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Conspectus

With complex molecular architectures, intriguing oxidation patterns, and wide-ranging biological 

activities, diterpene natural products have greatly impacted research in organic chemistry and drug 

discovery. Our laboratory has completed total syntheses of several highly oxidized diterpenes, 

including the ent-kauranoids maoecrystal Z, trichorabdal A, and longikaurin E; the antibiotic 

pleuromutilin; and the insecticides ryanodol, ryanodine and perseanol. In this Account, we show 

how analysis of oxidation patterns and inherent functional group relationships can inform key C–C 

bond disconnections that greatly simplify the complexity of polycyclic structures and streamline 

their total syntheses. In articulating these concepts, we draw heavily from the approaches to 

synthetic strategy that were codified by Evans, Corey, Seebach, and others, based on the formalism 

that heteroatoms impose an alternating acceptor and donor reactivity pattern upon a carbon 

skeleton. We find these ideas particularly useful when considering oxidized diterpenes as synthetic 

targets.

In the first part of the Account, we describe the use of reductive cyclizations as strategic tactics 

for building polycyclic systems with γ-hydroxyketone motifs. We have leveraged Sm-ketyl radical 

cyclizations as ‘reactivity umpolungs’ to generate γ-hydroxyketones in our total syntheses of the 

Isodon ent-kauranoid diterpenes (−)-maoecrystal Z, (−)-longikaurin E, and (−)-trichorabdal A. 

Following this work, we identified the same γ-hydroxyketone pattern in the diterpene antibiotic 

(+)-pleuromutilin, which again inspired the use of a SmI2-mediated reductive cyclization, this time 

to construct a bridging eight-membered ring. This collection of four total syntheses highlights 

how reductive cyclizations are particularly effective umpolung tactics when used to simultaneously 

form rings and introduce 1,4-dioxygenation patterns.

In the second part of the Account, we detail the syntheses of the complex and highly oxidized 

ryanodane and isoryanodane diterpenes, and present the oxidation pattern analysis that guided our 

synthetic designs. We first discuss our 15-step total synthesis of (+)-ryanodol, which incorporated 

five of the eight oxygen atoms in just two transformations: a dihydroxylation of (S)-pulegone and 

a SeO2-mediated trioxidation of the A-ring cyclopentenone. This latter transformation gave rise 

to an independent investigation of SeO2-mediated peroxidations of simple bicyclic cyclopent-2-

en-1-ones. The syntheses of (+)-ryanodine and (+)-20-deoxyspiganthine are also presented, which 

required modified end-game strategies to selectively incorporate the key pyrrole-2-carboxylate 
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ester. Finally, we describe our fragment coupling approach to prepare the isoryanodane diterpene 

(+)-perseanol. Using a similar oxidation pattern analysis to that developed in the synthesis of 

ryanodol, we again identified a two-stage strategy to install the five hydroxyl groups. This strategy 

was enabled by a Pd-mediated carbopalladation/carbonylation cascade and leveraged unexpected, 

emergent reactivity to sequence a series of late-stage oxidations.

While each of the diterpene natural products discussed in this Account present unique synthetic 

questions, we hope that through their collective discussion, we provide a conceptual framework 

that condenses and summarizes the chemical knowledge we have learned, and inspires future 

discourse and innovations in strategy design and methodology development.

Graphical Abstract

1. Introduction

Over the past decade, we have been engaged in efforts to synthesize complex and highly 

oxygenated diterpenes using functional group-guided topological strategies.5 We are far 

from alone in our interests: diterpenes have long drawn the attention of synthetic chemists 

due to their diverse and fascinating molecular architectures, which are coupled to a 

wide range of biological activities. Promising anticancer, antibacterial, and antimalarial 

activities have inspired multimillion-dollar campaigns to develop complex diterpenes, such 

as paclitaxel, pleuromutilin, and artemisinin, as therapeutics.6 These efforts highlight how 

the preparation of diterpenes by chemical- or semi- synthesis can transform our ability to 

use such molecules and their synthetic derivatives as biological probes or as lead compounds 

for the development of new medicines. Nonetheless, the elaborate polycyclic systems and 

intricate oxidation patterns that characterize many diterpenes can still hinder traditional 

medicinal chemistry studies of their biological activity.7 New advances in the science of 

chemical synthesis, driven both by the invention of new reactions and by innovations in 

strategy, are required to provide flexible and modular access to this important class of 

natural products.

