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Abstract: Full details are provided for a recently invented method to couple indoles and pyrroles to carbonyl
compounds. The reaction is ideally suited for structurally complex substrates and exhibits high levels of
chemoselectivity (functional group tolerability), regioselectivity (coupling occurs exclusively at C-3 of indole
or C-2 of pyrrole), stereoselectivity (substrate control), and practicality (amenable to scaleup). In addition,
guaternary stereocenters are easily and predictably generated. The reaction has been applied to a number
of synthetic problems including total syntheses of members of the hapalindole family of natural products,
ketorolac, acremoauxin A, and oxazinin 3. Mechanistically, this coupling protocol appears to operate by a
single electron-transfer process requiring generation of an electron-deficient radical adjacent to a carbonyl

which is then intercepted by an indole or pyrrole anion.

Introduction

Chemoselectivity stands as one of the greatest challenges t

overcome in the invention of useful synthetic methodologies
for carbon-carbon bond formation between two different

organic entities (cross-coupling). Figure 1 depicts such a cross-
coupling scenario using indole as an example. Of these five

different paradigms, the union of heteroaryl boronic acids with
halogenatedsp? and sp* hybridized carbon atoms (Suzuki
coupling, e.g., 1) is the most widely employehdeed, strategic

substrate prefunctionalization has historically served as the mos

(0]

The fifth and final coupling paradigm requires no prefunction-
alization or protection and relies solely on the innate reactivity
of the indole and substrate. A regioselective Fried&dafts
alkylatior? would fit into this or the previous category. Several
of the coupling strategies shown in Figure 1 might be aptly
marketed under the banner of “G1 functionalization™ In this

full account, the scope, mechanism, and application of a new
reaction fitting into the fifth category will be discussed. This
reaction accomplishes the coupling of unfunctionalized indoles

and pyrrole$with various carbonyl compounds such as esters,

reliable means by which to direct such couplings. In the second IMides, lactones, lactams, ketones, and amides. The reaction

type of coupling, a functionalized, protected indole is merged
with an unfunctionalized substrate. A Heck reaction is an
example of this transformatiohThe third type of coupling is
another version of the Heck reaction, involving the union of an
unfunctionalized, N-protected indole with a suitably function-
alized substraté.The fourth tactic involves merging unfunc-
tionalizedN-protected indole with an unfunctionalized substfate.

exhibits high levels of chemoselectivity (functional group

tolerability), regioselectivity (coupling occurs exclusively at C-3

of indole or C-2 of pyrrole), stereoselectivity (substrate control),
and practicality (amenable to scaleup). As a meaningful
demonstration of its utility, the method has been applied
effectively to a number of problems in total synthesis, including
several members of the hapalindole fanfiRketorolacg acre-

This method has been successfully demonstrated numerous time§10auxin A, and oxazinin 3.

in both inter- and intramolecular contexts based on the ability

of electron-rich aromatics to undergo electrophilic palladation.

(1) Suzuki, A.; Brown, H. COrganic Syntheses Via Boranes, Vol. 3, Suzuki
Coupling Aldrich Chemical Company, Inc.: Milwaukee, WI, 2003.

(2) For example, see: (a) Harrington, P. J.; Hegedus, LJ. ©rg. Chem.
1993 49, 2657-2662. (b) Harrington, P. J.; Hegedus, L. S.; McDaniel, K.
F.J. Am. Chem. S0d.987, 109, 4335-4338.

(3) For example, see: (a) Kozikowski, A. P.; Ma, Detrahedron Lett1991,

32, 3317— 3320. (b) Kozikowski, A. P.; Ma, D.; Brewer, J.; Sun, S.; Costa,
E.; Romeo, E.; Guidotti, AJ. Med. Chem1993 36, 2908-2920.

(4) (a) This reaction has extensive precedent, see: Itahath,Ghem. Soc.,
Chem. Commurl981, 254-255. (b) For additional examples, see: Li, J.
J.; Gribble, G. WPalladium in Heterocyclic Chemistry: A Guide for the
Synthetic Chemis2nd ed.; Elsevier: San Diego, CA, 2007. (c) For a
microwave-mediated variant, see: Stuart, D. R.; Fagnodience2007,
316 1172-1175.

10.1021/ja074392m CCC: $37.00 © 2007 American Chemical Society

Background and Historical Context

This research program initiated in 2003 when the hapalindole
family of natural products was targeted for synthesis (see Chart

(5) Bandini, M.; Melloni, A.; Tommasi, S.; Umani-Ronchi, Synlett2005
1199-1222.

(6) Dyker, G.Handbook of G-H Transformations: Applications in Organic
Synthesis Wiley-VCH: Weinheim, 2005; Vols. £2.

(7) Baran, P. S.; Richter, J. M. Am. Chem. So2004 126, 7450-7451.

(8) Baran, P. S.; Richter, J. M.; Lin, D. WAngew. Chem., Int. EQ005 44,
609-612.

(9) (a) Baran, P. S.; Richter, J. M. Am. Chem. SoQ005 127, 15394~
15396. (b) Baran, P. S.; Maimone, T. J.; Richter, J.Nture 2007, 446,
404—408.
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Figure 1. Cross-coupling paradigms.

Chart 1. Representative Members of the Hapalindole Family of Natural Products

Ze

welwitindolinone A hapalindole U ambiguine H

1).10 In principle, the most efficient means to secure the core could avoid any “preprogramming” of the substrates. In addition,

of these molecules would héa the direct attachment of indole  potential regioselectivity issues could arise as a consequence

to a terpene such as carvore he literature revealed only one  of using the enol-acetate derived from carvone as a coupling

method that directly attaches two such compounds in the desiredpartner in the Albizati approach (i.e., the coupling could occur

mannert2 ironically also reported in the context of an elegant on any one of the three olefins presefit).

total synthesis of hapalindole Q. As delineated in Scheme 1, Barton’s classic synthedfsand structural reassignménof

this coupling falls into the first category (see Figure 1) and as usnic acid 11) provided invaluable inspiration for the develop-

such required prefunctionalization of both substrates in order ment of an alternative route to the desired indeatarvone

to achieve the desired reactivity. Although this is a clever adduct (Figure 1). In Barton’s synthesis, treatment of phénol

solution to the problem, a different approach was sought that with potassium ferricyanide oxidized it to the delocalized
phenoxy radical, initiating a cascade reaction. Two of the

(10) For isolation see: (a) Moore, R. E.; Cheuk, C.; Yang, X.-Q. G.; Patterson

G. M. L Bonjouklian, R.. Smitka, T. A; Mynderse, J. S." Foster, R. 5., _'esonance contributorg,and8, selectively heterodimerized to

Jones, N. D.; Swartzendruber, J. K.; Deeter, .BOrg. Chem1987, 52,
1036-1043. (b) Stratmann, K.; Moore, R. E.; Bonjouklian, R.; Deeter, J.  (13) The coupling of the enol acetate of carvone with 3-brd¥rdHPS-indole

B.; Patterson, G. M. L.; Shaffer, S.; Smith, C. D.; Smitka, T.JAAm. has been attempted using Albizati’s conditions, and none of the desired
Chem. Socl994 116 9935-9942. (c) Raveh, A.; Carmeli, S. Nat. Prod. product was obtained.
2007, 70, 196-201. (14) Barton, D. H. R.; Deflorin, A. M.; Edwards, O. B. Chem. Socl1956

(11) Fukuyama, T.; Chen, XI. Am. Chem. S0d.994 116, 3125-3126. 530-534.

(12) Vaillancourt, V.; Albizati, K. F.J. Am. Chem. Sod 993 115 3499- (15) Nicolaou, K. C.; Snyder, S. AAngew. Chem., Int. E®2005 44, 1012-
3502. 1044.
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Scheme 1. Albizati’s Indole Coupling Reaction
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form the coupled addu& Subsequent tautomerization, hemi-
ketalization, and elimination of water directly furnished usnic
acid (L1) in one synthetic operation (Scheme 2).

