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CONSPECTUS:

Indoloterpenoids of the paxilline type belong to a large family of secondary metabolites that 

exhibit unique molecular architectures and a diverse set of biological activities. More than 100 

congeners identified to date share a common structural motif that contains an indole moiety 

fused to a rearranged diterpenoid fragment. The representative physiological and cellular effects 

attributed to this family of natural products include neurological and insecticidal activities, 

modulation of lipid balance, and inhibition of mitosis. The uniting polycyclic motif combined 

with the diversity of individual structural features of paxilline indoloterpenoids and the broad 

scope of their biological activities have fascinated organic chemists for the past four decades and 

have led to the development of numerous syntheses. In this Account, we describe our contributions 

to this field and how they in turn shape new directions that are developing in our laboratory.

We begin with the discussion of our strategy for the synthesis of the shared indoloterpenoid core. 

To address stereochemical challenges encountered in earlier reports, we planned to leverage a 

suitably substituted cyclopentanone in a polycyclization to form the desired trans-decalin motif. 

This polycyclization relied on a radical-polar crossover cascade initiated by hydrogen atom 

transfer. The original process exhibited poor diastereoselectivity, but we discovered an efficient 

solution to this problem that took advantage of intramolecular tethering effects, culminating 

in short synthesis of emindole SB. During these studies, we also identified indium-mediated 

alkenylation of silyl enol ethers with alkynes as a suitable method for the synthesis of highly 

substituted β,γ-unsaturated ketones that was critical to achieving brevity of our route. We 

subsequently developed a catalytic version of this transformation that allowed for a formal 

bimolecular ene reaction that exhibited unusual and potentially useful selectivity in construction of 

quaternary centers.

To test the scope and limitations of our approach to paxilline indoloterpenoids and identify 

potential improvements, we developed a synthesis of the more complex congener nodulisporic 

acid C. The convergent assembly of this natural product was enabled by identification of new 
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elements of stereocontrol in the radical-polar crossover polycyclization en route to the polycyclic 

terpenoid motif and development of a highly diastereoselective enyne cycloisomerization to access 

the indenopyran motif and a ketone arylation protocol to unite the two complex fragments.

In subsequent studies, we expanded the radical-polar crossover cascade underlying our approach 

to paxilline indoloterpenoids to a bimolecular setting, which allowed for annulation of two 

unsaturated carbonyl components to produce functionalized cyclohexanes. This transformation 

is particularly well suited for installation of fully substituted carbons and can be complementary to 

the venerable Diels–Alder reaction. The utility of the new annulation was tested in the synthesis 

of forskolin, allowing for rapid construction of the complex polycyclic motif in this densely 

functionalized labdane diterpenoid.

Over the past five years, our initial forays into the synthesis of paxilline indoloterpenoids 

have grown into a program that incorporates development of new synthetic methods and 

pursues artificial assembly of terpenoid natural products from several different families. We are 

encouraged by the increasing diversity of structural motifs made accessible by application of this 

chemistry and continue to discover new aspects of the underlying reactivity.

Graphical Abstract

INTRODUCTION

Chemical synthesis of natural products and other complex molecules provides a continuous 

supply of scientific innovations. These advances include development of new biochemical 

tools and chemotherapeutic agents and design of new synthetic strategies and chemical 

methods.5 The interdisciplinary nature of the former can lead to broad recognition by the 

scientific community, but the impact of the latter is no less profound and becomes apparent 

after careful analysis of subsequent applications. Natural products exhibit an astonishing 

diversity of structural motifs and offer a seemingly endless supply of synthetic challenges 

that cannot be altered in the academic exercise of total synthesis, but only surmounted 

through ingenuity, driving the development of new solutions.6 Examples are numerous and 

range from invention of protecting groups to discovery of new reactivity patterns, inspiring 

generations of chemists to embark upon studies in the synthesis of natural products.5b,7,8
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Over the past five years, our laboratory has reported efforts in the synthesis of several 

secondary metabolites (Figure 1).1,3,4,9 The pursuit of these largely unrelated compounds 

was driven by their distinct structural motifs and the associated synthetic challenges, both 

the readily apparent ones and those identified in previous studies. Our investigations have 

prompted discovery of new methods to construct some of the key bonds in the target 

compounds that can in turn enable new synthetic approaches to other natural products.2,4,10 

In the following sections, we discuss studies related to paxilline indoloterpenoids and 

highlight causal relationships between separate projects.

