefore, FAS inhibitors have been suggested for cancer
chemotherapy.®’ Thus, synthesis of tetrahydrolipstatin and
its analogues has become an important area of research. Our
first synthesis of tetrahydrolipstatin (5) was accomplished
using our ester-derived titanium enolate-based diastereo-
selective anti-aldol reaction as the key step.'!
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As shown in Figure 9, an ester—enolate aldol reaction of
58 with cinnamaldehyde provided aldol product 59 as the
major diastereomer (6:1 mixture) in 60% yield which was
subsequently converted to aldehyde 60."" A nitro aldol reaction
was employed to append the requisite carbon chain. Nitro
alcohol 61 was converted to S-hydroxy ketone 62, which was
subjected to an anri-selective reduction using Evans’ protocol™
to provide anti-1,3-diol (diastereoselectivity 22:1). It was then
converted to tetrahydrolipstatin 5.

Our recent nonaldol route to anti-aldol segments provided
more straightforward access to tetrahydrolipstatin and its
derivatives.'”® As shown in Figure 10, alkylated optically active
lactone 63 was converted to ketone 65 by DIBAL-H reduc-
tion, Horner—Emmons reaction with 64, followed by oxo-
Michael reaction to provide 65. A chelation-controlled
reduction of 65 afforded syn-alcohol 66 diastereoselectively
(17:1, 88% yield). An acyloxycarbenium ion-mediated

JOC Perspective
OH
OMe
O
m-CPBA
d><b
54
OH
OH
__O_ _OMe o_ ,OMe
N3 W
| — Tl(OlPr)4
6 b TMSN3
NBoc
0
Me
o OH O COZH |
il /&o
HN” O N
OH NH, 1
PolyoxinJ (4) 1©  ©OH

FIGURE 8. Synthesis of polyoxin J (4).

NHo OH

@Q E;%A CD- ﬁ\c)\t
l

o 0 NO, o o
BuyN*F,
Y Yy e =G G oo
CeH430OH 61 60 CoHis
O OH O >
BnO™ Ci1Hz
CeH1s 62

(-)-Tetrahydrolipstatin (5)

FIGURE 9. Synthesis of (—)-tetrahydrolipstatin (5).

ring-opening reaction with 5 mol % of Zn(OTf), and Ac,O
provided styrene derivative 67, which was converted to tetra-
hydrolipstatin 5.

Cryptophycins are a group of compounds that exhibit
potent antitumor properties. Cryptophycin B (6) and
arenastatin A (7) exhibited ICsy values of 7 and 5 pg/mL,
respectively, against KB cell lines.”® Unfortunately, the
clinical potential of cryptophycins has been limited due to
their degradation in blood caused by the high susceptibility
of the ester functionalities to hydrolysis. Therefore, the
synthesis of cryptophycin analogues with better in vivo
stability warranted significant efforts. Cryptophycins exhibit
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antiproliferative and antimitotic activity through their inter-
action with microtubules.>® One of the synthetic analogues
of the cryptophycin class is cryptophycin 52 (17), also known
as LY355703, which was hydrolytically stable, very potent
against numerous tumor cell lines, and underwent clinical
development.

Our synthesis of cryptophycin B utilized a highly diastereo-
selective ester-derived titanium enolate-based syn-aldol
reaction as the key step.'> As shown in Figure 11, aldol
reaction of ester 68 with 3-(benzyloxy)propanal afforded
syn-aldol product 69 as a single diastereomer in 98% yield.
LAH reduction of 69 gave the corresponding alcohol, which
was converted to methyl derivative 70 in a one-pot, two-step
sequence involving tosylation with PhLiand p-TsClI followed
by LAH reduction to provide 70 in 88% overall yield. This
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was converted to 71 and then to cryptophycin B (6) and
arenastatin A (7)."

We have also accomplished the synthesis of cryptophycin
52 (17, LY 355703) utilizing an asymmetric nonaldol process
for anti-aldol variants developed in our laboratory.”* As shown
in Figure 12, both stereogenic centers of the key epoxyocten-
amide fragment in 17 were introduced by a diastereoselective
alkylation of optically active 5-phenyl-y-butyrolactone 72,
prepared utilizing CBS-reduction as the key step.”> Reduction
of 72, Horner—Emmons reaction, followed by oxo-Michael
reaction provided 73 diastereoselectively. An acyloxonium ion
(74) mediated ring-opening of 73 provided 75, which was
converted to cryptophycin 52 (17).

Our subsequent synthetic targets were emetic agent
boronolide (8)," antihypertensive agent eburnamonine (9),'®
and antibacterial agent (—)-malyngolide (10).!” These were
synthesized to feature various synthetic methodologies
developed in our laboratories.

We became interested in the synthesis of doliculide (11) for
a number of reasons. Doliculide exhibits exceedingly potent
cytotoxicity against HeLa-S; cells with an ICsq value of
1 ng/mL.>® Yamada and co-workers first reported the isola-
tion, initial cytotoxic properties, and synthesis of doliculide.>’
However, its biological mechanism of action was not
known. We carried out a new convergent synthesis of
doliculide and investigated its biological mode of action in
collaboration with Ernest Hamel at the National Cancer
Institute.

As shown in Figure 13, the synthesis of the 1,3,5-syn/syn
trimethyl unit started with 4-benzyloxy-3(S)-methylbutyro-
nitrile, which was converted to allylic alcohol 76.'* Asym-
metric cyclopropanation of 76 using a chiral catalyst pro-
vided 77 in excellent yield and high diastereoselectivity (91%
de).”® Alcohol 77 was converted to iodide, which upon treat-
ment with n-BuLi/TMEDA afforded alkene 78. Iteration
of the same protocol furnished allylic alcohol 79 (Figure 14).
The 1,3-syn-diol functionality was introduced by Sharpless
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asymmetric epoxidation®’ and regioselective opening of the
epoxide as the key steps. The regioselective epoxide opening of
80 using a catalytic amount of Pd,(dba);-CHCI; provided
anti-alcohol 81, which was further converted to polyketide
unit 82 and then to doliculide (11)."®