One of the most impressive aspects of Barton’s synthesis
resides in the selective formation of a coupling product that
arises from the heterodimerizationatho-andpara- localized
radicals ¢ and8). This precedent led to a simple hypothesis:
if heterocoupling of two radicals was truly occurring in the usnic

to review a brief history of the development of this-C bond
forming reaction, in an effort to convey the context in which
these current investigations were undertaken. The prototypical
oxidative enolate coupling was first reported over 70 years ago
in 1934, when Ivanoff and Spassoff treated the magnesium
chloride enolate of sodium phenylacetate with molecular
bromine and observed a 22% yield of the dirfefhe authors
posited that the reaction occurs through a radical intermediate;
however, it was many years before any formal mechanistic
insights were gainetf

This observation by Ivanoff subsequently lay dormant for
several decades. During these intervening years, little was truly
known about the reaction or substrate scope; in fact, to this day,
many questions remain unanswered concerning this intriguing
reaction. In 1968, Kauffmann reported the first example of an
oxidative dimerization of a ketone enolate, namely acetophe-
none, using copper(l) salts, albiet in modest yiéRBollowing
this publication, Rathke reported the first use of a soluble
copper(ll) oxidant [copper(ll) valerate] in the oxidative dimer-
ization of ester enolates in moderate to excellent yiélds.
Saegusa subsequently demonstrated efficient, high-yielding
dimerizations of ketone enolates, using a variety of copper(ll)
based oxidantst He also described the heterocoupling of two
different ketone enolates, which required 3 equiv or more of
one of the coupling partners to furnish acceptable yields of
the heterocoupledoroduct. Many reports have appeared that
use a wide variety of oxidants to effect the couplings, in-
cluding copper Sa|t58,b,c,19—22,23c,d,24m,25,26qr0n Sa|ts}8d,23,37d,e
iodine18a.c.23d.24,28b,33,37a N-jpdosuccinimidé® hypervalent iodine-
based reagen# silver salts}827titanium salt26428potassium
permanganat®, direct electrochemical oxidatiof§a-3° short
chain alkyl polyhalide$! and brominé’32 A few studies
involving the dimerization of enolates conjugated throughout
an aromatic system have been repof&®,which show the
versatility of this coupling reaction in the formation of a wide

acid synthesis, then an analogous reaction might occur betweervariety of dimerized compounds. Several reports exist that elicit

indole and a carbonyl containing entity (Scheme 3). Theoreti-
cally, if an appropriate oxidant was found that could simulta-
neously oxidize the carvone enolate to the radical and the indole

the coupling of other stabilized anions, such as phosphine
oxides?* sulfoxides/sulfoned! and methylpyridine$® under

anion to the radical, then perhaps a heterocoupling could be
achieved between the two species. For the indole anion, the
HOMO coefficient is largest on C-3, which causes indole to be
nucleophilic at this position. In light of this knowledge, our
hopes for successfully accomplishing the desired coupling were
further bolstered by the fact that the same orbital is invoked

(17) Ivanoff, D.; Spassoff, ABull. Soc. Chim. Fr., Mem1935 2, 76-78.

(18) (a) Renaud, P.; Fox, M. Al. Org. Chem1988 53, 3745-3752. (b) Chung,

S. K.; Dunn, L. B, JrJ. Org. Chem1983 48, 1125-1127. (c) Porter, N.
A.; Jill, Q. S.; Harp, J. J.; Rosenstein, I. J.; McPhail, A.Tetrahedron
Lett. 1993 34, 4457-4460. (d) Cohen, T.; McNamara, K.; Kuzemko, M.
A.; Ramig, K.; Landi, J. J., Jr.; Dong, Yletrahedron 1993 49, 7931~
7942,

(19) Kauffmann, T.; Beissner, G.; Berg, H.; fpelmann, E.; Legler, J.;
Schimfelder, M.Angew. Chem., Int. Ed. Engl968 7, 540-541.

for the radical species (SOMO). It therefore seemed reasonable(20) Rathke, M. W.; Lindert, AJ. Am. Chem. S0d.971, 93, 4605-4606.

to assume that the indole radical should also react at'C-3.
However, there were still several potential pitfalls to this
proposed transformation: (1) securing an oxidant that could
simultaneously oxidize both species, (2) avoiding a statistical
product distribution in the intermolecular coupling to obtain a
good vyield of the heterodimer without requiring prohibitive
excesses of reagents or starting materials, (3) overoxidation of
the indole partner, and (4) controlling the diastereoselectivity
of the coupling due to the intermediacy of a radical species.
There is a myriad of chemical literature concerning the radical
reactions of ketones, specifically the oxidation and subsequent
dimerization of ketone enolates. It is instructive at this juncture

(16) Anslyn, E. V.; Doughtery, D. AModern Physical Organic Chemistry
University Science Books: Sausalito, CA, 2006; pp 4451.

(21) (a) Ito, Y.; Konoike, T.; Saegusa, J. Am. Chem. Sod.975 97, 2912
2914. (b) Ito, Y.; Konoike, T.; Harada, T.; Saegusa,JTAm. Chem. Soc.
1977, 99, 1487-1493.

(22) (a) Kauffman, T.; Beissner, G.;il§pelmann, E.; Kuhimann, D.; Schott,

A.; Schrecken, HAngew. Chem., Int. Ed. Engl968 7, 131-132. (b)

Kobayashi, Y.; Taguchi, T.; Tokuno, Eetrahedron Lett1977, 18, 3741

3742. (c) Paquette, L. A.; Snow, R. A.; Muthard, J. L.; CynkowskiJT.

Am. Chem. Sod978 100, 1600-1602. (d) Kobayashi, Y.; Taguchi, T.;

Morikawa, T. Tetrahedron Lett1978 19, 3555-3556. (e) Paquette, L.

A.; Snow, R. A,; Muthard, J. L.; Cynkowski, T. Am. Chem. S0d.979

101, 6991-6996. (f) Kobayashi, Y.; Taguchi, T.; Morikawa, T.; Tokuno,

E.; Sekiguchi, SChem. Pharm. Bull198Q 28, 262-267. (g) Babler, J.

H.; Sarussi, S. 1. Org. Chem1987, 52, 3462-3464. (h) Quermann, R.;

Maletz, R.; Schfer, H. J.Liebigs Ann. Chenll993 1219-1223. (i) Studer,

A.; Hintermann, T.; Seebach, Blelv. Chim. Actal995 78, 1185-1206.

(a) Frazier, R. H., Jr.; Harlow, R. l. Org. Chem198Q 45, 5408-5411.

(b) Poupart, M.-A.; Paquette, L. Aletrahedron Lett1988 29, 269-272.

(c) Paquette, L. A.; Bzowej, E. I.; Branan, B. M.; Stanton, KJJOrg.

Chem.1995 60, 7277-7283. (d) Langer, T.; lllich, M.; Helmchen, G.

Synlett 1996 1137-1139. (e) Schmittel, M.; Smer, R.Chem. Ber./Recl

1997 130, 771-777. (f) Jahn, UJ. Org. Chem1998 63, 7130-7131.

(g) Nguyen, P. Q.; Scfier, H. J.Org. Lett.2001, 3, 2993-2995.