Indoloterpenoids of paxilline type constitute a large group of fungal metabolites of 

terrestrial origin.11 For a single family of natural products, these compounds exhibit 

impressive diversity of documented biological effects, although in many cases the exact 

molecular mechanism of action remains unknown and it is not clear whether the underlying 

cellular interactions have uniting traits.12 The individual congeners are readily identified 

by the presence of unique connectivity pattern in the shared tricarbocyclic motif, which, 

together with the indole fragment, can contain a variety of substituents and functional 

group arrays (Scheme 1; highlighted in red). Studies in the biosynthesis of paxilline 

indoloterpenoids indicate that the common core originates from an unusual cationic 

polycyclization of a prenylated indole derivative.13,14 This transformation involves an 

apparent anti-Markovnikov cyclization of the prenyl subunit proximal to the indole fragment 

followed by an alkyl shift and subsequent nucleophilic capture of the resulting tertiary 

carbocation, which produces a strained hexahydroindene motif containing vicinal quaternary 

stereocenters. Attempts to mimic the polycyclization event in a chemical reaction have yet 

to achieve the desired connectivity pattern.15 Recent study of a relevant intramolecular 

alkylation of an indole by the Newhouse group demonstrated success in forging the 

corresponding quaternary center in their remarkably short synthesis of paspaline but also 

echoed previous observations that alternative, undesired connectivity patterns were prevalent 

among the products of these chemical reactions.16

Nearly four decades of fascination with the structural features and biological activities 

of the paxilline indoloterpenoids among organic chemists have led to the development of 

numerous impressive syntheses and approaches to different congeners. These advances were 

championed by extensive and remarkable efforts from the Smith group that yielded several 

strategies for the assembly of the indoloterpenoid motif and culminated in the landmark 

synthesis of penitrem D and, more recently, nodulisporic acids B, C, and D.17 Early studies 

from the Saxton group established an efficient and highly diastereoselective protocol for 

construction of the vicinal quaternary centers in the shared terpenoid fragment.18 Variants 

of Saxton’s approach were subsequently employed in several efforts by other laboratories, 

including the syntheses reported by the Kuwahara group.19 An alternative approach to 

the highly stereocontrolled assembly of the hexahydroindene motif was disclosed by the 

Johnson group and employed clever desymmetrization tactics to install several stereocenters 

and structural fragments in their synthesis of paspaline.20 Notably, comparison of these 

synthetic routes using various metrics such as step count, number of functional group 

interconversions, and redox and protecting group manipulations suggests that the artificial 

assembly of the paxilline indoloterpenoids remains a significant challenge. While this 

observation motivated initiation of our own inquiries, the tremendous knowledge of 
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reactivity accumulated during the above-mentioned investigations also had a significant 

impact on our synthetic planning and is certain to inform future efforts in this area.

SYNTHESIS OF EMINDOLE SB

Our initial investigations focused on the development of a concise and stereoselective 

assembly of the shared terpenoid fragment represented by ketoaldehyde 7 (Scheme 2). 

This intermediate was expected to provide rapid access to several congeners of interest. 

Recognizing that formation of the trans-hexahydroindene motif had often been a stumbling 

block in the previous syntheses,17b,19,20 we sought to establish the desired stereochemical 

relationship at the fusion bond prior to constructing the remainder of the polycyclic 

core. To this end, we planned to build the trans-decalin motif starting with a properly 

substituted cyclopentanone. We were particularly intrigued by the possibility of performing 

intramolecular addition of a tertiary alkyl radical 9 derived from 1,1-disubstituted alkene 

8 to the pendant enal motif followed by an aldol reaction, or its equivalent, to complete 

the desired double cyclization. This proposal was inspired by the timely report from the 

Baran group who demonstrated Giese addition of alkyl radicals, which were generated by 

chemoselective hydrogen atom transfer (HAT) to alkenes from putative iron hydrides.21 The 

