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Abstract

The Ecteinascidin family comprises a number of biologically active compounds, containing two to
three tetrahydroisoquinoline subunits. Although isolated from marine tunicates, these compounds
share a common pentacyclic core with several antimicrobial compounds found in terrestrial
bacteria. Among the tetrahydroisoquinoline natural products, Ecteinascidin 743 (Et-743) stands
out as the most potent antitumor antibiotics that it is recently approved for treatment of a number
of soft tissue sarcomas. In this article, we will review the backgrounds, the mechanism of action,
the biosynthesis, and the synthetic studies of Et-743. Also, the development of Et-743 as an
antitumor drug is discussed.

1. Isolation, Structure and Biological Activity of Et-743

Ecteinascidin 743 (Et-743, 1) is a marine natural product possessing remarkable biological
activity against several tumor cell lines.! It was first isolated in 1990 from a Caribbean
tunicate extract Ecteinascidia turbinata,? and was later identified to be produced by the
bacterial symbiont Candidatus Endoecteinascidia frumentensis.3-> In 1992, Sakai et al.
confirmed the structure of Et-743 via the X-ray crystal structure of the derived N12-oxide.
Et-743 contains three tetrahydroisoquinoline (THIQ) units A, B, and C (Figure 1). The
connection between the fully functionalized THIQ units A and B forms a rigid pentacyclic
core. Unit C is connected to the pentacycle through a 10-membered macrolactone. Unit A
and B are believed to promote the alkylation of DNA through hydrogen bonding with the
target DNA. Unit C interacts with DNA-binding proteins, resulting in Et-743’s antitumor
activity.” 8

Among the Et family members, Et-743 and Et-729 show the most potent antitumor activity
on several carcinoma cell types (Table 1).° The major emphasis has been on Et-743 because
it was the most abundant compound from the tunicate extract.?

Et-743 has an effect on cell proliferation against a wide range of cancer subtypes at low
concentration.10: 11 |zbicka et al. illustrated that a continuous exposure of the tumor to
Et-743 resulted in a significant improvement of the antitumor activity in vitro (Table 2).10
Their results also revealed that breast, lung, melanoma and ovarian cancers are the most
suitable targets for Et-743.
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2. Mechanism of action of Et-743

At micromolar concentration, Et-743 was found to inhibit a number of DNA-binding
proteins, including NF-Y, TATA binding protein, E2F, and SRF/TCF.12 It also activates the
formation of topoisomerase I-mediated cleavage complexes, and perturbs microtubule
arrangement at this high range of concentration.13-15 These bioactivities were observed at
suprapharmacological concentrations of Et-743, rendering these auxiliary effects of Et-743.

Interestingly, the incubation of NF-Y with Et-743 prior to the addition of DNA results in
inhibition at a significantly reduced drug level (at 10 pM range). This result suggested that
transcription factor NF-Y is the target of Et-743, not the CCAAT box on which NF-Y acts.
Since NF-Y interacts with several essential genes involving DNA metabolism and cell-cycle
regulators,16 the inhibition of this protein can cause a delay in S-phase progression and
accumulation of cells in Go/M phase, which is in agreement with the observation of Simoens
and coworkers.” The inhibition of transcription factor NF-Y, however, still occurs at high
concentration of Et-743, three times higher than the pharmacological concentration when
pre-incubating NF-Y with Et-743.

The study on Et-743-induced suppression of the multidrug resistant gene MDR1 on the
human colon carcinoma cell line SW620 by Jin et al. supports transcription factor NF-Y as
one of Et-743’s target in its mechanism of action.1® In contrast to the in vitro study, the
inhibition of MDR1 promoter activation occurs at 50 nM; hence this activity may follow a
mechanism unrelated to DNA alkylation. Possibly, at its pharmacological concentration,
Et-743 interferes with the binding of NF-Y to other co-activators, such as PCAF, which in
turn regulates the expression of several critical genes.

To date, the most widely accepted mechanism of action of Et-743 involves double-strand
breaks (DBSs) induced by the transcription-coupled nucleotide excision repair (TC-NER)
system following the binding of Et-743 to the minor groove of DNA (Figure 2a). Et-743
alkylates DNA at the N2 of a guanine, forming a DNA adduct.”- 1920 The presence of the
adduct widens the minor groove of the target DNA, and bends DNA toward the major
groove.?l: 22 This event is reversible, favoring 5’-CGG, TGG, GGC, AGC sequences, in
which the middle bold G is the site of alkylation.22 Computer-based dynamic simulation
studies illustrated that these sequences optimize the hydrogen-bonding network to both
strands of the DNA and orient the carbinolamine of Et-743 on top of the center guanine
(Figure 2b). Seaman and Hurley proposed that the above-favored sequences optimize the
coordination of hydrogen bond 1 (HB1) and HB2. The combination of HB1, HB2, and HB3
positions and stabilizes HB4 at the site of alkylation.2* The protonated amine (N12) also
acts as a catalyst in the generation of the active iminium ion (N2), thus promoting the
alkylation.20 Despite numerous thermodynamically favored target sequences, the efficiency
of DNA alkylation by Et-743 is low, suggesting that other factors can contribute to the
alkylation process.1® Possibly, the protein-DNA complex increases the sequence selectivity
of Et-743.%

MDR1 promoter contains two GC-rich sequences, thus they are a target for Et-743
alkylation. This event leads to the suppression of P-glycoprotein (P-gp) expression and was
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found to reverse the sensitivity of P-gp/MDRL1 overexpressing cells (KB-8-5 and KB-C-2) to
doxorubicin and vincristine, the two known substrates of P-gp/MDR1.28 Interestingly,
Et-743 activity is not subdued at the P-gp levels in human tumor cells, but only at high
expression of P-gp as seen in LLC-PK1 pig kidney and Madine-Darby Canine kidney
cells.2” This discovery suggested that the use of Et-743 in combination with other antitumor
drugs may be beneficial in tumor models resistant to conventional treatments.

DNA adducts formed with Et-743 was found to block gene expressions by causing RNA
polymerase 1l arrest during transcription and competing with certain transcription factors,
such as Sp1, for the binding site on DNA.28 These events happen preferentially at the
binding site of the fusion proteins FUS-CHOP and EWS-FLI1, leading to the displacement
of these oncogenic transcription factors from the promoter.29 30 FUS-CHOP and EWS-FLI1
were known for their role in tumor initiation, specifically myxoid/round cell liposarcoma
type I and 1l by FUS-CHOP and Ewing sarcoma by EWS-FLI1, resulting in the tumor
selectivity of Et-743 on these sarcoma.31-33

While other known DNA alkylating agents, such as mitomycin C and cisplatin, requires a
deficient nucleotide excision repair (NER) system to efficiently exert their biological
activity, Et-743 works the best in the presence of a proficient NER system. Cells deficient in
NER genes (XPG, XPA, XPD, or XPF) are 2- to 8-fold less sensitive to Et-743, and XPG-
deficient cells are more resistant to the drug than other strains.34-36 Moreover, cells deficient
in XPC (the gene responsible for recognition of damages in global genome NER (GG-NER))
showed no change in sensitivity to Et-743, elucidating that the toxicity of Et-743 is
independent on the GG-NER but is involved the TC-NER machinery.34 Upon formation of a
DNA adduct, TC-NER is recruited to the lesion by the use of the XPA gene product (Figure
3). XPD will then unwind the damaged region, and XPF and XPG gene products will induce
the single-strand break (SSB) on the opposite strand to the alkylation.28 An Et-743-induced
adduct traps the XPG-DNA complex, generating irreversible SSBs,37 which are transformed
into double-strand breaks (DSBs) during transcription.3°: 38 Homologous recombination
(HR) repair can recognize and repair the DSBs induced by Et-743; hence cells lacking HR
repair (common in human tumors) are significantly more sensitive to Et-743.38. 39

