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1. Introduction

The welwitindolinones (1–10, Figure 1) are an enticing
family of oxindole-containing natural products that have
drawn substantial interest from the scientific community. In
1994, Moore and co-workers described the isolation of many
of these natural products, which were produced by the blue-
green algae Hapalosiphon welwitschii and Westiella intricata.
The discovery of additional welwindolinones, generated from
Fischerella muscicola and Fischerella major, was subsequently
reported in 1999.[1] These natural products were found to
exhibit a wide range of biological activity, ranging from
insecticidal or antimycotic properties, to the ability of 5 to
reverse P-glycoprotein-mediated multiple drug resistance
(MDR) to a variety of anticancer drugs in human cancer cell
lines.[2] All of the welwitindolinones other than welwitindo-
linone A isonitrile (1) contain a 3,4-disubstituted oxindole
with a bicyclo[4.3.1] decane core. In addition, these com-
pounds feature compact, yet heavily substituted cyclohexyl
rings, where at least five of the six carbon atoms on the ring
are functionalized.

The combination of daunting structural features and
promising biological activity have rendered the welwitindo-

linones attractive and highly sought
after targets for total synthesis. Since
the initial isolation of the welwitindo-
linones in 1994, at least 15 research
groups worldwide have attempted to
prepare these compounds by chemical
synthesis.[3–13] Numerous dissertations
and approaches toward these targets

have been published (> 20). The exhaustive synthetic efforts
have led to two syntheses of welwitindolinone A isonitrile (1),
reported by the Baran[14] and Wood[15] groups. However,
relatively less success has been realized in synthesizing
welwitindolinones with bicyclo[4.3.1] cores.

A summary of successful strategies toward the bicyclic
welwitindolinone core is presented in Figure 2. These efforts

The welwitindolinones with bicyclo[4.3.1] cores are a class of natural
products that have attracted tremendous interest from the synthetic
community because of their fascinating structures and promising
biological profiles. More than 15 research groups worldwide have
reported progress toward these elusive natural products. This Mini-
review describes contemporary studies aimed at the total synthesis of
these challenging targets, in addition to the two recently completed
syntheses of welwitindolinones with bicyclo[4.3.1] cores reported by
Rawal and Garg in 2011. Both of the completed efforts rely on C4�
C11 bond constructions to access the congested bicyclic framework of
these elusive natural products.

Figure 1. Welwitindolinone natural products 1–10.
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can be categorized into four approaches based on the order of
ring assembly. Using Approach 1, Funk[3] and Trost[4] have
targeted bicycle 11 by late-stage introduction of the oxindole
unit from bicycle 12 with a bicyclo[4.3.1] core. Alternatively,
Approach 2 by Wood,[5] Martin,[6] and Men�ndez,[7] relies on
accessing bicycle 11 by final introduction of the cyclohexyl
ring from precursor 13. In turn, the seven-membered ring
would be built from a simpler indole or oxindole starting
material 14. Shea�s ambitious approach to 11 (Approach 3)
features tandem construction of the six- and seven-membered
rings by using an intramolecular Diels–Alder cycloaddition
(11)15)16).[8] Finally, in Approach 4, Konopelski,[9] Simp-
kins,[10] Rawal,[11] and Garg,[12] targeted bicycle 11 from
suitably functionalized cyclohexyl and indole precursors 17
and 18, respectively.

In this Minireview, highlights of the various synthetic
approaches to the bicyclic welwitindolinones are presented,
with an emphasis on the most recent and promising studies
that have been reported since the last pertinent review.[16]

Specifically, the latest progress by Trost,[6] Wood,[5b] Martin,[6]

Men�ndez,[7] and Shea[8b] is featured, along with the recently
completed syntheses of (�)-10 and (�)-5, reported in 2011 by
Rawal[11b] and Garg,[12b] respectively.