(23)

J. AM. CHEM. SOC. = VOL. 129, NO. 42, 2007 12859
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Scheme 2. Barton’s Classic Synthesis of Usnic Acid (11)
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similar conditions. Oxidative dimerizations of indoles have been
reported using hypervalent iodine in the context of a bio-
mimetic calycanthaceous alkaloid syntheéSisAsymmetric
dimerizations can be performed using a variety of chiral
auxiliaries8c.22i,23d,24m,25,26¢.d,28bgng there is even one report
that oxidizes a chiral titanium enolate to achieve modest
asymmetric inductioR®? Several groups have shown that
intramolecular couplings can proceed in impressive
yields18b.d.22¢-i,23b,25,37d.g4gwever, the inability to extend such

(24) (a) Beroza, M.; Schechter, M. . Am. Chem. Sod956 78, 1242-1247.
(b) Mosby, W. L.J. Chem. Socl957 3997-4003. (c) Charles, R. GDrg.
Synth.1959 39, 61-62. (d) Brocksom, T. J.; Petragnani, N.; Rodrigues,
H.; Teixeira, L. SSynthesid975 396-397. (e) Hampton, K. G.; Christie,
J. J.J. Org. Chem.1975 40, 3887-3889. (f) Tamaru, Y.; Harada, T.;
Yoshida, Z.-i.J. Am. Chem. Sod.978 100, 1923-1925. (g) Pelter, A.;
Ward, R. S.; Watson, D. J.; Jack, I. B. Chem. Soc., Perkin Trans. 1
1982 183-190. (h) Shatzmiller, S.; Lidor, RSynthesis983 590-593.
(i) Belletire, J. L.; Spletzer, E. G.; Pinhas, A. Retrahedron Lett1984
25,5969-5972. (j) Belletire, J. L.; Spletzer, E. Getrahedron Lett1986
27, 131-134. (k) Belletire, J. L.; Spletzer, E. Gynth. Communl1987,
17,1701-1707. (I) Drewes, S. E.; Hogan, C. J.; Kaye, P. T.; Roos, G. H.
P.J. Chem. Soc., Perkin Trans1989 1585-1591. (m) Langer, T.; lllich,
M.; Helmchen, G.Tetrahedron Lett1995 36, 4409-4412. (n) Wu, A;
Zhao, Y.; Chen, N.; Pan, XSynth. Commun1997, 27, 331-336. (0)
Alvarez-lbarra, C.; Cdg/, A. G.; Colmenero, B.; Quiroga, M. L1. Org.
Chem.1997, 62, 2478-2482.

(25) Kawabata, T.; Sumi, K.; Hiyama, 7. Am. Chem. So0d989 111, 6843—
6845.
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successes to intermolecular reactions is both disappointing and
expected due to the assumed mechanistic explanation.

Given the extensive history of oxidative enolate coupling
chemistry3® it was clear that the homodimerization of two
enolates to form a symmetrical diketone was straightforward
using a wide range of oxidants. The use of intramolecular
oxidative coupling to selectively form a heterocoupled product

(26) (a) Seveno, A.; Morel, G.; Foucaud, A.; Marchand,TEtrahedron Lett.
1977, 18, 3349-3352. (b) Yan, J.; Zhong, L.-R.; Chen, Z.-C.Org. Chem.
1991, 56, 459-461. (c) Kim, J. W.; Lee, J.-J.; Lee, S.-H.; Ahn, K.-Blynth.
Commun1998 28, 1287-1292. (d) Kise, N.; Ueda, T.; Kumada, K.; Terao,
Y.; Ueda, N.J. Org. Chem200Q 65, 464—468.

(27) Aurell, M. J.; Gil, S.; Tortajada, A.; Mestres, R.; GadRaso, A.
Tetrahedron Lett1988 29, 6181-6182.

(28) (a) Qjima, |.; Brandstadter, S. M.; Donovan, RChem. Lett1992 1591~
1594. (b) Kise, N.; Tokioka, K.; Aoyama, Y.; Matsumura,J .Org. Chem.
1995 60, 1100-1101. (c) Matsumura, Y.; Nishimura, M.; Hiu, H,;
Watanabe, M.; Kise, NJ. Org. Chem.1996 61, 2809-2812. (d) Kise,
N.; Kumada, K.; Terao, Y.; Ueda, Nletrahedron1998 54, 2697-2708.
(e) Cs&y, A. G.; Mula, M. B.; Mba, M.; Plumet, JTetrahedron:
Asymmetry2002 13, 753-757.

(29) Kaiser, E. M.J. Am. Chem. S0d.967, 89, 3659-3660.

(30) (a) Okubo, T.; Tsutsumi, Rull. Chem. Soc. Jpri964 37, 1794-1797.
(b) Brettle, R.; Parkin, J. Gl. Chem. Soc. @967, 1352-1355. (c) Brettle,
R.; Parkin, J. G.; Seddon, OJ. Chem. Soc. A97Q 1317-1320. (d)
VandenBorn, H. W.; Evans, D. HI. Am. Chem. Sod.974 96, 4296—
4301. (e) Tokuda, M.; Shigei, T.; Itoh, NChem. Lett1975 621-624. (f)
Peek, R.; Streukens, M.; Thomas, H. G.; Vanderfuhr, A.; WellerGhém.
Ber. 1994 127, 12571262.
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without a prohibitive excess of one of the coupling partners methodology could be rendered more synthetically useful.
remained a far more daunting task. In fact, the technology was Indeed, when a mixture of carvone enolate and indole anion
so limited in scope that it had been scarcely utilized in total were treated with Feglas oxidant, a minor amount (8%) of
synthesed8d.23b.d.26d.37majinly in the construction of various the desired coupled producid) was obtained as a single
symmetrical lignans. diastereomer (Table 1, entry 15).

In order to address the selectivity problem (homocoupling
vs heterocoupling) in intermolecular couplings, a few potential
solutions have been put forth. In these reports, selective homo- Given the initial success, a more detailed study and optimiza-
or heterocouplings are performed by first converting one or both tion of the direct indole coupling reaction was undertaken. It
coupling partners into either the enol ethers or silyl enol ethers was initially reasoned that the oxidant played a major role in
and reacting those with either ketones or other silyl enol ethersthe efficiency of the reaction, so a variety of oxidants were
to give coupled products in reasonable yields. A similar reaction screened that were knownide suprg, or predicted, to promote
manifold has been observed for the coupling of enamines with the direct coupling reaction (Table 1). It was quickly discovered
various nucleophilict-systems8 A variety of oxidants have  that FeC} did not have to be used as a DMF solution (as is
been utilized in such couplings including Mn(OAgY Ag,0,*° commonly reported in enolate oxidatiéfdbut could simply
TiCl4,*t Cu(OTf),22" CAN,*2 direct electrochemical oxidatidhi, be added to the reaction as a solid, a finding that facilitated the
(EtO)VOCh,* and Fe(phenjPFs)s.45 Using vanadium oxidants,  screening of the remaining oxidants. In addition to the technical
it was discovered that selective heterocouplings could be simplicity, the reactions were much cleaner in the absence of
performed by exploiting the differing rates of oxidation of DMF. While many common oxidants 5[l KsFe(CN), Mn-
sterically dissimilar enol silaned.Silicon or titanium tethers ~ (OAc);] failed to furnish any of the desired coupled product,
can be employed to ensure that a heterocoupling will occur success was realized when copper-based oxidants were explored.
between two distinct carbonyl compourfdsSimilarly, it was A screen of several readily available soluble copper salts led to
shown that two different esters could be heterocoupled by the selection of copper(ll) 2-ethylhexanoate as the optimum
constructing the mixed diester of BINGE¢ The selective oxidant for the desired coupling reaction, in part due to its high
reaction of silyl enol ethers with furans has also been repdfted. solubility in organic solvents. It should also be noted that these
Unfortunately, these studies stopped short of achieving a reactions were extremely “clean” as monitored by TLC; only
selective heterocoupling of two free carbonyl compounds 12, indole, and two diastereomeric carvone dimers were
withoutresorting to prefunctionalization of one or more of the observed.
substrates. It is likely that enolate-type couplings would find  In addition to the “standard” oxidants precedented in the
more widespread use if this were possible. literature for these coupling reactions, several other oxidants

