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Abstract

Full details are provided for the total synthesis of several members of the hapalindole family of natural
products, including hapalindole Q, 12-epihapalindole D, 12-epi-fischerindole U, 12-epi-
fischerindole G, 12-epi-fischerindole I, and welwitindolinone A. Use of the recently developed direct
indole coupling enabled an efficient, practical, scaleable, and protecting group-free synthesis of each
of these natural products. The original biosynthetic proposal is reviewed, and a revised biosynthetic
hypothesis is suggested, validated by the above syntheses. The syntheses are also characterized by
an adherence to the concept of “redox economy”. Analogous to “atom economy” or “step economy”,
“redox economy” minimizes the superfluous redox manipulations within a synthesis; rather, the
oxidation state of intermediates linearly and steadily increases throughout the course of the synthesis.
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Introduction

The first members of the hapalindole-type natural products were isolated from the
Stigonemataceae family of cyanobacteria in 1984 by Moore and coIIeagues.1 In the 24 years
since their initial discovery, 63 members2 have been added to this family of alkaloids, which
include the hapalindoles, fischerindoles, welwitindolinones, ambiguines, hapalindolinones,
hapaloxindoles, and fontonamides (see Chart 1). These natural products have been isolated
from soil samples in a myriad of habitats around the globe,3 and a broad range of biological
activities arises from the different structural classes. Insecticidal activity is observed for several
hapalindoles2I and welwitindolinones.2f Reports have surfaced of antialgal activity from the
hapalindoles,1 antimycotic activity from the hapalindoles,llzelI welwitindolinones,z‘c and
ambiguines,Zd'k and antibacterial activity from the hapalindoleszm’4 and ambiguines.2k
Additionally, it has been found that hapalindolinone A inhibits arginine vasopression binding.
2b Finally, potent anticancer activity against multiple drug resistant ovarian cancer cell lines
has been reported for the welwitindolinones,z‘c'5 apparently exerting this effect through
microtubule depletion.6
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Not only do a vast number of the members of this natural product family exhibit potent and
exciting biological activities, but they also all contain intriguing and unprecedented molecular
architectures. Though distinct, they are united by several structural features, most notably an
indole (or indole-derived) heterocycle with a monoterpene unit appended at C(3) (see Scheme
1 for numbering), comprising the core of these molecules. All but a handful of them contain
an isonitrile or an isothiocyanate at C(11), with an all-carbon quaternary center, comprised of
a methyl and vinyl group, vicinal to this moiety (C(12)). The hapalindoles are the simplest
members of this family, containing the core structure described above, housed within a tricyclic
framework. Many contain further functionalization, either in the form of unsaturation (at C
(10)) or chlorination (at C(13)), and several contain an additional carbocycle arising from the
union of C(4) of indole with the isopropylidene unit at C(15). The fischerindoles, tetracycles
formed via the union of C(2) of indole with the isopropylidene unit at C(15), are also
characterized by varying degrees of functionalization and oxidation. The hapaloxindoles and
fontonamides are structurally related to the tetracyclic hapalindoles, although the indole has
been either oxidized to give the oxindole or oxidatively cleaved to form the formylkynurenine.
Also related to the hapalindoles, albeit much more complex, are the ambiguines, which contain
additional functionalization at C(2) of indole, specifically a tert-prenyl moiety. In the most
complex ambiguines, this tert-prenyl group is further cyclized and oxidized. In addition to the
unifying structural features of this family of natural products, the hapalindolinones contain a
unigue component within their molecular architecture, specifically a spirocyclic cyclopropane
that joins C(11) with C(3) of the oxindole heterocycle. Finally, the welwitindolinones are found
in one of two structural classes, the first being welwitindolinone A, which contains a spirocyclic
cyclobutane centered around C(3). The remaining welwitindolinones are comprised of a
[4.3.1]-bicyclononanone core, which contains an assortment of oxidative functionalization.

With a family of such diverse and unique molecular architectures, it should come as no surprise
that several syntheses have been reported for these natural products, specifically focusing on
the simpler members of the family. Syntheses have been reported for hapalindoles G,/HBJ,
9m,9 Q,lo 0,11 and U,8 in addition to approaches to various other hapalindoles.12 There are
no reported efforts towards the hapalindolinones, hapaloxindoles, and fontonamides and only
one approach towards an ambiguine.13 The first total synthesis of an ambiguine (ambiguine
H) was reported from our Iaboratory.14 Despite the many approaches toward the
welwitindolinones, 12 at the time of our initial communication1® of the work presented herein,
the members of the welwitindolinone family had not yet succumbed to synthesis; however, the
Wood group reported a very elegant synthesis of welwitindolinone A shortly thereafter.1/

Biosynthetic Relationships and Retrosynthetic Analysis

Biomimetic syntheses are often more efficient due to the tactics that Nature employs, namely
rapid assembly of skeletal complexity, a linear increase of oxidation state, use of mild and
simple reagents, and the ability to control chemoselectivity (lack of protecting groups).18
Despite its inherent advantages, biomimetic syntheses can be exceedingly difficult, due to the
inability of chemists to attain the chemo-, regio-, and stereocontrol characterizing most
enzymatic processes. The careful practitioner can make use of many abiotic tools in solving
these problems; however, these methods usually demand significant departure from the ideal
biomimetic route. In light of these difficulties, it is certainly possible, and perhaps prudent, to
find an appropriate balance when designing a retrosynthesis. An ideal synthesis might entail
the use of powerful synthetic methods, coupled with a flexible adherence to the general
synthetic blueprint provided by Nature.

Given these considerations, and with such a large and diverse family of complex natural
products, a biosynthetic proposal that comprehensively describes the interrelationships
between each of the members would undoubtedly be enlightening to any synthetic undertaking.

J Am Chem Soc. Author manuscript; available in PMC 2009 December 31.
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The Moore group, in conjunction with their elegant isolation studies, put forth many plausible
biosynthetic ruminations that are summarized in Scheme 1. Moore's biosynthesis begins with
the tryptophan derivative (1a) and terpene (1b), which are enzymatically joined via
chloronium-promoted polyolefin cyclization to provide the tricyclic hapalindole core (i.e., 12-
epi-hapalindole E (2), Scheme 1). At this point, Moore and co-workers proposed that the
tricycle can proceed through multiple divergent pathways; the first of which (Path A)
commences with a cyclization between C(4) of indole and the isopropylidene unit at C(15),
leading to the tetracyclic hapalindoles (i.e., 12-epi-hapalindole G (3)). These natural products
can then undergo further oxidation at the indole moiety, leading to the oxindole (i.e.,
anhydrohapaloxindole A (4)), which can be oxidatively cleaved to give the formylkynurenine
(i.e., hapalonamide V (5)). Alternatively, the tetracyclic hapalindoles can have a tert-prenyl
moiety attached to C(2) (i.e., ambiguine A (6)), which can be engaged in an intramolecular
cyclization, leading to the pentacyclic ambiguines (i.e., ambiguine E (7)). These alkaloids can
then be further oxidized (i.e., ambiguine D (8)) or rearranged (i.e., ambiguine G (9)).
Furthermore (Path B), the tricyclic hapalindoles can undergo cyclization between C(2) and the
isopropylidene at C(15), providing the fischerindoles (i.e., 12-epi-fischerindole G (10)).
Finally, Moore and co-workers proposed that the tricyclic hapalindoles can be oxidized to give
the putative intermediate 11, which has not been isolated as a natural product (Path C). They
further proposed that this intermediate undergoes an acid-catalyzed cyclization to afford
welwitindolinone A (12), presumably in the pocket of an enzyme. If 12 could be further
oxidized, leading to the intermediate epoxide 13, the [4.3.1]bicyclononane system could be
formed after rearrangement (i.e., “welwitindolinone B isonitrile” (14a), which is likely to be
a natural product that has yet to be isolated). Moore and co-workers suggested that methylation
and oxidation of 14a could lead to N-methylwelwitindolinone C (15) and further demonstrated
the conversion of 15 into 3-hydroxy-N-methylwelwitindolinone C (17) and N-
methylwelwitindolinone D (19).