2. Recent Synthetic Studies Toward the Total
Synthesis of Welwitindolinones with Bicyclo[4.3.1]
Cores

2.1. Late-Stage Assembly of the Oxindole

One elegant strategy to assemble the core structure of the
welwitindolinones relies on late-stage appendage of the

oxindole to a preformed bicyclo[4.3.1] intermediate, as
recently reported by Trost et al.[4] In this approach, a series
of cycloadditions were used to assemble the core, and
featuring a palladium-catalyzed trimethylenemethane (Pd-
TMM) cycloaddition reaction (Scheme 1). For this (6+3)
cycloaddition, tropone 20 was selected for the acceptor
molecule and allylsilane 21 was chosen for the donor. Tropone
20 was accessed in three steps from cycloheptatriene 19. Upon
reaction with allyl silane 21 in the presence of [Pd(dba)2] and
phosphorous ligand 26, the enantioselective (6+3) cyclo-
addition reaction occurred to deliver bicycle 22 in 94% ee.
This impressive transformation is believed to proceed by way
of an in situ generated p-allylpalladium intermediate.[17] The
PMB ester 22 was then elaborated to amidofuran 23 in three
steps. Upon heating 23 in toluene, a Diels–Alder cyclo-
addition occured to deliver oxabicycle 24. Subsequent treat-
ment with Yb(OTf)3 unveiled oxindole 25.

Although further elaboration of 25 has not yet been
reported, this advanced species could possibly be used to
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Figure 2. Synthetic approaches to the core scaffold of the welwitindo-
linone natural products with bicyclo[4.3.1] cores.
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access all of the welwitindolinones with bicyclo[4.3.1] cores.
Additionally, Trost�s approach elegantly highlights the utility
of the (6+3) cycloaddition methodology for building complex
architectures. The route to 25 also showcases the distinctive
ability of Pd catalysis, and notably p-allylpalladium chemistry,
to provide intricate structural frameworks with high enantio-
meric excess.

2.2. Late-Stage Construction of the Cyclohexyl Ring

Another attractive route toward construction of the
bicyclo[4.3.1] core of the welwitindolinones relies on initial
formation of the seven-membered ring followed by assembly
of the cyclohexyl ring. As mentioned above, Wood, Martin,
and Men�ndez et al. all designed their syntheses around this
general strategy (Scheme 2). In Wood�s route,[5b] isatin (27)
was converted into diazoketone 28 by using a six-step
sequence. The C4�C11 bond was then constructed through
a rhodium-catalyzed C�H insertion[18] to provide tetracycle
29. Further elaboration afforded diazoketone 30 over two
steps. Subsequent treatment with [Rh2(OAc)4] and allylic
alcohol 31 initiated O�H insertion along with tandem ring
expansion to furnish tricycle 32, which possesses the necessary
seven-membered ring. Two additional steps allowed access to
allylic acetate 33. Upon treatment of 33 with N-methylhy-
droxylamine hydrochloride and sodium methoxide, [4+2]
nitrone cycloaddition occurred to forge the bicyclo[4.3.1]
core. Presumably the conversion of 33 into cycloadduct 35
proceeds through intermediate 34. After extensive experi-
mentation, the authors were able to access alkyl chloride 36
from 35.

Martin�s efforts to construct the bicyclo[4.3.1] system
through sequential installation of the seven- and six-mem-
bered rings are highlighted in Scheme 3.[6] Starting with 4-
bromoindole (37), a five-step sequence delivered b-ketoester
38. Next, a palladium-catalyzed cyclization was employed to

furnish 39, which contains the necessary seven-membered
ring. After elaborating to allylic acetate 40, treatment with
[Pd2(dba)3] and sodium hydride provided bicycle 41 through
intramolecular trapping of a p-allylpalladium intermediate.
Lemieux–Johnson oxidation of the olefin furnished dione 42,
which possesses the welwitindolinone bicyclic core.

As shown in Scheme 4, the Men�ndez group also devised
a very concise means to assemble the bicyclic structure of the
welwitindolinones.[7] Kornfeld�s ketone (43)[19] underwent
ring expansion with ethyl diazoacetate (44) to deliver b-
ketoester 45. In turn, 45 was subjected to a one-pot, tandem
Michael addition/aldol reaction using propenal (46) and DBU
to yield keto alcohol 47. Methylation of the indole nitrogen
atom followed by oxidation of the alcohol provided indolyl
bicycle 48.