Baran group proposed that the conjugate addition was followed by reduction of the resulting 

enol radical to generate the corresponding enolate, which we in turn intended to intercept 

with an intramolecular aldol reaction of intermediate 10. Notable challenges associated with 

implementation of the proposed radical-polar crossover cascade included formation of the 

quaternary stereocenter during the conjugate addition and rapid access to the polycyclization 

precursor. The requisite β,γ-unsaturated ketone was expected to arise from alkenylation of 

an enolate, or its equivalent, derived from a substituted cyclopentanone. While only limited 

precedent existed for selective formation of quaternary centers from unsymmetrical dialkyl 

ketones,22 we were encouraged by the emergence of new and highly relevant cross-coupling 

protocols.23

We began with a copper-catalyzed conjugate addition of homoprenyl Grignard reagent 12 
to commercially available methylcyclopentenone 11 and trapping the resulting magnesium 

enolate as silyl enol ether 13 (Scheme 3).1 After extensive experimentation, we identified 

carboindation of protected pentynol 14 with triisopropylsilyl enol ether 13 and indium 

tribromide as suitable means for construction of the C3–C4 bond, providing access to 

ketone 15 on multigram scale. This transformation was based on work from the Baba group 

who reported related alkenylations of ketene silyl acetals and demonstrated intermediacy of 

alkenylindium derivatives.24 Sharpless allylic hydroxylation of intermediate 15 followed by 

double oxidation of diol 16 completed construction of the polycyclization precursor.25

Subjection of dialdehyde 17 to the conditions of iron-catalyzed HAT in the presence 

of (isopropoxy)phenylsilane induced the desired bond-forming events but also resulted 

in equimolar mixture of trans- and cis-decalins 18 and 19. While we were unable to 

improve the ratio of products to any significant extent, we also discovered that the aliphatic 

aldehyde fragment in intermediate 17 underwent complete hemiacetalization in alcohols. 

We thought that introduction of a hydroxy group in the cyclopentane fragment could allow 

for transient intramolecular tethering of aliphatic aldehyde through the reversible formation 
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of the corresponding lactol. This tethering could restrict the available conformations of 

the disubstituted alkene as well as the corresponding tertiary alkyl radical and allow for 

enhanced diastereocontrol during the initial cyclization event.

Our studies with hydroxydialdehyde 21 revealed a significant extent of lactolization 

in solutions and its superior performance in the polycyclization, delivering good 

diastereoselectivity and preference for the desired trans-decalin 23. Blocking lactol 

formation by methylation of the secondary alcohol or conducting the reaction in ethanol 

resulted in deterioration of diastereomeric ratios, suggesting that the transient tethering was 

contributing to the improved outcomes. Application of (isopropoxy)phenylsilane, identified 

by the Shenvi group as an exceptional hydride source in HAT-mediated reactions, was 

critical to the success of our investigations as it allowed us to perform the polycyclization in 

a broad range of solvents and temperature regimes.26

Encouraged by these developments, we sought to leverage the tethering effect while 

avoiding the need for multiple functional group interchanges imposed by cyclopentanol 

21 during subsequent elaborations. With this in mind, Parikh–Doering oxidation of 

diol 25, prepared by Fischer indole synthesis from ketone 16 according to the Wood 

protocol, followed by treatment of the reaction mixture with mild aqueous base resulted 

in direct formation of hemiaminal 26 (Scheme 4).27,28 In accord with our findings in 

the polycyclization of hydroxydialdehyde 21, radical cyclization of substrate 26 provided 

efficient and highly diastereoselective entry into the desired configuration of the vicinal 

quaternary centers. At the same time, stability of the hemiaminal motif precluded complete 

propagation of the desired cascade and required treatment of aldehyde 27 with base to 

induce the final cyclization. The choice of metal counterion was critical to the success of 

the intramolecular aldol reaction with potassium showing optimal performance. Ultimately, 

indole 28 was converted to the simplest member of paxilline indoloterpenoids, emindole SB 

(1), in three straightforward operations, providing a proof of concept for application of our 

synthetic approach.29 In this final sequence, application of the Schlosser homologation was 

critical to the success of our efforts because it avoided epimerization of the aldol motif that 

was observed with other olefination methods.30

To improve upon the alkenylation protocol en route to unsaturated ketone 15 and its 

potential for application outside our synthetic efforts, we sought to develop a catalytic 

version of this transformation. Our initial attempts to effect turnover with protic polar 

cosolvents, akin to gold-catalyzed intramolecular alkenylations developed by the Toste 

group, resulted in nearly complete loss of the desired reactivity, which could not be rescued 

by changing the Lewis acid to those commonly employed in electrophilic activation of 

alkynes.31 During these studies, we also observed small amounts of 2-siloxy-1,4-diene in 

addition to the expected β,γ-unsaturated ketone in reactions with stoichiometric indium 

tribromide that suggested a possibility of turnover in the original system. After extensive 

optimization, we found that catalytic amounts of the same Lewis acid provided optimal 

performance in promoting formal bimolecular ene reaction upon heating of ketone-derived 

silyl enol ethers and terminal alkynes (compounds 29–46; Scheme 5).2 This transformation 

exhibited unusual selectivity for the construction of quaternary centers from unsymmetrical 

dialkyl ketones that prevented participation of products in a second alkenylation event and 

