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Abstract: Saframycins, safracins, renieramycins, cribros-
tatins, and esteinascidins are 6,15-iminoisoquino[3,2-b]3-
benzazocine compounds that constitute the largest sub-
group among the antitumor antibiotics belonging to the
tetrahydroisoquinoline family. Their structural complex-
ity has led to widespread synthetic attention to obtain
them in both racemic and enantiopure forms. Publica-
tion in 1996 of the first total synthesis of ecteinasci-
din 743 by Corey’s group was an important milestone,
but the development of preparative protocols for these
structures has continued, offering new possibilities to
exploit the biological activity of the above-mentioned
natural products and their analogues. This minireview is
intended to update this progress following a methodo-
logical rather than a chronological organization. Besides
of a brief description of the different strategies evolved
from retrosynthetic analyses, which have been organized
according to the order of bonding events that will link
the precursors, semisynthetic approaches and a brief ac-
count of the total syntheses of ecteinascidin 743, have
been analyzed.

Keywords: antitumor agents - ecteinascidin 743 - syn-
\thetic methods - tetrahydroisoquinoline alkaloids )

Introduction

The tetrahydroisoquinoline antitumor antibiotics have been
intensively studied over the past 35 years, starting with the
isolation of naphthyridomycin in 1974. In a comprehensive
review on the chemistry and biology of these natural prod-
ucts,!l they were classified into three different subgroups de-
pending on their structural properties.

The largest one contains the saframycins, safracins, renier-
amycins, cribrostatins, and esteinascidins, their common
structural core of five condensed six-membered rings con-
tains a piperazine subunit and two tetrahydroisoquinoline
moieties (one of them partially dehydrogenated in cribrosta-
tins) as a quinone, hydroquinone or phenol oxidation state.

The naphthyridinomycin family is characterized by a core
of six condensed rings, four of them six-membered (a piperi-
dine, a piperazine, and a tetrahydroisoquinoline, either as a
quinone or hydroquinone oxidation state), and two of them
five-membered (a pyrrolidine and a oxazolidine), whereas
the quinocarcin family encloses tetrazomine and lemonomy-
cins that exhibit a piperazine and a tetrahydroisoquinoline
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moieties (as a quinone, hydroquinone, or phenol oxidation
state) condensed with one (pyrrolidine) or two (a pyrroli-
dine and a oxazolidine) five-membered rings.

The above-mentioned review covered almost all aspects
of these products according to open literature reports up to

Lemonomycins

Naphthyridinomycins Quinocarcins (quinocarmycin)

the year 2000: isolation and structure determination, biosyn-
thesis, total syntheses (and previous synthetic studies), ana-
logue syntheses, and biological activity. More recent reports
about all of these aspects, especially on the total synthesis of
naphthyridinomycin and lemonomycin families, have been
reviewed by Mulzer et al. in 2008.”) Advances in the chemis-
try and pharmacology of ecteinascidins,®! and the develop-
ment as the anticancer drug Yondelis of ecteinascidin 743
(ET-743),1 have been also reported. This minireview is in-
tended to update the synthetic approaches to the first sub-
group of compounds.

Synthetic Approaches with Formation of B Ring
from 2-Arylmethyl- and 3-Arylmethyl-1,5-imino-3-
benzazocins

From the seminal works of the groups of Fukuyama and
Kubo to achieve (+)-saframycin B! many synthetic ap-
proaches have fundamental similarities in strategy by using
Pictet-Spengler-type cyclizations to form the B ring!® in an
advanced step from 2-arylmethyl-1,5-imino-3-benzazocins.
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The tricyclic system, which contains the CDE moiety, is usu-
ally generated through N-acyliminium-mediated cyclizations
from piperazine precursors obtained by double aldol con-
densation of 2,5-piperazinediones and aromatic aldehydes

[5b]