Scheme 1. Trost’s approach to welwitindolinones 2–10. dba = dibenzy-
lideneacetone, DCE = 1,2-dichloroethane.

Scheme 2. Wood’s progress toward 2–10 employing a Rh-catalyzed
C�H insertion and a [4+2] nitrone cycloaddition. TFA = trifluoro-
acetate, OAc = acetate.

Scheme 3. Martin’s approach to welwitindolinones 2–10 featuring Pd-
catalyzed transformations. THF = tetrahydrofuran.
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Each of the approaches discovered by Wood, Martin, and
Men�ndez provide smooth access to the bicyclic welwitino-
dolinone core, which sets the stage for late-stage elaboration.
More importantly, lessons involving synthetic strategies and
methods can be extracted from each group�s efforts. Wood�s
use of C�H insertion chemistry (28!29, Scheme 2) and
subsequent fragmentation chemistry to install the seven-
membered ring, serves as a reminder that unconventional
disconnections often provide exciting routes to complex
structures. Wood�s nitrone cycloaddition (33!35, Scheme 2)
provides further support of this notion, and cleverly builds the
six-membered ring, while installing the troublesome C11
nitrogen substituent. Martin�s approach to the welwitindoli-
nones highlights the power of Pd catalysis in building
quaternary stereocenters and sterically congested frame-
works by the assembly of carbon–carbon bonds (Scheme 3).
The specific use of Pd–enolate chemistry provides an example
of modern Pd catalysis greatly enabling complex molecule
synthesis. Finally, Men�ndez�s application of a tandem Mi-
chael addition/aldol reaction (45!47, Scheme 4) to assemble
the welwitindolinone bicyclo[4.3.1] core demonstrates that
classical chemistry may still provide simple, yet elegant
solutions to challenging synthetic problems.

2.3. Tandem Assembly of the Seven- and Six-Membered Rings

Another bold approach to the core of the welwitindoli-
nones is to assemble the seven- and six-membered rings in
a tandem process. To this end, Shea et al. implemented
a [4+2] cycloaddition to assemble the welwitindolinone
bicycle (Scheme 5).[8b] Bromoindole 49 was elaborated to
silylketene aminal 50 in six steps. In turn, 50 underwent
a ZnI2-promoted alkylation with silyloxyfuran 51 to deliver
intermediate 52, which immediately reacted in an intra-
molecular Diels–Alder (IMDA) cycloaddition to yield oxa-
bicyclic oxindole 53. Treatment of this compound with HF
then unveiled ketoalcohol 54. Shea�s route is exceedingly
concise, as it provides a highly functionalized oxindole-
appended bicyclo[4.3.1] core in only eight steps from indole
49. The approach not only highlights the utility of the IMDA
reaction, but also demonstrates the effectiveness of cascade

reactions for constructing complex architectures. Moreover,
Shea�s use of intermediates containing anti-Bredt olefins (i.e.,
53) reminds us that our commonly accepted rules concerning
structure and stability are not insurmountable.

2.4. Linkage of Cyclohexyl and Indole Building Blocks To
Assemble the Bicyclo[4.3.1] Core

An alternative approach to the formation of the bicyclic
structure of the welwitindolinones is through the linkage of
cyclohexyl and indole building blocks. Rawal[11b] and Garg[12b]

have each reported recent efforts using this strategy, which
have culminated in completed total syntheses. The details of
these studies are described in depth in the subsequent sections
of this Minireview.

3. Rawal’s Total Synthesis of (�)-N-Methylwelwitin-
dolinone D Isonitrile and Related Studies

3.1. Assembly of the Bicyclo[4.3.1] Core

In 2011, Rawal et al. reported the first total synthesis of
any welwitindolinone with a bicyclo[4.3.1] core.[11b] Their
synthetic route relies upon a palladium-catalyzed enolate
coupling to form the key C4�C11 bond found in the bicyclic
welwitindolinones, as well as an uncommon aldoxime rear-
rangement to ultimately form the isonitrile moiety.