Studies of Zewail-Foote et al. on the less complicated bacterial nuclease UvrABC system
demonstrated that the incision event induced by Et-743-DNA adduct is more efficient at the
less favored sequence 5’-AGT.*0 Based on this result, they proposed a different mechanism
of how Et-743 induces apoptosis (Figure 4). The UvrA protein of the UvrABC machinery
recognizes the Et-743-DNA lesion and initiates the repair mechanism by forming a dimer
with another UvrA protein, then a heterotrimer UvrA,B. This event creates a six-base pair
bubble around the alkylated guanine, bending DNA toward its major groove, and resulting
in the dissociation of the UvrA,. UvrC is recruited to the UvrB-DNA complex to incise at
both ends of the DNA containing the alkylated guanine, thus the lesion can be fixed. Et-743
can also dissociate from the bubble before the incision happens depending on the stability of
the Et-743-DNA adduct, which also leads to cell survival. When the repair mechanism
occurs at the favored DNA sequences, the incision is not as effective or does not happen at
all, generating a toxic lesion and cell death.
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More recently, Guirouilh-Barbat et al. discovered a direct DSB pathway mediated by the
TC-NER and Mre11-Rad50-Nbs1 (MRN) complex, independent of replication.*! The
authors proposed that the TC-NER-mediated SSBs induced by Et-743 recruits the MRN
complex, causing DSBs (Figure 5). DNA-dependent protein kinase (DNAPK) recognizes
these DSBs and phosphorylates serine 139 of H2AX protein (yH2AX) around DSB sites,
causing apoptosis. MRN and yH2AX also activates the ataxia telangiectasia-mutated (ATM)
gene, which in turn will phosphorylate more H2AX, thus intensifying the cell death signal.
Besides amplifying the effect of Et-743, MRN and ATM are associated with DNA-damage
repair as well via activation of DNA-damage checkpoints, which can result in cell
survival.#2

A part of Et-743’s biological activity was associated with its ability to modulate the tumor
microenvironment as a rapid reduction of blood vessels and mononuclear phagocytes,
especially tumor-associated macrophages (TAM), was observed around the tumor.*3 The
reduction of macrophages was resulted from the activation of enzyme caspase-8, which
initiates the extrinsic apoptotic pathway in leukocytes. The binding of decoy R3 onto
TRAIL receptor inhibits this apoptotic pathway in neutrophils and T cells, and hence their
resistance to Et-743.

These studies reveal that the detailed interactions of Et-743 in cells are enormously complex
and much may yet be discovered regarding how this drug reacts at the biochemical and
cellular levels.

3. Biosynthesis of the Ecteinascidins

The biosynthetic studies of the ecteinascidins face several obstacles due to the fact that the
producing bacterial symbiont has yet to be successfully cultured making it extremely
difficult to obtain high quality samples of DNA. In addition, the ecteinascidins and their
biosynthetic precursors are present in trace amounts in the tunicate extract. Despite these
intrinsic challenges, information about the biosynthesis of these alkaloids has been partially
obtained, owing largely to the structural similarity between the ecteinascidins, specifically
Et-743, and other THIQ family members, including saframycin B (2),%* saframycin Mx1
(3),° safracin A (4),%6 naphthyridinomycin (5),4” and quinocarcin (6) (Figure 6).48: 4°

An early study from Kerr’s research group revealed that tyrosine and cysteine are associated
with the biosynthesis of Et-743.59 Serine was originally proposed to make up the a-
hydroxyethyl moiety (C1-C22) of Et-743 (Figure 7). However, there was no strong evidence
to support this hypothesis. Studies by Peng et al. elucidated the role of ketoses in the
biosynthesis of naphthyridinomycin and quinocarcin, in which the ketose phosphates are
converted to a-hydroxyethyl-thiamine pyrophosphate prior to their incorporation into these
natural products.>! Et-743 shares a similar a-hydroxyethyl moiety with these two bacterial
metabolites; hence its structure may also arise from a ketose as well.

The addition of 14C-labeled diketopiperazines (DKPs) 7 and 8 to the cell-free extract of E.
tubinata afforded radiolabeled Et-743 (Figure 7). These two DKPs were found to
incorporate into Et-743 at a significantly higher level than 14C-labeled tyrosine (9),
suggesting that 8 could be the first committed precursor in Et-743 biosynthesis, and that
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oxidation of 8 to generate 7 could happen before its incorporation into the pentacyclic core
of Et-743.52

The challenge of culturing the tunicate bacterial symbiont Candidatus Endoecteinascidia
frumentensis has been an obstacle to the discovery of the gene cluster responsible for Et-743
biosynthesis. To gain insights of how Et-743 is produced in the Nature, Rath and coworkers
utilized metagenomic sequencing methodology on the tunicate consortium, followed by
genetic comparison between the resulting DNA pools with those of the known bacterial
THIQ biosynthetic genes, specifically of saframycin A (Sfm), saframycin Mx1 (Saf) and
safracin (Sac).23-%° Their studies resulted in the identification of the gene cluster encoding
the enzymes associated with the biosynthesis of Et-743 (Etu) (Scheme 1).3

EtuH is a homologue of SfmD, a tyrosine hydroxylase, functioning to hydroxylate the C3 of
a tyrosine. EtuM1, a homologue of SacF and SfmM2, and EtuM2, a homologue of SacC and
SfmM3, are believed to C- and O-methylate 3-hydroxytyrosine, respectively. The
combination of EtuH, EtuM1 and EtuM2 was proposed to produce tyrosine derivative 13 as
previously observed in saframycin and safracin biosynthetic pathways (Scheme 1).56

The non-ribosomal peptide synthetase (NRPS) responsible for the biosynthesis of the
ecteinascidins contains three modules, EtuAl, EtuA2 and EtuA3 (Figure 8). The common
starter module AL-T is located in EtuA3, where a long-chain fatty acid is activated as a
thioester 14 (Scheme 1). The EtuA3 domain was predicted to incorporate cysteine to the
fatty acid, followed by the elongation of the chain at the EtuA1l domain with a glycolic acid
to provide 16. Unlike conventional NRPSs, in which all the components are incorporated
collinearly, the biosynthesis of the THIQ family was found to be noncollinear.5’: 58 The C
domain of SfmC was found to act as a Pictet-Spenglerase to form the mono- and bis-THIQ
intermediates in the biosynthesis of saframycin A.%° The role of the C domain of the EtuA2
module may catalyze a similar transformation in the biosynthesis of the ecteinascidins.
Hence, after the reductive release of 16, aldehyde 17 is condensed with the primary amine of
18 followed by ring closure of the resulting imine via Pictet-Spengler reaction to yield the
first THIQ intermediate 19. The sequence is repeated to insert a second tyrosine derivative
13, followed by reductive release of the resulting bis-THIQ intermediate to generate
aldehyde 22. Internal condensation of the aldehyde with the secondary amine gives the
pentacyclic core 23, which will undergo hydrolysis of the long chain N-acyl moiety to
provide free amine 24 under catalysis of EtuF3 (a homologue of penicillin acylase).0 EtuO
is a homologue of SfmO2 and SacJ, FAD-dependent monooxygenases, and is proposed to
act as a catalyst for the insertion of the last hydroxyl group on the pentacyclic core of
Et-743.55 There is no reference or evidence of the last few steps in Et-743 biosynthesis.
However, the presence of other isolated ecteinascidins can serve as hints of how pentacycle
24 can be converted to Et-743. Pentacycle 24 can be transformed into Et-583 (25), which is
then methylated at the secondary amine to give Et-597 (26). Subsequent transamination of
Et-597 may happen to provide Et-596 (27), which will incorporate the dioxymethylene to
yield Et-594 (28). Condensation of Et-594 with 3-hydroxy-4-methoxytyrosine (29),
followed by the Pictet-Spengler reaction of the resulting imine, gives rise to intermediate 30,
which can be converted to Et-743 via an unknown transformation. Although more work will
have to be done before a complete biosynthetic pathway for the ecteinascidins can be
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mapped, the work of Rath and coworkers provided the first molecular genetic basis of how
the ecteinascidins are made in Nature.