R4CHO l Pictet—Spengler-type cyclization
3

R4

Scheme 1. Formation of ring B from 2-arylmethyl-1,5-imino-3-benzazo-
cins.
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Scheme 2. Fukuyama’s total synthesis of ET-743. Boc = fert-butyloxycar-
bonyl, Bn=benzyl, MOM = methoxymethyl, TBDPS =tert-butyldiphenyl-
silyl, PMP =p-methoxyphenyl, Troc =2,2,2-trichloroethoxycarbonyl.
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(Scheme 1a) or by stepwise procedures®™ (Scheme 1b).
These procedures were reviewed in reference [1]. Herein,
we will mention a recently reported stepwise procedure in
which the tricyclic system has been generated through the
Lewis acid catalyzed hydroamidation of alkynylamides!”!
shown in the retrosynthetic analysis given in Scheme 1c.

Less frequent is the use of Pomeranz—Fritsch-type cycliza-
tions to form the B ring from 3-arylmethyl-1,5-imino-3-ben-
zazocin derivatives. This approach, which has the main ad-
vantage of accessing a pentacyclic compound with a C(14)-
hydroxy function that is suitable for the immediate construc-
tion of the F ring, has been followed by the groups of Fu-
kuyamal®! (Scheme 2) and by Zhu!” (Scheme 3) in their total
syntheses of ecteinascin 743. Both syntheses mainly differ in
the strategy used to obtain the tricyclic aldehyde envisaged
as an appropriate platform for the preparation of the penta-
cyclic benzyl alcohol designed as the key intermediate.

In Fukuyama’s synthesis, two highly functionalized deriva-
tives of (R)-phenylglycinol and (S)-iodophenylalanine were
incorporated into a piperazine-2,5-dione by means of a
Ugi’s four-component condensation reaction with acetalde-
hyde and p-methoxyphenyl isocyanide (Scheme 2). After
conversion of the piperazinedione into an enamide through
partial reduction and subsequent acid treatment, this inter-
mediate was cyclized by an intramolecular Heck reaction
that generated the D ring. The epoxidation and methanol
addition of the exocyclic double bond in this tricyclic com-
pound was followed by a diastereoselective acyliminium ion
mediated reduction to give a 2-hydroxymethyl-1,5-imino-3-
benzazocin derivative that, after several reactions to afford
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Scheme 3. Zhu’s total synthesis of ET-743. Alloc=allyloxycarbonyl, TFA = trifluoroacetic acid.

the aminonitrile function, was submitted to Dess—Martin ox-
idation and cyclization.

In the more convergent strategy of Zhu (Scheme 3), an a-
bromo-a-aryl-substituted ethyl acetate was coupled with the
isoquinoline fragment 1, which contains the DE rings and
was formed through a first condensation of the (S)-Garner
aldehyde (see Scheme 11 below) and 1r-3-hydroxy-4-me-
thoxy-5-methyl phenylalaninol.

Synthetic Approaches with Formation of C Ring
from (1,3')-Bis-tetrahydroisoquinolines

In these approaches, the C ring is generated in the final
steps by oxidative condensation followed by cyanide addi-
tion of (1,3')-bis-tetrahydroisoquinoline derivatives. This
method was used by Fukuyama et al. in the first total syn-
thesis of (& )-saframycin A.'” The precursors were originat-
ed by reductive opening of the piperazine ring in 2-aryl-
methyl-1,5-imino-3-benzazocin compounds (Scheme 4).

The N-Boc derivative of 1 (see Scheme 3) was used by
Zhu et al. in the asymmetric total synthesis of ecteinasci-
dins 597 and 583.''1 The pentacyclic core was obtained after
a phenolic aldol condensation followed by Pictet-Spengler
and intramolecular Strecker reactions (Scheme 5).