While the Moore biosynthetic hypothesis provides an adequate explanation of the possible
relationships between many of the distinct structural classes, a few points remained uncertain,
primarily relating to the formation of the welwitindolinones. First, the proposal that 12 arises
from the unsaturated intermediate 11 via an acid-catalyzed cyclization seems unlikely. The
fact that 63 members of this natural product family have been isolated, while 11 has not been
one of them, casts doubt on whether this compound is a plausible intermediate. Given the
stability that 11 should demonstrate, at least trace quantities of this compound would be
expected in the isolation broths. More importantly, there seems to be little thermodynamic
driving force for the conversion of 11 into 12, due to the generation of a strained
spirocyclobutane in this transformation. Second, the mechanistic explanation for the
conversion of welwitindolinone A (12) into “welwitindolinone B isonitrile” (14a) lacks proper
literature precedent. Third, the proposal that N-methylwelwitindolinone C (15) arises from
remote oxidation of 14a could conceivably be explained by an alternate hypothesis. Finally,
the isolation literature lacks a biosynthetic hypothesis to account for the genesis of the
hapalindolinones.

Given the concerns delineated above, an alternative biosynthetic hypothesis is proposed in
Scheme 2. Rather than arising from hypothetical metabolite 11, welwitindolinone A (12) could
arise from an oxidative ring contraction of 12-epi-fischerindole | (21); the latter could be
formed via a benzylic oxidation of 12-epi-fischerindole G (10), which could in turn arise from
the tricyclic hapalindole 12-epi-hapalindole E (2). Furthermore, an alternative, albeit untested,
mechanistic hypothesis for the conversion of 12 into “welwitindolinone B isonitrile” (14a) is
put forth, which is more in line with literature precedence. Isonitriles are relatively electron-
withdrawing, inductively stabilizing negative charges, and have not been invoked as electron-
donating entities.19 It is therefore unlikely that the isonitrile would participate in a fracture of
the epoxide via electron donation that would lead to a fissure of the cyclobutane ring.

J Am Chem Soc. Author manuscript; available in PMC 2009 December 31.
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Alternatively, based on evidence gleaned in this Iaboratory,20 it is more reasonable to invoke
electron donation from the N(1) lone pair through the aromatic ring to break the cyclobutane,
leading to the a-isocyanoketone enolate (22). This enolate could then attack the highly unstable,
extremely electrophilic azaorthoquinodimethane generated in the reaction, leading to 14a after
tautomerization. 21 Additionally, the remote oxidation of 14a to N-methylwelwitindolinone C
(15), although certainly possible with enzymatic intervention, is unlikely. Rather, if 21 were
to undergo allylic oxidation, intermediate 23 could be accessed. Upon oxidative ring
contraction, similar to that proposed for 12, the direct product would contain an unstable
cyclobutane with vicinal exocyclic olefins. The trisubstituted olefin might then isomerize to
formthe vinyl chloride (24), thus alleviating this additional strain on the cyclobutane. Oxidative
ring expansion of 24 and methylation of the indole nitrogen atom could then lead directly to
15. Finally, we propose that the hapalindolinones could arise from an oxidative coupling event
between the C(3) and C(11) carbons of an appropriate tricyclic hapalindole (i.e. 12-epi-
hapalindole Q (25)), generating the oxindole with the spirocyclopropane moiety (i.e.
hapalindolinone B (26)).

With a compelling biosynthetic hypothesis in hand, attention could be turned toward designing
a synthesis of welwitindolinone A (12). However, before such a task was undertaken, it seemed
prudent to first consider a synthesis of simpler members of the family, such as hapalindole Q
(27) and 12-epi-fischerindole U (29). It was envisioned that such efforts would reveal hidden
clues into the fundamental reactivity of these alkaloids and that they would help develop a
general route by which to access the core structure. Hapalindole Q (27) had been synthesized
previously by the Albizati (eight steps, 7.2% overall yield)10b and Kerr (twelve steps, 1.5%
overall yield)locvd groups, but the synthesis of 29 had not been reported prior to our initial
communication of this work.102 Since a route to 12 was the ultimate goal, a more efficient
route to the core (i.e., 27 and 29) of this alkaloid was required (Scheme 3). Although a
cyclization of 27 could certainly be investigated to form 29, this transformation was instead
planned at the ketone stage (28), given the acid-sensitivity of the isothiocyanate group. As
such, both natural products could be traced back to their respective ketone analogues 28 and
30, the latter of which should be accessible from the former via an acid-catalyzed cyclization.
Ketone 28 can be further simplified to the indole/carvone adduct 31 through straightforward
functional group transformations. At this stage, a strictly biomimetic synthesis would require
a chloronium-promoted polyolefin cyclization to install the terpene moiety; however, a
potentially more direct and powerfully simplifying transformation would involve direct
formation of the key C(3)-C(10) bond.

Total Synthesis of Hapalindole Q

Several strategies were investigated for the synthesis of the requisite indole/carvone adduct
(31) before a method was finally developed to successfully provide the desired material.
Initially, it was reasoned that 31 could be accessed from an aldol reaction with subsequent
reduction to form the requisite indole moiety (Scheme 4). Indeed, quenching the enolate of
carvone with MOM-protected isatin (32) provided the desired aldol product (33) in excellent
yield. Unfortunately, reduction of this intermediate proved to be problematic. All methods
investigated to directly reduce this compound to indole 37 (e.g., LiAlH,4, BH3*THF) were met
with failure, so a stepwise solution was sought. Assuming that the C(3) hydroxyl group was
preventing reduction of the oxindole, various deoxygenation conditions (e.g., Barton, 2¢cs
(imid)2/hv23) were brought to bear for the removal of this alcohol (38) prior to indole reduction;
however, all attempts were unsuccessful.24 Reasoning that elimination of the hydroxyl moiety
would provide an intermediate upon which further reductions could be performed, various
conditions were screened to elicit dehydration (e.g., Martin sulfurane,2® MsCl/base, TFA/
TFAA) before Burgess reagent26 successfully provided the enone (36). However, the yield of
this process was irreparably dismal, precluding further chemistry. Since the alcohol could not
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be reduced, removed, or efficiently eliminated, methods to exchange this moiety for a chlorine
atom, which could theoretically be removed with greater facility, were investigated. Employing
the conditions developed by Nicolaou,2 33 was dissolved in thionyl chloride, providing the
cyclic ether 35 (colorless cubes, mp 166-168 °C, see Scheme 4 for X-ray crystallographic
analysis) and the unexpectedly stable, semi-deprotected compound 34, which lead to a dead-
end once again.

The resistance of intermediate 33 to reduction necessitated the investigation of alternate means
to forge the key bond in 31. Since removal of the tertiary alcohol had proved to be an intractable
problem in the previous route, an approach that circumvented the generation of this group was
sought, leading to an oxidative enolate coupling approach to form the desired bond (Scheme
5). The oxidative dimerization of carbonyl compounds has been known for more than 70 years;
however, it has Q/et to become widely utilized by the synthetic community. This reaction has
been reviewed, %8 most recently duringgthe full account of the oxidative indole coupling
reaction developed in our Iaboratory,2 and therefore this information will not be reviewed
here. Even though a myriad of literature procedures concerning oxidative enolate couplings
was available, many potential pitfalls could be encountered while pursuing this route. By the
inception of this work, only one example of an oxindole oxidative dimerization had been
reported.30"’1 Additionally, in order to achieve high yields of heterodimerized products in an
oxidative enolate coupling, three or more equivalents of one coupling partner were usually
required.30b!C Finally, few investigations into the factors that govern the heterodimerization
event had been performed; thus, it was unknown whether any of the desired heterocoupled
product would be obtained. Despite such potential pitfalls, an examination of the oxidative
oxindole coupling was undertaken, which would, at the minimum, provide further insight into
the elements that govern such transformations.