Thomas and Pronin Page 5

Acc Chem Res. Author manuscript; available in PMC 2023 April 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



was most evident in derivatization of substrate 47 to produce enedione 48. The resulting 

2-siloxy-1,4-dienes were readily hydrolyzed upon treatment with aqueous acid, providing a 

new approach to the catalytic synthesis of β,γ-unsaturated ketones that was complementary 

to the previously established protocols.32 While it did not offer improvements to our 

construction of unsaturated ketone 15, the reaction tolerated a variety of functionalities 

and exhibited appreciable substrate scope in preparation of challenging structural motifs. 

Notable, though not unexpected, limitations were diminished reactivity with substrates 

containing Lewis basic functionalities, including nitriles, amides, and sulfonamides, and 

competing side reactions of aldehydes, presumably involving Mukaiyama aldol pathways.

SYNTHESIS OF NODULISPORIC ACID C

Our reliance on the hemiaminal fragment to achieve diastereoselective construction of the 

polycyclic core posed a significant obstacle in the development of a general approach to 

the paxilline indoloterpenoids because it required early installation of the indole moiety, 

which precluded convergent assembly of complex congeners. In contrast, the originally 

planned application of tricyclic ketone 7 as the common precursor to selected targets was 

devoid of these limitations (see Scheme 2). Notably, a report from the Smith group that 

appeared during our studies featured the same intermediate and underscored its versatility 

in the synthesis of nodulisporic acid D.17b While polycyclization of hydroxydialdehyde 

21 showed promise in accessing intermediates related to tricyclic ketone 7 (see Scheme 

3), the expected need for protecting and functional group interchanges during subsequent 

manipulations prompted us to develop alternative solutions that came to fruition in our 

synthesis of nodulisporic acid C.

Nodulisporic acids were isolated from an endophytic fungus by Merck Laboratories during 

their search for new insecticidal agents.33 These indoloterpenoids exhibit potent activity 

against several ectoparasites, which has been attributed to specific activation of a subset 

of ligand-gated chloride ion channels found in arthropods.34 The magnitude of biological 

effects appears to correlate positively with structural complexity of the congeners, and the 

flagship member of the family, nodulisporic acid A (6; see Scheme 1), has demonstrated 

high efficacy against fleas while lacking overt toxicity in dogs.35 Ultimately, medicinal 

chemistry efforts have resulted in promising lead compounds for the development of new 

antiflea medications for companion animals.36

We chose nodulisporic acid C (49) as our primary target, partly because we were 

interested in elucidating its potential synthetic relationship to nodulisporic acid A and 

planned to access the indole motif in the final steps of the synthesis (Scheme 6). 

Notably, existing reports from the Smith group emphasized the challenge associated with 

similar late-stage manipulations but also identified an efficient solution to the problem 

that relied on the Barluenga indole synthesis.17b,c,37 Assembly of the tricarbocyclic 

terpenoid fragment was expected to take advantage of our previously developed strategy 

with appropriate modifications to address the stereochemical issues while preserving the 

requisite arrangement of functional groups. We also envisioned a cycloisomerization of 

a properly disposed enyne moiety to construct the indenopyrane motif, which is unique 

to several indoloterpenoids of the paxilline type. An earlier report by the Fensterbank 
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group documented two instances of formation of dihydropyrans in gold-catalyzed reactions 

of functionalized enynes.38 However, the Sanz group subsequently demonstrated a strong 

preference for an alternative cyclization pattern in phenylacetylenes related to our study, 

precluding definitive prediction of the regiochemical outcome in the proposed cascade.39

Building on the polycyclization of hydroxydialdehyde 21 (see Scheme 3), we prepared 

and evaluated other derivatives containing properly disposed hydroxyl groups in the 

cyclopentane fragment.3 Notably, the radical-polar crossover cascade with participation of 

cyanohydrine 50 produced encouraging levels of diastereocontrol in the preparation of aldol 

51 (Scheme 7).