R4CHO l Pictet—Spengler

Scheme 4. Formation of ring C from bis-tetrahydroisoquinoline deriva-
tives.
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Suitable (1,3")-bis-tetrahy-
droisoquinolines have been di-
rectly obtained by the Pictet—
Spengler reaction of 3-(3,4-di-
hydroxyphenyl)alanine (r-
DOPA) methyl ester deriva-
tives and N-Boc-tetrahydroiso-
quinoline-3-carbaldehyde. This
reaction showed complete cis-
stereoselectivity, but the integri-
ty of the 3'-stereocenter is sen-
sitive to epimerization."? Hy-
drolysis of the ester moiety fol-
lowed by N-Boc cleavage al-

R = Me, ET-597
R =H, ET-583

Scheme 5. Synthesis of ecteinascidins 597 and 583 through (1,3’)-bis-tetra-
hydroisoquinoline intermediates.

lowed, through intramolecular peptide coupling, cyclization
to petacyclic lactams that were submitted to subsequent re-
ductive cyanation™ (Scheme 6).

In the first asymmetric synthesis of (—)-saframycin A,
the envisioned strategy to obtain the key (1,3")-bis-tetrahy-
droisoquinoline intermediate was to assemble two optically
active a-amino aldehydes (one of them masked as an a-mor-
pholino nitrile) with three other simple components: hydro-
gen cyanide, formaldehyde, and a-amino acetaldehyde. The
C ring was generated by the sequential formation of an imi-
nium ion by cleavage of the morpholino nitrile blocking
group, addition of the secondary amine present in the B
ring, expulsion of morpholine, and trapping of the resultant
iminium ion by cyanide. The target product was finally ob-
tained by N-acylation of the deprotected NH, group and ox-
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Scheme 6. Synthesis from (1,3')-bis-tetrahydroisoquinolines obtained by a
Pictet-Spengler reaction.

Reductive
cyanation l

7-Cyano compounds

idative demethylation (Scheme 7a). A variant of this strat-
egy allowed the synthesis of the saframycin skeleton from a
“trimer” containing three a-amino acetaldehyde compo-
nents'™ (Scheme 7b).
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Scheme 7. Myers’s approaches of (—)-saframycin A. Fmoc=9-fluorenyl-
methoxycarbonyl.

A successful adaptation of this method to a 10-step solid-
supported synthesis, suitable for the preparation of large
numbers of diverse saframycin analogues with deep-seated
structural modifications, has opened the way toward the
construction of large-scale libraries.!'"!
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Synthetic Approaches with Formation of CD Rings
from cis-1,3-Disubstituted Tetrahydroisoquinolines

This is a very frequent strategy in which the starting com-
pound, which contains the AB rings, is a cis-1,3-disubstituted
tetrahydroisoquinoline that is derived to permit the forma-
tion of CD rings through N-acylimininium-mediated cycliza-
tions in the later steps of the process (Scheme 8).
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B
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H
e
j]/\NHRQ
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Y
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LA NH =0T
R4

Scheme 8. Formation of CD rings from 1,3-cis-disubstituted tetrahydroi-
soquinolines.

R

The starting compounds here are usually obtained from
phenethylamines (enantiomerically pure in asymmetrical
syntheses) through inter- or intramolecular Pictet-Spengler-
type cyclizations (Scheme 9). Since the intermolecular ver-

a) Intermolecular

| = Pictet—Spengler
HN
R/ P ~z
CHO
X

Major
diastereoisomer

b) Intramolecular

o) H
H NN 0
: OMe
| A O/\( Pictet—Spengler |// N—O-CbZ
/S NHCbz  OMe > R :
R H

Scheme 9. Pictet-Spengler-type cyclizations of phenethylamines. Cbz=
carbobenzyloxy.

sion of this classic procedure may give the 1,3-cis-diastereo-
isomers as the major, but not exclusive products, the diaste-
reoselective problem is solved in intramolecular cyclizations,
such as that shown in Scheme 9b; this method was used by
Corey in the first enantioselective total synthesis of ET-743
(see Scheme 26 below)."” In this case, the starting material
was obtained through condensation of allyl 2,2-dimethox-
yethyl malonate and the adequate benzaldehyde derivative,
selective allyl ester cleavage, Curtius rearrangement of an
acylazide intermediate, addition of benzyl alcohol to the cor-
responding isocyanate, and catalytic hydrogenation of the
double bond with [Rh(cod){(R,R)-dipamp}][BF,] (cod=1,5-
cyclooctadiene,  (R,R)-dipamp = (R,R)-ethylenebis[(0-ani-
syl)phenylphosphine]).