As a starting point for the examination of this heterocoupling reaction, treatment of carvone
and MOM-protected oxindole (39)31 with FeCls in DMF provided the desired product (40) in
ca. 15% yield. Given the success of this coupling, an optimization of this particular reaction
was undertaken, centering primarily on oxidant selection (Table 1). Hypervalent iodine and
cupric-based oxidants were less efficient at promoting the coupling than the ferric-based
systems, so the focus of further studies was thus narrowed. Success was finally realized when
the acetylacetonate-type ligands were utilized on the iron center. Specifically, Fe(t-
BuCOCHCOCHS3)3 was exceptionally efficient, providing an 83% isolated yield of the desired
product (as a 1:1 mixture of diastereomers at C(3)), utilizing only equimolar quantities of both
coupling partners! These results have led to the hypothesis that careful tuning of the oxidant's
oxidation potential to more closely match one of the coupling partners could lead to selective
heterodimerizations.32 With high-yielding access to intermediate 40, efforts were turned
towards the reduction of oxindole 40 to indole 37 (Scheme 5). Once again, the reduction proved
recalcitrant, necessitating yet another reevaluation of the synthetic strategy.

As with the aldol route, an alternative to the oxindole coupling was sought: one that would
avoid a problematic reduction step. As such, the most straightforward method by which to
circumvent this difficulty would be to directly attach the indole to the carvone moiety.
Unfortunately, no such method had been reported, requiring the invention of chemistry to fill
this gap. Inspired by the oxidative coupling literature, in conjunction with Barton's classic
synthesis of usnic acid, 33 the oxidative indole coupling was conceived. In this reaction, 10&,
29 anindole can be directly attached to a variety of carbonyl compounds in good yields (Scheme
6). The method was found to generate the desired indole/carvone adduct (31, colorless cubes,
mp 129-130 °C, structure verified by X-ray crystallographic analysis) in good yield and in one
synthetic operation from commodity starting materials (Scheme 7); this has also been extended
to the coupling of unfunctionalized pyrroles.

J Am Chem Soc. Author manuscript; available in PMC 2009 December 31.
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With gram quantities of 31 in hand, attention was turned to the completion of the total synthesis
of 27 and 29, which first required reductive alkylation of the C(12)-C(13) olefin.3° Treatment
of 31 with two equivalents of L-Selectride was expected to first deprotonate N(1)-H, then
perform a conjugate reduction to generate the enolate, which could subsequently be trapped
with acetaldehyde. Surprisingly, 1,4-hydride addition preceded N(1)-H deprotonation, thus
generating the enolate, which in turn deprotonated N(1), forming the corresponding reduced
enone (see Chart 2). Rather than protecting the indole nitrogen atom, N(1)-H was first
deprotonated with LHMDS, followed by addition of L-Selectride, and the resulting enolate
was trapped with acetaldehyde. This intermediate alcohol was immediately dehydrated with
Martin sulfurane to give vinylated compound 41, which intersected the Albizati synthesis.

0b Reductive amination using Albizati's conditions (NH4OAc, NaCNBH3, RT, 7 days)
provided the desired amine in 61% yield as a 3:1 mixture of diastereomers. Alternatively,
microwave irradiation (150 °C, 2 min) provided an identical yield of the product, with an
increased diastereomeric ratio of 6:1. To the best of our knowledge, this is a unique example
of an increase in diastereoselectivity as a consequence of microwave irradiation. Treatment of
the resulting amine with CS(imid), installed the isothiocyanate, thus completing the total
synthesis of 27 and the first total synthesis of ent-12-epi-hapalindole D (42). Tricyclic ketone
41 could also undergo a biomimetic’ acid-catalyzed cyclization to provide the tetracyclic
ketone 43 upon exposure to in situ-generated triflic acid.36 Reductive amination and formation
of the isothiocyanate completed the first total synthesis of 29, which also allowed the
determination of the absolute stereochemistry of the fischerindole-type natural products (i.e.,
opposite to that depicted in Scheme 7). The syntheses of 27, 42, and 29 proceeded
enantiospecifically in 15%, 4.8%, and 9.8% overall yields respectively, without resorting to
protecting groups or superfluous redox manipulations.10a

Retrosynthetic Analysis of Welwitindolinone A

Having demonstrated that the direct indole coupling could enable rapid access to several of the
simpler members of the hapalindole family of natural products, attention could then be turned
to the more complex members. Welwitindolinone A (12) was an attractive target for total
synthesis due to its strikingly unique molecular architecture. It contains three all-carbon
quaternary centers, two of which are chiral, and an asymmetrically disposed neopentyl chlorine
atom, all incorporated into a highly strained spirocyclobutane-containing oxindole. As already
discussed (vide supra), the revised biosynthetic hypothesis proposes that 12-epi-fischerindole
I (21) is converted into 12 via oxidative ring contraction.37 Such ring contractions are primarily
utilized for the preparation of spirocyclic 5-membered rings from annulated 6-membered rings
and often require relatively harsh reaction conditions to proceed.38 Only one example has been
reported for the direct preparation of a spirocyclic 4-membered ring from an annulated 5-
membered ring;39 however, a related conversion has been observed in this laboratory to
generate a strained p-lactam (see Chart 3).20 Furthermore, it is conceivable that 21 could arise
from 12-epi-fischerindole G (10) via benzylic oxidation (Scheme 8). Through straightforward
functional group manipulations, 10 could be derived from the tetracyclic ketone 44, which in
turn could arise from an acid-catalyzed cyclization of tricyclic ketone 45. Exploiting the direct
coupling methodology developed for the synthesis of 27, 45 could be obtained from the
coupling of indole with 46. Chloroketone 46 was a new chemical entity; however, a very similar
analogue had been prepared by Fukuyama en route to hapalindole c./ Fukuyama's
chloroketone (see Chart 4) is diastereomeric at C(12) and the chemistry utilized for its
preparation was unfortunately not amenable for the preparation of 46.

Total Synthesis of ent-Fischerindole G

Historically, installation of chlorine atoms adjacent to quaternary centers has been met with
difficulty and it was anticipated that 46 would not be an exception.40 Forays into the
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preparation of this compound focused on direct means for concurrent installation of the chlorine
atom and the quaternaX stereocenter. As such, attempts were made to apply a modified Baylis-
Hillman-type reaction™+ in which B-chloroketones are generated from the corresponding
enones (Scheme 9), with concomitant incorporation of an aldehyde. However, this reaction
was never utilized to install a quaternary center at the a-position prior to this work.
Unfortunately, none of the desired product (52) was obtained using these conditions. Given
the limited prospects for direct installation of the hallmark chlorine atom, attention was instead
focused on a variety of chlorine equivalents. Carboxylic acids can be readily converted into
chlorines via a Hunsdiecker reaction, so several acyl anion equivalents [e.g., 1,3-dithiane
derivatives, (MeO)3CH, (PhS)3CH] were examined in 1,4-additions to carvone, but none of
them provided the desired product. Encouragingly, successful 1,4-addition was observed with
phenylcuprate and the incipient enolate was trapped with acetaldehyde to give 47. However,
attempts to oxidatively degrade the aromatic rlng 2 led to significant over-oxidation. A
thiopheny! group was next targeted as a chlorine equivalent, due to the propensity of such
moieties to undergo a-chlorination or Pummerer rearrangements. Thiophenol participated in
an efficient vicinal difunctionalization of carvone with aluminum catalysis43 to provide, after
dehydration with Martin sulfurane, thioether 49. Attempts to directly chlorinate 49 were
unsuccessful using a variety of reagents (e.g., NCS, Raney Ni/CCly, SO,Cl,, CCly/hv,
Cl3CCOCCI3). Chlorination with concomitant removal of the thiol under numerous condltlons
(e.g., PIFA/LICI, LiNaphthalenide/TsCl, TiCl4/CCly, Mel/NaCly/CCly, Mel/NaCl4 )Was also
investigated, but to no avail. Routes in which the ketone was first converted into the chloride,
followed by sulfide oxidation, were also considered. Direct reductive chlorination of the
ketone,4® instead of providing the desired product, led to the unexpected bicycle 50. Attempts
to generate the vinyl chloride via POCI3, which could potentially be carefully hydrogenated
to the alkyl chloride, were also fruitless. Unable to perform a direct reductive chlorination of
the carbonyl, 49 was first reduced to the neopentyl alcohol (51), then unsuccessfully subjected
to a variety of chlorination conditions (SOCl,/base, PPh3/CCly’ 46 TCT/IDMF4 ) These
chlorinations presumably failed due to the extremely hindered nature of this particular alcohol.
Before further effort was expended on this chlorination, the Pummerer rearrangement of
thioether 49 was investigated to determine its feasibility in this system, which revealed that
the reaction was not possible under a variety of conditions (IBX,48 m-CPBA, 49 H202’50
tBUOOH, PhI(OAC),).