Spectroscopic analysis of the starting material did not detect any appreciable lactolization 

in various solvents, suggesting that different factors imparted the desired selectivity profile. 

Further studies revealed that presence of additional substituents at C2 had a significant 

effect on the outcome of the reaction. For example, desired trans-decalin 52 was formed 

as the only detectable product in polycyclization of the corresponding dialdehyde, which 

was in stark contrast to the low diastereoselectivity observed in the synthesis of derivative 

53 lacking a fully substituted C2 position. We attributed the improved selectivity in the 

initial cyclization event to the pseudodiaxial interactions between the substituents at C2 

and the radical center that, in the undesired transition state, would force rotation of 

the formylethyl fragment toward the enal incurring a steric penalty not associated with 

the methyl substituent being oriented in this pseudoaxial position. In a similar vein, the 

predominant formation of cis-decalin 54 in the polycyclization of the corresponding indole 

can be viewed as manifestation of similar steric interactions resulting from the NH-group en 

route to the desired pentacyclic motif.

Our synthesis of nodulisporic acid C required enantioselective access to silyl enol ether 13 
(Scheme 8). Guided by studies from the Minnaard group, we identified Josiphos derivative 

55 as a suitable ligand for asymmetric conjugate addition of alkylmagnesium bromide 12 
to cyclopentenone 11, which produced the desired product in excellent yield and in a 

scalable manner.40,41 Although only moderate stereoinduction was achieved, we expected 

to be able to improve the levels of enantiopurity at later stages via recrystallization of 

suitable intermediates (see below). Following the alkenylation of silyl enol 13, the resulting 

cyclopentanone was derivatized to protected cyanohydrin 56, which was subsequently 

converted to dialdehyde 57 according to the previously established sequence of oxidations. 

In agreement with our findings in polycyclizations of related substrates, subjection of 

siloxynitrile 57 to the conditions of iron-catalyzed HAT followed by sequential treatment 

of the reaction mixture with aqueous acid and base provided highly diastereoselective 

access to cyclopentanone 7. Notably, attempts at direct olefination of this intermediate were 

unsuccessful and led to partial epimerization of the secondary alcohol. As a corollary, this 

observation also highlighted the advantages of the polycyclization cascade over stepwise 

construction of the sensitive aldol motifs. Tricyclic intermediate 7 was eventually protected 

as the corresponding pivalate, which allowed for recrystallization to provide material 

with significantly enhanced enantioenrichment, and successful Horner–Wadsworth–Emmons 

olefination with allylic phosphonate 58 completed construction of denoted fragment 59 in 

eight steps from commercially available cyclopentenone 11.
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Our synthesis of the indenopyran fragment required careful choreography during the 

assembly of the desired polycyclization precursor to achieve efficient and selective 

installation of substituents. After several iterations, we identified benzaldehyde 61 as a 

suitable starting point for our elaborations (Scheme 9). This intermediate was accessible 

in three steps from aniline 60 and underwent an efficient enantioselective addition 

of alkenylzinc 62 in the presence of Nugent’s ligand 63 according to the procedure 

developed by the Walsh group.42,43 Sonogashira cross-coupling of dibromide 64 proceeded 

regioselectively, and protection of the allylic alcohol as a silyl ether set the stage for 

construction of the indenopyran motif. Any modifications to the order of events and identity 

of the halogen substituents resulted in a precipitous loss of regioselectivity and efficiency in 

the synthesis of enyne 66. The vast body of literature on relevant transformations allowed us 

to quickly identify an appropriate catalyst for the desired cycloisomerization.44 In practice, 

treatment of substrate 66 with a cationic gold complex allowed for efficient construction of 

tricyclic product 67 without any detectable formation of the alternative cyclization patterns 

(see discussion above). In a simplified representation, this reaction involves nucleophilic 

attack of the isobutenyl fragment at the alkyne–gold complex in intermediate 70 followed 

by trapping of the resulting tertiary carbocation 71 with the pendant hydroxyl group and 

subsequent proton transfer to regenerate the catalyst. We also observed that performing 

the reaction with rigorous exclusion of moisture led to accumulation of hydroxyallene 