Liu and co-workers have followed this methodology to
obtain simplified analogues of saframycins through a con-
densation of formaldehyde and 1L-DOPA methyl ester."!

Chem. Eur. J. 2010, 16, 9722 -9734
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Other pentacyclic compounds were obtained from cis-1,3-
disubstituted tetrahydroisoquinoline derivatives with benzyl-
oxymethyl or carbobenzoxyaminomethyl side chains!'”)
(Scheme 10). More recently, renieramycin G was synthe-

CO,Me
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HO NH

R
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NHBoc
MeO

R = OBn, NHCbz

OMe TFA MeO

Scheme 10. Synthesis of pentacyclic compounds from L-DOPA methyl
ester.

sized by this group in 21 steps
through a linear sequence em-

. . OH
ploying L-tyrosine methyl ester Me
as the chiral starting materi- MeMgCl,
al.120] o OHC\(\O
-0 BocN

A common alternative to
obtain 1,3-cis-tetrahydroisoqui-
nolines is the equilibration of
1,3-trans isomers. In the syn- X

jL

(R)-Garner's aldehyde

MINIREVIEW

resulted in the cleavage of the C—S bond with opening of
the F ring.

Equilibration with DBU of the frans-carboethoxy group
in 7 gave the 1,3-cis-tetrahydroisoquinoline 8, used in the
asymmetric total syntheses developed by Williams and co-
workers™® for (—)-jorumycin, (—)-renieramycin G, 3-epi-jor-
umycin, and 3-epi-renieramycin G. See for instance the syn-
thesis of (—)-renieramycin G given in Scheme 12.

It is interesting to note that subtle changes in the reaction
sequence may determine inverse diastereoselectivity in the
N-acyliminium-mediated cyclization that generates CD rings
with epimerization of the 14a stereocenter (Scheme 13).

Another alternative to obtain cis-1,3-disubstituted tetrahy-
droisoquinolines, which was developed by Magnus et al.,*"
is the ionic reduction of the double bond C(3)=C(4) in 1-
substituted-N-acyl-1,2-dihydroisoquinolines. ~These com-
pounds were obtained by the reaction of ortho-iodobenzyli-
mines with propargylic alcohol derivatives, followed by nu-
cleophilic addition, and N-acylation. The C(1)-stereogenic
center induced the desired 1,3-cis relationship through hy-
dride addition from the less-hindered face. Probably, the
C(1) substituent adopts an axial conformation in the imini-
um ion intermediates to avoid steric interactions with the N-
acyl group and the peri-hydrogen atom (Scheme 14).
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toward ET-743,”Y compound 2 DBU, THE THF /'\7) . —
was obtained by intermolecular Troc N-troc N~H
Pictet-Spengler cyclization of O , COsEt \/O CO,Et

an enantiomerically pure phe-

nethylamine and ethyl glyoxa- AllylO o>(o Allylo OR AllylO b OH OH OMe
late, which was epimerized with Me Me : m
1,8-diazabicyclo[5.4.0]Jundec-7- /

ene (DBU) to give the 1,3-cis O\/

isomer 3 (Scheme 11). © 4

In a domino process, the
TFA-mediated detritylation of
the sulfide function in com-
pound 4, followed by fragmen-
tation of the dioxane ring, mac-
rocyclization with formation of
a C=S bond, and O-tritylation,
gave 5. However, the acid-pro-
moted cyclization of the deriva-
tive 6 gave an analogue of cri-
brostatin 4,7 instead of the ex-
pected hexacyclic ET-743 pre-
cursor, because this treatment