Starting from known enone 55,[20] a sequence involving
vinyl cuprate addition, quenching with 2,2,2-trifluoroethyl-
formate (TFEF), and subsequent O-methylation provided the
vinylogous ester 56 (Scheme 6).[21] Next, formation of TMS
enol ether 57 proceeded smoothly to complete one of the
coupling fragments. The remaining coupling partner was
swiftly prepared from 4-bromo-N-methyl-3-acetylindole (58).
Treatment of ketone 58 with methylmagnesium bromide
furnished tertiary alcohol 59.[22] Upon reaction of 59 and
crude silyl enol ether 57, Lewis acid mediated alkylative
coupling occurred to provide vinylogous acid 60 as a single
diastereomer.

Scheme 4. Men�ndez’s route toward 2–10 using a tandem Michael
addition/aldol condensation sequence. Piv = pivaloyl, DBU= 1,8-
diazabicyclo[5.4.0]undec-7-ene. Scheme 5. Shea’s route toward 2–10 employing an intramolecular

Diels–Alder reaction. DTBP= 2,6-di-tert-butylpyridine, TIPS= triiso-
propylsilyl.
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It was expected that a palladium-catalyzed enolate
coupling could be employed to forge the congested C4�C11
bond and build the critical bicyclo[4.3.1] core (Scheme 7).[23]

An exhaustive search of palladium sources, ligands, solvents,
and bases revealed Pd(OAc)2, tri-tert-butylphosphine,
KHMDS, and toluene to be the optimal conditions for the
desired transformation. At 80 8C, formation of bicycle 61 took
place in 73 % yield and set the stage for the completion of the
total synthesis. It should be noted that Rawal et al. have
described a complementary method for assembling the C4�
C11 bond in welwitindolinone model studies using a Mn-
promoted oxidative cyclization.[11d]

3.2. Introduction of the Tetrahydrofuran Ring

Following formation of the bicycle, focus shifted to
construction of the last ring of the natural product: the
spiro-fused tetrahydrofuran. Desilylation of 61 followed by
Dess–Martin oxidation smoothly delivered diketone 62
(Scheme 8). It was thought that a bromination of the C13
ketone would provide a suitable intermediate to be inter-
cepted by an in situ generated 3-hydroxyoxindole moiety.
Electrophilic bromination was expected to occur on the less
hindered side of 62, toward the one-carbon bridge of the
bicycle, properly orienting the halide for subsequent displace-
ment. Gratifyingly, regio- and stereoselective bromination
occurred upon sequential treatment of ketone 62 with
KHMDS and N-bromosuccinimide (NBS) to give bromodi-

ketone 63. Oxidation of the indole with dimethyldioxirane
(DMDO) provided the desired tetrahydrofuran-containing
product 64. This ambitious step presumably proceeds through
the cyclization of a 3-hydroxyoxindole intermediate, just as
the authors had intended.

3.3. Late-Stage Aldoxime Rearrangement and Completion of the
Total Synthesis

With the end in sight, the final obstacle was to convert the
C11 aldehyde substituent into the desired isonitrile. To this
end, Rawal and co-workers smoothly converted aldehyde 64
into oxime 65 (Scheme 9). Subsequent treatment of 65 with
N-chlorosuccinimide (NCS) and propylenethiourea 66 gave
isothiocyanate 67 in 65% yield.[24] Finally, desulfurization
using N-methyl-P-phenyl-1,3,2-oxazaphospholidine delivered
(�)-N-methylwelwitindolinone D isonitrile (10).[25] The last
steps are notable in that both C11 isothiocyanate and
isonitrile moieties are accessible, as these functional groups
appear in all members of the bicyclic welwitindolinones (i.e.,
2–10).