4. Synthetic Studies of Et-743

4-1. Corey’s

Due to its scarcity, being derived from a marine origin, Et-743 has garnered substantial
interest from the synthetic community which has enabled its introduction into clinical use.
While the field of THIQ synthesis is quite mature, the complex molecular structure of
Et-743, relative to other members of the family, have rendered it a particularly alluring and
relevant synthetic target. Currently, Et-743 is manufactured commercially by a semi-
synthetic process from cyanosafracin B and the enabling synthetic technology to convert
cyanosafracin B into commercial grade Et-743 relied on the pioneering synthetic studies
reported from the Corey laboratory.6!

total synthesis of Et-743

The first, and landmark total synthesis of Et-743 was reported by Corey and Gin et al. in
1996.62 63 Their synthesis featured a biomimetic condensation of two tyrosine derivatives 36
and 45. Synthesis of the right hand segment 36 commenced with gallic ester 31. After
protection of 31 as the TBS ether, the methyl ester was converted to the aldehyde 32 by
reduction and oxidation. Condensation of aldehyde 32 and monomethylmalonate proceeded
smoothly to give 33 asa 1 : 1 mixture. Upon heating 33 and DPPA, isocyanate formation by
Curtius rearrangement and subsequent trapping with benzyl alcohol proceeded to give the
(2)-enamide ester as a single isomer. With the desired compound 34 in hand, an asymmetric
hydrogenolysis reaction was accomplished by treatment with H, in the presence of Rh-
DiPAMP catalyst. After changing the nitrogen-protecting group of 35 from Cbz to the Alloc
group, acidic hydrolysis of the methyl ester provided the carboxylic acid 36.

As shown in Scheme 3, the left-hand segment 45 was also synthesized by a Rh-catalyzed
asymmetric hydrogenolysis reaction of a dehydroamino ester derived from 41. After
protection of sesamol 37 as the MOM ether, regioselective lithiation with n-BuLi in the
presence of TMEDA and following treatment with Mel the desired alkylation reaction
proceeded smoothly. Subsequent ortho-lithiation of the MOM ether and addition of DMF
gave the benzaldehyde derivative 38. After changing the protecting group of 38 from the
MOM ether to the corresponding benzyl ether, Knoevenagel reaction of 39 with malonate 40
and cleavage of the protecting group provided the carboxylic acid 41. After incorporation of
the nitrogen atom by Curtius rearrangement of 41, Rh-DiPAMP catalyst-mediated
asymmetric hydrogenation of the Chz-protected Z-enamide ester proceeded smoothly to
provide the desired substance 42 in 95% yield and 96% ee. After deprotection of the
dimethyl acetal by treatment with BF3-OEt; in the presence of H,0, treatment with
BF3-OEty and MS 4A, the desired intramolecular Pictet-Spengler reaction proceeded to give
the tricyclic lactone 44 as a single isomer. Subsequent cleavage of the Cbz and Bn groups
under hydrogenolysis conditions gave the left-hand segment 45.

With both desired segments in hand, condensation of 36 and 45 was accomplished by
treatment with CIP and HOA, followed by protection of the phenolic residue as the O- ether
furnishing 46 in good yield. After partial reduction of lactone 46 with LiAIH,(OEt),,
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deprotection of both TBS ethers gave the cyclization precursor 47. Upon treatment of 47
with CF3SO3H in a 3:2 mixture of H,0 : CF3CH,0H, the desired intramolecular Mannich
bis-annulation reaction proceeded smoothly through the N-acyl-imine to provide the desired
pentacyclic intermediate 49. After partial reduction of lactone 49 with LiAlH,(OEt), and
subsequent treatment with KCN and AcOH, aminonitrile formation of the incipient aminal
derivative proceed to afford 50. After regioselective incorporation of the trifluoromethyl
sulfonyl group on the less-hindered phenol of 50, the resultant primary alcohol and phenol
were protected as their TBDPS and MOM ethers respectively. After spontaneous
deprotection of the Alloc group and ether by treatment with a Pd-catalyst and BuzSnH,
reductive amination of the secondary amine with formaldehyde was carried out by treatment
with NaBH3CN and AcOH. The incorporation of the aryl methyl group via the triflate was
accomplished by a Stille cross-coupling to give 52.

For the final transformation, oxidation of the phenol 52 to the quinone and incorporation of
the side chain was accomplished, as shown in Scheme 5. Oxidation of phenol 52 with
benzeneseleninic anhydride proceeded to give the tertiary a-hydroxyl ketone derivative.
After deprotection of the TBS ether, incorporation of protected cysteine derivative 54
afforded 53. The crucial step for construction of 57 into the ten-membered lactone was
accomplished in the following sequence. First, Swern-type oxidation proceeded by treatment
of 53 with Tf,O and DMSO followed by the addition of the non-nucleophilic base i-ProNEt,
resulted in the interesting o-quinone methide intermediate 55. Subsequent addition of
Barton’s base 56,54 deprotection of the Fmoc group and in situ cyclization to construct the
ten-membered ring proceeded with final trapping of the incipient phenolate by acetate
furnishing 57. After deprotection of the alloc group, oxidative deamination was
accomplished employing Rappaport’s conditions to give the keto-lactone 58. Condensation
of amine 59 with 58 in the presence of silica gel, the desired Pictet-Spengler reaction
proceeded to give 60 as a single isomer. Finally, deprotection of the MOM ether and
conversion of the a-amino-nitrile to the carbinolamine by exposure to AgNO3 afforded
Et-743 (1).

4-2. Fukuyama and Kan'’s total synthesis of Et-743

In 2002, Fukuyama and Kan reported the total synthesis of Et-743 (1).8% Their synthesis
featured the powerful Ugi four-component condensation and intramolecular Heck reactions
that rapidly assembled the tetrahydroisoquinoline ring. As shown in Scheme 6, phenyl
glycinol derivative 66 was synthesized by Mannich-type reaction with chiral template 63,
which was developed by the author’s group.56 The phenol 62, which was readily obtained
from MOM-protected sesamol 61, was reacted with 63 to provide 64. After conversion to
the triflate, reduction of the lactone ring and protection of the resulting primary alcohol as
the TBDPS ether provided 65. After incorporation of the methyl group,%” removal of the
chiral auxiliary was performed by Pb(OAc)4-mediated oxidation of the amino-alcohol and
aminolysis of the imine intermediate by treatment with hydroxylamine yielding 66.

As shown in Scheme 7, the right-hand segment was synthesized from inexpensive 3-
methylcatechol by employing the DUPHOS-mediated asymmetric hydrogenation.
Regioselective protection of 67 was performed by treatment with TsCI. Incorporation of a
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bromine atom was carried out at the p-position of the phenol and adjustment of phenolic
protecting groups furnished 68. The bromide 68 was converted to the benzaldehyde by
halogen-lithium exchange and subsequent treatment with DMF. Regioselective introduction
of the iodo substituent was next achieved by directed ortho-lithiation of the corresponding
dimethylacetal followed by quenching with I,. Simultaneous cleavage of the MOM ether
and the dimethylacetal and subsequent benzylation of the phenol afforded the
iodobenzaldehyde 69, which was then subjected to Horner-Emmons reaction with the
phosphonate 70 to give the (2)-dehydrophenylalanine derivative 71.58 Catalytic asymmetric
hydrogenation of 71 proceeded smoothly in the presence of DUPHOS catalyst to afford the
aminoester and subsequent basic hydrolysis gave the desired carboxylic acid 72.59