Using synthetic doliculide, we have investigated its bio-
logical mechanism of action. It was found that doliculide
arrested cells at the G,/M phase of the cell cycle by interfer-
ing with normal actin assembly.” Furthermore, we found
that doliculide, like jasplakinolide (21), enhanced the
assembly of purified actin and inhibited the binding of
FITC?labeled phalloidin to actin polymer. Treatment of
cells with doliculide resulted in the arrest at cytokinesis
and caused major rearrangement of intracellular F-actin.’
Structural similarities of doliculide and jasplakinolide led
us to suggest that both compounds bind to the same site
on F-actin. This finding prompted us to get involved in
the synthesis of jasplakinolide (21)*® and provided us an
opportunity to design novel doliculide and jasplakinolide-
based molecular probes.
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Jasplakinolide (21) has shown good potency against nu-
merous human solid tumor types in cell culture assays. As
mentioned, its mode of action involves stabilization of actin
filaments by binding to F-actin similar to phalloidin.*® The
clinical potential of jasplakinolide was further investigated by
the National Cancer Institute. However, studies were termi-
nated because of toxicity issues.®’ Chemical and biological
investigations of jasplakinolide, and its analogues, remain an
extremely active area of research. We have devised a practical
synthesis of jasplakinolide that has enabled us to prepare a
number of structural variants.® As shown in Figure 15, the
polyketide segment of 21 was first constructed by a diastereo-
selective aldol reaction that provided 83, followed by an ortho-
ester-promoted Claisen rearrangement to form the y,0-unsatu-
rated ester 85 in a 7:1 mixture of diastereomers. It was then
converted to alcohol 86. The fS-amino acid segment 87 was
synthesized using an asymmetric enolate addition to a chiral
sulfinimine derivative developed by David and co-workers.®
Strategic assembly of the various segments led to the synthesis of
jasplakinolide (21).%® This synthesis enabled us to probe the
importance of various substituents, improve potency, and
reduce complexity. As shown in Figure 16, two less complex
jasplakinolide analogues have shown comparable potency
(ICsp) to jasplakinolide, when assayed against CA46 Burkitt
lymphoma human cell lines.*> Analogue 88 (ICs, = 20 nM)
allowed us to replace the metabolically susceptible phenolic OH
with OMe. In analogue 89, we have eliminated the C,-methyl
chiral center, and the resulting analogue maintained potency
(ICSQ =10 IlM)

Our interest in the synthesis of laulimalide (12) began in
1997, because of its intriguing structural features as well as its
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impressive cytotoxicity against KB cells (ICsy = 15 ng/mL)
and many other NCI cell lines with ICs, values ranging from
10 to 50 ng/mL.%* The biological mechanism of action of
laulimalide was not known until 1999, when Susan Mooberry
and co-workers first reported that, like paclitaxel, laulimalide
stabilizes microtubule assembly.®> Laulimalide’s natural
abundance is limited, it is unstable, and it readily converts
to the significantly less potent isolaulimalide. Laulimalide
contains nine chiral centers and appears to have similarities
to the epothilones. Therefore, it was expected that, like
epothilone, laulimalide may bind to a similar site as paclitaxel
on f-tubulin. The report of Mooberry and co-workers®’
motivated our work on this molecule, and within a year, we
were able to complete the first total synthesis of laulim-
alide.'” Most importantly, our synthesis enabled us to carry
out a number of important biological studies with synthetic
laulimalide.

Our convergent synthesis utilized Grubb’s olefin metath-
esis to construct both dihydropyran rings of laulimalide. As
shown in Figure 17, ring-closing olefin metathesis of 90
followed by a highly diastereoselective anomeric alkylation
and further standard synthetic transformations provided
iodide 91. The C;3-methylene unit and C;s-alcohol were
introduced by a novel protocol developed by us.'” As shown,
alkylation of 92 with iodide 91 provided sulfone 93. It was
converted to 94 in a three-step sequence involving (1) reduc-
tion by Red-Al, (2) formation of the corresponding dibenzo-
ate, and (3) Na—Hg reduction to provide 94 in 72% yield.

The C;7—Cyg fragment synthesis was accomplished by the
reaction of 95-derived anion and aldehyde 96 to provide the
corresponding alkyne derivative (Figure 18). The resulting
product was converted to sulfone 97 (Figure 18). Julia
olefination of 94-derived aldehyde and sulfone 97 furnished
trans-olefin 98 as the major product (3.4:1 trans/cis mixture).
It was initially converted to laulimalide (12) by a Horner—
Emmons-mediated macrolactonization as the key step.'” An
alternative synthesis of laulimalide was carried out in which
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the C,—Cj5 cis-olefin was installed selectively. As shown,
alcohol 98 was converted to lactone 99, which upon hydro-
genation over Lindlar’s catalyst provided the corresponding
cis-macrolactone as a single isomer. The cis-lactone was
converted to laulimalide (12).'%:¢

Using our synthetic laulimalide, Dr. Hamel at the NCI has
shown that laulimalide, while as active as paclitaxel in
promoting the assembly of cold-stable microtubules, was
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unable to inhibit the binding of radiolabeled paclitaxel or a
fluorescent paclitaxel derivative to tubulin. Laulimalide has
shown potent activity against cell lines resistant to paclitaxel
and epothilones A and B on the basis of mutations on M40
human-tubulin gene.®” Furthermore, laulimalide was able to
enhance tubulin assembly synergistically with paclitaxel.®®
Taken together, laulimalide appeared to be the first example
of'aligand for an unknown drug-binding site on tubulin. Our
biological evaluation of synthetic intermediates and limited
structural variants identified desoxylaulimalide (100, ICsy =
25 £+ 5 uM; laulimalide (12), ICsy = 17 & 3 uM) to be nearly
as potent as laulimalide.®” Since our discovery that laulim-
alide stabilizes microtubules by binding to tubulin at a differ-
ent site from paclitaxel, further exploration of its chemistry
and biology intensified.®* Unlike paclitaxel, laulimalide is
not a substrate for P-glycoprotein and also has shown potent
activity against paclitaxel-resistant cell lines.®” Our synthesis
and subsequent biological studies demonstrated the clinical
potential of laulimalide. Since laulimalide’s natural abun-
dance is extremely limited, the design of more potent and
less complex laulimalide-based synthetic derivatives is
warranted.

Interestingly, at about the same time, when we were
concluding our synthesis of laulimalide, Northcote and co-
workers reported the isolation and structure elucidation of
peloruside A (24), a novel 16-membered macrolide isolated
from a New Zealand marine sponge.”® It displayed potent
cytotoxicity against P388 murine leukemia cells with an ICs
value of 10 ng/mL. Since its isolation, Miller and co-workers
then reported very intriguing properties of peloruside A. It
turned out peloruside A is a microtubule-stabilizing agent
that arrests cells in the G2-M phase of the cell cycle.”!
Furthermore, peloruside A binds to a nontaxoid site on
tubulin and has shown a synergistic effect with paclitaxel.”?
Peloruside A also has a very low natural abundance, and
its structural complexity and clinical potential attracted
our attention to its synthesis and subsequent biological
studies.

Our synthesis of peloruside A includes the development of
a new diastereoselective reductive aldol reaction that as-
sembled the C;—Cpand C;;—Cyy segments.“ As shown in
Figure 19, isopropylidene-p-threitol 101 was efficiently con-
verted to homoallylic alcohol 102 using Brown’s asymmetric
allylation”® as one of the key steps. Alcohol 102 was con-
verted to a,B-unsaturated ester 103. Sharpless’ asymmetric
dihydroxylation” introduced the C; and Cg-diol stereo-
chemistry. The resulting diol was converted to enone 104.
The C;;—Cy fragment 106 was synthesized from chiral
imide 105. Asymmetric alkylation established the Cig stereo-
center, and successive asymmetric allylboration introduced
Ci53 and C,5 stereocenters in 106. A one-pot L-Selectride-
mediated reduction of 104 followed by aldol reaction with
aldehyde 106 afforded 107 as a 4:1 mixture of diastereomers
in 92% yield (Figure 20). Yamaguchi macrocyclization of the
resulting seco acid furnished macrolactone 108, which was
ultimately converted to peloruside A.*!

