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Construction of the highly strained CDEF parent tetracycle, a structural motif found only in the potent ectoparasiticidal agents ( +)-nodulisporic
acids A and B and related congeners, has been achieved via a new modular indole synthesis, exploiting a sequential Stille cross-coupling/
Buchwald —Hartwig union/cyclization tactic. The new indole synthesis holds the promise of rapid assembly of diverse, highly substituted

indoles possessing uncommon substitution patterns.

The nodulisporanes, a novel class of indole diterpene fore launched a medicinal chemistry campaign to opti-
alkaloids, display potent insecticidal properties, particularly mize the profile of this lead compound. A chemical mu-
effective against flea and tick infestations in dogs and tats. tagenesis program was also initiated to prepare a large
Their mode of action, modulation of the invertebrate-specific number ¢1000) of analoguesTo date, however, none of
glutamate-gated chloride ion channels, ensures little or nothe reported analogues exhibit more potency thap1
mammalian toxicity. Nodulisporic acid A [¢)-1] was first ~ although some improvement in pharmacokinetic properties
reported by the Merck Research Laboratories in 1997 (Fig- has been achieved.

ure 1)3 Although exhibiting good in vitro and in vivo activ- Intrigued by the architectural complexity, in conjunction
ity against fleas, the potency, stability, and pharmacoki- With the remarkable antiparasitic activity, we initiated a
netic profile were not optimal; Merck and Co. there- Synthetic program to devise a modular strategy that would
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permit construction of not only the naturally occurring || A
nodulisporic acids but also, importantly, congeners not Scheme 1. First-Generation Retrosynthetic Analysis
readily available from the natural products.

A

X =0; (+)-Nodulisporic Acid A (1)
X = Hy; (+)-Nodulisporic Acid B {2)

Although we were able to extend the Fischer indole
sequence to tetracyclic indol® (Scheme 2), possessing the
(+)-Nodulisporic Acid F (4) requisite 2-isopropenyl substituéhfound in nodulisporic
acids A and B, all attempts to employ hydrazones derived
from five-membered ketones such as 1,3-cyclopentanedione
or cyclopentanone (1@r 18, respectively) furnished none
of the desired tetracycles (I3 20).

Figure 1. Representative nodulisporic acid congeners.

From the outset, we recognized the challenge of the
inherent strain of the central CDEF core bfand 2. To
accommodate this structural feature, we envisioned a late-
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stage construction of the D-ring employing advanced hep- 1. (COCI),, benzene
foss
MeO N

tacycle5 (Scheme 1), the latter expected to arise via union rt, 45 min N—ph

of western hemisphere—{-6° with eastern hemisphere 2. pyridine, benzene e N
" . . H rt, 24 h

(+)-75 exploiting the indole synthetic protocol developed 8 84% for 2 steps 3 5

and employed for related indole diterpene syntheses in our 9

laboratory’ o 0
However, en route to both (—)-nodulisporic acid D (3)

and heptacycle5, the considerable instability of the W\;; AcOH/conc. HCI R

C(24) hydroxyl group, in conjunction with both the propen- N-N reflux, 1 h; 89% N

sity of the C(18)—C(19) olefin to migration and the C(2)

center to epimerization, became apparent. Successful elabo- 10 1

'[?ot;]osr_] of ring D would thus demand extremely mild condi- Figure 2. Reported approaches to the CDE tricycle.

Examination of the literature for viable tactics to elaborate
the requisite CDE core of the nodulisporic acids revealed That the corresponding five-membered systetr®gnd

only two scenarios, one involving the addition of oxalyl >4 \youid possess significant bond angle distortion (i.e., ring

chloride to a highly electron-rich indol@{Figure 2j and grain) was clearly apparent upon examination of the single-
the second being a classic Fischer indole synthesis employ'”gcrystal X-ray structure of6.

hydrazonel0?
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Scheme 2. Application of the Fischer Indole Synthesis
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Undaunted, we explored a number of alternative protocols
to introduce ring D, employing model systefis—24 (Figure
3); the approaches included: (a) metal carbeneHN
insertion (21); (b) intramolecular nucleophilic displacement
(22); (c) Dieckmann condensatio23); and (d) intramo-
lecular Heck carbonylatior?2é). None of these tactics proved
successful, thus providing additional testimony to the inherent
ring strain of the CDE tricyclic core of the nodulisporic acids.

R =H or Me
21 (X =Ny)
22 (X =H, Br)

24
23 (E = CO,Me) (E):(Z2) =3:2

X

Figure 3. Prospective tactics for CDE tricycle construction.

We turned next to a transition-metal-catalyzed approach
(e.g., ketone arylatidhor Stille cross-coupling) envisioning
intermediates such a%5. We of course recognized that
conversion to the indole would, at best, be difficult employ-
ing thermodynamic conditions. To this end, reaction of
2-iodo-cycloalkenonés (26 and 27) with indoline 25
furnished the corresponding cycloalkenor&g8sand 29 in

(11) Fox, J. M.; Huang, X.; Chieffi, A.; Buchwald, S. 0. Am. Chem.
Soc.2000,122, 1360—1370.

