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The piperizinohydroisoquinoline moti&) appears in a diverse
series of alkaloids, including naphthyridinomycin, the quinocarci-

noids, the saframycins, the reneiramycins, and the ecteinaséidins.

Exemplary of the ecteinascidins is ET-74%), one of the most
potent cytotoxins known. This drug, whose availability is to a great
extent due to the dominant total synthesis of E. J. Corey and
associated,is currently being evaluated at various clinical levels
for the treatment of a range of cancers.

(¢) R"=-CN, -OH

(b) ET-743
X =-OH, -CN

In 2000, Pettit reported the isolation and structural deduction of
a neoplastic agent, cribrostatin I\t)( from a blue marine sponge,
Cribrochaling, in reef passages in the Republic of Maldives.

Scheme 1. Synthetic Strategy for Cribrostatin IV (1)

Cribrostatin IV (1)

Obviously, conciseness and efficiency would be pivotal for a
total synthesis to service such broader ends. Our plan involved
joining an AB-ring moiety to a putative DEF precursor via
fashioning of an amide bond [se®)]( In the definingf — g
transformation, &, ultimately in the form of an aldehyde,
interpolates itself betweenz@nd N,. This line of reasoning led

Shortly thereafter, Kubo and colleagues reported a reassignmentus back to genus-type structured)[@nd €)].

of the structure of the semisynthetically derived reneiramycha H,
thereby showing it to be the same B

Needless to say, for such a scheme to be implementable in an
organized way, the components to be mergel §nhd €)] must

Several considerations converged to direct our attentions to abe presented as suitably functionalized subunits, whose absolute

possible total synthesis of cribrostatin IXt)( While lacking the
propeller-like character of ET-743, is arguably the most func-
tionalized of the traditional pentacyclic-type core alkaloifiBus,
every skeletal carbon atom ih appears in oxidized form, with its
A-ring in the quinonoidal oxidation kel and its E-ring as an EF
saframycin “hybrid™ in its core domain.The presence of the
C;—C, double bond, in the context of the A-ring quinone, serves
as a central connecting element in a formal vinylogous imidic
network? Also worthy of note is the hydroguinone E-ring, which

configurations correspond, at pertinent stereogenic centers, to
cribrostatin IV (). Specifically, we elected to couple components
9 and17. We first describe the syntheses of these configurationally
“matched” compounds using reagent-controlled enantiotopic induc-
tion in catalytic settings. From there, we go on to describe the first
total synthesis of cribrostatin I\V1J.

Commercially available 3-methyl-1,2-dimethoxybenzene was
converted ta2 (Scheme 2}° Regiospecific brominatiortho to
the phenolic group, followed sequentially by methylation and

owes its otherwise surprising stability to the presence of the keto Baeyer-Villiger-like cleavage of the aldehyde function, provided

group at G4.8

Not the least intriguing feature of cribrostatin 1¥)(is that it is
a potent (low micromolar) cytotoxic agent. While in the context of
saframycins and particularly ET-743, much higher cytotoxicities
are expected and encounterddacks the characteristic N Cjp;
cyanomethinyl or the M-C,; hydroxymethinyl (i.e., hemiaminal)
motifs [see €)].! Pre-G; iminium ion functionalities had been
presumed to be essential to both in vitro and in vivo acti¥ity.
Becausd is isolatable in only trace amounts, total synthesis could

a new phenol, in which the hydroxyl group was subsequently
protected as its-TBDPS derivative (see compoudl Lithiation
of the bromo function was followed by C-acylation with compound
4, which corresponds to the Weinreb amide -e©Bn glycolic
acidt

Entrance to the “chiral pool” was accomplished through reduction
of the benzyl ketone (cb — 6), following protocols first described
by Noyori and associatéd.Displacement of the hydroxyl group
through the agency of diphenylphosphoryl azide provided

well surpass isolation as a means to access quantities of materiaReduction of 7, and two-carbon homologation, followed by

suitable for evaluation of biological activity. Thus, a viable synthetic
route to 1 could set into motion a focused discovery program

regiospecific exposure of the A-ring phenol group, was followed
by its temporary protection in the form of allyl eth&r Finally,

seeking to optimize between potency, maximum tolerable dose, andBobbitt modified PomeranrzFritsch cyclization of8 gave rise to

therapeutic index of potential congeners.
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Scheme 2. Synthesis of Coupling Partner 92
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aKey: (a)i. Br, NaOAc, AcOH; ii. MQSQ, BuwNBr, NaOH, CHCI,