Given the aforementioned considerations and the somewhatshould be mentioned, since they unexpectedly provided product.
daunting precedent, success of an oxidative coupling to forge FOr example, ceric ammonium nitrate (CAN) cleanly provided
the key bond in the hapalindoles seemed unlikely. Experimental the desired product in 16% yield, even though it was not soluble
studies were therefore initiated in the hope that a greater in THF and had never before been used in an oxidative enolate
understanding of the process could be realized and perhaps th&oupling (however, it has been used in enol silane couplings,
vide suprg. Interestingly, if CAN was added as a solution in
DMF, no product was observed. Surprisingly, Pb(QAalso
gave a 17% yield of the product when used as a solution in
DMF, even though it too had never been employed in an
oxidative enolate coupling. It was also discovered that by

changing the ligand environment (and therefore tuning the
(35) '5%253""3' H.; Takayama, H.; Aimi, Nietrahedron Lett2002 43, 5637~ oxidation potential of the metal center), the outcome of the
(36) For reviews that are completely or partially devoted to oxidative enolate coupling could be modulated [i.e., Mn(acgegrsus Mn(OAG)].
e e, D e e e e a sy Alsoworthy of note is that stoichiometric palladium(il) provided
291-356. (c) CShy, A. G.; Plumet, JChem. Soc. Re 200, 30, 313— no detectable produét.
B B o et O ooa STel e Hafensteiner, B gnce the proper oxidant was selected, a systematic screen of
(37) (a) Belletire, J. L.; Fremont, S. Metrahedron Lett1986 27, 127-130. the other reaction parameters was undertaken, beginning with
(b) Belletire, J. L.; Fry, D. FJ. Org. Chem1987, 52, 2549-2555. (c) .
Belletire, J. L.; Fry, D. FJ. Org. Chem1988 53, 4724-4729. (d) Ramig, @ Se€arch for the optimum solvent (Table 1). A screen of common
solvents revealed that DCM and THF provided identical results,
so THF was selected for its ease of use with various bases. A
study of an assortment of bases showed that LHMDS was
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Enders, D.; Miler, P.; Klein, D.Synlett1998 43—44.

(32) Kise, N.; Fujimoto, A.; Ueda, Nletrahedron: Asymmet002 13, 1845—
1847.
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4245-4253.
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2099-2102. For a catalytic version, see: (a) Sibi, M. P.; Hasegawa, M.
Am. Chem. So007, 129, 4124-4125. (b) Beeson, T. D.; Mastracchio,
A.; Hong, J.-B.; Ashton, K.; MacMillan, D. W. CScience&007, 316, 582—
585. (c) Jang, H.-Y.; Hong, J.-B.; MacMillan, D. W. @.Am. Chem. Soc.
2007, 129, 7004-7005.

(39) Dessau, R. M.; Heiba, E. J. Org. Chem1974 39, 3457-3459.

(40) Ito, Y.; Konoike, T.; Saegusa, T. Am. Chem. Sod.975 97, 649-651.
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5826. (b) Ryter, K.; Livinghouse, T. Am. Chem. S0d998 120, 2658—
2659.

(45) Schmittel, M.; Burghart, A.; Malisch, W.; Reising, J./IBer, R.J. Org.
Chem.1998 63, 396-400.

(46) (a) Whitehead, C. R.; Sessions, E. H.; Ghiviriga, I.; Wright, DOIrg.

K.; Ojima, |. Tetrahedron Lett1983 24, 785-788. (c) Totten, G. E;
Wenke, G.; Rhodes, Y. ESynth. Commurl985 15, 291—300.

(42) (a) Baciocchi, E.; Civitarese, G.; Ruzziconi, Retrahedron Lett1987
28, 5357-5360. (b) Baciocchi, E.; Casu, A.; Ruzziconi, Retrahedron
Lett. 1989 30, 3707-3710. (c) Paolobelli, A. B.; Latini, D.; Ruzziconi, R.
Tetrahedron Lett1993 34, 721-724.

(43) Moeller, K. D.; Tinao, L. V.J. Am. Chem. S0d.992 114, 1033-1041.
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17062.
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Table 1. Indole—Carvone Coupling Optimizations

indole: (2 equiv.)
o] LHMDS (3.3 equiv.)
Me. concentration = 1.0 M
solvent: THF

Me  oxidant: copper(ll)2-ethylhexanoate
H temperature: —78 to 25 °C
49-53%
"Standard Conditions"

entry change from standard conditions yield
1 oxidant= iodine 0%
2 oxidant= potassium ferricyanide 0%
3 oxidant= vanadyl acetylacetonate 0%
4 oxidant= cobalt(ll) acetylacetonate 0%
5 oxidant= silver(l) trifluoromethanesulfonate 0%
6 oxidant= chromium(VI) oxide 0%
7 oxidant= palladium(ll) acetate 0%
8 oxidant= ferrocenium hexafluorophosphate 0%
9 oxidant= carbon tetrabromide 0%
10 oxidant= manganese(lll) acetate 0%
11 oxidant= cobalt(ll) acetate 0%
12 oxidant= iodobenzene bistrifluoroacetate trace
13 oxidant= xenon difluoride trace
14 oxidant= lead tetraacetate trace (17%)
15 oxidant= iron(lll) chloride 8% (8%}
16 oxidant= iron(lll) acetylacetonate 13%
17 oxidant= titanium tetrachloride 14%
18 oxidant= manganese(lll) acetylacetonate 15%
19 oxidant= ceric ammonium nitrate 16% (trace)
20 oxidant= copper(ll) 3,5-diisopropylsalicylate 20%
21 oxidant= copper(ll) chloride 25% (898)
22 oxidant= copper(ll) 2-pyrazinecarboxylate 30%
23 oxidant= copper(ll) acetate 30%
24 oxidant= copper(ll) trifluoromethanesulfonate ~ 46%
25 oxidant= copper(ll) acetylacetonate 47%
26 oxidant= copper(ll) trifluoroacetylacetonate 48%
27 oxidant= copper(ll) 2-ethylhexanoate 4%3%
28 solvent= DME 18%
29 solvent= Et,O 37%
30 solvent= CPME ca. 40%
31 solvent= DCE 45%
32 solvent= DCM 49%
33 solvent= THF 49-53%
34 concentratior= 0.01 M 43%
35 concentratios 0.1 M 44%
36 soncentratiors 1.0 M 49-53%
37 concentratior neat 43%
38 temperature= —78°C 0%
39 temperatures —78 to—43°C 11%
40 temperatures —78 to—20°C 47%
41 temperature= —78 to 0°C 45%
42 temperature= —78 to 23°C 40%
43 indole equiv= 1 27%
44 indole equiv= 3 60%
45 indole equiv= 4 66%
46 indole equiv=5 7%

aWhen added as a solution in DMF.

optimal, but LDA provided similar results. Changing the cation
(i.e., Na, K) only proved detrimental to the yield. It was also
found that the optimum concentration was 1.0 M in THF as

adding the oxidant at-78 °C, removing the cooling bath, and
allowing the reaction to naturally warm to ambient temperature
before quenching provided a slightly higher yield than that of
the corresponding reaction at20 °C. The effect on the yield
with varying equivalents of indole was also examined, and not
surprisingly, as the amount of indole was increased, the yield
also increased proportionately (Table 1). However, limiting the
loading to 2 equiv provides an appropriate balance between yield
and amount of oxidant.

Perhaps the most mechanistically revealing of all the opti-
mization studies undertaken was that of oxidant stoichiometry.
As is clearly evident from the graphical depiction in Figure 2,
a full stoichiometric amount of oxidant was not required to drive
the reaction to completion. In fact, only 0.5 equiv, relative to
both coupling partners, was required to completely consume
the carvone, and any excess oxidant only caused minor
fluctuations in yield. The short-term lesson learned is that less
oxidant was needed to obtain the same yield, thus simplifying
the procedure. The mechanistic implications of this finding will
be discussed shortlyi@le infra).