(12) Johnson, C. R.; Adams, J. P.; Braun, M. P.; Senanayake, C. B. W.
Tetrahedron Lett1992,33, 917—918.

(13) Diep, V.; Dannenberg, J. J.; Franck, R. W.Org. Chem2003,
68, 7907—-7910.
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good vyield, which in turn were readily reduced with
L-Selectride to cycloalkanone30 and 31, respectively

(Scheme 3). Exposure 8fl to methanolic HCI afforded the
corresponding tetracyclic indof@ in good vyield.

Scheme 3. Stille Cross-Coupling/Buchwald—Hartwig
Union/Cyclization Tacti¢

Pd,(dba)3CHCI; (5-10 mol %)
P(2-furyl); (20-40 mol %)

Cul (1 equiv), NMP o
SnBus  100-120°C, 1-2h | f )
n
NBoc
26 (n=1)
25 f' ; 27 (n=2)
¢ )n
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28(n=1) 29(n=2) ;
(68-80%) (52-61%)  (1-2eauv)
), _LHMDS/THF 9
n - @)n
then Comins'
0O reagent 1 OTf
NBoc Q NBoc

(J

30 (n=1); 67% OTf 33 (n=1);87%
31 (n=2); 73% NBoc 34 (n=2); 82%
32 (n= 1); 90%

1. TMSI/CH,Cly
2. Pdy(dba)s -78 °C;
1. TMSI/CHoCly|  yantphos 35 (n=1); 90%
-78°C; |Cs,CO;, THF 36 (n=2); 97%
37 (n =1),93% reflux
n=1;72% 2. Pdy(dba);
1. HCI/MeOH - xa(?(t)phg%F
S [
2. CgHg, reflux L), el
|
n=1;0% N n=1;55%
n=2;70% n=2; 58%
38 (n =1); 39 (n =2)
38 39
m.p. 109-110 °C m.p. 149-150 °C

aThe X-ray crystal structure images aboa8 and 39, were
generated from the PDB files using Jmol Viewer Version 10.

However, similar treatment of the five-membered congener
30 proved ineffective even upon extended exposure to a

variety of acids, solvents, and temperature regiments; only

decomposition occurred.

Fully convinced thaB8 could not be generated employing
thermodynamic conditions, we converted eno2@sand29
to the corresponding enol triflate3 and 34, respectively;
removal of the Boc group set the stage for an intramolecular
Buchwald-Hartwig cyclization between an enol triflate and
a secondary amine3 and 36)1* Initial efforts to achieve
the requisite &N bond formation employing B(iba)/
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xantphos in toluene proved disappointing. Presumably stron
bases (e.g., LIHMDS, NatcBu) are not compatible with the
enol triflate moiety.

After considerable experimentation, conversior3éfto
39 was achieved via treatment with 2.5 mol % of,{ettha)
and 7.5 mol % of xantphos in THF at reflux, employing
CsCO; as a mild base (Scheme 3). These conditions,
however, did not yiel8 when employed witt85. On the
other hand, when the kinetically derived enol trifl&&was
prepared fronB0 and reacted, tetracycB8 was obtained in
high yield. Alternatively, increasing both the catalyst and
the ligand loading 4-fold [10 mol % of B@lba)y and 30
mol % of xantphos] furnishe@8 from 35in 55% yield. The
structures of both tetracycled8 and 39 were secured by
single-crystal X-ray crystallography (Scheme 3). Not surpris-
ingly, considerable bond angle distortion was observed in
38 (see Supporting Information).

To demonstrate that the new modular indole synthesis
would prove suitable for construction of highly strained
indoles, as found in the CDEF core of nodulisporic acids
(+)-1 and (+)-2, (+)-estrone was converted to enol triflate
(+)-40 (see Supporting Information) and subjected to the
Buchwald-Hartwig conditions; heptacycleH)-41 was iso-
lated in 55% yield (Scheme 4).

Scheme 4. Preparation of a Highly Substituted and Strained
Indole Derived from {)-Estrone

OMe

Pds(dba); CHCI; (10 mol %)
xantphos (30 mol %)

Cs,CO; (2 equiv)
dioxane, reflux, 1 h

(+)-41
m.p. 204-205 °C

An overview of the modular indole protocol is presented
in Scheme 5; indole49 and50 were prepared via path A,
and indole51 was prepared via path B. Particularly note-
worthy is the regiochemical outcome 60 and51.

(14) To the best of our knowledge, there has been no report of a Pd-
catalyzed intramolecular C—N bond forming reaction between an enol
triflate and a secondary amine.
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Scheme 5. General Scheme for Construction of Diverse

Indoles
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In summary, a new, modular synthesis of indoles has been
developed exploiting a Stille cross-coupling/Buchwald—
Hartwig union/cyclization tactic. The reaction conditions are
mild, and as such, the new synthesis holds great promise
for the ready access of structurally diverse indoles.
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