76% over two steps; (b) i. MCPBA, CHgIi. HCI, MeOH, 78% over two
steps; (c) TBDPSCI, TEA, DMAP, DMF, 89%; (d)n-BuLi, toluene:THF
(9:1), —78°C; ii. 4, 80% over two steps; (e) (Rugd(p-cymene), DMF/
HCOH/TEA, 40°C, 94%, 95% ee; (f) DPPA, DBU, toluene:DMF (9:1),
50 °C, 82%, 95% ee; (g) 5% Pd/C, 1 atmy,HEtOAc, 80%; (h) i.
(MeO),CHCHO, AcOH, NaCNBH, MgSQ,, MeOH; ii. TBAF, THF, 99%
over two steps; (i) allyl bromide, NaH, DMF, 87%; (j) 8.0 M HCl/dioxane,
97%.

Scheme 3. Synthesis of Coupling Partner 172
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aKey: (a) TsCl, E4N, CH.Cl,, 84%; (b) ICl, AcOH, 96%; (c) Mel,
K2CQOs, acetone, 95%; (d) NaOH, EtOH, 90%; (e) (&M, EBLAICI,
CH,Cl,, 86%; (f) BnBr, K.CO;s, acetone, 85%; (g) PMBCI, NaH, THF:DMF,
99%); (h) TEA,14,18 BusNBr, (o-tolyl)sP, Pd(OAc), CHCN, 87% (Z isomer
only); (i) Rh[(COD)-S9-Et-DuPhosj TfO~, 100 psi B, CH.Cl,/MeOH,
93%, 99% ee; (j) LiOH, MeOH/THF/KD, 93%; (k) Mel, NaH, THF, 82%.

Scheme 4. Cyclization Leading to Pentacyclic Core 212
OMe

Ohle
Me

aKey: (a) BOPCI, TEA, CHCl,, 89%; (b) DDQ, CHCl./buffer (pH
7), 90%; (c) DMP, 2,6-lutidine, CkCl,, 84%; (d) HCQH, 100°C, 59%;
(e) i. NaBH,, THF/H,0; ii. AcOH, BusSnH, (PRP),PdCh, CH,Cl,,2 98%
over two steps; (f) CSA, benzene, 80, 80%.

Scheme 5. Unsuccessful Route to 12

aKey: (a) 5% Pd/C, KH(1 atm) EtOAc; (b) Fremy salt, KiPOy, CHsCN/
H.0; (c) SeQ, dioxane, 100°C; (d) DMP, CHCIy; (e) 10% Pd/C, H (1
atm), MeOH; (f) air, MeOH.

Compound?2, arising from selective deprotection of the aromatic

of 9 constitutes an esthetic awkwardness rather than a substantivebenzyl group of21, was oxidized with Fremy salt to afford

complication to the overall synthesis (vide infra).
To reach the configurationally matched coupling parthiéwe
started with the commercially available 3-methylcatechti) (

bisquinone23 (Scheme 5§? Oxidation of23 with selenium dioxide
occurred regio- and stereospecifically ats@ give rise t024.23
The latter, following exposure to DesMartin periodinane (DMP),

(Scheme 3). Temporary protection of the less hindered phenol asgave rise to a relatively stable keto bisquinone. Reduction of the

its tosylate derivative was followed by regiospecific iodination. The
iodo compound was converted, as shownlipwhich following
ortho-hydroxymethylation, afforded2.1®

To enable orderly progress, it would be helpful to differentiate

two quinone rings as well as deprotection of the primary alcohol
at G, was followed by selective air oxidation of the A-ring
hydroquinone. Clearly, the selectivity in this oxidation arises from
the high-energy character of the E-ring quinone due to the C

the protecting patterns on the phenolic hydroxyl versus the benzylic ketone?* Compound25, requiring only “angelation” of the primary

alcohol, corresponding to the future,&ldehyde. Fortunately, it
proved possible to define conditions leading to clean benzylation
of the phenolic group. This reaction was, in turn, followedaya-
methoxybenzylation of the benzylic alcohol, giving rise to com-
pound13. The latter served admirably as a substrate in a Jeffery
Heck coupling reaction, thus affording compouhBlas the only
isomerl® Reduction of the double bond with enantiotopic control,
in the manner indicated, affordeti6 in good yield!” Simple
hydrolysis of the methyl ester and N-methylation gave rise to
coupling partnen?.