During the course of our synthesis of peloruside A, North-
cote and co-workers isolated a compound from M. hentscheli,
named peloruside B (25).%” It is the 3-des-O-methyl variant
of peloruside A and was isolated in submilligram quantities.
Peloruside B’s activity is comparable to that of peloruside A
as it arrests cells in the G,/M phase of mitosis. The structure
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FIGURE 20. Synthesis of peloruside A (24).

of peloruside B was confirmed with our total synthesis and
comparison of its bioactivity in a trans-Pacific collaborative
effort.*® Our synthesis of peloruside B followed a similar
strategy as peloruside A.>' As shown in Figure 21, the syn-
thesis started with diethyl p-tartrate-derived bis-MOM deri-
vative 109, which was converted to enone 110. A reductive
aldol strategy described previously’! assembled the key frag-
ments, providing 111 as the major diastereomer (6.5:1 mixture)
in 66% yield. This was then converted to peloruside B.** The
structure of natural peloruside B was confirmed by comparison
of the 1D and 2D NMR data of synthetic and natural pelo-
ruside B. Furthermore, on the basis of comparison of the
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bioactivity of synthetic and natural peloruside B, we were
able to establish the absolute configuration of peloruside B.
Following the synthesis of pelorusides A and B, we have
synthesized a number of structural variants of peloruside A
and prepared tritiated peloruside A for mechanistic studies.
As mentioned above, like laulimalide, pelorusides A and B
bind to tubulin at a different site than paclitaxel. Our
investigation, in collaboration with Dr. Ernest Hamel, on
the drug-binding site of peloruside A will be reported in due
course.””

Our syntheses of Al-77-B (13)*° and amphidinolide T1
(15)**> demonstrated the scope and utility of our ester-derived
titanium enolate-based asymmetric syn- and anti-aldol
reactions.”® Al-77-B is a medicinally significant target.”” It
has exhibited important gastroprotective properties. Be-
cause of its clinical potential, it drew considerable interests
in synthesis and biological studies.”*°

Our synthesis utilized a highly diastereoselective aldol
reaction to install four of the five stereocenters of Al-77-
B.?° The dihydroisocoumarin skeleton was constructed by a
thermal Diels—Alder reaction as shown in Figure 22. Aldo-
late 112 was obtained in 90% yield as a 19:1 mixture (anti/
syn).?° Curtius rearrangement, protection as an isopropyl-
idene derivative followed by treatment with n-BuLi/TMEDA
and methyl chloroformate provided 113. Diels—Alder
reaction of 113 with methoxycyclohexadiene proceeded
smoothly, and the resulting product was cyclized to isochro-
manone 114 in 74% yield, over two steps. The hydroxy
amino acid fragment 115 was also assembled by a syn-aldol
reaction as the key step. Coupling of 114 and 115 provided
amide 116, which was converted to Al-77-B.%°

Kobayashi and co-workers” isolated a new class of natural
products named the amphidinolides, which have shown sig-
nificant antitumor properties against a variety of NCI tumor
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cell lines. Amphidinolides are extremely scarce, and subsequent
biological studies have been limited. In many cases, structural
assignment was hampered due to a lack of natural abundance.”
We carried out the first syntheses of amphidinolide T1, amphi-
dinolide W, and more recently, iriomoteolides 28 and 29 that
were isolated from Amphidinium sp.

Our synthesis of amphidinolide T1 utilized a highly dia-
stereoselective ester-derived Ti-enolate aldol reaction. As
outlined in Figure 23, aldol product 117 was obtained as a
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single diastereomer in 90% yield. It was converted to tetra-
hydrofuran derivative 118. Cross-metathesis of 118 with
oxazolidinone derivative 119 was carried out using Grubb’s
second-generation catalyst.® The resulting product was
converted to sulfone 120. Aldolate 121 was also obtained
as a single product in 95% yield. It was transformed into
bromotetrahydrofuran 122. A highly stereoselective oxocar-
benium ion-mediated alkylation of 120 with 122 provided
123 as a single product in 73% yield (Figure 24). It was
converted to macrolactone 124. A reductive opening of
bromo ether 124 with Zn/NH,CI provided synthetic amphi-
dinolide T1.

We also carried out the first synthesis and revision of the
structure of amphidinolide W (18).% As depicted in Figure 25,
the C;—Cy segment 125 was synthesized by asymmetric alkyla-
tion and Horner—Emmons reaction as the key steps. The
C10—Cy segment 126 was prepared by asymmetric dihydrox-
ylation as the key step. Cross-metathesis™ of 125 with 126
provided 127. Macrolactonization of the 127-derived seco acid
provided a 3:1 mixture of macrolactones. These were converted
to the proposed structure of amphidinolide 128 and its epimer
129. However, neither structure matched with the reported
spectral data of the natural product. Our comparison of NMRs
of the synthetic and natural amphidinolide W revealed discre-
pancies of chemical shifts at the Cg stereocenter. On the basis of
this observation, we carried out the synthesis of the Cg epimeric
seco acid starting from the C,—C,, segment 130, which upon
macrocyclization afforded the corresponding macrolactone as a
1:1 mixture. The removal of protecting groups from the C-6
epimer provided amphidinolide W (18), which was in complete
agreement with the reported spectral data and optical rotation
of natural amphidinolide W.%

We embarked on the synthesis of (—)-lasonolide A (22) due
to its potent antitumor properties and a lack of knowledge of its
biological mechanism of action. Lasonolide A’s natural abun-
dance is low, and no structure—activity studies have been
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reported. Lasonolides are a group of natural products isolated
from a Caribbean marine sponge. Among this family, lasono-
lide A has shown the most potent cytotoxicity with ICs, values
of 8.6 and 89 nM against A-549 human lung carcinoma and
panc-1 human pancreatic carcinoma, respectively. Lasonolide
A contains nine chiral centers with two highly functionalized
tetrahydropyran rings. As shown in Figure 26, both tetrahy-
dropyran rings have been constructed stereoselectively. Intra-
molecular 1,3-dipolar cycloaddition of 131 provided bicyclic
1sooxazoline 132, which allowed for the construction of the
pyran ring as well as the quaternary stereocenter in 22. It was
converted to isopropylidene derivative 133.

An asymmetric hetero-Diels-Alder reaction of diene 134 and
silyloxyacetaldehyde using Jacobsen’s catalyst 135 afforded 136
with three chiral centers in high optical purity (94% ee). This was
converted to aldehyde 137. Julia olefination of 137 with sulfone
133 afforded E-olefin 138 (Figure 27). Macrolactone 139 was
prepared by intramolecular Horner—Emmons reaction. This
was converted to lasonolide A (22).% Using synthetic lasonolide
A, we have investigated the biological mechanism of action in
collaboration with Dr. Yves Pommier of the National Cancer
Institute. Our studies revealed that lasonolide A unusually
induces premature chromosome condensation.®' This finding
may lead to the treatment of many disorders.®!