Repeated failure to convert carvone into the desired chloroketone via any sort of vicinal
difunctionalization necessitated yet another strategic reevaluation. Therefore, carvone oxide
(53) was examined as a starting material for the production of chloroketone 46. It was reasoned
that vinylmagnesium bromide addition into the carbonyl group of the o,p-epoxyketone,
followed by a semipinacol rearrangement, could allow installation of the quaternary
stereocenter, contingent upon p-face attack of the organometallic reagent. Unfortunately, such
conformatlonally constrained systems are known to favor axial (i.e., a-face) attack of
nucleophlles Lthus sterically precluding a successful semipinacol rearrangement. However,
if the ring were less conformationally constrained, a nucleophile might favor equatorial
approach, especially if the a-carbon could synergistically shield the a-face. As such,
chlorohydrin 55 met these criteria and was prepared from carvone oxide in good yield.
Unfortunately, 55 was unstable, even upon storage in an inert atmosphere, and failed to provide
any desired product when treated with a variety of nucleophiles. Attempts were also made to
trap the alcohol with an appropriate leaving group (mesy! or tosyl groups) before addition of
the nucleophile, but to no avail.

Investigations subsequently turned toward sequences that would install the quaternary
stereocenter and perform the chlorination in separate operations. Initial attempts to install the
vinyl group via dissolving metal-promoted reductive alkylation of the epOX|de to give 54
proved fruitless, as any electrophile that could be subsequently converted into the vinyl group
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(e.g., TBSOCH,CHjyl, oxirane) failed to participate in the reaction. Alternatively, reduction of
the carbonyl group to the known carveol oxide allowed investigations into the direct
chlorination of this alcohol, which would be followed by installation of the quaternary
stereocenter and regeneration of the ketone. Unfortunately, such chlorinations were
unsuccessful due to the instability of the resulting epoxyalcohol. In an alternative strategy, enol
acetate 56 was prepared from carvone oxide in order to test an intramolecular enolate addition
into the epoxide, but this also proved to be fruitless. Condensation with hydroxylamine
provided oxime 57, which was seemingly poised to undergo an a-substitution reaction, as was
reported by Corey and co-workers.23 Reaction of the oxime with two equivalents of a cuprate
reagent would first deprotonate the oxime, which could then open the epoxide and lead to the
corresponding vinylnitroso compound (see Chart 5). The second equivalent of cuprate reagent
could then participate in a 1,4-addition into the vinylnitroso group, thereby installing the
quaternary center. Unfortunately, divinylcuprate was unsuccessful at accomplishing this
transformation.

After several other failed attempts to generate the desired chloroketone 46, a successful route
was finally developed, inspired by a reaction developed in the Wender Iaboratoryrr’4 In
Wender's study, a,3-epoxyketones were first treated with strong base to form the corresponding
enolate. Nucleophilic addition of an organometallic reagent (usually Grignard reagents) to this
epoxyenolate at the a-carbon (as opposed to the usual p-attack), formed the corresponding a-
alkyl-B-hydroxyketone, and subsequent elimination of the hydroxyl group furnished the a-
substituted enone. However, a quaternary carbon installation during the course of this reaction
was unprecedented. Despite this potential limitation, the reaction was attempted on carvone
oxide to provide 59 in about 30% yield (Scheme 10). Extensive optimization efforts (solvent,
nucleophile, base, additives, temperature, addition rates) did not result in significant
improvement in the overall efficiency of the reaction. The low yield is likely due to the sterically
hindered nature at the a-position of the o,B-epoxyketone, causing Sn2' attack (58, red arrow)
to be favored over the desired Sy2 attack (58, blue arrow).55 Nevertheless, with alcohol 59
readily available, the chlorination was accomplished (NCS/PPh3) in acceptable yield to provide
the key chloroketone (46).56 Despite the modest overall yield of this two-step sequence, it can
be used to rapidly prepare multi-gram quantities of 46 and was therefore deemed as an
acceptable solution to this problem, especially given the difficulties in preparing 46 via other
routes (vide supra). It is noteworthy that 59 was the only neopentyl alcohol that could be
successfully chlorinated during the course of these studies. It is also interesting that varying
amounts of the diastereomer (at C(13)) are generated, although these chlorination conditions
often proceed with complete inversion of stereochemistry. Perhaps this alcohol is more
accessible to electrophiles due to a slight bond-lengthening effect (i.e., retro-aldol ability), thus
mitigating the neopentyl hindrance and allowing epimerization to a minor extent.

With 46 in hand, the stage was finally set to invoke the direct indole coupling reaction, which
proceeded smoothly to provide the coupled product (45) in 62% yield as a single diastereomer
(verified by X-ray crystallographic analysis). Several aspects of this particular coupling are
noteworthy. First, it is remarkable that chloride elimination is not observed during the course
of this coupling. Second, it was discovered that as the reaction concentration was increased,
the yield improved. Third, any C(13) diastereomer of 46 present in the reaction mixture does
not participate in the coupling reaction and rather suffers elimination, presumably due to the
axial disposition of the chlorine atom. Finally, this effective method for direct C-C bond
formation enables all the necessary carbon atoms of these complex natural products to be
secured in only three steps and was routinely carried out on multi-gram scale. Functional group
manipulations are all that remained to complete the synthesis of 12.

Conditions (i.e., TFOH) previously applied to the conversion of 41 to 43 unfortunately provided
significant quantities of several byproducts in the attempted conversion of 45 to 449 including
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65, 66, and 67 (Scheme 11). In this particular cyclization reaction, two modes of activation are
feasible at the gem-disubstituted olefin. This olefin can be protonated to give the tertiary
carbocation, which is intercepted by the indole ring to give intermediate 61, which in turn leads
to the desired product (44). Alternatively, protonation to give the primary carbocation, which
is also intercepted by the indole ring, leads to intermediate 62. A [1,5]-sigmatropic shift
generates 63, which can then rearrange to carbocation 64. The three possible modes of
elimination to quench this carbocation provide the three observed products (65, 66, and 67;
67: clear cubes, mp 128-129 °C, see Scheme 11 for X-ray crystallographic analysis). In order
to circumvent the formation of such undesired byproducts, a variety of Lewis and Brgnsted
acids were screened (TFA, HCI, MeOSO,H, H,SOy4, heat, TSOH, BF3*Et,0, AcOH, Tf,NH,
Dy(OTf)3, PPTS, AICI3, FeCls, silicotungstic acid, PtCl,, zeolite NaY, RuCl3/AgOTf, Cu
(OTf),, Pd(OAC),, Co(acac),/PhSiH3), many of which did not catalyze the cyclization and
none of which provided either any improvement in the yield or reduction in the quantity of
byproducts. Attempted cyclizations of the amine or alcohol derivatives of 45 were equally
unsuccessful. Finally, it was found that Montmorillonite K-10 acidic clay, with microwave
irradiation, provided the desired product (44) without formation of the undesired byproducts,
although recycling of unreacted starting material was required. It was assumed, based on the
reactivity observed for 43, that reductive amination of the ketone 44 would provide amine
60 directly. However, reductive amination under the previously employed conditions (see
Scheme 7)58 provided amine 70 (see Scheme 13) as a single diastereomer, which was epimeric
at C(11) (as was required for 10). This unexpected complete inversion in diastereoselectivity
seems to be solely due to the presence of the C(13) chlorine atom. A more circuitous route was
therefore required to access the desired amine (60), necessitating reduction to the alcohol,
mesylation, azidation, and reduction (Scheme 10), similar to the sequence developed by
Fukuyama and co-workers for hapalindole G./ Formylation59 of the amine (60) followed by
dehydration with Burgess reagent60 provided ent-12-epi-fischerindole G (10),16 which was
spectroscopically identical to the natural material with the exception of optical rotation. Thus,
in principle, the naturally occurring enantiomer of 10 could be prepared from (S)-carvone oxide
(vide infra).