The optimizations delineated above led to the following
simple procedure: To a solution of carbonyl compound (1
equiv) and indole (2 equiv) in THF (1.0 M) at78 °C in a
flame-dried flask under a nitrogen atmosphere was added a 1.0
M solution of LHMDS (3.3 equiv). After stirring for 30 min at
—78°C, the septum was removed, solid copper(ll) 2-ethylhex-
anoate (1.5 equiv) was rapidly added in one portion, and the
septum was quickly replacéd.The flask was then removed
from the cooling bath and allowed to warm to ambient
temperature, and then the reaction was quenched. Using this
procedure, the reaction was found to be efficient and practical,
even on a large scale, with no diminution in yiéfd.

Scope

Table 2 summarizes the range of couplings that were
examined in both the initial communication of this work and a
wide variety of new substrates that have since been investigated.
Most simple ketones couple efficiently including carvotg)(
chromanoned5), tetralone 24), and menthone3g). Ketones
that are much smaller (coupling at a terminal methyl group)
are more prone to homodimerization, which explains the lower
yield with substrates such as propiopheno#®.(More highly
substituted carbonyl compounds such as chloroked@neinyl
ketone34, steroid23, and decalird5 proceed as well, if not
better than, simpler ketones. Such reactions allow tremendous
complexity to be built into a target molecule using simple
chemistry, which would otherwise require multiple steps to
accomplish.

As already alluded to{de suprg, functional group tolerance

shown in Table 1. There was a subtle trend toward higher yields was an important parameter to consider while developing the

with increasing concentration, but this was limited by the
solubility of the copper oxidants. Various methods of adding

oxidative indole coupling reaction. Several noteworthy examples
include unprotected or reactive functional groups that could

the oxidant were also investigated, and the highest yield was potentially undergo competing side reactions. For example,
observed when the copper salt was added as a solid (instead othloroketone4?2 is unreactive toward the radical-generating
in solution) presumably due to increased reaction concentration.reaction conditions. Steroi®7 proceeds without requiring

Next, a temperature screen (Table 1) revealed that the ideal

temperature for oxidant addition was20 °C.4® However,

(48) The experimental procedure involved immediately transferring the flask
containing the reaction mixture and the oxidant-at8 °C into a bath of
the desired temperaturied, —20 °C in this entry) and allowing the reaction
to stir for 10 min before quenching.

12862 J. AM. CHEM. SOC. = VOL. 129, NO. 42, 2007

(49) It was found that opening the reaction flask to the ambient atmosphere for
the time required for addition was not detrimental to the reaction yield.
Comparison studies were performed in which the reaction was performed
under meticulous Schlenk technique (degassed, rigorously dry, and the
oxidant was added as a solution in THF) and an identical yield of the
product was obtained.

(50) See Supporting Information for a detailed general procedure.
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Figure 2. Optimum equivalents of oxidant selection.

Table 2. Scope of the Indole and Pyrrole Coupling Reaction

o NH o 0 HN
% Base, then [O] )H Base, then [O]
R 3 - R —_— R 2
O Ty LSh T
8 &

ketone, amide,
or ester
Indole or Pyrrole (Yield %)
Ila Me o NH Me Me o
»u 18
... g
26 (30) 27 (54, dr = 5:1) o Hi
12 Ry, Ry = H (48-53) :’; i: g"('ié;*s] T4 R

13 R, = H, Ry = OMe (49)
14 R, = H, Ry = Me (57)
15 R, =H, Ry = F (32)
16 By = H, R; = Br (23)
17 By = H, Ry = CI 25)
18 R, = OBn, Ry = H (45)
19 R, = Me, Ry = H (52)

28R, = H; Rz =H (48 (607) dr = 20:1)
29R, =F; Ry = H (30 (90%) dr = 10:1)
30 Ry = H; Rz = Me (36 (96) dr = 10:1)
31R, = H; Ry = OMe (37 (490) dr = 17:1) Me

A 3733 dr>25:1)

COytBu
39 (645 40{54*’ dr = 20:1)

35{30° dr > 25:1) EC
35(410) ;
T H 46 Ry, Ra, Ry = H (53, dr > 20:1) s
r =
Ve ﬂH:_Hz Me, R = H (672, dr = 20:1) 0""“3

N 43(51) 48 A, = A3 = Me Az = E1 (57, dr > 20:1)
41 (35) 42 (62) 44{30] 45(45) 49 Ry = B, Fig, Fiy = H (425, dr > 20:1)

me._H CO,MBu

22 R, = Cl, Ry = H (34)

o

50{57*1"11} 51 (425 dr = 14:1) 52 (42, dr= ll)

a|solated yield? Yield based on recovered starting material.

protection of the secondary hydroxyl group; an extra equivalent methyl group using the standard conditions, even though these
of base was added to deprotonate this potentially troublesometypes of compounds are extremely prone to homodimerization.
functional group. Epoxidél is obtained in acceptable yield, Finally, the reaction can be performed on a myriad of carbonyl
even though multiple side reactions could be envisioned in the compounds including ester89), lactones 43), amides 27—
presence of this reactive moiety. Quaternary centers can be31), and ketones, and a wide variety of substitution patterns
formed in moderate (benzylcarvodé®) to good (tricycle32 are tolerated on the indold3—22, 29—31).51

and lactonet3) yields, and coupling can even occur at hindered

neopentyl centers such as that of isophor@®. (The reaction ~ Application to Total Synthesis

is amenable to asymmetric synthesis with either the EV2Ns (
or Oppolzer 28—31) chiral auxiliaries in good to excellent
diastereoselectivities and yields. The couplinggebnone @6)

IS .espeCIaIIy nOteWO_rthy’ in spite of the mOdera_te yield, because 51) Several of the adducts listed in Table 2 would be difficult or nearly
this represents the first ketone that was selectively coupled ata  impossible to obtain so quickly in any other fashion.

The direct indole coupling reaction is a useful method for
the synthesis of complex natural products as has already been

J. AM. CHEM. SOC. = VOL. 129, NO. 42, 2007 12863
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Scheme 4. Total Synthesis of Acremoauxin A2 OBn
Me
M
e ° o H
Me a HoOp, Me
TBAH H
N HO
7 — O S==5"N—Piv
o ¢ 83% 4 HY %0
HN HN
Me H
28 o—fMe 53 Favored
o OH b. DCC, Figure 3. Stereochemical model for oxazinine alkylation.
> 6 Lo DMAP,
: 54, 69%

As a further demonstration of the utility of this cross-coupling
Me reaction, a total synthesis of the natural product oxazinB0BY
Me G AOH AcOH lf was undertakePf The major challenge was expected to be
OH oH R forging the bond joining the indole and the carbon adjacent to
the amide, which has proven troublesome in previous coupling
reactions. The uncertainty of forming tloés relative stereo-

n chemistry across the oxazinine ring was also troubting.
Qe . 0 11 20 sqenor 0T s b i o om0
Et,0, 54 (1.05 equiv), RT, 60 min, 69%: (c) ACOH (60%), 5C, 19 h, six steps and two chromatographic purifications from tyrosife),
62%; TBAH = tetrabutyl ammonium hydroxide, DME dimethoxyethane, which was protected as the pivaloyl amid@8§). Direct indole
DCC = dicyclohexylcarbodiimide, DMAR= 4-(dimethylamino)pyridine, coupling on this substrate provided the coupled proda@ti
RT = room temperature. moderate yield and good diastereoselectivity (8:1), consistent

with the transition state model (see Figure 3) for enolate
alkylation at that position. The observed selectivity can be
accounted for by invoking a chair-type transition state for the
cis facial selectivity, whereas theansfacial selectivity would
proceed through a twist-boat transition st®eprotection of
the pivaloyl and benzyl groups furnished oxazinin &0)(
(Scheme 5) as a single enantiomer in 29% overall yieddp[[
+47.3 (MeOH,c 0.11), nat. §]p +12.0 (MeOH)] and only four
steps from known compounds (see Supporting Information).