The discovery of platensimycin (19) and platencin (20) as
inhibitors of bacterial S-ketoacyl synthase (FabF), by Merck
researchers, grasped the attention of chemists and biologists
around the world.®* Since the discovery of penicillins in the
1940s, isolation and characterization of novel antibiotic
natural products have been limited. Both platensimycin
and platencin exhibited a broad range of activity against
Gram-positive organisms, good in vivo efficacy, and no
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observed toxicity in mice.*> However, both these natural
products showed very poor pharmacokinetic properties and
could not be used as drugs.®® Therefore, structural changes
are necessary for these natural product leads, which have
become a subject of great synthetic interest.>*

Our synthesis of the platensimycin core is unique in the
sense that we planned to construct it using an intramolecular
Diels—Alder reaction.?® As shown in Figure 28, (+)-carvone
140 was converted to bicyclic ketone 141. Horner—Emmons
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olefination of 141 with chiral phosphonoacetate 142 was
utilized to obtain E-olefin 143 selectively (E/Z ratio 4.5:1).
Triethyl phosphonoacetate in comparison provided 143 as a
1.5:1 E/Z olefin mixture. Olefin 143 was converted to triene
144, the Diels—Alder precursor. Thermal Diels—Alder reac-
tion in a sealed tube with chlorobenzene as solvent in the
presence of 2,6-di-tert-butyl-4-methylphenol (BHT) as a
radical inhibitor provided 146. Only the E-isomer 145 under-
went cyclization, and the Z-isomer was recovered and re-
cycled after isomerization. Diels—Alder product 146 was
obtained in 44% overall yield from 144. This was converted
to platensimycin (19).%°

We have carried out a concise formal synthesis of platencin
using a symmetry-based approach.>” As shown in Figure 29,
synthesis of enone 148 was achieved from commercially avail-
able cyclohexenone 147. Michael reaction of 148 with catalytic
t-BuOK in THF at reflux afforded symmetric diketone 149.
Selective monoreduction of diketone by LiAl(O-7-Bu);H pro-
vided the corresponding alcohol (7:1 mixture, 83% yield). This
was converted to iodide 150. Radical cyclization of 150 with
n-BusSnH in the presence of AIBN resulted in platencin core
151, which was converted to enone 152. This was previously
converted to platencin.®*> Our synthesis provided a quick and
efficient access to the platencin core structure.?’

Iriomoteolide 1a (28) attracted our attention because of'its
structural resemblance to laulimalide (12) and peloruside A
(24). Iriomoteolide la (28) has shown exceedingly potent
cytotoxicity against human B lymphocyte DG-75 cells with
ICso values of 2 ng/mL.%® The biological mechanism of
action of iriomoteolide 1a is presently unknown. Iriomoteo-
lide la has been isolated in minute quantities, and the
structures of iriomoteolides 1a and 1b were elucidated by
spectroscopic studies. Our preliminary work leading to the
synthesis of the proposed structures of both iriomoteolide 1a
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(28) and iriomoteolide 1b (29) suggested that both structures
were assigned incorrectly.”

Our convergent synthesis of the proposed structures of irio-
moteolides is shown in Figures 30 and 31. A Sakurai reaction of
allyl silane 153 with aldehyde 154 provided 155 after oxidation
of the sulfide to sulfone. This was converted to aldehyde 156
utilizing a Julia—Kocienski olefination as the key step. Optically
active alcohol 157 was prepared using Brown’s asym-
metric crotylboration.®” This was converted to sulfone 158.
The key Julia olefination of 156 with 158 provided 159 in 70%
yield. Yamaguchi macrolactonization of 159-derived seco acid
furnished macrolactone 160. It was further transformed into the
proposed structures of iriomoteolide 1a (28) and iriomoteolide
1b (29).%° Our detailed spectroscopic studies of the structures of
28 and 29 provided a number of discrepancies at some specific
carbon centers of the reported NMR spectra. This information
is currently being used for the structural assignment of these
natural products. Our current investigation is focused on both
structural and biological studies of iriomoteolides.

Development of Asymmetric Methodologies

In the context of our syntheses of natural and unnatural
bioactive molecules, we have developed a variety of asymmetric
methodologies. These include asymmetric anti- and syn-aldol
reactions, asymmetric multicomponent reactions, and asym-
metric reductive aldol reactions. Asymmetric aldol reactions
have been a significant development in organic synthesis.*® A
number of practical and reliable technologies have evolved over
the years, particularly for the asymmetric generation of syn-
aldol products. These asymmetric processes have been exten-
sively used in the synthesis of complex bioactive molecules with
multiple stereocenters. This subject has been an active area
of investigation for nearly three decades.®® While asymmetric
syn-aldols, most notably Evans’ chiral oxazolidinone-based
aldol additions,® are widely used, the corresponding anti-aldol
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reactions are used less frequently due to a lack of practical
asymmetric anti-aldol reactions.®

Development of Asymmetric anti-Aldol Reactions

We have developed highly diastereoselective ester-derived
titanium enolate-based anti-aldol reactions using conforma-
tionally constrained cyclic amino alcohol-derived chiral
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FIGURE 32. Ti-enolate-based asymmetric anti-aldol reaction.

sulfonamide 161.% Optically active (15,2R) and (1R,25)-1-
amino-2-indanols are readily available commercially as well
as through practical synthesis, enabling the synthesis of both
enantiomers of the anti-aldol product. The propionate deri-
vative 161 was readily prepared by tosylation of 1-amino-2-
indanol followed by O-acylation with propionyl chloride
(Figure 32). The titanium enolate of 161 was readily formed
by treatment with TiCly and diisopropylethylamine at 0 °Cin
CH,Cl, for 1 h.* The alkyl ester alone cannot be enolized
effectively with TiCl, and a base.”’ However, smooth
enolization of 161 was possible presumably due to internal
chelation with the sulfonamide group as shown in 163. This
type of enolate formation was first shown by Xiang et al.”?

The "H NMR analysis revealed the presence of a single
enolate. The Z-enolate 163 is preferred over 162 due to the
minimization of the 1,3-allylic strain between the methyl
group and the indanol auxiliary. Also, "H NMR spectra
showed the disappearance of the sulfonamide hydrogen,
which supported the formation of the cyclic enolate shown.
Treatment of the resulting enolate directly with isovaleral-
dehyde provided no aldol addition product. However, reac-
tion of the enolate with isovaleraldehyde precomplexed with
TiCly, provided the anti-aldol product 165 (R = i-Bu) as a
single isomer (by HPLC and NMR analysis). Reactions with
a variety of monodentate aldehydes also provided the anti-
aldols with excellent diastereoselectivity and isolated yields.
It should be noted that among four possible diastereomers,
only one anti-aldol (165) and one syn-aldol (166) product
were observed in this reaction.

