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A formal total synthesis of the potent anticancer agent Et-743 is described. The tetrahydroisoquinoline
core is stereoselectively constructed using a novel radical cyclization of a glyoxalimine. Further elaboration
of this core rapidly accessed the pentacyclic core of Et-743, but a mixture of regiosisomers was obtained
in the key Pictet-Spengler ring closure. A known advanced intermediate in the synthesis of Et-743 was
intercepted, constituting a formal synthesis of the molecule.

Introduction

Members of the tetrahydroisoquinoline family of alkaloids
display a wide range of biological properties such as antitumor
and antimicrobial activities.1 Of particular significance within
this family is Ecteinascidin 743 (Et-743, 1, Figure 1,) which
has been demonstrated to possess extremely potent cytotoxic
activity with in vitro IC50 values in the 0.1-1 ng/mL range in
several cell lines (as a measure of RNA, DNA, and protein
synthesis inhibition).2 Et-743 is currently in phase II/III clinical
trials for the treatment of ovarian, endometrial, and breast
cancers and several sarcoma lines.3The scarcity of the natural
product from marine sources renders Et-743 an important target
for synthesis. Corey and co-workers reported the first total
synthesis of Et-743 in 36 steps with an overall yield of 0.72%.4a

A second-generation synthesis improved the overall yield to
2.04%, but still required 36 steps.4b Fukuyama and co-workers
achieved a total synthesis of Et-743 in 50 steps and 0.56%
overall yield.5 More recently, Zhu and co-workers reported a
31 step synthesis in 1.7% overall yield.6 Most recently,
Danishefsky and co-workers reported a formal total synthesis7via
a pentacyclic compound that intercepted a late-stage intermediate
of Fukuyama’s route.5 Despite the advancements in the state-
of-the-art in total synthetic approaches to Et-743, the clinical
supply of this complex drug is semisynthetically derived from
natural cyanosafracin B, obtained by fermentation as reported
by PharmaMar.8

Our laboratory has been developing methodology for the
assembly of tetrahydroisoquinoline natural products and has
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FIGURE 1. Ecteinascidin 743 (1).
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reported syntheses of D,L-quinocarcinamide,9 (-)-tetrazomine,10

(-)-renieramycin G,11 (-)-jorumycin,11 and cribrostatin 4
(renieramycin H).12 As a part of this program, we have targeted
Et-743 by a convergent route that envisioned coupling of a
suitably functionalized tyrosine derivative13 with the complete
tetrahydroisoquinoline core (Scheme 1.) We have successfully
deployed this strategy, with the present objective of construction
of pentacycle A, in the synthesis of (-)-renieramycin G and
(-)-jorumycin.11,12

We have previously reported a concise and highly diastereo-
selective synthesis of the tetrahydroisoquinoline core of Et-743

(E).14 This was achieved via an intramolecular 6-endo radical
closure on a glyoxalimine, and the desired 1,3-cis-diastereomer
was obtained exclusively. The synthesis of a tetrahydroiso-
quinoline such as E can be problematic because of the acid
sensitivity of the benzylic hydroxyl, particularly because it is
ortho to the phenolic hydroxyl of the aromatic ring and thus
has a high propensity for ortho-quinonemethide formation.
Herein, we report a formal total synthesis of Et-743 as part of
our ongoing efforts to devise a practical and scalable synthesis
of this potent antitumor antibiotic that would be amenable to
the construction of analogues with anticipated potent cytotoxic
activity.

Results and Discussion

The synthesis began with Borchardt’s catechol 315 that was
regioselectively brominated to generate 4 (92% yield) (Scheme
2.) Conversion of catechol 4 to the methylenedioxy aldehyde 5
was accomplished using bromochloromethane in a sealed vessel
(69% yield). Baeyer-Villiger oxidation using m-CPBA provided
bromophenol 6 as an off-white solid following hydrolysis of
the resulting formate intermediate (73% yield). Stereoselective
aldol condensation of the titanium phenolate of 6 with (R)-
Garner’s aldehyde (7)16 using a modification of Casiraghi’s
method17 provided the anti-product 8 followed by allyl protec-
tion of the phenolic oxygen delivering 9 (65% yield, two steps).
Subsequent hydrolysis of the oxazolidine and formation of the
trans-acetonide (84% yield, two steps) provided 10 as an oil
that cleanly underwent N-Boc deprotection using Ohfune’s
protocol18 (76% yield) to afford free amine 11 as a stable
crystalline solid. From 11, the glyoxalimine intermediate 13 (see
Scheme 3) was readily obtained by condensation with ethyl
glyoxalate. Following isolation by filtration through Celite and
concentration, the radical ring closure commenced with slow
addition of Bu3SnH and AIBN via syringe pump to a refluxing
dilute solution of the glyoxalimine (13). Concentration and KF/
silica chromatography19 of the crude reaction mixture provided
solid 12 as a single diastereomer (58% yield, two steps). The
relative stereochemistry of 12 was secured 1H NMR data and
corroborated by X-ray crystallography. Examination of the crude
1H NMR revealed the formation of a single diastereomer in the
radical closure and exclusive 6-endo regioselectivity. In addition
to 12 and tin impurities visible in the 1H NMR spectrum, an
aromatic proton arising from hydride quenching of the aryl
radical revealed a ∼6.6:1 ratio of 12 to reduced substrate. Slower
addition rates (over 18 or 36 h) did not improve the isolated
yield of 12.
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The diastereoselectivity of this reaction stands apart from
numerous Pictet-Spengler cyclizations on related substrates that
provide tetrahydroisoquinolines exclusively as the 1,3-trans-
diastereomers.11,20,21 We qualitatively rationalize the cis-dias-
tereoselectivity of this radical process using the Beckwith-Houk
chairlike transition state model for intramolecular radical ring
closures (Figure 2).22 The lowest-energy chair conformation (A)