In addition to its brevity and efficiency, this synthesis also
highlights how problematic couplings can be coaxed to proceed
by varying the electronic nature around the carbonyl partner.
Specifically, it was possible to induce the coupling of an amide
with indole, a union that has generally proven to be more elusive
in the past. This difficulty may be due, in part, to the electron-
rich nature of an amide carbonyl as compared to a ketone, which
potentially correlates to mismatched oxidation potentials for
selective coupling with electron-rich heterocyclic anions. Indeed,
attempted coupling of the bis-anion derived from the unprotected
amide B8b) did not provide any detectable product. Also of
note, coupling of the bis-benzyl protected compoub8c(
required a specialized iron-based oxidant [iron(lll) trifluoro-
acetylacetylnaphthylate; see Supporting Information for prepara-
tion of substituted iron(lll) acetylacetonates] and proceeded in
only 19% vyield. As a side note, this particular reaction
demonstrates how careful tuning of the oxidation potential of
the oxidant can allow heterocouplings to proceed, since copper-
based oxidants were completely ineffective in this reacifon.
Coupling with the Boc-protected amidégd) was also tested
but did not provide any improvement over the benzyt 8%
using copper(ll) 2-ethylhexanoate or iron(lll) acetylacetonates).

acremoauxin A (56

established by its application to the synthesis of various members
of the hapalindole family of natural products (see Chart 1),
namely hapalindole @, fischerindole U’ fischerindole I
fischerindole G2 welwitindolinone A? hapalindole WP

and ambiguine H° As a further demonstration of this point,
the indole coupling reaction has been applied to the total syn-
thesis of two additional natural products: acremoauxin A and
oxazinin 3.

Acremoauxin A b6) was isolated in 1989 frotAcremonium
roseumand exhibits potent plant-growth inhibiti&a Structur-
ally, 56 is composed of an indole moiety attached to an
arabitinol-containing propionate ester. Synthetically, the chal-
lenge arises due to the difficulty of introducing the indole moiety
onto the propionate ester with stereocontrol at the alpha center
Indeed, one synthesis 66 has been reported in the literatiife,
from the isolation group, in which an enzymatic resolution was
employed to produce enantio-enriched indole propionate. Only
21% of the desired indole enantiomer was recovered though,
which contributed to an overall yield for the synthesis of 2.4%
over four steps (from indole).

Our synthesis commenced with the union of indole and
camphorsultam propionate to provide a 49% yield of the coupled
product @8) as a single diastereomaride suprg. Hydrolysis
of the chiral auxiliary provided the indole propion&®in 83%
yield (see Scheme 4). Coupling 8 with the known arabinitol
derivative54 (derived in four steps and one chromatographic
purification from mannitof* provided 55 in 69% yield.
Compounds5 was deprotected with acetic acid to give a 62%
yield of acremoauxin A §6), which was spectroscopically
identical to the natural productd]p +53.6 (1:1 DCM:MeOH,
¢ 0.405), nat. §]p +53.6 (MeOH,c = 0.35)]. This synthesis
highlights the utility of the direct indole coupling reaction in  (ss) isolation: Ciminiello, P.; DellAversano, C.; Fattorusso, E.; Forino, M.;
asymmetric synthesis and proceeds in only four steps from Magno, S.; lanaro, A.; Di Rosa, Meur. J. Org. Chem2001, 49-53.

. X . . K 56) For a previous synthesis, see: Couladouros, E. A.; Moutsos, V. |.; Pitsinos,
indole with an overall yield of 17% (six steps, longest linear (56) E. N_$etrahedr3/n Lett2004 45, 7779-7781.

sequence from mannitol) (57) It should be noted that enolate alkylation is expected to proceed with this
' configuration, but it was unknown if a similar stereochemical outcome
would predominate with the indole coupling reaction.
(52) Sassa, T.; Yoshida, N.; Haruki, Bgric. Biol. Chem.1989 53, 3105- (58) See Supporting Information for preparation.
3107. (59) House, H. O.; Umen, M. J. Org. Chem1973 38, 1000-1003.
(53) Yoshida, N.; Sassa, YAgric. Biol. Chem.199Q 54, 2681-2683. (60) Baran, P. S.; DeMartino, M. Angew. Chem., Int. EQ2006 45, 7083-
(54) See Supporting Information for preparation. 7086.
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Scheme 5. Total Synthesis of Oxazinin 32

HH a. PivCl H R
/@/\tNTO EtzN /©/\tN TO
—_—
BnO o 93% BnO o
57 58a, R = Piv
58b, R=H
58c, R =Bn
58d, R =Boc
b. indole; base;
then [O], 40%
HH c. TBAH, H Piv
/@/\t" 0 H,05, 82% mN (o]
-
HO (o) d. Hp, PdIC  puo (o}
HOl 96% H Al
oxazinin 3 (60)  NH 59 NH

a Reagents and conditions: (a)kBt(2 equiv), THF; PivCl (1.1 equiv), 2 h, 93%; (b) indole (3 equiv); LHMDS (4.4 equiv}8 °C, 30 min; copper(ll)
2-ethylhexanoate (1.5 equiv);78 to 25°C, 10 min, 40%; (c) TBAH (2 equiv), kD, (2 equiv), DME, 0°C, 2 h, 82%; (d) Pd/C (0.1 equiv), MeOHH
15 h, 96%; THF= tetrahydrofuran, PivCk pivaloyl chloride, LHMDS= lithium hexamethyldisilazide, TBAH= tetrabutylammonium hydroxide, DME
= dimethoxyethane.

. . . i a
Success was finally realized when the pivaloyl group was S¢Meme ¢ Total Synthesis of Ketorolac

introduced, which provided an appropriate balance between a “E"tjﬁcgc' N
electron density, base stability, and ease of removal. [)/\L | H
CO,H b LiIHMDS / COX,

Extension to Other Heterocycles EtsN, 63 64
Indoles are the most ubiquitous heterocycle found in naturally N o. BzCl

occurring substances and medicinal agéhtdowever, other Fe* PFs™ 4. TBAH,

heterocycles also feature prominently in natural products and H20, l

medicinal chemistry. So could the direct indole coupling

developed above be extended to the construction of other

complex heterocyclic scaffolds? Wco "
Initial studies centered around those heterocycles most 2

predominant in either natural products or medicinal chemistry: 62 02 ketorolac (65)

specifically pyridine, pyrimidine, pyrazole, indazole, furan, aReagents and conditions: (ajHt(1.1 equiv), MeOCOCI (1.0 equiv),

. L . . HF, 0°C, 1 h; then62, 100%; (b) LHMDS (1.2 equiv), BN (2.0 equiv),
thiophene, imidazole, and pyrrole. It was quickly discovered THF ~78°C, 30 min: then 12C, 63 (0.75 equiv), 5 min, dr= 4.5:1,

that pyridine, pyrimidine, furan, and thiophene could not extremely unstable; (c) BzCl, 7€C, 4 h, 27% BRSM; (d) TBAH (2.0
participate in the direct coupling reaction using the developed equiv), 10> (2.0 equiv), 2-methylbut-2-ene (3.0 equiv), DME10°C, 3
conditions, presumably because they lacked the requisite freef: 58%: X = Chiral Auxiliary, THF = tetrahydrofuran, LHMDS= lithium
. - . hexamethyldisilazide, brsm+ based on recovered starting material, BzCl

N—H bond gide infrafor mechanistic reasoning). Furthermore, _— benzoyl chloride, TBAH= tetrabutylammonium hydroxide, DME:
pyrazole and indazole did not work, likely due to the decreased dimethoxyethane.
electron density on the aromatic heterocycle. Similarly, imida-
zole was not a competent coupling partner, perhaps because ofind pyrrolidine$® A broad substrate scope was observed in
the extremely high metal chelating ability of this heterocycle. the direct pyrrole coupling reaction, as shown in Table 2.