With both desired segments 66 and 72 in hand, condensation was next examined a mixture
of amine 66, carboxylic acid 72, p-methoxyphenyl isocyanide (73) and acetaldehyde was
heated in MeOH, the desired Ugi’s four-component condensation reaction proceeded to
afford the dipeptide 74.70 After switching from the TBDPS ether to the acetate,
simultaneous cleavage of the Boc group and the MOM ether gave the aminophenol, which
was readily cyclized to afford 75. The dioxopiperazine 75 was converted to the cyclization
precursor 76 by a four-step sequence involving mesylation, introduction of a Boc group onto
the lactam nitrogen, partial reduction of the ring carbonyl group, and dehydration. The
crucial Heck reaction of 76 was performed by treatment with a catalytic amount of
Pd,(dba)s and P(o-tol)3 to afford the desired tricycle 77 in good yield.”}~73 After switching
the protecting groups of the amine and the phenol of 77 to the corresponding N-Troc-O-Ac
compound, the enamide was oxidized with DMDO and immediately treated with CSA to
afford the corresponding methoxy alcohol. The subsequent acyliminium ion-mediated
reduction under acidic conditions afforded alcohol 78 as a single product. After silylation of
the alcohol 78, cleavages of the two acetyl groups and selective benzylation of the phenolic
hydroxyl group, the partial reduction of the lactam carbonyl was performed by treatment
with Red-Al to afford the corresponding oxazolidine. Cleavage of the oxazolidine with
TMSCN and BF3-OEt; afforded the aminonitrile 79 as a single stereoisomer. Conversion
from 79 to aldehyde 80 was accomplished by an acetylation of the regenerated hydroxyl
group, cleavage of the TBS ether, and oxidation of the resultant alcohol with Dess-Martin
periodinane. During the hydrogenolysis reaction of the benzyl ethers 80 a spontaneous
cyclization reaction proceeded to give the desired pentacycle 81.

As shown in Scheme 9, selective allylation of the phenol, cleavage of the acetyl group, and
condensation of the resultant alcohol with L-cysteine derivative 82 furnished ester 83.
Chemoselective hydrazinolysis of the thioacetate gave the thiol, which, upon exposure to
TFA, smoothly underwent cyclization to give the ten-membered sulfide. Subsequent
acetylation of the resultant phenol gave 84. Cleavage of the Troc group followed by
reductive alkylation afforded the N-methyl amine, whose Alloc group and ether were
simultaneously cleaved with a palladium catalyst to give the aminophenol. According to the
protocol reported by Corey, conversion to keto-lactone 85 and Pictet-Spengler reaction
furnished Ecteinascidin 770. Finally, conversion from the aminonitrile to the labile
hemiaminal was effected by treatment with AgNO3 to give Ecteinascidin 743 (1).
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4-3. Zhu'’s total synthesis of Et-743

In 2005, Zhu and co-workers reported the third total synthesis of Et-743.74 The left-hand
benzyl bromide 88 was synthesized from sesamol 61, which was converted to the phenol 62
according to Fukuyama’s protocol.®° Friedel-Crafts type reaction of 62 and ethyl glyoxalate
provided a-hydroxy ester 86. Incorporation of the methyl group on to the phenol 86 was
performed by a two-step sequence including chemoselective conversion to the triflate by
using the author’s nitrophenyl triflate’# and Suzuki-Miyaura cross coupling with boroxine.”®
Treatment of benzyl alcohol 87 with thionyl bromide and benzotriazole provided the benzyl
bromide 88.

The right-hand segment phenyl alaninol derivative 95 was synthesized from 3-
methylcatechol 67 by utilizing an asymmetric alkylation with glycine derivative 92.7
Regioselective incorporation of the Ts group, methyl group and formyl group provided
aldehyde 90. After reduction of 90, benzyl alcohol was converted to the corresponding
bromide 91. Upon treatment of 91 and glycine derivative 92 in the presence of the Corey’s
catalyst,”’79 the desired alkylation reaction proceeded smoothly and subsequent acidic
hydrolysis of the imine to provide the amino ester 94. After reduction of the ester moiety of
94 and basic hydrolysis of the Ts group provided the phenyl alaninol derivative 95.

Construction of the DE-ring was accomplished by Pictet-Spengler reaction of amino-phenol
95 and Garner’s aldehyde (96).89-82 Upon treatment of 95 and 96 with AcOH in CH,Cl,
and CF3CH,0H, the desired tetrahydroisoquinoline formation reaction proceeded to give 97
as a single isomer.83-85 Employment of these optimized conditions, the cyclization reaction
was accomplished with high regio- and diastereoselectivity. After protection of secondary
amine with the Alloc group, chemoselective allylation of the phenol and acetylation of
resultant primary alcohol provided 98. Acidic hydrolysis of 98 by TFA provided amino-
alcohol 99.

With the desired A-ring bromide 89 and DE ring amine 99 in hand, the next challenge in
their synthesis was condensation of these two segments. Upon treatment of 89 and 99 with
base, secondary amine formation proceeded to provide desired product 100 and its f-isomer
in 68% and 23% vyield, respectively. The C-ring precursor 100 was prepared by silylation of
the alcohol and cleavage of the acetyl group. After oxidation of the primary alcohol with
Dess-Martin periodinane, treatment with TMSCN and a catalytic amount of ZnCl, afforded
the aminonitrile as a single stereoisomer. For construction of the B-ring, the precursor
aldehyde was converted by a four-step sequence involving reduction of the ester moiety,
introduction of the acetyl group onto the primary alcohol, cleavage of the TBS ether, and
Dess-Martin oxidation of the resultant alcohol. Upon treatment of 102 with TFA, cleavage
of the MOM ether and subsequent spontaneous cyclization ensued to give the desired
pentacyclic intermediate. After cleavage of the acetyl group, regioselective condensation of
the primary alcohol with L-cysteine derivative 103 furnished ester 104. Upon exposure 104
to 1% TFA in CF3CH,0H, cleavage of Troc group and cyclization of the ten-membered
sulfide ring proceeded; subsequent acetylation of the resultant phenol gave the desired
acetate. Simultaneous deprotection of the Alloc group and ether, followed by reductive N-
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methylation gave 105. Finally, according Corey’s protocol,2 key intermediate 105 was
readily converted to 1.

4-4. Danishefsky’s formal synthesis of Et-743

In 2006, Danishefsky and co-workers reported a formal total synthesis of Et-743.86 The
synthesis started from Borchardt catechol, readily obtained by formylation of 107.87 After
cleavage of two methyl ethers, mono-bromination was carried out regioselectively.
Subsequent methylenation, Bayer-Villiger oxidation, acidic hydrolysis, and incorporation of
the TBDPS group onto phenol provided 109. After lithiation of 109, treatment with the
Weinreb amide derivative gave the ketone 110.88 Asymmetric reduction of 110 was
accomplished by the combination of Noyori transfer-hydrogenation reaction8 and treatment
of 111 with DPPA to give azide 112. After hydrogenation of azide of 112, reductive
amination provided the two-carbon homologated product. Subsequent protecting group swap
of the TBDPS group to the O-ether gave 113. Upon treatment of 113 with HCI, hydrolysis
of the dimethyl acetal and cyclization reaction proceeded to afford tetrahydroisoquinoline
114,

Condensation reaction of 114 and tyrosine derivative 115% was performed by treatment
with BOPCI in the presence of Et3N to provide 116. Preparation of the intramolecular
Pictet-Spengler cyclization precursor 117 was carried out by a four-step sequence, involving
the deprotection of PMB group, dehydration to the enamide, oxidation to the aldehyde, and
Pd-mediated cleavage of ether. Upon treatment of 117 with thirty equivalents of
difluoroacetic acid, the desired cyclization proceeded to give the pentacycle 118. Conversion
to Fukuyama’s synthetic intermediate 126 from phenol 118 was accomplished by the
following sequence. After incorporation of the TBS residue to the phenol 118, conversion of
the N-Me amine to the Troc-protected species was carried out by treatment with TrocCl in
the presence of TBAI. After changing the protecting group of 119 from TBS to the MOM
group, hydration of enamide 120 was employed. DMDO oxidation of 120 provided unstable
epoxide 121 and without isolation treatment with NaBH3CN provided benzyl alcohol 122 as
a predominant product. After removal of the two benzyl ethers of 122, treatment with a 1:1
complex of n-BuLi and DIBAL, partial reduction of amide 123 proceeded to provide the
oxazolidine 124. After selective protection of phenol 124 with the group, exposure to KCN
and acetic acid provided amino-nitrile 125. Finally cleavage of the MOM group of 125 with
TFA gave Fukuyama’s synthetic intermediate 126, constituting a formal total synthesis.