In this Account, we review our syntheses of several oxidized diterpenes (Figure 1a). 

The syntheses can be roughly grouped into two types of strategies, both of which were 

guided by consideration of the oxidation pattern of the target. The first group includes the 

Isodon diterpenoids maoecrystal Z (1), trichorabdal A (2), and longikaurin E (3), and the 

antibiotic pleuromutilin (4); each possesses a key γ-hydroxyketone motif embedded within 
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its polycyclic framework. The γ-hydroxyketone is an example of what Evans classified 

a ‘dissonant’ charge affinity pattern: the polarization imparted along the carbon chain 

between the oxygen functional groups is mismatched (Figure 1b).5b, 5d Carbon–carbon 

bond formation within this dissonant path requires a polarity inversion, or as Seebach 

defined, ‘reactivity umpolung’.5d The position of this dissonant charge affinity pattern in 

each structure inspired synthetic strategies involving ring closure by Sm-mediated addition 

of an aldehyde-derived ketyl radical to an α,β-unsaturated cabonyl.8,9 These syntheses 

highlight how this tactic is particularly effective when used to simultaneously form rings and 

introduce 1,4-dioxygenation patterns.

The second group includes the targets ryanodine (5) and perseanol (6) and required a 

different strategy to address their high degree of oxidation (Figure 1c). In these systems, 

the oxidation was introduced in two stages: 1) in the first few steps of the synthesis, prior 

to construction of the primary carbon framework; and 2) in the late stage, through strategic 

deployment of C–H oxidation reactions. In both syntheses, nearly all oxidation is introduced 

in the required oxidation state, with the correct stereochemistry, avoiding lateral functional 

group manipulations.

Taken together, the syntheses described in this Account demonstrate two approaches to 

diterpene synthesis that we anticipate can be extended to new contexts and syntheses of 

complex and highly oxidized natural products.

2. Reductive Cyclization Strategies: Addressing Dissonant Charge Affinity 

Patterns

2a. ent-Kauranoid Diterpenes

Plants of the Isodon genus are often used in Chinese traditional medicine and are the source 

of over 600 ent-kauranoid diterpenes.10,11 The parent compound, ent-kaurene, is the first 

cyclic diterpene produced as part of the gibberellin biosynthetic pathway in plants and 

fungi.12 One large subfamily of ent-kauranoids bears oxidation at C20. Examples of these 

natural products include (−)-longikaurin E (3), the 6,7-seco-ent-kauranoid (−)-trichorabdal 

A (2), and the rearranged 6,7-seco-ent-kauranoid (−)-maoecrystal Z (1).11a,13 Recognizing 

that these ent-kauranoids share oxidation at C7, C11, and C20, we envisioned that a unified 

strategy might provide access to all three targets. In the biosynthetic pathway, ent-kaurene 

is oxidized and rearranges to 1, 2, and 3; we sought to develop an abiotic approach, 

incorporating key oxidized functional groups in spiro-lactone 8, then forming the C6–C7 

and C9–C11 bonds through reductive cyclizations.

Our general strategy was guided by identification of the γ-hydroxyketone motif spanning C7 

to C11 (Figure 2).14 This dissonant charge affinity pattern keyed the use of a SmI2-mediated 

reductive cyclization to generate an umpole at the C11 position. In the context of preparing 

maoecrystal Z, use of a dialdehyde (8a) was envisioned to enable a cascade process;8,9 

initial formation of the C9–C11 bond followed by single electron reduction would give 

the corresponding enolate, which could undergo an intramolecular aldol reaction to close 

the central five-membered ring.15 Alternatively, SmI2-mediated monocyclization of 8b, 
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followed by subsequent oxidative cyclization to form the requisite bicyclo[3.2.1]octane, 

could enable elaboration to trichorabdal A (3) and longikaurin E (4).