A successful coupling was realized with pyrrole under the Ketones 40, 46—49), esters 86), amides $1), lactams §2),
developed conditions to furnish products that are the result of and lactones30) all participated in couplings, tolerating a range
pyrrole coupling at C-2 with thex-carbon of carbonyl com-  of functional groups. As with indoles, quaternary centers could
pounds (see Table 2). Pyrrole is more reactive and less stablebe forged in reasonable yield@ and the reaction could also
than indole, requiring the reaction conditions to be slightly be applied to asymmetric synthesis using the Oppolzer sultam
modified to allow for a more efficient procesln fact, due to (51). A range of substitution patterns around the pyrrole nucleus
pyrrole’s propensity to polymerizeia both radical and acidic  are tolerated, which can provide highly complex heterocyclic
mechanisms, extra care and celerity were required during scaffolds in good yields4(7—49).
purification, otherwise significant product decomposition was  Pyrrole is also found in a wide variety of medicinal
observed (unless the heterocycle was deactivated with eithercompounds, so as a further testament to the utility of the direct
electron-deficient groups or by blocking the open positions of pyrrole coupling reaction, the method was showcased in a
the ring). Pyrroles are also versatile heterocyclic intermediates synthesis of the nonsteroidal anti-inflammatory drug ketorolac
because they can be converted into pyridiffgsyrrolinone$ (65).6 It was known that the)-enantiomer is significantly more
active than the R)-antipode’’ and therefore an asymmetric

(61) Joule, J. A.; Mills, KHeterocyclic Chemistrydth ed.; Blackwell Science:
Malden, MA, 2004.

(62) See Supporting Information for a detailed general procedure. (64) Chen, Q.; Wang, T.; Zhang, Y.; Wang, Q.; MasSynth. Commur2002
(63) (a) Closs, G. L.; Schwartz, G. M. Org. Chem1961, 26, 2609. (b) Jones, 32, 1031-1040.
R. L.; Rees, C. WJ. Chem. Soc. @969 2249-2251. (65) Denmark, S. E.; Matsuhashi, Bl. Org. Chem2002 67, 3479-3486.
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Figure 4. Hammett plot for C-6 substituted indoles.

synthesis was preferré@.The pioneering syntheses by Mu- success of this iron-based oxidant implies that copper-based
chowski and co-workers at Syntex (now Hoffman-LaRoche) reactions are not proceedin oxidation to the discrete radical.
served as inspiration in developing a route based upon theAlso of note is the fact that ferrocenium hexafluorophosphate
oxidative pyrrole coupling. Any new synthesis would be hard- is not a competent oxidant for the intermolecular pyrrole or
pressed to improve upon Syntex’s original routa 45% yield indole coupling reactions.

from pyrrole, racemic) but would at least serve as a proving  Once annulated, the pyrrole produ@4( was extremely
ground for the versatility of the pyrrole coupling reaction in a unstable, requiring that the material be immedidtebenzoy-

discovery-scale setting. lated to procure the full carbon skeletGhHydrolysis of the
The synthesis commenced by installing the appropriate chiral auxiliary without epimerization of the final product
Oppolzer sultam as a chiral auxiliary on the knG¥pyrrole initially proved problematic; however, optimized conditions

acid 61 (Scheme 6). Unexpectedly, even after extensive were found using tetrabutylammonium hydroxide and hydrogen
experimentation, the intramolecular coupling could not be peroxide’? giving ketorolac €5) in good yield and enantiopurity.
accomplished using a wide variety of oxidants [including both Highlights of this route include the avoidance of protecting
copper(ll) and iron(lll) salts] to forge the bicyclic core of groups, conservation of oxidation state, and the stereochemical
ketorolac. This result was quite surprising, because the oxidativeinduction observed in the key coupling reaction.

coupling literature has consistently invoked oxidation of an

enolate to ano-radical @ide suprd. Were this mechanism  Mechanistic Analysis

operable, this electrophilic radical should be attacked by the
electron-rich heterocyclic system, yielding the desired product.
Success was finally realized when ferrocenium hexafluorophos-
phate 63)7° was used as the oxidant, providing the annulated
product 64), where no other attempted oxidants were successful.
This particular oxidant has been unambiguously shown by Jahn
and co-workers to oxidize enolates to discrete radicals, which
can react with a wide variety of olefinic partnéfsThe unique

A Hammett analysis was performed to probe the nature of
the rate-limiting step of this intriguing reaction and, perhaps,
oxidative enolate couplings in general. A series of couplings
were executed between carvone and C-5 and C-6 substituted
indoles, from which a set of Hammett plots was derived. As
can be observed from the plot for C-6 substituted indoles (Figure

(70) (a) Jahn, U.; Hartmann, Ehem. Commuril998 209-210. (b) Jahn, U.
J. Org. Chem1998 63, 7130-7131. (c) Jahn, U.; Muller, M.; Aussieker,

(66) (a) Muchowski, J. MAdy. Med. Chem1992 1, 109-135. (b) Harrington, S.J. Am. Chem. So@00Q 122, 5212-5213. (d) Jahn, U.; Hartmann, P.
P. J.; Khatri, H. N.; Schloemer, G. C. U.S. Patent 6197976, 2001, and J. Chem. Soc., Perkin Trans2001, 2277-2282. (e) Jahn, U.; Hartmann,
references therein. P.; Dix, I.; Jones, P. GEur. J. Org. Chem2001, 3333-3355. (f) Jahn,

(67) Guzma, A.; Yuste, F.; Toscano, R. A.; Young, J. M.; Van Horn, A. R;; U.; Hartmann, P.; Dix, |.; Jones, P. Gur. J. Org. Chem2002 718-
Muchowski, J. M.J. Med. Chem1986 29, 589-591. 735.

(68) Ketorolac is still marketed as a racemate, despite the fact that one enantiomer(71) Benzoylation effectively removes electron density from and, thereby,
is known to be more active than the other. stabilizes the pyrrole.

(69) Li, J.-H.; Snyder, J. KJ. Org. Chem1993 58, 516-519. (72) Muchowski, J. M.; et. alJ. Med. Chem1985 28, 1037-1049.
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5-Series Hammett Plot
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Figure 5. Hammett plot for C-5 substituted indoles.

Chart 2. Indole Trimer and Tetramer

4), a linear correlation between the ratio of reaction rakgg/ (
k)7 and the substituent parametep()”> was obtained, which
provided a small, negative reaction constant—0.61,R? =
0.996). This relatively smalp value correlates to a slight
dependence of the reaction on the polarizing influence of the
aromatic substituents, which is indicative of a radical-based
mechanism® Were the rate-determining step proceeding through
an ionic pathway, a much largervalue would be expected,
with a larger dependence on the electronic nature of the aromatic
ring. Additionally, the negative sign qf suggests an electron-  participating in the rate-limiting step. This data would be
deficient transition state of the reaction relative to the ground consistent with nucleophilic attack of the indole anion onto an
state. In other words, negative charge is lost during the transition €lectrophilica-ketoradical, resulting in a radical anion at N-1,
state, which could be explained by a radical-based coupling in Which would be less resonance stabilized, and therefore more
which C-3 might transform from a stabilized anion into a localized, than the initial anion located at the same position (i.e.,
tetrasubstituted center bearing no charge. the anion can also reside at C-3, whereas the radical anion

In contrast, the Hammett plot for C-5 substituted indoles does cannot). N _
not exhibit a linear relationship (Figure 5) between the ratio of ~ In addition to the above Hammett analysis, several observa-
reaction ratesKun/ke) and the substituent parameter, {). tions have been made over the course of these and other studies
A gradual curve is instead observed, indicating increased involving oxidative enolate couplings in this laboratory, provid-
charge localization at the activated center during the course ofing further clues to the mechanism of the oxidative coupling
the reaction but that the transition state does not changereaction. (1) Dimerization of indole is never observed, unless a
significantly as a consequence of this charge development.ketone is either not present or cannot be oxidized under the
This suggests that negative charge is increased at N-1 duringreaction conditions, in which case the trimé6) and tetramer

the course of the reaction, even though this center is not (67, verified by X-ray crystallography) are obtained (Chart 2).
This suggests that the ketone is oxidized first and then reacts

(73) Hasegawa, T.; Yamamoto, Bynlett1998 882—-884.