72, which was rectified by adding small amounts of water to the reaction mixture. The 

robust protecting group at the allylic alcohol proved necessary for achieving high efficiency 

of the polycyclization. The striking preference for the desired configuration at the newly 

formed stereocenter prompted our investigation into the origins of selectivity. We eventually 

found that the presence of the substituent at C26 was crucial to obtaining high levels 

of diastereocontrol in a broad range of substrates evaluated in this transformation. We 

attributed the observed selectivity to the allylic strain between the benzyl ether and the ortho 

substituent, which can be expected to force rotation of the silyl group toward the alkene, 

increasing steric interactions with the propylidene group in the undesired transition state 

of the initial cyclization and reducing contribution of this pathway (see products 73 and 

74). Chemoselective Stille cross-coupling of aryl bromide 67 completed construction of the 

indenopyran fragment found in nodulisporic acid C and set the stage for the final assembly–

a challenging task that ultimately identified and leveraged unusual reactivity profiles in these 

complex systems.45

Our attempts at fragment union initially led to utter frustration with the inability to 

form either of the structural bonds upon application of relevant, previously developed 

protocols and appropriate precursors, including the variant of the Barluenga indole assembly 

developed by the Smith group in their synthesis of nodulisporic acid D.17b Small amounts 

of desired products were eventually observed during palladium-catalyzed cross-coupling of 

an enolate derived from ketone 59 with aryl chloride 69 (Scheme 10). Optimization efforts 

identified several conditions that led to increased production of the arylation products, 

which were formed with broadly varying levels of diastereocontrol. Having originally 

discounted the selectivity as inconsequential for the subsequent transformations, we were 

surprised to discover that the epimeric nitroaryl ketones displayed dramatically different 

reactivity patterns during the reductive cyclization to the desired indole. Thus, reduction 
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of diastereomer 76 produced only aminoketone 77, and subsequent dehydration required 

forcing conditions that invariably triggered exhaustive elimination in the indenopyrane 

motif. At the same time, diastereomer 75 underwent rapid reductive cyclization to the indole 

under mild conditions. Perplexed by these developments, we revisited the arylation protocol 

and identified conditions that favored formation of epimer 75. Ultimately, tributyltin 

enolate generated in situ from tricyclic ketone 59 underwent cross-coupling with nearly 

stoichiometric amounts of aryl chloride 69 in the presence of Buchwald’s RuPhos ligand 

and palladacycle RuPhosG4 as a precatalyst to produce the desired product with moderate 

diastereoselectivity and efficiency.46 Treatment of nitroarene 75 with zinc in the presence of 

acetic acid followed by desilylation and double saponification completed our synthesis of 

nodulisporic acid C (49), which proceeded in 12 steps from commercially available starting 

materials in either linear branch of this highly convergent sequence. Notably, the unexpected 

reactivity and selectivity patterns identified during our campaign can inform subsequent 

efforts in the synthesis of paxilline indoloterpenoids, paving the way to development of a 

general approach to structurally diverse members of this fascinating family and a potential 

entry into their otherwise unavailable analogs for relevant interdisciplinary studies.

SYNTHESIS OF FORSKOLIN

Encouraged by the developments in our synthesis of paxilline indoloterpenoids, we 

considered expansion of the underlying radical-polar crossover cascade (see Scheme 2) to a 

bimolecular setting. The corresponding annulation of two unsaturated carbonyl components 

(Scheme 11) could offer a new approach to construction of six-membered carbocyclic motifs 

found in a broad range of terpenoids, including the large families of labdane and scalarane 

natural products. Should the facile assembly of quaternary centers in our polycyclization 

events translate to the bimolecular variant, it could prove complementary to the venerable 

Diels–Alder reaction, where the requirement for the diene component to adopt the s-cis 
conformation often imposes significant limitations on substitution patterns in bimolecular 

settings.47,48

Our studies in the development of a suitable annulation protocol identified the proper 

stoichiometry of reactants and mixing parameters to be critical to achieving optimal 

efficiency and attenuation of competing reductive aldol pathways.4,49 Observation of the 

latter was curious because it suggested that the selectivity of HAT from putative iron 

hydrides toward electron-rich alkenes was more nuanced than we had anticipated. Indeed, 

our ongoing studies determined these alternative reactivity patterns as one major factor 

contributing to inferior performance of conjugated cyclohexenones as annulation partners. 