4-5. Williams’ formal synthesis of Et-743

Williams and Fishlock reported the formal total synthesis of 1 in 2008, that relayed into
Fukuyama’s synthesis.91 For this effort, they developed a new, radical-based cyclization
reaction to form the left-hand tetrahydroisoquinoline. The synthesis commenced with phenol
derivative 116, which was readily obtained from 107 by using a similar procedure employed
by Danishefsky.8¢ Upon treatment of phenol 116 with Garner’s aldehyde (117)80-82 with
titanium phenolate, the Friedel-Crafts reaction proceeded smoothly to give the desired anti-
product 118. After protection of the phenolic group as the corresponding O- ether,
hydrolysis of the oxazolidine ring of 119, formation of the trans-acetonide and deprotection
of the Boc group via Ohfune’s protocol provided amine 120.92 Construction of the B-ring of
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121 was accomplished by a novel glyoxal-imine radical cyclization. Condensation between
amine 120 and ethyl glyoxalate proceeded smoothly to provide the imine intermediate 122.
Upon treatment of the glyoxal-imine intermediate 121 with slow addition of n-BuszSnH and
AIBN, the desired radical cyclization reaction proceeded smoothly to provide
tetrahydroisoquinoline 122 as a single isomer.

After reduction of the ester group of 122, subsequent protection of the resulting primary
alcohol as a benzyl ether afforded 123. Acylation of the tetrahydroisoquinoline amine 123
was achieved by conversion to the acid chloride from 1249 to give the desired amide 125
without epimerization. After swapping out the amine protecting group from Fmoc to Boc
group, treatment of 126 with Dowex in methanol, the desired removal of acetonide group
proceeded smoothly with incorporation of methanol at the benzylic position (as an
inconsequential 1:1 diastereomer mixture).

Deprotection of the phenolic O-TBS group and oxidation of the primary alcohol under
Swern conditions provided the aminal 127. Upon treatment of 127 with TFA, deprotection
of the Boc group and Pictet-Spengler reaction proceeded with elimination concomitant
elimination of the methoxy group at the benzylic position to afford 128 and 129 as a 1:1
regioisomeric mixture. After separation, the desired pentacycle 128 was converted to the
Fukuyama synthetic intermediate 122 also intercepted by Danishefsky.%° Protection of the
amine with the Troc group and the phenolic group as the benzyl ether provided 130.
Changing the protecting group from the allyl ether of 130 to the corresponding MOM ether
afforded 120 which constituted a formal total synthesis. 4-6. Fukuyama’s formal synthesis
of Et-743

In 2013, Fukuyama and co-workers reported a second-generation total synthesis of Et-743.
The A-ring moiety 136 as the precursor for diazonium salt was prepared from known phenol
132.94 95 Oxidation of 132 with PhI(OAc),, and treatment with sodium cyanide gave nitrile
134. After benzylation of the phenolic hydroxy group, the resulting nitrile was hydrolyzed to
furnish carboxamide 135. Hofmann rearrangement followed by hydrolysis afforded amine
136.

The construction of the CDE ring by N-acyliminium ion-mediated cyclization reaction is
detailed in Scheme 19. Perkin condensation of known dioxopiperazine 138% with aldehyde
139 proceeded smoothly to give 140. After introduction of a Boc group at the lactam,
cleavage of the benzyl group, stereoselective reduction of the double bond, hydrazinolysis of
the acetyl group in 141 followed by selective reduction of the imide carbonyl group with
sodium borohydride afforded 142. Upon treatment of 142 with TFA, the N-acyliminium ion-
mediated cyclization reaction proceeded smoothly, and subjection of the product to PANTf,
under basic conditions afforded bis-triflate 143 in 88% yield. Suzuki-Miyaura coupling of
143 with trimethylboroxine took place selectively at the less-hindered triflate to produce 144
in 92% yield. After the Boc group was switched to a methoxycarbonyl group, partial
reduction of the ester moiety in 145 with L-Selectride and subsequent dehydration of the
resulting hemi-aminal under acidic conditions afforded enamide 146. The Tf group was
replaced with a MOM group in a one-pot process to afford 147.
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After treatment of amine 136 with t-butyl nitrite and BF3-OEt,,%” Heck reaction of the
resulting diazonium salt and enamide 147 from the less-hindered face of the enamide
produced coupling product 148 with the desired stereo- and regiochemistry. The
dihydroxylation of the highly hindered double bond in 148 and subsequent oxidative
cleavage of the resulting 1,2-diol with H510g formed a dialdehyde, which underwent facile
hydration to afford 150. Hydrogenolysis of the benzyl ether in 150 gave phenol 151. Heating
151 in m-xylene promoted liberation of the dialdehyde, which was trapped intramolecularly
by the electron-rich A-ring moiety to furnish 153. Subsequent reduction of 153 with Red-Al
afforded 154 in 76% yield over the two steps. Treatment of 154 with KCN in acetic acid
induced cleavage of the oxazolidine ring, forming aminonitrile 155. Condensation of the
primary hydroxyl group in 155 with cysteine derivative 82 followed by selective cleavage of
the S-acetyl group with hydrazine furnished thiol 156 in good yield. Upon treatment of 156
with TFA, the cyclic sulfide formation occurred presumably via the generation of an ortho-
quinone methide to give, after acetylation of the phenolic hydroxyl group, compound 157 in
55% vyield. Sequential cleavage of the MOM and Alloc protecting groups furnished 158,
which was identical to the intermediate of their previous synthesis, and was converted into
Ecteinascidin 743 (1) via the published three-step sequence.

5. Development of Et-743 (Yondelis®) as a Clinical Drug: Therapeutic

Applications

The pharmacological development and commercialization of Et-743 are performed by
PharmaMar (Zeltia group) and Ortho Biotech Products (Johnson & Johnson) under the
commercial name Trabectedin or Yondelis®. Phase I clinical trials of Trabectedin were
performed in the United States, France, and by the European Organisation for the Research
and Treatment of Cancer (EORTF).98 The most common toxicity observed in these studies
was hematological, including grade 3—4 neutropenia, febrile neutropenia and
thrombocytopenia. Grade 3—4 transaminitis was observed, and this adverse event is
reversible. Nausea/vomiting, fatigue and hyperbilirubinemia were also associated with
Trabectedin treatments. In the American study, the maximum tolerated dose (MTD) was
recommended to be 1.2 mg/m? as a continuous infusion over 72 hours every three weeks for
phase 11 studies.® The proposed MTD was 1.5 mg/m? as a continuous infusion over 24
hours every three weeks in the French study, and 1 mg/m? over 1-hour infusion or 1.65
mg/m? over 3-hour infusion every three weeks in the EORTF study.100. 101

The safety and toxicity profile of Trabectedin was obtained from phase Il studies on a total
of 1,132 patients (all had received prior treatments, including surgery, radiotherapy and/or
chemotherapy) with a wide variety of malignancies.192 These patients were administered
with Tracbectedin according to one of the following schedules: twenty-four-hour infusion
every three weeks at 1.5 mg/m2, three-hour infusion every three weeks at 1.3 mg/m2, or
three-hour infusion every week at 0.58 mg/mZ2. Nineteen deaths were reported only during
the first two cycles of the treatments. 27.7% of the cycles were delayed over five days,
10.2% of the patients were discontinued, and dose reduction was necessary to 9% of the
patients due to severe adverse events. Hematological toxicity was common, with predictable
and reversible neutropenia and thrombocytopenia occurring the most frequently. Elevation
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of liver enzymes (AST/ALT) was the most common non-hematological event; however,
liver damage by Trabectedin can be managed by administration of Dexamethasone thirty
minutes prior to Trabectedin infusion. Nine patients experienced rhabdomyolysis, leading to
neutropenia, sepsis, renal failure and elevated liver enzymes, and this adverse event was the
most fatal among all of the drug-related toxicities. Liver damage associated with
Trabectedin treatment can be reduced by Dexamethasone pretreatment. Other Trabectedin-
related toxicities, including fatigue, nausea, vomiting, alopecia, mucositis/stomatitis,
periphery sensory neuropathy, cardiac disorder, and renal toxicity, were also reported in
these studies.