The stereochemical outcome of the anti-addition could be
rationalized by using the Zimmerman—Traxler-type transition-
state model 164.”> The model is based upon the assump-

7980 J. Org. Chem. Vol. 75, No. 23, 2010

Ghosh

oN /TOI

L

0" NH

B — G

167 168
TiCly,iProNEt
then RCHO
TiCls, MeCN
o} /TOI o} /TOI
" W " N

(@] QH (o] OH
O. o)HAR O’ OJYkR
SR

169 (anti-aldol, major) 170 (syn-aldol, minor)

R anti/syn (yield)

iBu 97:3 (95%)
iPr 96:4 (95%)
Ph 93:7 (93%)

Cy-hex 99:1 (84%)
PhCH=CH 85:15 (63%)

FIGURE 33. cis-2-Amino-1-acenaphthenol-based anti-aldol reac-
tions.

tions that the titanium enolate geometry is Z, the titanium
enolate is a seven-membered metallocycle with a pseudo-
chairlike conformation and a second Ti is chelated to the
indanyloxy group as well as to the aldehyde carbonyl in a six-
membered chairlike transition state. The model explains our
observed diastereoselectivity.® Our subsequent structure—
selectivity studies revealed that ring, substitution, and stereo-
chemistry are all critical to the observed high anti-aldol
diastereoselectivity.®™ The reaction of the corresponding
N-mesylamine indanol with isovaleraldehyde provided a
70:30 mixture of anti/syn diastereomers. This result sug-
gested that a possible z-stacking interaction between the
two aromatic rings may have provided the stabilization of
the enolate conformation shown in 164.

Based upon the results, we then speculated that the
planarity of the acenaphthene ring may further enhance
secondary-orbital interactions with the arylsulfonamide
functionality. We have developed effective syntheses of
both enantiomers of cis-2-amino-1-acenaphthenol in high
enantiomeric excess (>98% ece) employing lipase-catalyzed
enzymatic resolution as a key step.”* The aldol reaction of
propionate ester 168 (Figure 33) with isovaleraldehyde how-
ever, provided a significant reduction in anti-diastereoselec-
tivity. The use of various chelating additives led to an
improvement in diastereoselectivity for 169. It turned out
that 2.2 equiv of acetonitrile provided a significant improve-
ment of anti-diastereoselectivity as well as yield with a variety
monodentate aldehydes.”

We investigated the effects of a variety of other additives.
Both acetonitrile and N-methylpyrrolidinone (NMP) showed
the best results with respect to anti-diastereoselectivity and
isolated yields. These conditions were employed in the asym-
metric aldol reaction of chloroacetate with a range of mono-
dentate aldehydes. Both NMP and acetonitrile as additives
provided the best results, affording consistently excellent
anti-diastereoselectivity and yields. The chloroacetate aldol
reaction provided access to acetate aldol products in high ee.”
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Development of Asymmetric syn-Aldol Reactions

Based upon the proposed transition-state assembly for the
anti-aldol reaction,®® we postulated that a bidentate alkoxy-
aldehyde would adopt a transition state like 171 (Figure 34) so
that the ether oxygen could effectively donate its lone pair to the
vacant d-orbital of titanium and the alkoxy aldehyde side chain
will be oriented pseudoaxially, giving rise to syn-aldol product
172 selectively.”® Indeed, reaction of benzyloxyacetaldehyde
and benzyloxypropionaldehyde proceeded with excellent dia-
stereoselectivity. The aldol reaction with benzyloxybutyral-
dehyde provided slightly reduced syn-diastereoselectivity (dr
94:6). Aldol reactions of chloroacetate with the bidentate
aldehydes provided aldol products with high syn-diastereo-
selectivity and yields.”

Based upon our proposed highly chelated transition state,
we further speculated that the a-chiral center on the indane
ring may not be required for syn-diastereoselectivity with
bidentate aldehydes. We therefore investigated amino acid-
derived chiral sulfonamides. As shown in Figure 35, phenyl-
alaninol-derived auxiliary 173 provided aldol product 175
with excellent syn-diastereoselectivity (dr 98:2) with alkoxy-
aldehyde. We have also investigated double diastereodiffer-
entiation using chiral bidentate aldehydes. In a matched
case, (R)-2-benzyloxypropionaldehyde furnished the syn-
diastereomer. However, the (S)-aldehyde provided an anti-
aldol diastereomer.’’ The (S)-benzyloxypropionaldehyde
was recovered in 40% yield with 94% ee.”’
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As mentioned previously, activation of monodentate alde-
hydes with TiCly and other Lewis acids were necessary to
observe anti-diastereoselectivity.®® We have subsequently
investigated the effect of increasing quantities of TiCly on
the syn/anti product ratio and reaction yields.?*®>"” Interest-
ingly, when cinnamaldehyde was complexed with 3 equiv of
TiCly, there was a dramatic reversal of diastereoselectivity.
Reaction of 161 with 2 equiv of cinnamaldehyde, precom-
plexed with 5 equiv of TiCly, provided excellent yield (85%)
and excellent syn-diastereoselectivity (dr 94:6). As shown in
Figure 36, the generality of this reaction was examined with a
variety of aldehydes. We rationalized the stereochemical
outcome by using open-chain transition state model 176,
which is favored with excess equivalents of TiCly and pro-
vides syn-aldol product diastereoselectivity.

These mechanism-based ester-derived Ti-enolate aldol
additions, developed in our laboratory, were extensively
utilized in the synthesis of numerous bioactive natural
products as well as in the synthesis of the bis-THF ligand for
darunavir®® and peptidomimetic derivatives” for medicinal
chemistry. One of the interesting features of the current
asymmetric aldol reaction is that either syn- or anti-aldol
product can be generated from the same chiral auxiliary with
the appropriate choice of aldehyde and the stoichiometry
of TiCl, used. Furthermore, the ready availability of both
enantiomers of the cis-aminoindanol®® provides an access to
all possible syn and anti-aldols in optically active form.

Asymmetric Diels—Alder and Hetero-Diels—Alder reactions

We have demonstrated the usefulness of the cis-aminoinda-
nol as a chiral auxiliary in a variety of transformations includ-
ing Diels—Alder reactions, aldol reactions, and asymmetric
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FIGURE 37. Chiral bis-oxazoline-metal-catalyzed Diels—Alder
reactions.