adopted by the trans-acetonide of the substrate (13) results in
both the glyoxalimine and aryl substituent being in an equatorial
disposition. In this conformation, 1,3-diaxial steric effects and
allylic strain interactions are minimized in the ring-forming
transition state. To further examine the stereocontrol imparted
by the acetonide ring, the cis-acetonide substrate 14 was
prepared (using Casiraghi’s method from the magnesium
phenolate of 6).17 Substrate 14 resulted in a 1:1 mixture of 1,3-

(22) (a) Beckwith, A. L. J.; Schiesser, C. H. Tetrahedron 1985, 41, 3925–
3941. (b) Spellmeyer, D. C.; Houk, K. N. J. Org. Chem. 1987, 52, 959–974. (23) Chen, X.; Zhu, J. Angew. Chem., Int. Ed 2007, 46, 3962–3965.

SCHEME 2. Tetrahydroisoquinoline Core of Et-743

SCHEME 3. Pentacycle Construction
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trans- and 1,3-cis-tetrahydroisoquinolines (15 and 16, both are
known componds),20 which suggests the energy difference
between transition state conformations B and C (axial aryl group
versus axial glyoxalimine) is negligible.

As shown in Scheme 3, reduction of the tetrahydroisoquino-
line ester (12)14 with LAH, followed by immediate protection
as the benzyl ether (17), proceeded cleanly in 77% yield over
two steps. The substituted tyrosine amino acid component (18)
has been previously reported by us, utilizing the oxazinone
template technology developed in our laboratory that was
benzylated with the advanced aromatic side chain.13 Thus,
acylation of the tetrahydroisoquinoline (17) was achieved via
the N-Fmoc-protected amino acid chloride (18) to give amide
19a without epimerization. The use of the N-Boc free acid with
a variety of coupling agents (DCC, HOBt, HATU) all resulted
in very sluggish reactions with poor isolated yields, as did the
attempted use of the N-Boc acid fluoride.

Treatment of 19a with diethylamine provided the free amine,
which was not isolated in favor of immediate evaporation of
excess base and solvent and subsequent Boc protection of the
crude material. Isolation following chromatography provided
compound 19b in 90% yield. Removal of the acetonide from
19b was accomplished using the extremely mild, albeit slow,
method of stirring with Dowex 50W-X8 cationic resin in
methanol. Complete deprotection took 8-12 h, but the yield
was quantitative following simple filtration and concentration.
Instead of providing the usual diol product, this substrate
incorporated methanol at the benzylic position thus providing
the methyl ether as a ∼1:1 mixture of diastereomers. Not
unexpectedly, the benzylic stereogenic center loses stereochem-
ical integrity since the methanol is incorporated via the incipient
ortho-quinonemethide species arising from the acidic depro-
tection conditions.

Alternatively, we found that the use of water/dichloromethane
with cationic resin on 19b could provide the corresponding free

diol, but oxidation of the primary alcohol (in the presence of
the free benzylic alcohol) could not, in our hands, be cleanly
accomplished. The methyl ether was thus a fortuitous selective
protection of the benzylic alcohol, ultimately simplifying the
subsequent manipulations.

Facile deprotection of the O-TBS-protected phenol using
TBAF was followed by oxidation of the primary alcohol using
Swern conditions in high yield. This oxidation product (20)
existed as an equilibrium mixture of the aldehyde and the
corresponding hemiaminal species (illustrated) as observed by
1H NMR, which was otherwise additionally complicated by
amide and carbamate rotamers. The attempted oxidation using
either Dess-Martin periodinane or TPAP/NMO both failed,
leading to extensive decomposition. Following filtration of crude
20 through a plug of silica gel, this substance was immediately
subjected to the Pictet-Spengler conditions.

The objective at this stage was to achieve the Pictet-Spengler
reaction via N-Boc deprotection, iminium ion formation, and
electrophilic aromatic substitution to provide the desired pen-
tacyclic core of Et-743. This meant that the aromatic substitution
must occur ortho to the free phenol, and the benzylic methyl
ether must survive these conditions. Unfortunately, it had already
been demonstrated above that the electron-rich aromatic ring
of the tetrahydroisoquinoline component was highly sensitive
to protic conditions, leading to ortho-quinonemethide formation.