Amidation of the carboxylic acid of7 with secondary amin@
gave rise tal8 (Scheme 4}? Oxidative deprotection of the PMB
group, followed by simultaneous oxidation of the primary and
secondary alcohols, afforded the k&gcesubstrate 9.2° The stage
was set for the critical intramolecular lynchpin-like Mannich
reaction. In the event, cleavage of the Boc functiori®&et into

motion a predictable sequence culminating in the desired product,

20, in good yield?! From this intermediate, we were able to gain
access t@1 in short order.

alcohol (see €hydroxymethyl group), was now in hand.
However, despite extensive efforts, all attempts to accomplish
the requisite esterification failed. Substrateexhibited instability
to a range of mildly basic conditions of the type needed to mediate
the acylation reaction. We attributed the vulnerability of the
substrate to various bases as reflecting its susceptibility to nucleo-
philic attack at G;. This was then followed by cleavage of the
C,1—Ci3 (B-dicarbonyl) bond® It was noted that the character of
the G carbonyl function in compoun®5 was that of a vinylogous
imide. Indeed in such a context, tjfedicarbonyl connectivity of
C14 and G, could well exhibit high base lability. Our remaining
possibility was to attempt the esterification at an earlier stage, while
the A-ring was in the hydroquinone, rather than in the quinone,
oxidation level. We hoped that this change in oxidation level, though
somewhat remote from the reactive;@enter, could profoundly
alter its character in electronic terms, perhaps allowing for
angelation at . Of course, in such a setting, we would be obliged
to conduct significant chemistry with the potentially labile angelate
already in place.

J. AM. CHEM. SOC. = VOL. 127, NO. 13, 2005 4597



COMMUNICATIONS

Scheme 6. Completion of Synthesis of Cribrostatin IV (1)@

ij k

Cribrostatin IV

Me

aKey: (a) TBSOTf, TEA, CHCI,, 90%; (b) 5% Pd/C, K (1 atm),
EtOAc, 90%; (c) Fremy salt, KiPOy, CH3CN/HO, 84%; (d) Se@
dioxane, 100C, 87%; (e) DMP, CHCl; (f) 10% Pd/C, H (1 atm), MeOH,
89% over two steps; (939, CHxCly; (h) AcOH, TBAF, THF, 75% over
two steps; (i) PIFA, CHCN/H20; (j) Zn, AcOH; (k) air, DMF, 24 h, 65%
over three steps.

In the event, compoung6, prepared from compounzil, was
oxidized to 27, and the latter converted t®8 according to the
procedures described above (Scheme 6). Upon treatm@8tvath
acyl chloride29,%6 angelation occurred uneventfully. Compound
30 was obtained following TBS deprotection. The angelated
intermediate 30, was converted to cribrostatin V1) through a
series of straightforward manipulations of rings A and Ehe
selective air oxidation of the ring A hydroquinone in the last step
follows, as above (se24 — 25), from the high-energy character
of an E-ring quinone flanked by a ketoffeThe spectroscopic
properties of synthetid were in complete accord with those of
natural cribrostatin IV 1).4

In summary, an enantioselective synthesis of cribrostatin)V (
has been accomplished through a convergent coupling of two
extremely functionalized, matched enantiopure compounds, a
“lynchpin Mannich” cyclization to establish the pentacyclic core,
a selective angelation strategy, and the use of th&&lo function
to distinguish between two hydroquinonguinone oxidation resting
states in rings A and E. A key feature of the synthesis described
above was the ability to modulate the character of and,
accordingly, G; by varying the oxidation state of ring A. It is well
within reason that this concéptcould find further application in
fine-tuning SAR profiles of prospective drug candidates in this
series. Studies of the SAR profiles of analogues of cribrostatin IV
(1) by synthesis or by diverted total synthé8iare underway.
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