In a randomized phase 11 study of Trabectedin in patients with advanced or metastatic
liposarcoma and leiomyosarcoma after failure of standard treatments, a reduction in tumor
progression was recognized, and the overall survival was favorable.193 Following these
trials, Trabectedin was approved for the treatment of advanced or metastatic soft tissue
sarcoma after failure of anthracyclines and ifosfamide, or in patients that are not suited for
these treatments in 2007 in Europe.102

The combination of Trabectedin with Cisplatin or Doxorubicin is well-tolerated among
patients. Also, synergistic activity was observed with little or no cross-resistance of
Trabectedin to Cisplatin- or Doxorubicin-resistant models,194-110 sypporting the use of
Trabectedin in combination with other antitumor agents. A randomized phase 111 study of
Trabectedin/pegylated liposomal Doxorubicin (PLD) combination on recurrent ovarian
cancer showed a significant improvement in progression-free survival and overall response
rates compared to PLD alone.11 Moreover, this combination was well-tolerated among
patients with manageable and non-cumulative adverse events, and a reduction in PLD-
related toxicity was observed.112 Therefore, in 2009, Trabectedin was granted approval for
treatment of relapsed platinum-sensitive ovarian cancer in combination with PLD in
Europe.113

In 2012, the Children’s Oncology Group reported a phase Il clinical trial of Trabectedin in
children with recurrent rhabdomyosarcoma, Ewing sarcoma and non-rhabdomyosarcoma
soft tissue sarcoma.11# Fifty patients ranging from four to twenty-four years old were
administered Trabectedin as 24-hour infusion every three weeks at 1.5 mg/m?2 or three-hour
infusion every three weeks at 1.3 mg/m2.115 Reported adverse events were less serious
compared to the adults’ studies with neutropenia being the most common toxicity, where
grade 3—4 neutropenia and febrile neutropenia were rare. Other adverse events were also
observed, including ALT/AST and GGT elevation and hematological toxicity. Despite the
less severe toxicity in this group of patients, the development of Trabectedin to treat these
malignancies was not continued due to the lack of meaningful response rates.

Trabectedin was not approved for cancer treatment by the FDA due to its hepatotoxicity and
not statistically improving survival rate.% However, it is certified as an orphan drug for soft
tissue sarcoma and ovarian cancer in the United States.11® Currently, it is in phase 11 and 111

clinical trial for treatment of breast cancer, other pediatric tumors, and first-line treatment of
soft tissue sarcoma with translocation. In Japan, trabectedin is developing as a novel
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treatment of malignant soft tissue sarcoma with translocation and is gaining supportive
results from a phase Il clinical trials.

It is significant that, this drug, which will likely become more widely adopted as on-going
clinical studies advance, was made possible through the pioneering synthetic chemistry
efforts of the Corey laboratory, enabling the semi-synthetic manufacturing route from
Cyanosafracin B. Emerging studies on the biosynthesis of the Ecteinascidins, along with
many of the additional synthetic studies reviewed here, will likely play a role in the
evolution of this potent and fascinating marine alkaloid as a life-saving medicine for various
forms of refractory cancers. The story of the Ecteinascidins, serves to underscore the
tremendous and continuing importance of natural products discovery, total synthesis efforts
and engineered biosynthesis as enabling technologies for the discovery, development and
advance of powerful new therapeutic agents. Future chapters in the history of this complex
family of alkaloids, will no doubt be exciting.
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Figure 1.
Structure of Et-743.
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Figure 2.
a. Et-743-DNA complex. b. Hydrogen-bond network of Et-743 to DNA. The arrows

represent the direction of the hydrogen bonds from a donor to an acceptor.
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Figure 3.
Mode of action of Et-743, dependent on DNA replication.
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Figure 4.
Incision effectiveness at unfavored DNA sequences versus favored DNA sequences.

Nat Prod Rep. Author manuscript; available in PMC 2016 March 24.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Leetal. Page 23

Cell death Cell survival

Figure 5.
Et-743-induced DSBs mediated by TC-NER and MRN independent of replication.
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Figure 6.
Structural similarity between Et-743 (1) and saframycin B (2), saframycin Mx1 (3), safracin

A (4), naphthiridinomycin (5) and quinocarcin (6).
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Figure 7.
The origin of Et-743.
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Figure 8.
Gene cluster encoding the biosynthesis of Et-743. A: NRPS; D: DNA processing; F: fatty

acid biosynthesis; H: hydrolase; M: methyltransferases; N: amidotransferases; O:
monooxygenase; P: pyruvate cassette; R: regulatory enzymes; T: drug transporter; U:
unknown function.
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Scheme 1.
Proposed biosynthetic pathway of Et-743 (1).
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Reagents and conditions (a) TBSCI, EtzN, DMAP, CH,Cl,, 23 °C (98%); (b) DIBAL-H,
CH,Cl,, =78 °C (quant); (c) PDC, MS4A, CH,Cls, 23 °C (99%); (d) monomethylmalonate,
piperidine, AcOH, MS3A, toluene, 23 °C (92%); (e) (PhO),P(O)N3, EtzN, MS4A, toluene,
70 °C; BnOH, 70 °C (89%); (f) H, (45 psi), Rh[(COD)]-(R,R)-DiPAMP]*BF4, MeOH, 23
°C (100%, 96% ee); (g) Hy, 10% Pd/C, EtOAC, 23 °C (quant); (h) AllocCl, pyridine, 23 °C
(93%); (i) 0.2 M HCI, AcOH, 110 °C; (j) TBSCI, imidazole, DMF, 23 °C (95%).
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Scheme 3.

Reagents and conditions (a) NaH, DMF/Et,0, 0 °C; MOMBt, 0 °C (90%); (b) n-BuLi,
TMEAD, hexane 0 °C; Mel, =78 to 23 °C (87%); (c) n-BuLi, THF =30 °C; DMF, 0 °C
(64%); (d) MeSO3H, CHyCl,, 0 °C; (e) NaH, 23 °C; BnBr, 23 °C (86% 2steps); (f) 40,
piperidine, AcCOH, MS4A, benzeng, 23 °C (99%); (g) EtsN/HCO,H, Pd(PPhs)4, THF, 23 °C
(93%); (h) (PhO),P(O)N3, EtsN, MS4A, toluene, 70 °C; BnOH, 23 °C; (i) H, (20 psi),
Rh[(COD)]-(RR)-DiPAMP]*BF4, MeOH, CH,Cl, 23 °C (97%, 96% ee); (j) BF3-OEt,,
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H,0, CH,Cl,, 0 °C; (K) BF3-OEty, MS4A, CH,Cly, 23 °C; (73% 2 steps); (I) Hy, 10% Pd/C,
EtOAC, 23 °C.
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Scheme 4.
Reagents and conditions (a) 2-chloro-1,3-dimethyl-imidazolidium hexafluorophosphate

(CIP), HOAL, EtsN, THF/CH,Cl,, 23 °C; (b) bromide, Cs,CO3, DMF, 23 °C (81%, 2 steps);
(c) LiAIH,(OEt),, Et,0, -78 °C (95%); (d) KF, MeOH, 23 °C; (e) 0.6 M TfOH, H,0/
CF3CH,0H, BHT, 45 °C (89%, 2 steps); (f) LIAIH,(OEt),, THF, 0 °C; AcOH, 4.8 M aq
KCN, 23 °C (87%); (g) PhNTf,, EtzN, DMAP, CH,Cl,, -30 °C (74%); (h) TBDPSCI,
DMAP, CH,Cl,, 23 °C (89%); (i) MOMBT, DIPEA, CH,Cl,, 23 °C (92%); (j) n-BusSnH,
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PACl,(PPhg),, AcOH, CH,Cly, 23 °C (quant); (k) CH,0, NaBH3CN, AcOH, MeCN, 23 °C
(95%); (1) SnMey, PACI,(PPhs),, LiCl, DMF, 80 °C (83%).
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Scheme 5.
Reagents and conditions (a) (PhSeO),0, CH,Cly, 23 °C, 15 min (82%); (b) TBAF, THF, 23

°C (91%); (c) 54, EDCI, DMAP, CH,Cls, 23 °C (91%); (d) Tf,0, DMSO, DMSO, -40 °C;
DIPEA, 0 °C; t-BuOH, 0 °C; 56, 23 °C; Ac,0, 23 °C; (e) n-Bu3SnH, PdCl,(PPhs),, AcOH,
CH,Cl,, 23 °C (84%); (f) [N-methylpyridinium-4-carboxaldehyde]*I, DBU, DMF, CH,Cl>,
23 °C (70%); (g) 59, silica gel, EtOH (58%); (h) CF3COoH, THF/H,0; (i) AgNO3, H,0,
(77%, 2 step).
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Scheme 6.