Total Synthesis of Fischerindole |

With reasonable quantities of 10 available, the oxidation to form 12-epi-fischerindole I (21)
could be investigated. Treatment of 10 with a variety of oxidants (e.g., DDQ, MnOy, p-
chloranil, t-BuOCI) failed to produce any 21 (Scheme 12). Reasoning that the isonitrile could
preferentially react with these oxidants, the formamide derivative (68) was subjected to various
oxidants,62 but this also failed to form any of the desired product. Putative formation of stable
3-chloro- or 3-hydroxyindolenines was the only reactivity observed with either 10 or 68, but
these could not be utilized to install the required element of unsaturation. Turning to the amine
diastereomer 70 (Scheme 13),63 which was ineffective for the preparation of 10, it was hoped
that this intermediate would allow the desired oxidation to proceed through subtle
stereoelectronic differences. Amine 70 was formylated in quantitative yield to give 71, which
was then subjected to various oxidation conditions.84 Remarkably, 21 was produced in 46%
overall yield when formamide 71 was treated first with t-BuOCI and triethylamine, and
subsequently with Burgess reagent. Although the intermediates in this reaction are unstable
and difficult to purify, it is reasonable to assume that the reaction proceeds via the intermediates
delineated in Scheme 13. Initial chlorination of the indole leads to the chloroindolenine 72,
which undergoes elimination to generate methylene indolenine 73. This intermediate can
tautomerize to 12-epi-fischerindole | formamide (69), which is unstable and immediately
dehydrates upon exposure to Burgess reagent to provide 21.16 Methylene indolenine 73 can
alternatively be hydrated (presumably on silica gel) at the imine carbon. Reprotonation of the
olefin from the B-face and attack by water at C(3), via the intermediacy of an
azaorthoquinodimethane intermediate, provides the major side product (74, confirmed by X-
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ray crystallographic analysis). It is to be noted that the presence of the epimerized C(10) center
provides evidence for the existence of 73 en route to 21.

Although this sequence provided the first synthetic sample of 21, it was plagued with numerous
problems, specifically: Low overall yields, difficult and unscaleable synthetic procedures, the
formation of byproducts, and the intermediacy of several unstable intermediates. It was
reasoned that the low overall efficiency of this route likely stemmed from two controlling
factors. First, t-BuOCI is not commonly employed as an oxidant for benzylic oxidations.
Perhaps an oxidant more chemoselective for such transformations would provide a higher yield
of the desired product. Second, the penultimate intermediate (69, Figure 1) in this sequence is
an extremely unstable compound due to a severe steric interaction between the formamide N-
H and the C(4)-H of the indole ring, leading to an approximate 25 kcal/mol calculated
destabilization compared to its olefin-translocated isomer (76).65 Therefore, an alternate
sequence was sought to accomplish this transformation while bypassing these difficulties. It
was subsequently discovered that initial dehydration of formamide 71 (Scheme 13) provided
isonitrile 75, which isepimeric at C(11) to 12-epi-fischerindole G (10), in 95% yield. Treatment
of this compound with DDQ,66 in contrast to the DDQ reaction for 10, provided 12-epi-
fischerindole I (21) in 92% vyield, allowing access to large quantities of this natural product in
short order.14 Based on these results, although it is quite possible that 10 could be
enzymatically promoted to 21, it is equally possible that 75 (not yet isolated as a natural
product), rather than 10, could be the actual biosynthetic precursor to 21.

Total Synthesis of Welwitindolinone A

With 12-epi-fischerindole I (21) in hand, it was finally possible to investigate the conversion
of this natural product into welwitindolinone A (12). Although the proposed conversion of
21 to 12 might appear intuitive, practical difficulties were expected due to the sensitivity of
both alkaloids to acidic media and the sheer ring strain of the resulting product. Such concerns
were intensified by the knowledge that oxidative ring contractions to generate five- and six-
membered rings typically require elevated teméaeratures, and hence, forming a strained four-
membered ring should be even more difficult. 7 Before using valuable material to probe this
transformation, a model system was sought on which to test this ring contraction. To our
delight, treatment of cyclized ketone 44 with t-BuOCI then dilute AcOH furnished two major
products: The oxidized compound 77 and ring-contracted compound 78 in approximately 20%
unoptimized yield each. Given the aforementioned considerations, it is remarkable that this
reaction occurs at low temperature and within minutes. AIthou%h ketone 78 represents a
potentially viable intermediate to complete the synthesis of 12 7 attention was returned to
21, inthe hope that it could be directly converted into 12, thus lending credence to the proposed
biosynthetic hypothesis (vide supra).

Extensive experimentation led to conditions by which 21 could be converted directly into
12. 12-epi-Fischerindole I (21) was exposed to t-BuOCI and triethylamine in THF at -30 °C
for one minute and the solvent was rapidly removed (Scheme 15). The crude residue was then
dissolved in a THF:H,O:TFA mixture (95:4:1) and warmed to 0 °C. Strict adherence to this
protocol resulted in the first total synthesis of 12 in 25% yield,16 along with minor amounts
of its C(3) epimer (see Chart 6). This transformation most likely proceeds through initial
chlorination of the indole to provide 79, followed by attack of water to give 80. Elimination
of the chloride, to generate azaorthoquinodimethane 81, followed by [1,5]-sigmatropic
rearrangement, would then install the spirocyclobutane of 12. Although 12 was accessible
via this procedure, there were several problems with this route, most notably the low yield and
the exclusive formation of the C(3) diastereomer upon scale-up. Seeking to circumvent these
obstacles, it was determined that the chief difficulty arose from the isonitrile moiety, which
has been shown to be unstable to electrophilic chlorinating reagents in this Ialboratory.14 It was
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reasoned that a hitherto-unknown fluorohydroxylation of indole rather than
chlorohydroxylation should suppress isonitrile-derived byproduct formation, owing to the
increased hardness of fluorine over chlorine. Therefore, a milder method to accomplish this
transformation was developed, in which 21 was treated with a solution of XeF, in wet
acetonitrile to provide 12 in 44% yield, via the intermediacy of 82.14 This reaction was
routinely performed on more than 50 mg of 21, and more than 580 mg of 12 have been prepared
to date. A screen of various halogenating reagents confirmed that XeF, was the most efficient
at promoting this reaction (Table 2). The chemoselectivity of this reagent is also noteworthy,
given the presence of an olefin, which is known to react with XeF2768 and the reactive isonitrile
moiety.