With (−)-1 as our first target,1 we initially investigated the TiIII-mediated reductive coupling 

of 12 with a variety of acrylates, hoping to incorporate the requisite side chain and minimize 

steps after lactone formation (Scheme 1). Whereas the use of simple acrylates, such as 

methyl acrylate, gave 14 as the product in varying yield, acrylates with α-substituents 

failed to undergo the desired coupling. Fortunately, use of 2,2,2-trifluoroethyl acrylate as an 

electrophilic partner under modified Gansäuer conditions16 led to the isolation of lactone 14 
as a single diastereomer in good yield. The reaction presumably proceeds through radical 

intermediate 13, in which approach of the acrylate from opposite the large siloxymethylene 

group affords the desired C10 stereochemistry. Alkylation of the lactone followed by 

desaturation, desilylation, and oxidation gave dialdehyde 8a.

In the key SmI2-mediated reductive cyclization, lithium salts were found to be critical 

for desired reactivity. Treatment of dialdehyde 8a with SmI2 in the presence of LiBr and 
tBuOH as a proton source thus provided the tetracyclic diol, which was isolated as a 

single diastereomer. This transformation builds two rings and introduces two secondary 

carbinols in a single step. In fact, the cascade reaction was critical to forming the central 

five-membered ring; attempts to form the two rings sequentially, in a non-cascade process, 

failed to identify conditions that engage the C6 aldehyde derived from tricycle 9 (see 

Scheme 2) in the intramolecular aldol. Diacetylation, ozonolysis, and methenylation gave 

enal 18, which upon mono-deacetylation delivered (−)-maoecrystal Z (1) in 12 linear steps 

from (−)-γ-cyclogeraniol (11).1

In order to access trichorabdal A and longikaurin E,17 we returned to the key spiro-lactone, 

executing selective deprotection/oxidation of 17 to prepare 8b (Scheme 2). Fortunately, 

subjection of monoaldehyde 8b to our previously developed reductive cyclization conditions 

gave tricycle 9 as a single diastereomer, which was protected as the methoxymethyl ether. 

Taking inspiration from Pd-catalyzed oxidative cyclizations of silyl enol ethers,18 we 

envisioned that a similar aerobic transformation of a silyl ketene acetal could establish 

the final carbocyclic ring and leverage the pendant alkene without need for further 

functionalization. Indeed, following extensive reaction development, subjection of 20 to 

stoichiometric Pd(OAc)2 in DMSO provided tetracycle 21.

At this stage, intermediate 21 was diverted to targets (−)-3 and (−)-2 through slightly 

different reaction sequences. Global deprotection of 21 followed by selective oxidation at C6 

and acetylation at C11 provided aldehyde 23. A SmI2-mediated intramolecular aldehyde–

lactone pinacol coupling afforded lactol 10 as a single diastereomer, another example of 

the strategic use of SmI2 to introduce dissonant oxidation patterns via C–C bond formation. 

Finally, ozonolysis and methenylation gave (−)-3 in 17 steps (longest linear sequence) from 

11. Alternatively, 21 could be advanced to 25 through ozonolyis and methenylation. Acidic 

deprotection and oxidation then revealed the aldehyde of (−)-2.17

Our unified strategy enabled the first total syntheses of three architecturally distinct 

ent-kauranoids from a common intermediate and illustrates the utility of single-electron 
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reduction chemistry for the preparation of congested polycyclic systems bearing dissonant 

oxidation patterns.

2b. Pleuromutilin

The fungal diterpene (+)-pleuromutilin (4), first isolated in 1951, inhibits bacterial 

protein synthesis,19 and semi-synthetic analogues have been advanced into the clinic 

as antibiotics.20 Importantly, amine-containing 12-epi-4 derivatives have been reported 

as efficacious against gram-negative pathogens.21 With the goal of providing enabling 

chemistry for the synthesis of new mutilin-based antibacterial agents, we sought to develop 

concise and flexible syntheses of both 4 and its C12 epimer.2 Although there were 

three prior syntheses of 4 when we initiated our studies,22 these approaches all built the 

eight-membered ring relatively early in the synthesis, requiring lengthy sequences to then 

introduce the C10-C11-C12 stereotriad. In our synthetic planning, we envisioned building 

the eight-membered ring by annulation with a functionalized C10–C14 fragment in order to 

minimize functional group manipulations after the tricyclic core was formed (Figure 3).