Chem. Eur. J. 2010, 16, 9722-9734
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Scheme 11. Synthetic studies by Zhu et al. toward ET-743 from tetrahydroisoquinolines.
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Scheme 12. Synthesis of (—)-renieramycin G.
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Scheme 13. Synthesis of 3-epi-renieramycin G. TBAF =tetrabutylammo-
nium fluoride, MsOH = methane sulfonic acid.
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Scheme 14. Ionic reduction of 1-substituted-N-acyl-1,2-dihydroisoquino-
lines.

This approach was lately employed in the synthesis of (+)-
renieramycin G (Scheme 15).!
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The use of cis-1,3-disubstitut-
ed tetrahydroisoquinolines as
starting materials is also fre-
quent in protocols aiming to
synthesize compounds related
to cribrostatin 4, which are
characterized by the presence
of a double bond in the AB-iso-
quinoline portion. The olefinic
moiety of the pentacyclic core
of these compounds is flexibly
poised for either saturation to
produce saframycins®” or func-
tionalization at C-14 for the
closure of ring F in sulfur-con-
taining precursors. For instance,
the asymmetric synthesis of
compound 10 developed by
Williams and co-workers,"
began with the synthesis of a
phenethylamine fused with an
azetidinone ring (Scheme 16).

Swern oxidn

Me
NHBoc HSPh, pTSA

OMe
Me
OMe

(+)-Renieramycin G

Scheme 15. Synthesis of (& )-renieramycin G. pTSA =p-tolunesulfonic
acid.

This starting compound was obtained through a Staudinger
reaction between the corresponding N-benzylimine and a
chiral ketene generated from an enantiomerically pure aryl-
methylglycine chloride derivative, followed by elimination
of the chiral auxiliary and deprotection of a phenol group.
Its Pictet-Spengler cyclization with methyl glyoxalate gave
the tetrahydroisoquinoline 9, which was transformed, as in-
dicated, into (—)-cribrostatin 4 (Scheme 16).””

The regio- and diastereochemistry of the final N-acylimi-
nium-mediated cyclization that generates CD rings has been
studied in the same group,”! showing that oxidation of the
allylamine substructure present in 11,11a-unsaturated
pyrazino[1,2-b]isoquinolin-4-ones may be performed with N-
bromosuccinimide (NBS) or with other oxidants to achieve
the required iminium cations to be captured by the arene
ring E.”’! The same group discovered an unprecedented di-
ethylazodicarboxylate (DEAD)-mediated dehydrogenation
that was used to generate an immediate precursor of cri-
brostatin 4 (Scheme 17).!

Chem. Eur. J. 2010, 16, 9722 -9734
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Scheme 16. Synthesis of cribrostatin 4 related compounds. DM AP =4-di-
methylaminopyridine.
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Scheme 17. Cribrostatin 4 related compounds obtained through DEAD-
mediated oxidation.

Synthetic Approaches with Formation of CD Rings
from 1,4-Disubstituted Tetrahydroisoquinolines

This approach was followed by Danishefsky et al. in the first
enantioselective synthesis of cribrostatin 4.5 It involved a
convergent coupling of two extremely functionalized enan-
tiopure compounds followed by a Mannich cyclization to es-
tablish the pentacyclic core. Oxidation at the C-5 position,
which stabilizes the E ring against oxidation, and O-acyla-
tion of the deprotected hydroxymethyl side chain, was fol-
lowed by selective oxidation of the A ring to quinone

Chem. Eur. J. 2010, 16, 9722-9734
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(Scheme 18). The stereochemical outcome of the Mannich
cyclization (i.e., whether the relationship between H-14a
and H-15 emerges as syn or anti) was recently studied in
detail, concluding that the cyclization of the iminium species
onto the isoquinoline C(3)—C(4) enol occurs from the face
opposite to that of the resident C(1)-benzyloxymethyl
group.?