In addition to 21 and 12 (vide infra), the isothiocyanate analogues can be readily synthesized
viathe sequence described herein (Scheme 16). Treatment of amine 70 with CS(imid), provides
isothiocyanate 83, which can be oxidized to the 12-epi-fischerindole I analogue 84 (colorless
cubes, mp 202 °C decomposition, see Scheme 16 for X-ray crystallographic analysis) in 76%
yield. Treatment of 84 with XeF, provides the isothiocyanate analogue of welwitindolinone
A (85) inan unoptimized 27% yield. Furthermore, the isocyanate analogue of welwitindolinone
A (86) is directly available from welwitindolinone A (12) upon exposure to TFDO®9 (Scheme
17). However, this particular analogue exhibited greater instability than the isonitrile and
isothiocyanate derivatives and dimerized to the urea dimer 87 upon storage in air at room
temperature. Despite this reactivity, it is conceivable that such intermediates might be useful
for the preparation of further members of the welwitindolinone alkaloid family.

Oxidation Attempts Toward Welwitindolinone B

In order to test the biosynthetic hypothesis delineated in Scheme 2, and in an attempt to generate
the welwitindolinone B core structure, welwitindolinone A (12) was subjected to a variety of
epoxidation and general oxidation conditions. With the exception of TFDO that generated the
corresponding isocyanate 86 (vide supra), all attempted conditions either led to recovered
starting material or decomposition (see Supporting Information for a list of failed conditions).
Consequently, three-step alternatives were envisioned, with the hope that the electronics of the
tetrasubstituted olefin would be modified in a subtle fashion as to permit oxidative
rearrangement (see Scheme 18). Although not ideal, transformation of the isonitrile moiety
into a gem-dibromide (such as 88) or a formamide (such as 90), oxidative rearrangement into
the corresponding welwitindolinone B framework (89 or 91, respectively) followed by
restoration of the original isonitrile group could enable the formation of “welwitindolinone B
isonitrile” (14a). With this strategy in mind, gem-dibromide 88 and formamide 90 were
prepared from welwitindolinone A using phenyltrimethylammonium tribromide and formic
acid, respectively, both in quantitative yields; functional group restoration to the original
isonitrile 12 was also verified by using triethyl phosphite and phosgene, respectively.
Unfortunately, all oxidation conditions experimented upon 88 or 90 either resulted in recovered
starting material, welwitindolinone A (only when using 88), or decomposition (see Supporting
Information). Since some welwitindolinones are methylated at the indole nitrogen atom (see
Chart 1), N-methylformamide 92 was prepared from 12 in an attempt to alter reactivity, but
this substrate also failed to undergo oxidative rearrangement (see Supporting Information).

These preliminary results do not necessarily contradict the biosynthetic hypothesis toward
welwitindolinone B put forth in Scheme 2; perhaps the oxidation requisite for this
transformation is enzymatically controlled.

Strategy Analysis and Conclusions

Due to their stunning molecular architectures and potent bioactivities, the hapalindoles,
fischerindoles, and welwitindolinones were targeted for total synthesis, with the goals of
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inventing useful chemistry, discovering basic reactivity, understanding their biosynthesis, and
allowing access to large quantities of these rare marine natural products. It is instructive to
evaluate these syntheses from the vantage points of chemoselectivity, stereocontrol, and “redox
economy”.

Numerous steps throughout this synthesis exhibited high levels of chemoselectivity, despite
the presence of other reactive functionality. For example, the conversion of 46 to 45 proceeds
in good yield, in the presence of a chlorine atom that could potentially be eliminated under the
reaction conditions. The vast majority of conditions screened for the cyclization of 45 to 44
formed numerous byproducts (including 65, 66, and 67); however, the use of Montmorillonite
K-10 acidic clay completely avoided such chemical entities. The conversion of 75 into 21
proceeds in excellent yield, despite the ease with which isonitriles can be oxidized, and the
conversion of 21 to 12 proceeds in good yield, even though isonitriles have been observed to
react with halogenating reagents.14 Functional group manipulations were minimized and the
percentage of C-C bond-forming reactions was maximized. It is difficult to imagine how any
steps could be “removed” from these syntheses, since all are necessary for the installation of
requisite C-C bonds, functional groups, or key stereocenters. Furthermore, no protecting groups
are utilized throughout the course of this entire synthesis, despite numerous opportunities in
which they could potentially have been employed to circumvent undesirable reactivity. In fact,
rather than resorting to protecting group chemistry, the innate reactivities of the functional
groups were employed, which led to the invention of new chemistry (direct indole coupling,
extremely mild fluorohydroxylative ring-contraction using XeF», installation of the key
quaternary stereocenter and neopentyl chlorine atom) or discovery of intriguing reactivity
(49 to 50, 45 to 65, 66, and 67, 71 to 21 and 74, 75 to 21, 44 to 78, and 21 to 12).

High levels of stereochemical induction are observed throughout the synthesis. For example,
the direct indole coupling reaction (31 and 45) provides a single diastereomer of coupled
product and the reductive alkylation of 31 to provide 41 only gives a single diastereomer. The
reductive aminations proceed in moderate (41 to 27, which could be increased with the use of
microwave irradiation) to complete diastereoselectivity (43 to 29 and 44 to 70). Furthermore,
by utilizing XeF,, complete diastereomeric induction is observed in the conversion of 21 to
12, even though the facial bias for this transformation is minimal.

Finally, the syntheses are characterized by an adherence to the concept of “redox economy”.
Analogous to “atom economy”70 or “step economy”,71 “redox economy”72 minimizes the
superfluous redox manipulations within a synthesis; rather, the oxidation state of intermediates
linearly and steadily increases throughout the course of the synthesis. Only one reduction step
(reductive amination) is utilized during these syntheses, which is strategically placed to install
a key stereocenter. In fact, the flexible adherence of these syntheses to the proposed biogenesis
of these alkaloids reinforces the minimization of redox reactions, as is commonly observed in
Nature's biosynthesis of terpenes and alkaloids. Such considerations allowed the efficient,
practical, and concise syntheses of numerous members of this natural product family (10, 12,
21, 27, 29, and 42). Overall, this total synthesis program is characterized by inventive
retrosynthetic disconnections, which rapidly assemble the skeletal structure and allow for rapid
increase in complexity. These studies are yet another example of how natural products can
catalyze new discoveries in chemical reactivity.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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: hapalindole D2 R: H: 12-epi-hapalindole D¥  R=NCS, X=Cl: hapalindole B' ~ R=H: hapalindole U?2

hapalindole E?2 X 12-epi-hapalindole 2 R=NC,

R=NCS, X=Cl: hapalindole F22 R=NCS, X=Cl: 12-epi-hapalindole F# R=NCS, : hapalindole M2

R=NCS, X=OH: hapalindole 0?2
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R=Cl: hapalindole L2 hapalindolinone A%® hapalindolinone B%

3=H: 12-epi-hapalindole J?

hapalindole N/P22

R=H: dechlorofontonamide? R=NC, X=Cl: anhydrohapaloxindole A% R=H: hapalonamide G2 hapalonamide H% fischerindole L2
R=Cl: fontonamide® R=NCS, X=Cl: anhydrohapaloxindole B R=OH: hapalonamide Vi
R=NCS, X=H: anhydrohapaloxindole M2
Va

: Me

12-epi-fischerindole G2f R=NC: fischerindole U isonitrile?' 12-epi-fischerindole 12! welwitindolinone A R=H: welwitindolinone B isothiocyanate?’
R=NCS: fischerindole U isothiocyanate? isonitrile2f R=Me: N-Me-welwitindolinone B
isothiocyanate?

3-epi-welwitindolinone B R=H: welwitindolinone N-Me-welwitindolinone R=NC: 3-OH-N-Me-welwitin- .
isothiocyanate? C isothiocyanate® C isonitrile? dolinone C isonitrile?" N-Me-welwitindolinone
R=Me: N-Me-welwitindolinone R=NCS: 3-OH-N-Me-welwitin- D isonitile’
C isothiocyanate? dolinone C isothiocyanate?"