Similar to our approach to the Isodon ent-kauranoids, we identified the dissonant γ-

hydroxyketone pattern from C3 to C14 as a keying element for a SmI2-mediated reductive 

cyclization to form the C5–C14 bond. Although Procter had previously employed a SmI2-

mediated cascade cyclization for the synthesis of 4,22c,d the design of that cascade required 

an ester at C15 to induce a ketyl radical conjugate addition. As a result, the Procter approach 

required several additional steps to adjust the oxidation states at C3 and C15. In contrast, a 

SmI2-mediated cyclization of 28 was expected to provide 26 with C3, C14, and C15 in the 

correct oxidation states.

Having identified this reductive cyclization tactic for forming the eight-membered ring, we 

devised a synthetic plan that would allow modular construction of aldehyde 28, so that 

both (+)-4 and 12-epi-4 could be prepared. It was anticipated that 28 could arise from the 

bifunctional hydrindanone fragment 30 by crotylation with either Z- or E-boronic acid 31.23 

Hydrindanone enal 30 was mapped back to cyclohexenone 32, available in one step from 

(+)-trans-dihydrocarvone.24

In the forward direction, ketone 34, bearing a C9 quaternary center, was prepared via 

sequential conjugate additions (Scheme 3). Allylic chlorination of the iso-propenyl group 

of 34 was performed prior to intramolecular aldol condensation in order to avoid a 

competing, undesired Prins-type cyclization. Ketone 35 could be elaborated to enal 30 in 

three additional steps.

To complete the first of two key bond-forming steps, selective syn-crotylation with boronic 

acid Z-31 gave desired diastereomer 29a after chromatographic separation. Unfortunately, 

despite the use of a chiral BINOL catalyst,23 we were not able obtain high diastereoface 

selectivity for addition to the aldehyde. Nonetheless, the required diastereomer (29a) could 

be elaborated in three steps to aldehyde 28. To form the eight-membered ring, a freshly 

prepared Sml2 solution was added dropwise to 28; quenching of presumed Sm-enolate 

38 with trimethylsilyl chloride then delivered tricycle 26 as a separable 23:1 mixture of 

diastereomers. Substantial optimization determined that rigorously anaerobic conditions 
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were critical for minimizing byproduct formation and that addition of water was important 

for high diastereoselectivity.

At this stage, completion of the synthesis hinged upon selective hydrogenation of the 

C10 exo-methylene in the presence of the C19 vinyl group. It was hypothesized that metal-

catalyzed hydrogen atom transfer (MHAT) reduction might provide a solution, wherein 

the thermodynamic preference for formation of a tertiary carbon-centered radical could be 

leveraged. Indeed, chemoselective reduction of the exocyclic C10–C17 olefin was achieved; 

however, this reduction was accompanied by unanticipated C14 oxidation. Deuterium 

labeling experiments revealed that this reaction proceeds by a transannular [1,5]-HAT redox 

relay, thermodynamically driven by formation of the C14 ketone. By protecting the C3 

ketone of 26 as a silyl enol ether prior to the MHAT redox relay, the C14 ketone of 41 could 

be reduced using dissolving metal conditions while preserving the ketone oxidation state 

at C3. Finally, acylation followed by global deprotection under acidic conditions afforded 

(+)-pleuromutilin (4) in 18 steps in the longest linear sequence.2

An advantage of this modular approach was the ability to readily prepare the 12-epi-4 
framework by varying the relative configuration of cyclization substrates at C12 (Scheme 

4). To this end, enal 30 was crotylated with E-31 to deliver 29c, which was elaborated 

to 12-epi-28 without difficulty. Exposure of 12-epi-28 to the optimal SmI2 cyclization 

conditions furnished 12-epi-26, then advanced via the previously developed 4-step sequence 

to complete the synthesis of 12-epi-4.

We anticipate that the brevity and modularity of these syntheses, enabled by the unique 

ability of radical cyclizations to overcome the challenges that dissonant charge affinity 

patterns pose to standard bond constructions, will facilitate preparation of new pleuromutilin 

antibiotics.