Synthetic Approaches with Formation of D Ring
from Pyrazino[1,2-b]isoquinoline Compounds

In this approach, the precursors, which contain ABC rings,
are O-substituted 2,3,11,11a-tetrahydro-6 H-pyrazino[1,2-
blisoquinoline-1,4-diones with a 6,11a-cis-stereochemistry or
6-substituted  2,3-dihydro-6H-pyrazino[1,2-b]isoquinoline-
1,4-diones. They give the pentacyclic core through their
(35*%,65*,11a8*) or (35%,65%)-3-arylmethyl derivatives after
a reductive cyclization process.

The ABC-tricyclic compounds are usually achieved from
3-arylmethylpiperazine-2,5-diones through N-alkylation of
the N(4)—C(5)-lactam function with aldehydes, followed by
an acid-promoted intramolecular Friedel-Crafts 6-exo-trig
cyclization of the N-o-hydroxyalkyl derivatives thus ob-
tained.” The previous activation of the lactam function as
an O-trimethylsilyl derivative and the use of acetals as elec-
trophiles greatly improve the yields.***!

These cyclizations usually proceed from the E isomers of
N-acyliminium intermediates with less steric interactions be-
tween the aldehyde or acetal chain and the C(5)-carbonyl
group than the Z isomers. Consequently, the major products
are usually the 6,11a-trans isomers. This methodology was

N\
NN on e
PMBO
+ Me
NH BocN
MeO
BnO
OMe
. BnO. Me
N o
0 9K HCOH
Me BocN-|Me Mannich reaction

Scheme 18. The synthesis of cribrostatin 4 by Danishefsky and co-work-
ers. PMB =p-methoxybenzyl.
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used to obtain a precursor of phthalascidin®®! analogues
(Scheme 19).#37 In this work, the 6,11a-trans isomers were
epimerized at C-11a through a radical bromination followed
by catalytic hydrogenation of the 11,11a-dehydro intermedi-

MeO (0]
Me _Ac 1. TMSCI, Et;N MeQ Q A
N™"" 2 PhtCH,CH(OCHs),, M€ N
HN\FH TMSOT AIBN, NBS
MeO i Voo Nﬁ) AIBN, NBS
MeO o
Pht
MeO (0] OMe
Ac Me N N/R OMe
MeO N Me
MeO o) OMe
Pht

MeO

Scheme 19. Synthesis

of phthalascidin analogues.
AIBN =2,2"-azobisisobutyronitrile, Tf = triflate.

Pth=phthalimido,

ate produced by spontaneous dehydrohalogenation, but the
sequence was performed on the unsaturated intermediates
to give 3-arylmethyl derivatives through an aldol-type con-
densation and a subsequent catalytic hydrogenation. These
compounds gave octa- or pentacyclic derivatives through
partial reduction of two or one amide functions, respectively,
and generation of N-acyliminium cations with or without a
conjugate intramolecular addition.*

The greater conformational freedom of some side chains,
makes the Z isomers of N-acyliminium species that mediate
the 6-exo-trig cyclization more stable, which resulted from
the attack of the aromatic ring from the Re face. Com-
pounds such as 11, with a syn-relationship between the H-6
and H-11a protons, were the only products. This compound
was converted into the interesting cytotoxic agent 12
through  reduction of the C(1)-lactam function
(Scheme 20).P!

Aldol-type condensations of 6,11a-trans isomers of
2,3,11,11a-tetrahidro-6 H-pyrazino[1,2-bJisoquinoline-1,4-
diones with benzaldehydes were efficient. However, for
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Scheme 20. N-Alkylation/cyclization of 3-arylmethylpiperazine-2,5-diones
and 2-benzyloxyacetaldehyde dimethyl acetal.