reductions.” Subsequently, we have investigated cis-amino-
indanol-derived bis(oxazoline)-metal-catalyzed asymmetric
reactions.'” The C,-symmetric chiral bis(oxazoline) ligands
have now been developed as privileged ligands for a variety of
asymmetric transformations.'®! Early investigation in this area
involved bis(oxazoline)-Cu(Il)-catalyzed asymmetric cyclo-
propanation by Masamune et al.,'”? asymmetric Diels—Alder
reactions with Phe-Box-Fe(IIT) and Phe-Box-Mg(II) by
Corey,'® and ¢-Box-Cu(Il)-catalyzed reactions by Evans.'®
In an effort to improve Phe-Box-Cu(II)-catalyzed Diels—Alder
reactions, we speculated that the cis-aminoindanol-derived bis-
(oxazoline) may well serve as a conformationally constrained
alternative to the Phe-Box ligand. In this context, we first
prepared aminoindanol-derived bis(oxazoline) ligands 180 and
ent-180 by condensation of the imidate salt 177 with optically
active aminoindanol 178 as shown in Figure 37.'% We have
prepared a variety of metal—bis(oxazoline) complexes as cat-
alysts for asymmetric Diels— Alder and hetero-Diels— Alder reac-
tions. As shown, Cu(Il)-catalyzed reactions with acryloyl-N-
oxazolidinone proceeded with excellent endo/exo selectivity as
well as endo-enantioselectivity (up to 99% ee), in contrast to
Phe-Box-Cu(II)-catalyzed reactions (30% ee).'®> On the basis
of this result, a variety of N-acyloxazolidinones were surveyed,
and INDA-Box-Cu(Il) showed consistently good to excellent
enantioselectivity with 10 mol % ligand—metal complexes.'*’
Furthermore, we have investigated cationic aqua complexes
derived from INDA-Box and Cu(ClOy,), - 6H>O and Ni(ClOy), -
6H,0, which provided excellent yield and enantioselectivity (up
to 98% ee).'” Interestingly, we have observed a reversal of
enantioselectivity with Mg(II)-catalyzed reactions (55—65%
ee).!9>1% These results were rationalized using a square planar
model of the Cu(II)—ligand complex 183 and a S-cis conforma-
tion of the dienophile as shown in Figure 38. As can be seen, an
endo-Si-face attack is favored. For the Mg(II)-catalyzed reac-
tion, we assumed a tetrahedral Mg(Il) geometry (184) as
proposed by Corey and Ishihara.'”® An endo-Re face attack of
cyclopentadiene explains the reversal of selectivity caused by
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Mg(II)-catalyzed reactions. Since 1996, bis(oxazoline) ligand
180 and its derivatives have been extensively used for a variety
of other catalytic asymmetric syntheses.'®!

We have also developed cationic Pt(II)— and Pd(I)—
BINAP complexes (186) for asymmetric Diels—Alder reactions
with bidentate acyloxazolidinones and cyclopentadiene.!”” As
shown in Figure 39, cationic complexes prepared by treatment
of 187 with triflic acid and water provided a dramatic rate
acceleration, and resulted in cycloadduct 182 (R = H) in 98%
ee and 80% yield within 1 h. Pd(Il)— and Pt(II)—BINAP-
catalyzed reactions were rationalized by a postulated transition-
state assembly as shown in 188. The endo-Re-face attack is
favored over the Si-face attack because of developing non-
bonding interactions in the transition-state.'"’

We have investigated asymmetric hetero-Diels—Alder
reactions using bis(oxazoline)—metal complexes with
Danishefsky’s diene and bidentate aldehydes such as glyoxylate
ester, 1,3-dithiane-2-carboxaldehyde, and benzyloxyacetal-
dehyde. The reaction proceeded in a stepwise manner via a
Mukaiyama aldol reaction followed by ring closing with
trifluoroacetic acid (TFA) to provide dihydropyranone 190.
We have isolated and characterized both the Mukaiyama
aldol product and dihydropyranone 190 prior to complete
cyclization to 190 with TFA. Reactions of benzyloxyacetal-
dehyde provided dihydropyranone 191 in 76% yield and
85% ee (Figure 40). This was converted to the C3—Cyy
segment 192 of laulimalide.'*®

Our investigation on o-keto esters with Danishefsky’s
diene provided dihydropyranone derivatives 190 in good to
excellent yield and high enantioselectivity (up to 99% ee).!”
This methodology constructed a quaternary carbon center in
the synthesis of marine natural product (—)-malyngolide.'’

Asymmetric Multicomponent Reaction

We developed very efficient multicomponent reactions
that provided multiple carbon—carbon bond formation
leading to highly functionalized heterocycles in one-pot
operation.'” As shown in Figure 41, reactions of enol ethers
193 with bidentate aldehydes and ketones such as alkyl glyox-
ylate or pyruvates in the presence of TiCl, presumably provided
oxocarbenium ion intermediate 194 from 193a. This was
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trapped with a variety of nucleophiles to provide func-
tional-
ized tetrahydrofuran and tetrahydropyran derivatives, like 195,
in good to excellent yields.'” The overall process results in the
formation of two carbon—carbon bonds and generates three
chiral centers as shown in 195. Interestingly, the reactions with
pyruvates proceeded with excellent diastereoselec-
tivity.''° Reaction with methoxycyclohexene presumably
proceeded through an oxocarbenium ion 196 and resulted
in a single multicomponent product 197 with three new
contiguous centers. We further investigated the potential to
form carbon—carbon double bonds via the formation of an
alternative oxocarbenium ion 198 upon warming the reac-
tion to room temperature. Indeed, the reaction provided an
access to a variety of a,f-unsaturated esters 199 in a single
operation.''! This reaction was utilized in a four step synthe-
sis of (+)-eburnamonine (9)'® as shown in Figure 42.
Asymmetric multicomponent reactions with optically ac-
tive substituted dihydrofurans (200, 201) and N-tosylimino
ester or pyruvates also proceeded with good to excellent
yields and excellent diastereoselectivity. Compound 202 was
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FIGURE 42. Synthesis of eburnamonine (9) using multicomponent
reaction.

obtained as a single isomer (Figure 43)."'? Removal of the N-
tosyl group and ester hydrolysis provided access to a variety
of cyclic unnatural amino acids with multiple stereo-
centers.''? We then investigated the possibility of an asym-
metric multicomponent route to synthesize pyrrolidines and
prolines. Multicomponent reactions with an imino ester in
the presence excess of Lewis acid provided highly functional-
ized pyrrolidine derivative 204 in high diastereoselectivity
(dr 99:1)."'* The pyrrolidine product presumably formed
through the oxonium ion 203 due to the presence of excess
Lewis acid. The Sn2 nucleophilic attack of the sulfonamide
nucleophile (NTs™) to the carbon center of a Lewis acid-
activated oxonium ion leads to pyrrolidine 204. A variety of
substituted pyrrolidines have been prepared in a one-pot opera-
tion."'® An asymmetric multicomponent reaction of optically
active dihydrofuran 201 with ethyl pyruvate provided our
presumed oxocarbenium ion, which was reacted with purine
and pyrimidine bases to provide modified nucleosides in high
diastereoselectivity and good yields.'"* Reaction with glyoxy-
late afforded a 1:1 mixture of diastereomers. The corresponding
reaction with pyruvate provided 205 with excellent diastereos-
electivity (dr 99:1).''"* Various asymmetric multicomponent
reactions thus provided functionalized tetrahydrofurans with
multiple stereogenic centers in a highly diastereoselective manner.
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To further broaden the scope and utility of the multicomponent
reaction, we have investigated Lewis acid catalyzed cleavage of
the tetrahydrofuran ring through an acyloxy carbenium ion
intermediate to provide acyclic derivatives 206 with three
contiguous stereogenic centers. Ring-closing olefin metathesis
of such an intermediate provided access to cyclopentene deri-
vatives or other designed molecules.''