Rawal�s elegant route to (�)-10, which proceeds in only
twelve steps from enone 55, provided the first total synthesis
of a welwitindolinone with a bicyclo[4.3.1] core. The synthesis
highlights the remarkable ability of Pd catalysis to build

Scheme 6. Coupling of the indole and cyclohexyl fragments. DMF= di-
methylformamide, TFEF =2,2,2-trifluoroethylformate, KHMDS = potas-
sium hexamethyldisilazide, TMS= trimethylsilyl, TBS= tert-butyldime-
thylsilyl, Tf = trifluoromethanesulfonyl.

Scheme 7. Pd-catalyzed enolate coupling to assemble the bicyclo[4.3.1]
core.

Scheme 8. Synthesis of late-stage intermediate 64. Dess–Martin=
1,1,1-triacetoxy-1,1-dihydro-1,2-benziodoxol-3(1H)-one, NBS= N-bro-
mosuccinimide, DMDO= dimethyldioxirane.

Scheme 9. Completion of the total synthesis of (�)-10. pyr = pyridine,
NCS = N-chlorosuccinimide.
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complex molecular frameworks, as seen similarly in the works
of Trost and Martin, respectively. Notably, even very sterically
congested systems, such as the vicinal quaternary stereocen-
ters present in intermediate 61, may be assembled by metal-
catalyzed transformations. Rawal�s use of a late-stage aldox-
ime rearrangement to install the bridgehead nitrogen sub-
stituent (65!67, Scheme 9) underscores the impressive utility
of classic chemistry in a remarkably complex setting.

3.4. Unexpected Late-Stage Reactivity and the Synthesis of 20,21-
Dihydro-N-methylwelwitindolinone B Isothiocyanate

Shortly after disclosing their synthesis of 10, the Rawal
group reported a concise approach to the non-natural
compound 20,21-dihydro-N-methylwelwitindolinone B iso-
thiocyanate.[11c] This route commenced with aldehyde 61, an
intermediate used in the synthesis of (�)-10 (Scheme 10). It
was envisioned that installation of the alkyl chloride would be
possible by nucleophilic displacement of an activated hydroxy
group. However, following desilylation of TBS ether 61,
treatment with tri(2-furyl)phosphine (TFP) and hexachloro-
acetone did not produce the desired alkyl chloride. Instead,
methylcyclopropyl chloride 68 and diene 69 were seen as the
major products.[26] The authors hypothesized that an inter-
action between the p system of the vinyl group attached to
C12 and an intermediate carbocation at C13 ultimately led to
these undesired products. Thus, the offending vinyl group was
removed by hydrogenation. Exposure of intermediate 70 to
the same chlorination conditions then furnished 71, contain-
ing the desired alkyl chloride. Indolyl aldehyde 71 was then
elaborated to 72, the non-natural dihydro derivative of N-
methylwelwitindolinone B isothiocyanate, through three
additional steps. Although the natural product N-methylwel-
witindolinone B isothiocyanate has yet to be synthesized, the
formation of the undesired products 68 and 69 serves as
a reminder of the unexpected side reactions that often occur
when manipulating intricate late-stage compounds.

4. Garg’s Total Synthesis of (�)-N-Methylwelwitin-
dolinone C Isothiocyanate

4.1. Indolyne Cyclization to Assemble the Bicyclo[4.3.1] Core

The Garg group reported the enantiospecific total syn-
thesis of (�)-N-methylwelwitindolinone C isothiocyanate (5)
in 2011,[12b] which hinged upon a challenging indolyne[27,28]

cyclization to construct the C4�C11 bond of the bicycle.[29]

(S)-Carvone (73) was elaborated to known enone 74 by using
Natsume�s five-step procedure reported in the enantiomeric
series (Scheme 11).[30] Enone 74 underwent pivalate cleavage,
followed by iodine-catalyzed conjugate addition with 5-
bromo-N-methylindole (75).[31] Subsequent TBS protection
afforded TBS ether 76 in 49 % yield over three steps. Silyl
ether 76 represents the key intermediate for construction of
the bicyclic core. Gratifyingly, the cyclization was effected by
a 3:1 NaNH2/tBuOH complex base mixture[32] to give
indolyne adducts 78 and 79 in a 46 % combined yield. Both
products are presumed to arise from transient intermediate
77. Although O-arylated product 79 was observed, the major
product 78 contained the desired bicyclo[4.3.1] core found in
welwitindolinones 2–10.