12 (R = COiPr) OE"

6,11a-cis isomers, such as 11, it was necessary to carefully
select the base and the C(6) side chain because of the labili-
ty of the 11a proton in basic media.*”! Although the H(11a)
proton is more acid than the H(3) proton, the use of potassi-
um fert-butoxide as a bulky base allowed the generation of
the C(3)-enolate and its subsequent reaction with aromatic
aldehydes, but the catalytic hydrogenation of the exocyclic
double bond was not diastereoselective because the confor-
mational freedom of the C(6)-benzyloxymethyl chain makes
the two faces of the double bond equally accessible to hy-
drogen transfer. Reductions with zinc/acetic acid®! or with
diimide!? gave also an equimolecular mixture of diastereo-
mers at C-3 (Scheme 21).

Hz
o o
R? R2
gy \ R N
N N\”/‘VAr * N\(‘ ,,,,, A
J 3 !
RéO ReO

Scheme 21. Aldol condensation/reduction of 2,3,11,11a-tetrahidro-6H-
pyrazino[1,2-bJisoquinoline-1,4-diones.

Although other side chains at C-6 permitted control of
hydrogen addition from the o face,**! the C(3)-alkylation of
1-methoxy compounds was considered to be a better option
because deprotonation at the C(11a)-position and the hy-
drogenation of the exocyclic double bond were eluded.
These starting materials were obtained through activation of
the C(1) carbonyl group, partial reduction, and methanol
addition. Alkylation of the enolates with benzyl halides oc-
curred from the o face of the piperazine ring, but the de-
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sired C(3)-epimers (the all-cis kinetically controlled prod-
ucts) were obtained by equilibration through deprotonation
and subsequent stereoselective reprotonation with a solution
of di-tert-butylhydroxytoluene (BHT) as a hindered proton
source (Scheme 22).144

OMe  OMe
2
1.LHMDs  Me NBL
2. CICHAr
% o LY
COzltBru OMe .,
OBn 2 OBn

1. tBuli

2. BHT
E— N~
Equilipration [MeO \(l\/

"Hlndered
proton source"

Scheme 22. C(3)-Alkylation of  6-substituted  6,11a-cis-1-methoxy-
pyrazino[1,2-blisoquinolin-4-ones. LHMDS =lithium hexamethyldisila-
zide.

Other groups have studied the use of 3,6-bis-arylmethylpi-
perizine-2,5-diones, obtained by double aldol condensation/
hydrogenation of 2,5-piperazinediones and aromatic aldehy-
des,™! as starting materials. This approach eludes the aryl-
methylation of the tricyclic ABC system, but requires a che-
moselectively controlled mono-Pictet-Spengler cyclization
to avoid formation of the linearly fused pentacyclic system
(Scheme 23).1%

OMe @] OMe
NH
HN
OMe O OMe
1. RCHO
2 H*

OMeR O OMe

OMeR O OMe

Scheme 23. Pictet-Spengler cyclizations of 3,6-bis-arylmethylpiperizine-
2,5-diones.

Due to steric interactions between the C(3) and C(6) side
chains, which have to adopt nearly axial positions in all-cis
compounds, formation of the D ring from 6-substituted 3-ar-
ylmethyl-3,6,11a-cis-pyrazino[1,2-b]isoquinolin-4-ones or 3-
arylmethyl-3,6,11a-cis-1-methoxypyrazino[1,2-b]isoquinolin-
4-ones following intramolecular Pictet-Spengler condi-
tions!“”! competes with elimination of the 11a proton to give
enamides (Scheme 24a). Cyclizations of 3-(2,5-dimethoxy)-
benzyl derivatives were especially difficult because of the
steric effect of the o-methoxy groups, but they were conven-
ient for the C(3) epimers (Scheme 24b).1*’]
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Superacid-catalyzed reactions of all-cis tricyclic precur-
sors, by using trifluoromethanesulfonic acid, gave the cycli-
zation products in good yields, probably through C,N-bisca-
tionic intermediates that are more reactive than iminium
cations (Scheme 25).1")

A Brief Summary of ET-743 Total Syntheses and
Semisynthetic Approaches

Ecteinascidins are marine natural products and attractive
candidates for development as anticancer agents because of
their potent antiproliferative activity against a variety of
tumor cells. The low amounts present in its natural source,
the tunicate Ecteinascidia turbinata, made it necessary to
find efficient synthetic procedures to develop the lead com-
pound Yondelis (trabectedin, ET-743).1 This is the first
marine anticancer agent approved in the European Union
and lately in other countries for patients with soft sarcoma;
its application for ovarian cancer treatment is also under
discussion.