Reagents and conditions (a) n-BuLi, THF, 0°C to rt; B(OMe)3, H205, AcOH, rt (92%); (b)
TFA, CH,Cly, =10 °C (89%); (c) Tf,0, pyridine, CH,Cl,, 0 °C (90%); (d) NaBH,4, MeOH,
0 °C (85%); (e) TBDPSCI, imidazole, DMF, rt (91%); (f) MeZnCl, PdCl,(dppf) (3 mol%),
THF, reflux (97%); (g) Pb(OAC)4, MeCN, 0 °C; (h) NH,OH-HCI, NaOAc, EtOH, rt (89% in
2 steps).
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Reagents and conditions (a) TsCl, TEA, CH,Cly, 0 °C (83%); (b) Bry, AcOH, CH,Cly, rt
(97%); (c) Mel, K,COg3, acetone, reflux (96%); (d) NaOH, EtOH/H,0, reflux (97%); (e)
MOMCI, DIPEA, CH,Cly, 0 °C (97%); (f) n-BuLi, THF, —60 °C; DMF (79%); (g)
HC(OMe)s, CSA, MeOH, rt (94%); (h) n-BuLi, Et,0, 0 °C to rt; Iy; (i) conc. HCI, THF, rt
(72%, 2 steps); (j) BnBr, K,CO3, CH3CN, reflux (98%); (k) 70, TMG, CH,Cl», rt (93%); (1)
Rh[(COD)-(S,9-Et-DUPHOS]*OTf~, H, (500 psi), EtOAc, 50 °C (99%, 94% ee); (M)

LiOH, MeOH/H,0O/THF, 0 °C to rt (quant).

Nat Prod Rep. Author manuscript; available in PMC 2016 March 24.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Leetal. Page 36

OMe
OMOM
BnO Me
Me
_»a Me
NH, * I
(0}
BocHN
\_o o

OTBDPS

COH
66
72

OMe OMe

Scheme 8.
Reagents and conditions (a) 73, MeCHO, MeOH, reflux (90%); (b) TBAF, THF, rt (89%);

(c) Acy0, pyridine, DMAP, rt (93%); (d) TFA, anisole, CH,Cl,, rt; (e) EtOAc, reflux (87%,
2 steps); (f) MeSO,Cl, pyridine, CH,Cl,, 0 °C (91%); (g) (Boc),0, DMAP, CH3CN, rt
(97%); (h) NaBH4, H,SQO4, EtOH/CH,Cls, 0 °C; (i) CSA, quinoline, toluene, reflux (88% in
2 steps); (j) Pdy(dba)z (5 mol%), P(o-tol)3 (20 mol%), TEA, CH3CN, reflux (83%); (k)
NaOH, MeOH/H,0, reflux; (1) Ac,0, pyridine, DMAP, rt (93%, 2 steps); (m) TFA,
CH,Cly, rt; (n) TrocCl, ag. NaHCO3/CHJCly, 1t (74%, 2 steps); (0) DMDO, MeOH/acetone,
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0 °C; cat. CSA (90%); (p) NaBH3CN, TFA/THF, 0 °C (94%); q) TBSCI, imidazole, DMF,
rt (92%); (r) guanidinium nitrate, NaOMe, MeOH/CH,Cl,, 40 °C (85%); (s) BnBr, K,COs3,
CH3CN, reflux (91%); (t) Red-Al, THF, 0 °C (82%); (u) TMSCN, BF3-OEt,, CH,Cls, 0 °C
(73%); (v) Ac,0, pyridine, DMAP, rt (92%); (w) HF, CH3CN, rt (quant); (x) Dess-Martin

periodinane, CH,Cly, rt (92%); (y) Pd/C, Hy, THF, rt (84%).
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Scheme 9.
Reagents and conditions (a) bromide, DIPEA, CH,Cl,, reflux (89%); (b) K,CO3, MeOH, rt

(99%); (c) 82, EDCI, DMAP, CH,Cly, rt (94%); (d) H)NNH,, CH3CN, rt (98%); (e) TFA,
CF3CH,0H, rt; (f) Aco0, pyridine, DMAP, rt (71% in 2 steps); (g) Zn, AcOH, Et,0, rt
(92%); (h) HCHO, AcOH, NaBH3CN, MeOH, rt (96%); (i) PdCI»(PPhs),, AcOH, n-
Bu3SnH, CH,Cly, rt (89%); (j) [N-methylpyridinium-4-carboxaldehyde]*1, DMF/CH,Cly, rt;
DBU; citric acid (54%); (k) 59, NaOAc, EtOH, rt (96%); (1) AgNO3, CH3CN/H,0, rt
(93%).

Nat Prod Rep. Author manuscript; available in PMC 2016 March 24.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Leetal. Page 39

OH OMOM OMOM
HO HO
a,b c
m—— —_—
OH
o) o) 0
o 0 \_0  COOEt
37 62 86
OMOM OMOM
Me Me
i
OH — Br
o) o)
0 COOEt 0 COOEt
87 88
Scheme 10.

Reagents and conditions (a) MOMCI, NaH, Et,O/DMF, 0 °C to rt (96%); (b) n-BulLi,
B(OMe)3, THF then AcOH, H,05, 0 °C to rt (95%); (c) LiCl, MS 3A, HFIP/toluene, ethyl
glyoxalate, rt (97%); (d) 4-nitrophenyltriflate, K,CO3, DMF, rt (94%); (e) trimethyl
boroxine, K3POy4, Pd(PPh3)4, 1,4-dioxane, reflux (93%); (f) SOBr,, benzotriazole, CH,Cl,,
rt (91%).
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Reagents and conditions (a) TsCl, Et3N, CH,Cl,, —70 °C; (b) Mel, K,CO3, acetone, 55 °C
(84%, 2 steps) (c) TiCly in CH,Cl5,, CI,CHOCHS3, 0 °C to rt (85%); (d) NaBHy,
MeOH/THF/H,0, 0 °C (quant); (e) PBrs, toluene/CH,Cl,, 0 °C to rt (96%); (f) 92, cat. 93
(10 mol%), CsOH-H,0, CH,Cl,, —78 °C, then after work up THF/H,O/AcOH (85%); (g)
LiBH,4, MeOH/EL,0, rt; (b) 2M NaOH, EtOH, reflux.
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Scheme 12.