Asymmetric Reductive Aldol Reaction

Recently, we have developed a highly diastereoselective
asymmetric reductive aldol reaction.''® As shown in Figure 44,
aldol reaction of the enolate generated by addition of L-Selec-
tride to enone 207 and isopropylidene-p-glyceraldehyde in
ether at —78 °C provided single diastercomer, 209, in 70%
yield. Reaction with chiral isopropylidenebutyraldehyde, how-
ever, provided a 1:1 mixture of diastereomers. The correspond-
ing reaction with isovaleraldehyde provided a 1:1 mixture of
diastereomers, suggesting that the a-chirality of the iso-
propylidene-p-glyceraldehyde is responsible for the diaster-
eoselectivity as proposed in the stereochemical model 208.''°
Indeed, reaction with an achiral enone 211 and isopropylidene-
p-glyceraldehyde provided single isomer 212. This asymmetric
reductive aldol reaction was utilized in the synthesis of peloru-
sides A and B.3'*?

Nature-Inspired Molecular Design for Today’s Medicine

Our natural product syntheses have inspired our develop-
ment of new synthetic methodologies. Such research endeav-
ors, in general, have undeniably had a profound impact in
medicine and society.''” The seemingly endless beauty,
structural features, and associated bioactivity of natural
products brought a unique perspective to our design and
studies of diverse molecular probes relevant to today’s
medicine. As I have already pointed out, the majority of
our synthesized targets in Figures 1 and 2 do not contain any
peptide-like features; however, these molecules bind to their
respective biosynthetic enzymes or target proteins or recep-
tors with high affinity. In essence, they often compete against
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the natural peptide substrates to exhibit an inhibitory effect.
Therefore, certain structural features, scaffolds, and tem-
plates must be involved in mimicking peptide bonds and side-
chain conformations. One of our molecular design objectives
is to harness nature’s insight and design novel nonpeptidic
molecular probes with natural-product-derived templates. A
particularly intriguing possibility has been the use of con-
formationally constrained cyclic ethers or sulfones as surro-
gates of peptide carbonyl bonds. The premise here is that
suitably positioned ether oxygens or sulfone oxygens can
form hydrogen bonds in the enzyme’s active site similar to a
peptide carbonyl oxygen, while the cyclic structure would fill
in the hydrophobic pocket effectively. Such a molecular
design strategy may lead to molecules with enhanced phar-
macological properties and metabolic stability compared
to peptide-like compounds. These structural templates are
inherent to numerous bioactive natural products such as
monensin A (216),'"® ginkgolides,''” and azadirachtin.'*® Need-
less to say, nature has been optimizing such templates for
millions of years in various biological micro-environments.
Of course, we are cognizant that such a seemingly academic
approach to medicinal chemistry may not be attractive in
industry due to complexity of design, low probability of
success, and challenges associated with the synthesis of such
molecules. However, my students and postdoctoral col-
leagues are often quite motivated in this line of research,
dealing with stereochemical complexity, challenges in syn-
thesis, and potential applications in human medicine. Our
broad synthetic expertise has effectively served as a good
complement to our molecular design capabilities.

Our initial focus has been in the area of structure-based
design of HIV-1 protease inhibitors for the treatment of HIV
infection/AIDS."*' Our molecular design strategy for HIV
protease inhibitors has been based upon X-ray structures of
inhibitor-bound HIV-1 protease complexes. Of particular note,
our critical analysis of the saquinavir 213-bound protease
X-ray structure led us to design a potent cyclic sulfone-derived
lead 214 (Figure 45).'2>123

Subsequently, we designed stereochemically defined spiro
ethers and spiro ketal-containing potent inhibitors. As
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shown in Figure 46, inhibitor 215 incorporated structural
features of monensin A (216).%'%*

We have also designed a bicyclic fused tetrahydrofuran
(bis-THF) as a high-affinity ligand for the HIV-1 protease
substrate binding site. Inhibitor 217 (UIC-94017 or TMC114)
shown in Figure 47 has been exceedingly potent in enzyme
inhibitory and antiviral assays.'*>!® This class of inhibitors
was designed to maximize interactions in the protease active
site especially to form a network of hydrogen bonds with the
protease backbone from the S2- to S2'-subsites. This basic
“backbone binding” design concept'?’ evolved from our
observation of reported X-ray structures that the active-site
protease backbone conformation is minimally distorted
across a wide variety of mutant proteases as compared to
that of the wild-type HIV-1 protease. Therefore, we hypothe-
sized that the inhibitors that form many hydrogen bonds
with the protein backbone would retain their potency against
mutant strains. Indeed, inhibitor 217 exhibited remarkable
potency against multidrug-resistant HIV-1 variants.'?%!?
Ultimately, clinical development of 217 culminated in
darunavir, which was approved by the FDA in 2006, as the
first treatment for patients harboring multidrug-resistant
HIV strains.'**!3! Since 2008, darunavir has been approved
for all patients with HIV-infection and AIDS including
pediatric patients.'* The bis-THF ligand design was inspired
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FIGURE 48. Darunavir forms an important hydrogen bonding
network with the protein backbone, shown with black dotted lines.

by the structure and biology of ginkgolide natural products
(Figure 47). The X-ray structure of 217-bound HIV-1 protease
was determined in collaboration with Dr. Irene Weber at
Georgia State University.'* The structure revealed (Figure 48)
extensive hydrogen bonding of bis-THF ligand with the back-
bone atoms of the HIV-1 protease. In addition, the inhibitor
makes robust interactions throughout the S2—S2’ subsites of
the protease. These extensive “backbone binding” interactions
may be responsible for darunavir’s potency against multidrug-
resistant HIV-variants.'*

Our structure-based design strategy led to a number of
other exceedingly potent inhibitors (219—221)"3*713¢ with
diverse stereochemically defined ligands shown in Figure 49.
Our work has demonstrated that the design concept target-
ing the protein backbone may serve as an important guide to
combat drug resistance.

P-Secretase (Memapsin 2) Inhibitors for Alzheimer’s Disease

Another area of focus has been our design of -secretase
(memapsin 2) inhibitors for the possible treatment of Alz-
heimer’s disease (AD). Since late 1998, my laboratories have
been involved in the design and synthesis of novel S-secretase
inhibitors. 3-Secretase is one of the two aspartyl proteases
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that cleave the -amyloid precursor protein (APP) to form a
40—42 amino acid amyloid-g-peptide (Af) in the human
brain, a key event in the pathogenesis of AD."*” In collabora-
tion with Dr. Jordan Tang at the Oklahoma Medical Research
Foundation, we have designed one of the first potent inhibitors
of B-secretase based upon specificity preferences.'*® Our de-
sign strategy was to first synthesize a Leu-Ala dipeptide isostere
with the N-terminus being Fmoc protected and the hydroxyl
group as a TBS-ether (222, Figure 50)."*® This was used in solid-
state peptide synthesis. Pseudopeptide 223 (OM 99-2) was
identified by us as a very potent inhibitor of S-secretase.'®
The X-ray structure of 223-bound f-secretase was then deter-
mined at 1.9 A resolution by Jordan Tang and Lin Hong at the
Oklahoma Medical Research Foundation.'** This structure

7986 J. Org. Chem. Vol. 75, No. 23, 2010

Ghosh

o N\)I\ /q( OH Me ﬁ\

224 (K 0.8 nM)

fi Meﬁ

/\ 225 (K; = 14.2 nM)

FIGURE 51. Structures of -secretase inhibitors 224 and 225.