4.2. Introduction of the Vinyl Chloride and Oxindole Functional
Groups

Having quickly assembled the bicyclic scaffold, efforts
were focused on formation of the vinyl chloride and oxindole
(Scheme 12). Following desilylation of 78, Dess–Martin
oxidation smoothly delivered diketone 80. A two-step proce-
dure involving triflation and palladium-catalyzed stannylation
afforded vinyl stannane 81.[33] Subsequent treatment of
stannane 81 with CuCl2 provided vinyl chloride 82.[34] Next,
the required indole oxidation was achieved by a sequence
involving bromination, followed by acid hydrolysis to deliver
oxindole 83.[29]

Scheme 10. Synthesis of non-natural welwitindolinone 72. furyl= 2-
furanyl.

Scheme 11. Indolyne cyclization to assemble the bicyclo[4.3.1] core.
DMAP= 4-dimethylaminopyridine.
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4.3. Nitrene Insertion for Bridgehead Functionalization and
Completion of the Total Synthesis of (�)-5

The final hurdle to complete the synthesis required
introduction of the C11 isothiocyanate substituent. Efforts
to do so through intermolecular processes were found to be
unsuccessful. However, Garg and co-workers envisioned the
adjacent ketone could serve as a functional group handle to
perform intramolecular nitrene C�H insertion into the steri-
cally congested C11 bridgehead.[35] To this end, reduction of
ketone 83 with iBu2AlH, followed by carbamoylation fur-
nished carbamate 84, the key substrate for C�H insertion
(Scheme 13). Commonly used conditions to form five-mem-
bered oxazolidinones using Rh catalysis returned ketone 83
rather than providing the desired product.[36] Gratifyingly,
more fruitful results were obtained by using Ag catalysis.[36b,c]

Treatment of carbamate 84 with AgOTf, bathophenanthro-
line, and PhI(OAc)2 in CH3CN at elevated temperatures
furnished the desired oxazolidinone 85 in 33 % yield. Ketone
83 was also recovered, which could be recycled through the
synthetic sequence.

The final steps of the total synthesis of 5 are shown in
Scheme 14. Base-mediated hydrolysis of the carbamate,
followed by IBX oxidation afforded amino ketone 86. Finally,

introduction of the isothiocyanate provided 5 in 77% yield.
The total synthesis of (�)-5 proceeds in 17 steps from known
carvone derivative 74 and sets the stage for further welwi-
tindolinone syntheses using related approaches.

Garg�s enantiospecific synthesis of N-methylwelwitindo-
linone C isothiocyanate (5) uses a balance of classical and
modern chemistry to reach the final target. The implementa-
tion of indolyne chemistry to build the sterically congested
[4.3.1] bicycle (76!78, Scheme 11) demonstrates that arynes,
despite their long history and high reactivity, remain valuable
synthetic intermediates for the assembly of complex frame-
works. The late-stage nitrene insertion to functionalize the
bridgehead carbon atom (84!85, Scheme 13) is one of only
a few examples of modern C�H activation chemistry in
extraordinarily complex settings.[37]

5. Conclusions

In summary, the bicyclic welwitindolinones have garnered
tremendous attention from the chemical community because
of their wide range of biological properties and challenging
structural features. With the numerous research groups
working on these compounds worldwide, a variety of ambi-
tious synthetic approaches have been disclosed. The combi-
nation of classical chemistry and new synthetic innovations
has led to striking progress in the field, along with many
lessons that may be useful in future synthetic studies. Beyond
the ambitious approaches and recently completed syntheses
described here, it is certain that further breakthroughs in the
welwitindolinone arena will be unveiled in due course.[38]
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