Reagents and conditions (a) 96 AcOH, CH,CI,/CF3CH,0H (7:1), MS3A, 20 h (84%); (b)
AllocCl, NaHCO3, CHyCly, rt, 2 h (88%); (c) bromide, Cs,CO3, DMF, rt, 3 h (86%); (d)
Ac,0, pyridine, DMAP, CH,Cly, rt, 1 h (92%); (e) TFA, CH,Cly, rt (72%).
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Reagents and conditions (a) TEA, MeCN, 0 °C (a-isomer: 68%, -isomer: 23%); (b) TBSCI,
imidazole, DMF, rt (97%); (c) KoCO3, MeOH, rt (94%); (d) Dess-Martin periodinane, rt;
TMSCN, ZnCly, rt (78%); (e) LiBH4, MeOH, THF, 0 °C (80%); (f) Ac,0, pyridine, DMAP,
CH>Cl, (92%); (g) HF, Ho0O, MeCN, rt (91%); (h) Dess-Martin periodinane, rt (93%); (i)
TFA, CHyCly, rt (95%); (j) K,CO3, MeOH, rt (96%); (k) 103, EDCI, DMAP, CH,Cl,, rt
(95%); (1) TFA, TFE, rt; Aco0, pyridine, DMAP, CH,Cl, (77%); (m) n-BuzSnH,
PdCI,(PPh3),, AcOH, CH,Cly, rt (87%); (n) NaBH3CN, AcOH, HCHO, rt (96%); (0) Zn,
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ACcOH, rt (92%); (p) 4-formyl-1-methylpyridinium benzenesulfonate, DBU, sat. oxalic acid,
DMF/CH,Cly, rt (53%); (q) 59, NaOAc, EtOH, rt (97%); (r) AgNO3, MeCN/H,0, rt (92%).
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Scheme 14.

Reagents and conditions (a) CI,CHOMe, TiCl,, CH,Cl5; (b) BBr3, CH,Cls (c) Bry, NaOAc,
AcOH, 0 to 25 °C; (d) BrCH,CI, Cs,CO3, DMF, 105 °C (66%, 2 steps); () mCPBA, 25 to
64 °C; (f) HCI, 0 to 25 °C (78%, 2 steps); (g) TBDPSCI, TEA, DMAP, 25 °C (89%); (h) n-
BulLi, toluene/THF, —78 °C; neat Me-(MeO)NC(O)CH,0Bn, —78 °C (80 %); (i)
RuCI[(R,R)-Ts-DPEN](p-cymene), HCO,H, TEA, DMF, 0 to 40 °C (78%, 95% ee); (j)
DPPA, DBU, toluene/DMF, 50 °C (89%, 95% ee); (k) Ha (1 atm), Pd/C, EtOAc, 25 °C
(80%); (1) (MeO),CHCHO, AcOH, NaBH3CN, MgSO4, MeOH, 0 to 65 °C; (m) TBAF,
THF, 0 °C (94%, 2 steps); (n) allyl bromide, NaH, DMF, 0 to 25 °C (84%); (0) 7 M HClI,
1,4-dioxane, 0 to 25 °C (90%).
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Reagents and conditions (a) BOPCI, TEA, CH,Cly, 0 to 25 °C (85%); (b) DDQ, CH,Cl,/pH
7.0 buffer, 25 °C (90 %); (c) Cu(OTf),, benzene, 85 °C (61%); (d) Dess-Martin periodinane,
CH,Cly, 25 °C (94%); (e) PdCI,(PPh3),n-BuzSnH, AcOH, 0 to 25 °C (93%); (f)
CHF,COoH, MgSOy, benzene, 100 °C, (42-58%); (g) TBSOTT, TEA, CH,Cl,, 0 °C
(quant); (h) TrocCl, TBAI, toluene, 110 °C (92%); (i) TBAF, CH,Cl5, 0 °C, 2 min; (j)
MOMCI, DIPEA, (79%); (k) DMDO, CH,Cl,, 0 to 25 °C; (I) NaCNBHj3 (78%) (m) H (1
atm), Pd/C, EtOAc, 25 °C (77%); (n) DIBAL-H/n-BuLi, THF, 0 °C (78%); o) bromide,
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DIPEA, CH,Cly, 50 °C (66%); (p) KCN, AcOH, 25 °C (79%); (q) TFA, CH,Cly, 20 °C
(54%).
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Scheme 16.

Reagents and conditions (a) CI,CHOMe, TiCly, CH,Cly; (b) BBr3, CH,Cly; (c) Bry,
NaOAc, AcOH/CH,ClI, (92%); (d) BrCH,CI, Cs,CO3, MeCN, 110 °C (69%); () mMCPBA,
CHCls, reflux; (f) 4 M HCI, MeOH/CH,Cly, rt (73%, 2 steps); (g) R-Garner’s aldehyde
(117) Ti(Oi-Pr)g4, toluene, rt; (h) bromide, Cs,CO3, DMF, rt (65%, 2 steps); (i) TSOH-H»0,
MeOH, rt; (j) 2,2-dimethoxypropane, TSOH-H,O, DMF, rt (84% 2 steps); (k) TBSOTT, 2,6-
lutidine; MeOH; KF-2H,0, MeOH (76%); (I) ethyl glyoxalate, MS4A, toluene; (m) n-
BusSnH, AIBN, benzene, reflux.
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Scheme 17.

Reagents and conditions (a) LiAlH,4, THF, 0 °C; (b) NaH, BnBr, DMF/THF, 0 °C (77%, 2
steps); (c) 121, (COCIl),, CHyCly, rt; 120, DMF, rt (70%); (d) Et,NH, CH,Cl,, rt; (€)
Boc,0, EtOH/CH,Cly, rt; (f) Dowex 50W-X8, MeOH (90%); (g) TBAF, THF, rt (95%); (h)
Swern Oxidation; (i) TFA, anisole, CH,Cly, rt (72%, 128 : 129 = 0.72 : 1); (j) TrocCl,
pyridine, CH,Cls, 0 °C; (k) BnBr, K,CO3, TBAI, acetone, rt (85%, 2 steps); (I) Pd(PPhs)g,
pyrrolidine, CH,Cly, rt; (m) MOMBT, DIPEA, CH,Cly, rt (56%, 2 steps); (n) DMDO; (o)
NaBH3CN.
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Page 49
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Reagents and conditions (a) PhI(OAc),, MeOH, 0 °C; (b) NaCN, DMF/H,0, 0 °C to rt
(37%, 2 steps); (c) BnBr, K,CO3, DMF, rt; (d) aq HyO,, KoCO3, DMSO, rt; (e) PhI(OAC)s,

KOH, MeOH, 0 °C; (f) LiOH, EtOH/H,0, reflux (83%, 4 steps).
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Reagents and conditions (a) Ac,0, 130 °C (80%); (b) 139 t-BuOK, THF, -78 to 0 °C; DBU,
0 °C; (c) BocyO, DMAP, THF, rt (quant, 2 steps); (d) H, (750 psi), Pd/C, EtOAc, rt; (e)
H,NNH,-H,0, THF, rt; evaporation; NaBH,4, MeOH, 0 °C (57%, 2 steps); (f) TFA,
CF3CH,0H, rt; evaporation; PANTf,;, DMAP, Cs,CO3, MeCN, rt (88%); (g)
trimethylboroxine, Pd(PPh3)s, K3POy, 1,4-dioxane, 100 °C (92%); (h) HCI, EtOAC, rt;
CICO,Me, NaHCO3, H,0, 0 °C (91%); (i) L-Selectride, THF, —42 °C; (j) CSA, toluene,
reflux (55%, 2 steps); (k) ag KOH, 1,4-dioxane, rt; MOMCI, 0 °C (95%).
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Reagents and condition: (a) BF3-OEt,t-BuONO, THF, =15 to 0 °C; 136, Pdy(dba)s, NaOAc,

MeCN/THEF, 0 °C to rt; (b) OsO4, K3[Fe(CN)g], KoCO3, quinuclidine-HCI, MeSO,NH,t-
BuOH, H,0, rt (93%, 2 steps); (c) Hs1Og, THF, 0 °C (87%); (d) H», Pd/C, MeOH, rt; (e) m-
xylene, 120 °C; Red-Al, —42 to 60 °C (76%, 2 steps); (f) KCN, AcOH, rt (98%); (g) 82,
EDCI, DMAP, CH,Cly, rt (92%); (h) HoNNH»-H,0, MeCN, rt (85%); (i) TFA,
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CF3CH,0H, 25 °C; toluene, evaporation; Ac,0, pyridine, rt (55%); (j) TFA, CH,Cly, rt
(64%); (k) PACl»(Ph3zP),, AcOH, n-BusSnH, CH,Cly, rt (95%).
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