1: ambiguine B2 R=Cl ambiguine D R=Cl: ambiguine E2 ambiguine F2 ambiguine G*9
: ambiguine C R=H ambiguine J2 R=H: ambiguine 12

I: ambiguine A24
: ambiguine H2

Chart 1.
All known hapalindole-type natural products.
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12-epi-hapalindole E (2)
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S ¥

12-epi-hapalindole G (3)

O]

ambiguine D (8)

Scheme 1.
Moore's proposed biosynthetic relationships between the hapalindole-type alkaloids; [O] =
oxidation, [S] = sulfur insertion.
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ambiguine E (7)

ambiguine G (9)

R=NC: "welwitindolinone B
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12-epi-hapalindole Q (25) hapalindolinone B (26)

"welwitindolinone B N-Me-welwitindolinone C (15)
isonitrile" (14a)

Scheme 2.
Alternative biosynthetic proposal.
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A\
N

H
hapalindole Q (27) 12-epi-fischerindole U (29)

Scheme 3.
Retrosynthetic analysis of hapalindole Q (27) and 12-epi-fischerindole U (29).
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N
MOM
36 (12%) 37

MOM

(0}
o) +
N N N
MOM MOM MOM
32 33 (92%) 35 (37%)
c. Burgess
reagent ”l
N-
Ne \
W e~
N 4\ L)
’Ne — AT
D =L X
/ / \\-/ vl
N Y
|

Scheme 4.

Attempted synthesis of hapalindole Q via an aldol reaction. Reagents and conditions: (a)
Carvone, LDA (1.0 equiv), THF, -78 °C, 30 min; then 32 (0.83 equiv), 30 min, -78 to 23 °C,
92%; (b) SOCI,, 23 °C, 100 min, 34: 44% and 35: 37%; (c) Burgess reagent (2.0 equiv), PhH,
50 °C, 3 h, 12%; LDA = lithium diisopropylamide, THF = tetrahydrofuran, PhH = benzene.
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carvone

[O] N
o see text N oM
N 40

Scheme 5.

Oxindole oxidative coupling route to hapalindole Q. Reagents and conditions: (a) Carvone (1.0
equiv), 39 (1.0 equiv), LDA (2.1 equiv), THF, -78 °C, 30 min; then oxidant (2.0 equiv), 23 °
C, 20 min; LDA = lithium diisopropylamide, THF = tetrahydrofuran, [O] = oxidation.
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base, o) base,
indole; pyrrole;
- —_—
[0] g [0
ketone, amide,
or ester

Scheme 6.
Oxidative indole and pyrrole couplings.
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Me
2 a. indole, 0
Me LHMDS;
——

Me then Cu(ll) A\

H N

H
carvone 31 (49-53%)

b. LHMDS;
L-Selectride;

then CH3;CHO
¢. Martin sulfurane

43 (75% brsm)

g.- NH,OAc, e. NH,OAc,
NaBH;CN NaBH;CN
f. CS(imid), f. CS(imid),

o ) a-NCS: hapalindole Q
ent-12-epi-fischerindole U (27, 38% thermal, 43% microwave)
(29, 33%) B-NCS: ent-12-epi-hapalindole D
(42, 12% thermal, 7% microwave)

Scheme 7.

Total syntheses of hapalindole Q (27), ent-12-epi-hapalindole D (42), and ent-12-epi-
fischerindole U isothiocyanate (29). Reagents and conditions: (a) Indole (2.0 equiv), carvone
(1.0 equiv), LHMDS (3.3 equiv), THF, -78 °C, 30 min; then copper(l1)2-ethylhexanoate (1.5
equiv), -78 to 23 °C, 15 min, 49-53%; (b) LHMDS (1.5 equiv), THF, -78 °C, 20 min; then L-
Selectride (1.05 equiv), 1 h, then CH3CHO (6.0 equiv), -78 to 23 °C, 2 h; (c) Martin sulfurane
(1.1 equiv), CHCI3, 10 min, 75% (2 steps); (d) TMSOTTf (3 equiv), MeOH (1.1 equiv), DCM,
0°C, 1 h, 31% isolated, 75% brsm; (¢) NaCNBH3 (10 equiv), NH4OAc (40 equiv), MeOH,
THF, microwave, 150 °C, 2 min, 61% combined; (f) CS(imid), (1.1 equiv), DCM, 0 to 23 °C,
3 h; (g) NaCNBH3 (10 equiv), NH4OACc (40 equiv), MeOH, THF, 23 °C, 7 d, 55%; LHMDS
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= lithium hexamethyldisilazide, THF = tetrahydrofuran, TMSOTf = trimethylsilyl
trifluoromethanesulfonate, DCM = dichloromethane.
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Chart 2.
Reductive alkylation byproduct.
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welwitindolinone A (12) 12-epi-fischerindole | (21)

44 12-epi-fischerindole G (10)

Scheme 8.
Retrosynthetic analysis of welwitindolinone A (12).
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Chart 3.
Strained B-lactam in chartelline C.
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Chart 4.
Fukuyama's chloroketone: diastereomer of 46 at C(12).
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=\ ¥—Me EC
PhS
Ve o
51 (73%) 50 (9%)
(i, e®
e. L-Selec- d. In(OH); LA, CHzCHO I;
tride Me,HSiCl
o]
f. H2027
Me NaOH
é O‘
: Me
H
carvone
h. KHMDS;
i b. MesAl a. Cul Ac,O
c. Mart 37 ) ) =
sulfuraarn”e1 PhSH; PhMgBr,; i. NaOAc
CH4CHO CH,CHO HONH;CI

NOH

R = Ph, 47 (61%) 56 (54%)

Scheme 9.

Failed attempts to synthesize the key chloroketone. Reagents and conditions: (a) Cul (1.0
equiv), THF, PhMgBr (1.1 equiv), -78 to 0 to -78 °C, 1 h; then carvone (1 equiv), 30 min; then
CH3CHO (2.0 equiv), -78 to 23 °C, 30 min, 61%; (b) Me3Al (1.2 equiv), DCM, PhSH (1.2
equiv), 0 °C, 20 min; then carvone (1.0 equiv), -78 °C, 15 min; then THF, CH3CHO (1.2 equiv),
20 min, 62%; (c) CCly, Martin sulfurane (1.1 equiv), 91%; (d) In(OH)3 (0.05 equiv), CHClIs,
Me,HSICI (1.2 equiv), 23 °C, 5 h, 9%; (e) THF, L-Selectride (1.2 equiv), -78 °C, 4.5 h, 73%;
(f) MeOH, H,0, (3.0 equiv), 6 N NaOH (0.5 equiv), 10 °C, 2.5 h, 87%; (g) TiCl4 (1.1 equiv),
THF, -78 °C; then LiCl (1.1 equiv), -20 °C; then 53 (1 equiv), -78 to -20 °C, 6 h, 89%; (h)
KHMDS (1.0 equiv), DME, -78 °C, 25 min; then Ac,0, -20 °C, 54%; (i) NaOAc (2.2 equiv),
HONH3CI (1.1 equiv), MeOH, 0 °C, 100 min, 68%; THF = tetrahydrofuran, DCM =
dichloromethane, KHMDS = potassium hexamethyldisilazide, DME = dimethoxyethane.
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Chart 5.
Anticipated vinylnitroso intermediate.
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ent-12-epi-
fischerindole G (10, 71%)

Page 31

a. LHMDS; /ﬂ b. NCS, c. indole,
H,C=CHMgBr | Me:.) Me F’F’h3 Me LHMDS;
—_— —_—
0 Me then Cu(ll)

H

58 59 (30%) (-)-46 (55%)

i. HCO,H,
DMT-MM
R e S
J. Burgess

g. LiN; (58%) d. Mont. K-10

h. Na(Hg)

60 (66%) (-)-44 (57% brsm)

Scheme 10.