(74) ker = rate constant of the reaction of indole with carvokg; = rate
constant of the reaction of substituted indoles with carvone. For the
determination of, the following expression was use#/ke = log[1 —
Xo/X)/log[1 — yulyi]. r = reaction constanty, = mmol product formed
from substituted indolex, = mmol starting carvone placed in the reaction;
Yp = mmol product formed from unsubstituted indoje= mmol starting
carvone placed in the reaction.

(75) Swain, C. G.; Lupton, E. C., 3. Am. Chem. S0d.968 90, 4328-4337.

with indole. This also provides evidence that selective hetero-
couplings can be designed by tuning the oxidation potential of
the oxidant to react preferentially with one coupling partner over
the other. (2) N-Protected indoles or pyrroles are unreactive; in
fact, the free N-H is required for the reaction to proceed. This
suggests that the reaction is not proceediiggoxidation to a
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Scheme 7. Possible Mechanistic Pathways
Pathway A: ionic

me_H. Me
| 68 i

(o] Base

+
©j\> then[Ol | pathway B: radical anion
N ke _
H

discretea-radical on the carbonyl compound (which could react ~ While this mechanism cannot be ruled out based on the above
with the N-protected heterocycl€sput instead supports a evidence, pathway B is certainly more compelling. In this
chelated transition state. (3) Ferrocenium hexafluorophosphatepathway, the same chela&B8 can undergo single-electron

is not a competent oxidant for the intermolecular couplings, and transfer to form the chelated-keto radical69. Due to its
copper(ll) does not effect the annulation. This provides evidence proximity to the indole anion, the radical can suffer attack by
against the intermediacy of a discreteadical on the carbonyl  this nucleophilic species, resulting in radical anih This high-
compound. There is also limited evidence in the literature that energy intermediate can then be further oxidized by the proximal
questions the widely accepted view that this reaction proceedscopper(l) center, expelling, after tautomerization, the coupled
via the dimerization of two carbonyl-radicals'®¢4(4) Only 1 product and copper(0). In light of the fact that copper(l) is a
equiv of oxidant, relative to the ketone, is necessary for the viable oxidant for the oxidative coupling reactféhand that
reaction to proceed (1.5 equiv provides a slightly improved the radical anion would be prone to oxidation by the coordinated,
yield). This suggests that the reaction is proceeding by albiet weakly oxidizing, copper(l) species, this mechanistic
preferential oxidation of the carbonyl compound, which theo- interpretation is certainly reasonable. It should also be clearly
retically could react with the indole or pyrrole anion, providing noted that alternative mechanisms could easily be drawn that
a radical anion intermediate. This radical anion could then be do notinvoke a chelated transition state or the eventual reduction
further oxidized by the remaining copper(l). (5) Excellent to copper(0), but given the evidence presented herein, pathway
diastereoselectivity is observed in the intramolecular coupling B is certainly preferred.

of an amide and an ester during the stephacidin B synthesis tocgnclusions

form two adjacent stereocenters, one of which is quaternary . - .
. . . This research program was initiated with the structures of
(regardless of the oxidant use@)n an intermolecular setting, : o . - .
. A . the hapalindole family in mind and with a conscious effort to
moderate to low diastereoselectivity is observed using the Evans_ .~ . ! o .
eliminate prefunctionalization steps that are often found in cross-

: s . . .
chiral auxiliary®® These results can be explained by invoking a coupling chemistry (Figure 1). Inspired by Barton’s landmark

chelated transition state; however, substrate control cannot betotal synthesis of usnic acid (Scheme 2), a method was devised
excluded based these findings. Thus, the extent of metal y '

A . S for the direct oxidative coupling of indoles and pyrroles to a
complexation in the transition state of the coupling is unclear. ranae of carbonvl comoounds. Viewed within prooer historical
It should be noted that a chelated transition state in oxidative g y P : prop

. L . . context, this method represents an important advance in the field
enolate couplings has been implicated in the literature basedOf oxidative enolate coupling. Specifically, it has been shown
on observed diastereoselectivitiés. . . S L
o - - ) ] that the heterocoupling of two different anionic species is a

The mechanistic evidence delineated above is suggestive ofgynthetically pragmatic process. Indeed, work from this labora-
two plausible mechanistic interpretations (Scheme 7). Both oy has shown that this reaction paradigm is not limited to cross
invoke a metal-chelated transition state and involve reduction coypling between heteroaromatic systems and carbonyl com-
of the copper species to copper(0). In pathway A, an enolate hoynds, as two different carbonyl compounds can also be
anql an indole anion .|n|t|ally c.oordlnate.to.the copp.er(ll) center, coupled in an intermolecular setting. Exploiting the innate
giving the chelated intermediatéd). This intermediate could  yeactivity of the coupling partners has led, in part, to such
undergo a net two-electron reductive elimination of the metal segjectivity. Aside from the rapid increase in complexity associ-
center to givel2 after tautomerization. ated with convergent synthetic strategies, this type of transfor-
mation carries with it several additional benefits such as high
(76) (a) Baran, P. S.; Guerrero, C. A.; Ambhaikar, N. A.; Hafensteiner, B. D. i i i i _

Angew. Chern., int, E00 44, 606-600. (b) Baran, P. S.; Guerrerd, C. Ievels.o.f chemoselectivity, reg|oselect|v.|ty,.pred|ct.able stereo
A.; Hafensteiner, B. D.; Ambhaikar, N. AAngew. Chem., Int. EQ005 selectivity (substrate control), and practicality (easily scalable).
44, 3892-3895. (c) Baran, P. S.; Hafensteiner, B. D.; Ambhaikar, N. A \while the reaction demonstrates admirable scope and generality

Guerrero, C. A.; Gallagher, J. b. Am. Chem. So2006 128 8678— . ; .
8693. for a range of pyrrole and indole couplings, it has clear
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limitations. For instance, the reaction is not amenable to a wide The Scripps Research Institute, Amgen, AstraZeneca, the
range of heterocyclic scaffolds, electron-deficient indoles do not Beckman Foundation, Bristol-Myers Squibb, DuPont, Eli Lilly,
couple well, and methyl ketones are prone to homodimerization. GlaxoSmithKline, Pfizer, Roche, the Searle Scholarship Fund,
However, despite these limitations, this method has already beerthe Sloan Foundation, and the NIH (NGIMS).

shown to be an efficient and enabling technology in natural

products synthesis®3%d and many further applications are Note Added after ASAP Publication: The y-axis labels for
anticipated. Methods that rapidly generate meaningful complex- Figures 4 and 5 were absent due to production error in the
ity with exquisite chemoselectivity will not only benefit the version published on the Web September 27, 2007. The final
science of synthesis as a whole but also find further applications Web version published September 28, 2007 and the print version
in biology and medicine. are correct.

Acknowledgment. We thank Dr. D. H. Huang and Dr. L.
Pasternack for NMR spectroscopic assistance, and Dr. G.
Siuzdak and Dr. R. Chadha for mass spectrometric and X-ray
crystallographic assistance, respectively. We are grateful to the
National Science Foundation for predoctoral fellowships (J.M.R.
and D.W.L.). Financial support for this work was provided by JA074392M

Supporting Information Available: Full characterization,
including copies ofH and3C NMR spectra, and experimental
procedures for selected compounds. This material is available
free of charge via the Internet at http://pubs.acs.org.

J. AM. CHEM. SOC. = VOL. 129, NO. 42, 2007 12869