Cyclopentenone derivatives and α-substituted acroleins were less prone to reductive aldol 

reactions and underwent conversion to the desired products in a highly diastereoselective 

manner (products 78–81, 85, 86). Preferential formation of syn aldol motifs was attributed 

to the intermediacy of iron enolates with E configuration.21b In contrast, the presumed 

unselective formation of the corresponding E and Z enolate isomers in reactions of acyclic 

α,β-unsaturated ketones was reflected in production of nearly equimolar mixtures of 

diastereomeric products (product 82). Presence of α-substituents in the α,β-unsaturated 

carbonyl component was required for the intramolecular aldolization, and only products 

of the corresponding Giese reaction were observed in all other cases. We also found that 
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γ,δ-unsaturated aldehydes and ketones both served as suitable partners in the annulation 

events, where efficient and highly diastereoselective formation of tertiary alcohols was 

particularly striking (products 83 and 84). The fully substituted aldol motifs proved 

exceptionally labile and required derivatization to facilitate isolation and characterization, 

once again highlighting the advantages of the radical-polar crossover cascade over the 

stepwise construction of these sensitive intermediates.

Eager to probe the utility of the new annulation, we turned our attention to the synthesis 

of forskolin (104, Scheme 12).4,50 This densely functionalized labdane diterpenoid exhibits 

allosteric activation of adenylate cyclases and has become an important biochemical tool 

for interrogation of cellular processes.51 A water-soluble derivative of forskolin NHK477 

is currently approved in Japan for the treatment of acute heart failure.52 The parent natural 

product has been the subject of multiple synthetic studies that led to accumulation of a vast 

body of knowledge of reactivity in this complex system.53 Once again, we were fortunate 

to have support from prior discoveries and observations in our own strategic planning. We 

were particularly intrigued by the studies from the Kienzle group in their assembly of 

another labdane diterpenoid, erigerol, and subsequent efforts from the Svenda group that 

leveraged Kienzle’s findings in their recent synthesis of forskolin.53e,54 These investigations 

demonstrated the remarkable utility of a common enedione motif as a starting point for 

elaboration of polycyclic systems found in the target natural products but also highlighted 

the difficulty of constructing the shared intermediate in the realm of existing methods.55 We 

believed that the new annulation was uniquely positioned to address those challenges and 

would pave the way to a rapid and efficient access to forskolin and related compounds.

We identified enedione 88 to be an excellent partner in our radical-polar crossover cascades, 

which efficiently produced the desired connectivity pattern with unsaturated aldehyde 87. 

The bicycloheptene motif of substrate 88 could be established in a highly enantioselective 

manner upon application of the catalytic Diels–Alder reaction developed by the Corey 

group and provided a suitable handle for stereochemical relay in our synthesis.56 At 

the same time, formation of the aldol motif exhibited low selectivity and delivered a 

nearly equimolar mixture of secondary alcohols 89 and 90. However, two straightforward 

redox manipulations corrected the stereochemical configuration at C1 of the undesired 

intermediate 89. Initial attempts at retro-Diels–Alder extrusion of cyclopentadiene from 

the desired annulation product led to significant epimerization at the secondary alcohol, 

which was readily addressed by a protecting group. Ultimately, highly enantioenriched 

enedione 91 could be prepared on multigram scale in four steps and 30% overall yield 

from 2,6-dimethylbenzoquinone, a dramatic improvement over the previous protocols and a 

strong indication of potential advantages of the new annulation in construction of densely 

substituted cyclohexanes.

Subsequent steps in our synthesis of forskolin were notably influenced by the previous 

reports in this area. Addition of an alkynyllithium to enedione 91 followed by epimerization 

of the ring juncture in intermediate 93 was conducted according to protocols from the Liotta 

and Kienzle groups and provided regio- and diastereoselective access to unsaturated ketone 

94.54,57 Inspired by the work from the Lett group, we planned to leverage intramolecular 

displacement of epoxide 96 for installation of the functionalization pattern found in the 
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target natural product.53d Preparation of substrate 96 included reduction of ketone 94 
and epoxidation of resulting allylic alcohol 95. Initial attempts at nucleophilic capture 

of the epoxide with the pendant monoalkylcarbonate generated in situ according to the 

Myers protocol indicated that deprotection of the alcohol at C1 was a prerequisite for 

achieving appreciable rates of conversion and was best performed in the presence of a 

fluoride source.58 At the same time, protection of the 1,3-diol motif was necessary for 

subsequent assembly of the dihydropyranone fragment and was accomplished by in situ 

derivatization of intermediate triol 97, delivering dioxanone 99 along with its isomer 98. 