Total synthesis of ent-12-epi-fischerindole G. Reagents and conditions: (a) LHMDS (1.2
equiv), THF, -78 °C, 30 min; then HoC=CHMgBr, -15 °C, 15 min, 30%; (b) PPh3 (1.0 equiv),
NCS (1.0 equiv), THF, 18 h, 55%; (c) indole (2.0 equiv), LHMDS (3.2 equiv), THF, -78 °C,
30 min; then copper(l1)2-ethylhexanoate (1.5 equiv), -78 to 23 °C, 20 min, 62%; (d)
Montmorillonite K-10 (10 wt. equiv), DME, microwave, 120 °C, 6 min, 26% isolated, 40%
isolated after one recycling, 57% brsm; () NaBH, (1.5 equiv), MeOH, 0 °C, 5 min, 100%; (f)
Ms,0 (2.0 equiv), Pyr., 23 °C, 30 min, 69%; (g) LiN3 (3.0 equiv), DMF, 120 °C, 48 h, 58%;
(h) Na(Hg) (10 equiv), EtOH, reflux, 4 h, 66%; (i) HCO,H (1.3 equiv), CDMT (1.4 equiv),
DMAP (0.03 equiv), NMM (1.4 equiv), DCM, 23 °C, 30 min, 87%; (j) Burgess reagent (2.0
equiv), PhH, 23 °C, 30 min, 82%; LHMDS = lithium hexamethyldisilazide, THF =
tetrahydrofuran, NCS = N-chlorosuccinimide, DME = dimethoxyethane, Pyr. = pyridine, DMF
= dimethylformamide, EtOH = ethanol, CDMT = 2-chloro-4,6-dimethoxy-1,3,5-triazine,
DMAP = 4-(dimethylamino)pyridine, NMM = N-methylmorpholine, DCM =
dichloromethane, DMT-MM = 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium
chloride, PhH = benzene.
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Scheme 11.

Formation of the acid-catalyzed cyclization byproducts.
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R=NC, 10 R=NC, 21
R=NHCHO, 68 R=NHCHO, 69

Scheme 12.
Attempted conversion of ent-12-epi-fischerindole G (10) into ent-12-epi-fischerindole I (21).
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a. NaBH,CN ¢. +BuOCI
NH,OAc SiO, Et3N;
—_—— ——
Burgess
b. HCO,H R=NH,, 70 (42%) '
DMT-MM R=NHCHO, 71 (100%) :

12-epi-fischerindole | (21) 73 74

Scheme 13.

Original and improved total synthesis of 12-epi-fischerindole I (21). Reagents and conditions:
(a) NH4OAc (40 equiv), NaCNBH3 (7.5 equiv), 3 A molecular sieves, MeOH, THF, sonication,
18 h, 42%; (b) HCO,H (2.0 equiv), CDMT (2.2 equiv), DMAP (0.1 equiv), NMM (2.2 equiv),
DCM, 23 °C, 30 min, 100 %; (c) THF, TEA (1.0 equiv), t-BuOCI (1.5 equiv), 0 °C, 10 min,
then SiOo/TEA (PTLC); then CDClg3, then Burgess reagent (2.0 equiv), PhH, 23 °C, 30 min,
46% overall; (d) TEA (17.5 equiv), DCM, COCI, (2.0 equiv), 0 °C, 10 min, 95%; (e) DDQ
(2.5 equiv), H,0, THF, 0 °C, 30 min, 92%; THF = tetrahydrofuran, CDMT = 2-chloro-4,6-
dimethoxy-1,3,5-triazine, DMAP = 4-(dimethylamino)pyridine, NMM = N-
methylmorpholine, DCM = dichloromethane, DMT-MM = 4-(4,6-dimethoxy-1,3,5-triazin-2-
yl)-4-methylmorpholinium chloride, TEA = triethylamine, PTLC = preparative thin layer
chromatography, PhH = benzene, DDQ = 2,3-dichloro-5,6-dicyanobenzoquinone.
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Figure 1.
Calculated stability of the 12-epi-fischerindole | penultimate intermediate.
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a. t+-BuOCl
AcOH
é

78 (20%)

Scheme 14.

Model system for the total synthesis of welwitindolinone A (12). Reagents and conditions: (a)
THF, TEA (1.0 equiv), t-BuOCI (1.7 equiv), 0 °C, 10 min; then 40:20:1 MeOH:H,0:AcOH,
5 min; THF = tetrahydrofuran, TEA = triethylamine.
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a. t-BuOCI
——

welwitindolinone A (12) 81

Scheme 15.

Original and improved total syntheses of welwitindolinone A (12). Reagents and conditions:
(a) THF, TEA (1.0 equiv), t-BuOCI (1.5 equiv), - 30 °C, 1 min; then 95:4:1 THF:H,O:TFA,
-30to 0 °C, 5 min, 25%; (b) XeF, (1.0 equiv), H,0, MeCN, 23 °C, 5 min, 44%; THF =
tetrahydrofuran, TEA = triethylamine, TFA = trifluoroacetic acid, MeCN = acetonitrile.
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Chart 6.
3-epi-Welwitindolinone A.
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85 (27%)

Scheme 16.

Synthesis of isothiocyanate derivatives. Reagents and conditions: (a) DCM, CS(imid), (3.3
equiv), 23 °C, 24 h, 60%; (b) THF, H,O, DDQ (2.5 equiv), 0 °C, 30 min, 68%; (c) DCM,
XeF; (1.0 equiv), 23 °C, 15 min, 27%; DCM =dichloromethane, THF = tetrahydrofuran, DDQ
= 2,3-dichloro-5,6-dicyanobenzoquinone.
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welwitindolinone A (12) 86 (100%)

b. air, 6 d

87 (100%)

Scheme 17.
Synthesis and degradation of 86. Reagents and conditions: (a) DCM, TFDO (1.0 equiv), -78 °
C, 5min, 100%; (b) air, 23 °C, 6 d; DCM =dichloromethane, TFDO = methyl(trifluoromethyl)-
dioxirane.
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a. PTAT
88 (100%)
b. P(OEt)s
c. HCO,H
———————3 OHCHN
B
d. COCl,
"welwitindolinone B
isonitrile" (14a)
e. Mel Cl
f. HCO,H =
Me
H
OHCHN o*Me cocl,
Me — /NN 00000 ACG 4w T >
(o]
N
Me
92 (100%) "N-methylwelwitindolinone
B isonitrile" (94)
Scheme 18.

Oxidative rearrangement attempts. Reagents and conditions: (a) PTAT (1 equiv), DCM, -78 °
C, 3 min, 100%; (b) P(OEt)3, DCM, 23 °C, 3 min, 100%; (c) HCO,H, H,0, THF, 4 °C, 12 h,
100%; (d) TEA, COCl,, DCM, 0° C, 10 min, 82%; (e) Mel, K,COs3, acetone, 23 °C, 12 h,
100%; (f) HCOoH, H,0, THF, 4 °C, 12 h, 100%; PTAT = phenyltrimethylammonium
tribromide, DCM = dichloromethane, THF = tetrahydrofuran, TEA = triethylamine.
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Table 1

Optimization of the oxidative oxindole coupling; LDA = lithium diisopropylamide, [O] = oxidation.

LDA;

carvone

[O]

MOM
39

Oxidant

=<
B
[>%

PhI(OACc),
Cu(2-ethylhexanoate),
FeCl,
Fe(PhCOCHCOCH,),
Fe(CH,COCHCOCF,),
Fe(C4H,COCHCOCF,),
Fe(CH;COCHCOCHS,),
Fe(t-BUCOCHCOCH;),

10%
15%
ca 15%
30%
40%
40%
45%
83%
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Table 2
Ring contraction optimization.

12-epi-fischerindole | (21)

welwitindolinone A (12)

Page 43

Oxidant

Yield

t-BuOClI
NBS
Synfluor
Selectfluor
BMAST
NFSI
XeF,

0-25%
0%
0%
0%
0%

16%
44%
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