The first total synthesis of ecteinascidin 743 developed by
Corey’s group!'”! was based on biomimetic disconnections
leading to four “amino acid” subunits (Scheme 26). Starting
from sesamol, chirality was introduced by asymmetric hy-
drogenation of a precursor of the tricyclic lactone bearing
AB rings by using the Knowles catalyst (Scheme 9b), while
the E ring was incorporated in a protected amino aldehyde.
Twelve steps were required from sesamol to get the coupling
of these two main building blocks, and other twenty steps to
get the natural product.

The pentacyclic intermediate 13 was obtained through a
Mannich bisannulation and the improved synthesis of this
intermediate!®! was utilized by Martinez and Corey in their
total synthesis of ET-743™ and its simpler analogue phtalas-
cidin.’’ Among the powerful transformations applied in
the full process, the generation and capture of a quinone
methideP™” by the cysteine sulfur atom to construct the 10-
membered lactone was so relevant that it was followed in
the semisynthesis of ET-743 developed in Pharmamar."!
With more or less variations, it was also used in the formal
or total syntheses of ET-743 reported so far. Corey and co-
workers generated the quinone methide by “dehydration”
of the a-hydroxycarbonyl portion of intermediate 14, which
was produced in the oxidation with benzeneseleninic anhy-
dride of the phenol function in a derivative of 13
(Scheme 27).

The groups of Fukuyama,® Zhu,” Danishefsky,”” and
Williams®! generated the quinone methide by “dehydra-
tion” of 14-hydroxyphenols. These precursors originated
from the approaches by the groups of Fukuyama and Zhu in
the formation of the B ring (see Schemes?2 and 3), giving
rise to compounds 15 and 16. In contrast, the 14-hydroxy
function was generated in the approaches used by the
groups of Danishefsky and Williams by epoxidation/reduc-
tion of 14,14a-unsaturated intermediates 17 and 18, respec-
tively.
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Scheme 24. Formation of the D ring.
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Scheme 25. Superacid-catalyzed cyclizations.
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Scheme 26. Retrosynthetic analysis of the approach used by Corey et al.
for the total synthesis of ET-743. PG = protecting group.

In spite of their success, these total syntheses are not suit-
able for manufacturing ET-743 on an industrial scale. Fortu-
nately, a semisynthetic process starting from cyanosafra-
cin B, an antibiotic obtained by fermentation from the bac-
teria Pseudomonas fluorescens, solved the supply problem
of producing the drug economi-
cally on a multigram scale
(Scheme 28).°" This fermenta-
tion process has been also ap-
plied for the semisynthesis of
other ecteinascidins.”” One in-
teresting compound among
these new structures is Zalyp-
sis,[®! which is currently in clini-
cal development for the treat-
ment of solid tumors and hema-
tological malignancies.*

Conclusion and Outlook

Besides the above-reported syn-
thetic strategies, over the last
10 years, new antitumor antibi-
otics belonging to the tetrahy-
droisoquinoline family have
been isolated and studied as cy-
totoxic compounds.” Many
transformations of the substitu-
ents in the pentacyclic core to establish structure-activity re-
lationships have also been reported,'>* along with reports
of hybrid structures that contain portions of two subfamilies
have been obtained or isolated from the nature.””

The findings reported herein highlight that, although the
ideal synthesis of these complex heterocyclic systems is still
far away, many synthetic achievements have paved the way
toward this aim.
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