The observed interconversion of carbonates 98 and 99 under various conditions allowed 

us to converge their mixtures to desired dihydropyrone 100 upon treatment with strong 

acid. At this stage, attempted conjugate addition of vinylcopper revealed overwhelming 

preference for the undesired configuration at C13, not entirely unexpected as prior syntheses 

of forskolin had demonstrated drastically different stereochemical outcomes depending on 

the nature of dihydropyrone and the organocopper reagent.59,53c,d After evaluating a variety 

of precursors in the conjugate addition, we identified acetonide 102 as suitable substrate for 

achieving the desired stereochemical arrangement in tetrahydropyrone 103. Preparation of 

intermediate 102 was accomplished upon selective protection of tetraol 101 obtained after 

methanolysis of the reaction mixture containing carbonate 100. Presence of the unprotected 

1,2-diol in intermediate 102 did not interfere with the conjugate addition, allowing us to 

avoid challenges associated with deprotection of this motif encountered in prior syntheses, 

and delivered the target natural product after two additional manipulations.53,60 Overall, 

these studies secured rapid enantioselective access to forskolin and bolstered application of 

the radical-polar crossover annulation strategy in the synthesis of other terpenoid motifs, a 

subject of ongoing efforts in our laboratory. Notably, our approach may allow for structural 

modifications that have been inaccessible in the previous routes and by semisynthesis, 

suggesting potential value of this development to the relevant biological fields.53,61

CONCLUSIONS

We have been and continue to be fascinated by the paxilline family of indoloterpenoids with 

its awe-inspiring levels of molecular complexity and an incredible selection of compelling 

biological effects. These important considerations notwithstanding, it was the analysis of the 

status quo in the corresponding area of natural product synthesis and its evolution over the 

past decades that strongly motivated us to initiate our own inquiry. It seemed as if every 

effort in the field achieved better understanding of chemical reactivity in these complex 

systems and yet also uncovered a plethora of new challenges. We began with an idea that 

establishing the necessary arrangement of what we deemed to be key stereocenters in the 

shared terpenoid motif early in the synthesis would allow for efficient and rapid construction 

of the target compounds. Our modest contributions demonstrate that this approach is 

feasible, but its generality and advantages have yet to be determined, and a unifying strategy 

that allows access to structurally diverse congeners with only minimal modifications to 

the core reaction sequence continues to be the subject of future investigations. Perhaps 

even more rewarding for us is the realization that the underlying reactivity patterns may 

have utility outside their originally intended purposes as exemplified by our radical-polar 
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crossover annulations that were inspired by the synthesis of emindole SB and nodulisporic 

acid C, a notion that resonates strongly with the premise of our research.
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Figure 1. 
Examples of natural products (left) whose syntheses led to the development or were enabled 

by new chemical methods (right) in the Pronin laboratory (2015–2019; red dots highlight 

carbon atoms involved in key bond-forming events).
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Scheme 1. 
Representative Biosynthetic Pathways to Paxilline Indoloterpenoids That Highlight 

Structural Diversity of Congeners
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Scheme 2. 
Our Approach to the Common Terpenoid Motif
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Scheme 3. 
Synthesis of the Polycyclization Precursor and Discovery of the Tethering Effect
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Scheme 4. 
Synthesis of Emindole SB
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Scheme 5. 
Catalytic Bimolecular Alkenylation of Ketone-Derived Silyl Enol Ethers with Terminal 

Alkynes
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Scheme 6. 
Our Approach to Nodulisporic Acid C
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Scheme 7. 
Diastereocontrol in Radical-Polar Crossover Polycyclizations
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Scheme 8. 
Synthesis of the Dienoate Fragment of the Nodulisporic Acids
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Scheme 9. 
Synthesis of the Indenopyran Fragment of Nodulisporic Acid C
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Scheme 10. 
Synthesis of (−)-Nodulisporic Acid C
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Scheme 11. 
Development of Radical-Polar Crossover Annulation
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Scheme 12. 
Synthesis of Forskolin
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