226 K;=0.12nM
Selectivity:
3800-fold over M,
2500-fold over Cp

227 (R = CF3;, GRL-8435)
K, = 0.61 nM
IC5o=2.10M

228 (R = OMe, GRL-8234)
K,= 1.8 1M
IC50 =1nM

FIGURE 52. Structures of -secretase inhibitors 226—228.

provided critical molecular insights into the [-secretase active
site. Based upon this structure, we subsequently reduced the
molecular size and designed a number of potent and selec-
tive [-secretase inhibitors. As shown, peptidic inhibitor 224
(Figure 51) has shown a K; of 0.8 nM. We have also designed a
series of macrocyclic amide—urethanes with varying ring sizes;
a representative molecule is 225. Unfortunately, none of
these inhibitors have shown any selectivity against other
human aspartic acid proteases, especially against memapsin 1
(BACE) or cathepsin D (CD).'*

These proteases have specificity similarities with S-secretase
and are involved in important physiological functions. Inhibi-
tion of these proteases would most likely lead to toxicity or
consumption of inhibitor, necessitating large dose require-
ments. Our structure-based design efforts led to the synthesis
of 226 (Figure 52), which is very potent against -secretase and
highly selective against S-secretase 2 (>3800-fold) and cathep-
sin D (>2500-fold).'*! An X-ray structure of the S-secretase—
226 complex revealed a number of critical molecular interac-
tions responsible for the observed selectivity.'** Subsequently,
we designed and developed exceedingly potent small molecule
inhibitors represented by 227 and 228. Inhibitor 228 inhibited
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FIGURE 53. X-ray structure of 228-bound f3-secretase.

Ap production in animal models.'** An X-ray structure of 228-
bound f-secretase (Figure 53) has shown ligand-binding site
interactions in the f-secretase active site. A number of other
lead structures identified in my laboratories have been further
optimized for clinical development.'**

Conclusion

In the beginning of fall 1994, I wanted to develop a strong
research program that would harness the power of organic
synthesis and address the problems of today’s medicine. It all
started with natural products. The structural complexity,
specific stereochemistry, and unique beauty of natural pro-
ducts have always intrigued me. But more than just the
synthesis of natural products, I have been interested
in exploring their biology and medicinal potential. This
crossover interest led to some significant developments in
my laboratories. Our synthesis of doliculide led us to define
the biological mode of action of this exceedingly potent
cytotoxic agent. In collaboration with Dr. Ernest Hamel at
the National Cancer Institute, we determined that doliculide
is an enhancer of actin assembly. This doliculide work led us
to get involved with jasplakinolide synthesis and eventually
persuaded us to pursue structural modification of jasplaki-
nolide and design less complex structural variants. The
synthesis of lasonolide enabled us to explore its bio-
logical mechanism of action with Dr. Yves Pommier at
NCI. As it turned out, lasonolide exerts its biological action
via an unprecedented mechanism that promotes chromo-
some condensation. This work opened up many new possi-
bilities of therapeutic applications. The exploration of the
chemistry and biology of laulimalide, and peloruside A and
B has been very intriguing on numerous counts. The synthe-
sis of laulimalide led us to explore its biological potential.
Our biological studies revealed that laulimalide is a micro-
tubule stabilizing agent like paclitaxel. However, unlike
many other natural products such as the epothilones,
eleutherobin, or discodermolide, laulimalide does not bind
to the taxoid site. It has a distinct drug-binding site that was
hitherto unknown. We have further shown in collaboration
with Drs. Ernest Hamel and Evi Giannakakou that laulim-
alide is potent against paclitaxel and epothilone-resistant cell
lines. In addition, we have shown that laulimalide is a rare
microtubule stabilizing agent, which has shown synergistic
effects with paclitaxel. Our pelorusides A and B syntheses
also led us to explore their biological and medicinal poten-
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tial. Incidentally, peloruside A and B bind to the same drug-
binding site as laulimalide. This opened up an intriguing
possibility of designing laulimalide and peloruside A based
novel microtubule-stabilizing agents.

In conjunction with natural product syntheses, we have
developed a number of new synthetic methodologies with the
use of optically active cis-1-aminoindan-2-ol. These include
asymmetric syn- and anti-aldol reactions and Diels—Alder
and hetero-Diels—Alder reactions. Our ester-derived Ti-
enolate-based anti- and syn-aldol processes are quite practical,
and the potential of these reactions has been demonstrated
through the synthesis of numerous bioactive molecules. Our
catalytic asymmetric reactions with aminoindanol-derived
chiral bis-oxazoline ligands resulted in the development of
effective Cu- and Mg-catalyzed Diels—Alder and hetero-
Diels—Alder reactions. This initial work laid the foundation
for the development of many other asymmetric processes.
The design and development of multicomponent reactions
resulted in the generation of multiple stereocenters by carbon—
carbon bond formation in a single operation. Our subse-
quent acyloxy carbenium ion-based ring-opening reactions
provided acyclic intermediates with multiple stereocenters
and further expanded the synthetic potential of these multi-
component reactions.

The chemistry and biology of natural products brought a
unique perspective and motivation toward the synthesis of
natural product-derived templates, scaffolds, and ligands for
aspartic acid proteases involved in the pathogenesis of many
human diseases. It started out as a seemingly academic
endeavor where we planned to mimic peptide and peptide-
like bonds with stereochemically defined cyclic ethers
inspired from natural products like the ginkgolides and
monensin A. This turned out to be a very gratifying investiga-
tion. This endeavor led us to develop a series of exceptionally
potent HIV-1 protease inhibitors incorporating conceptually
new and unprecedented cyclic ether-based nonpeptidic
ligands for the protease substrate binding site. Our analysis
of the X-ray structures of mutant proteases and our molecular
design strategy led us to develop and investigate the “back-
bone binding” concept to combat drug-resistance. The
design and development of darunavir as a first treatment of
drug-resistant HIV is a truly humbling and gratifying experi-
ence. It is satisfying to know that darunavir may be helping
many HIV/AIDS patients with few or no other possible
treatment options.

Another significant development in my laboratories is our
work in the design of -secretase inhibitors for the treatment
of Alzheimer’s disease. We designed the first substrate-based
potent inhibitor for fS-secretase. Our collaborative effort
with Dr. Jordan Tang also led to determination of the first
X-ray structure of an inhibitor-bound f-secretase. This
structure provided important drug-design templates for the
structure-based design of f-secretase inhibitors. We then
utilized our broad synthetic and molecular design experience
to develop novel small molecule inhibitors exhibiting selec-
tivity over other human aspartyl proteases. A number of
inhibitors that evolved from my laboratories were further
investigated for clinical development. Our broad synthetic
experience complements our expanded design capabilities.
This line of research also became a very motivating factor to
graduate students and postdoctoral colleagues in my labora-
tories. We will continue to draw inspiration from nature
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and invoke the power of organic synthesis to address new
challenges.
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