Indeed, when substrate 20 was treated with trifluoroacetic
acid in methylene chloride, it cleanly underwent the expected
pentacycle formation furnishing 21 + 22 as a ∼0.72:1 ortho:
para mixture of regioisomers in 72% combined yield. As
anticipated, the benzylic methoxy group was eliminated presum-
ably via the incipient ortho-quinonemethide species that forms
under these conditions. In a fruitless effort to circumvent the
vexing olefin formation, pentacycle formation with TFA in dry
methanol resulted in extensive decomposition of the substrate.

FIGURE 2. Transition state models to rationalize the observed 1,3 relative stereochemistry in the tetrahydroisoquinoline radical ring closure.

Synthetic Studies on Et-743

J. Org. Chem. Vol. 73, No. 24, 2008 9597
                 P. 4 UT Ex. 2028 

SteadyMed v. United Therapeutics 
IPR2016-00006

f 

 

Find authenticated court documents without watermarks at docketalarm.com. 

https://www.docketalarm.com/


As part of these synthetic investigations, the intermediate 23
was prepared (in parallel with the O-benzyl-protected synthesis)
bearing an O-allyl-protected hydroxymethyl at C1 of the THIQ
core. This substrate was used to examine the regioselectivity
of the pentacycle-forming ring closure and was utilized to
acquire detailed 1H NMR data, while the O-benzyl material 21
was carried forward in the synthesis. One interesting observation
was the behavior of compound 25 containing the O-Boc
carbonate-protected phenolic oxygen. Treatment of 25 under
the same reaction conditions provided the pentacycles 26 + 27
in a 2:3 ratio of ortho:para regioisomers. The O-Boc carbonate
would presumably be deprotected quickly under these conditions
to reveal the free phenol-containing reactive species, thus
resulting in a comparable regioselectivity as observed with
substrate 20 (beginning with a free phenol on the aryl nucleo-
phile moiety). Notably, however, when substrate 25 was treated
with K2CO3/MeOH, the O-Boc carbonate was selectively
removed (28) with apparent olefin formation prior to the
Pictet-Spengler reaction and pentacycle formation. Treatment
of 28 with TFA in dichloromethane produced the pentacycles
26 + 27 in a 1:3 ratio of ortho:para regioisomers, supporting
the hypothesis that some regioselectivity in the closure might
arise from an intramolecular H bond with a heteroatom at the
benzylic position.11c

In their synthesis of renieramycin H, the Zhu group has
interestingly reported control of Pictet-Spengler regioselectivity
in a related system by variation of acid concentration (Scheme
4).23 It was found in that case that lowering the concentration
of methanesulfonic acid to 0.01% in CH2Cl2 could invert the
ortho:para selectivity from 3.4:1 to 2:3. Furthermore, the use
of acetonitrile as the solvent instead of dichloromethane favored
the undesired isomer, giving ortho:para selectivity of 1:10. Our

attempt to reproduce the Zhu conditions on substrate 24 using
0.01% methanesulfonic acid in CH2Cl2 did not affect the
regioselectivity of this reaction. The substrate was consumed
to provide some material that appeared to still contain the N-Boc
protecting group, but the 1H NMR of the crude product was
prohibitively complex. Subsequent treatment of this reaction
crude with a TFA/anisole/CH2Cl2 mixture provided the penta-
cycles 26 + 27 with ∼1:1 regioselectivity. The same ratio is
obtained if the TFA/anisole conditions are used directly on
substrate 24.

In order to redeem the synthetic utility of the olefinic products
(21 or 26), our attention was captured by the recent formal
synthesis of Et-743 reported by the Danishefsky group7 in which
the olefin (29, Scheme 5) underwent facile oxidation using
DMDO and immediate hydride reduction delivering the benzylic
alcohol 30. With the availability of this methodology in the
literature, our efforts were briefly redirected to convert our
synthetic pentacycle 21 into compound 29 which would
constitute a formal total synthesis of Et-743 by relay through
the Danishefsky7 and then Fukuyama5 syntheses, respectively.

In the event, the desired pentacycle 21 (Scheme 3) was
N-protected as the trichloroethyl carbamate (Troc), and the
phenolic residue was protected as the corresponding O-benzyl
ether in 85% yield for the two steps (Scheme 5). Removal of
the O-allyl group under standard conditions followed by
reprotection as the corresponding MOM ether provided com-
pound 29 (56% yield for the two steps). Compound 29 perfectly
matched Danishefsky’s substrate by 1H, 13C NMR, and optical
rotation, confirming the structure of compound 29.

Since Danishefsky has previously converted7 compound 29
into a late-stage intermediate in Fukuyama’s total synthesis5

(namely, compound 30, Scheme 5), this two-stage relay of our

SCHEME 4. Pictet-Spengler Regioselectivity
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