3. Complex Oxidation Topology

3a. Ryanodane Diterpenes

A classic example of how natural products can impact our understanding of biology is the 

story of (+)-ryanodine. (+)-Ryanodine (5) is a highly oxidized diterpene isolated from the 

tropical shrub Ryania speciose Vahl.25 Investigation of ryanodine’s insecticidal properties 

ultimately led to the purification and characterization of intracellular Ca2+ ion channels 

now known as the ryanodine receptors (RyRs),26,27 which are involved in a number of 

signal transduction processes. Whereas both 5 and its hydrolysis product (+)-ryanodol (43) 

bind insect RyRs,28 43 exhibits significantly lower affinity for mammalian receptors.29 

In addition, structurally related diterpenes that vary in peripheral oxidation, including 

(+)-20-deoxyspiganthine (44), have also been identified as RyR modulators.30 Due to their 

biological importance, ryanodanes have been the focus of total synthesis31,32 and medicinal 

chemistry30,33 efforts for several decades. However, at the outset of our studies, there were 

no completed total syntheses of ryanodine, due in part to the challenges associated with 

introduction of the pyrrole-2-carboxylate at the C3 alcohol of ryanodol (43). With the 

long-term goal of developing new probes of RyR function, we devised a synthetic platform 

for the preparation of (+)-5 and related congeners (i.e., (+)-44).
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Our initial efforts focused on the preparation of (+)-43 envisioning that the synthetic strategy 

could be applied to (+)-5 and other ryanodanes (Figure 4).3,34 We drew inspiration from 

early relay studies by Deslongchamps and coworkers, which established that the C1–C15 

bond of the bridging E ring could be formed via epoxidation of 45 followed by reductive 

cyclization. 32 With (+)-anhydroryanodol (45) as a slightly simpler target, our strategy was 

directed by the dense oxidation of the tetracyclic core. We hypothesized that an A-ring 

cyclopentenone, such as that in 49, could undergo sequential oxidation in the final steps 

of the synthesis to install the C3 alcohol and the syn-C4–C12-diol with the appropriate 

stereochemistry. In contrast, we sought to incorporate the C-ring oxidation early in the 

synthesis while assembling the carbon framework. With this goal in mind, an intramolecular 

Pauson–Khand reaction (PKR)35 was identified as a key tactic to prepare cyclopentenone 49. 

We mapped the requisite enyne (50) back to (S)-(−)-pulegone (51), expecting that sequential 

oxidation α to the ketone could be used to install the C6 and C1O alcohols.

We began our studies with the oxidation of (S)-(−)-pulegone (51, Scheme 5). Although we 

initially envisioned a multistep sequence to 53 via known pulegone oxide, we ultimately 

found that treatment of 51 with excess KHMDS followed by oxaziridine 52 resulted 

in dihydroxylation to form 53 as the major diastereomer. Although further mechanistic 

investigations are required, preliminary studies suggest that the reaction proceeds first by 

generation of the thermodynamic potassium dienolate, which upon reaction with 52 gives 

rise to the C6 tertiary alkoxide as a mixture of diastereomers.36 A second enolization 

and oxidative trapping gives rise to α,α’-diol 53 in 40–50% yield following silica gel 

chromatography. In this single transformation, we access a key building block with the 

complete C-ring functionality found in ryanodol and ryanodine. Following protection of 

the alcohols, the D ring was constructed by a four-step sequence involving 1,2-addition of 

prop-1-yn-1-y1 magnesium bromide followed by ozonolytic olefin cleavage to afford ketone 

55. A second 1,2-addition and subsequent Ag-catalyzed cyclization/elimination cascade37 

then gave α,β-unsaturated lactone 56. The critical all-carbon quaternary center was formed 

as a single diastereomer by 1,4-addition of a vinyl cuprate reagent, giving 50. Pauson–

Khand cyclization with catalytic [RhC1(CO)2]2 under an atmosphere of carbon monoxide 

(CO) provided cyclopentenone 49 as a single diastereomer.38

Having identified a concise route to tetracycle 49, we faced the challenging task of 

introducing the alcohols at C3, C4, and C12, with the C4 alcohol expected to be the 

most challenging of the three. We initially investigated conditions for allylic oxidation 

at C4; however, this proved unfruitful and led us to pursue SeO2-mediated α-oxidation 

of the C2 ketone.39 To our surprise, treatment of 49 with SeO2 and K3PO4 in refluxing 

dioxane resulted in the isolation of hydroxyenone 58, wherein the presumed intermediate 

enediketone underwent hydration at C12. Careful analysis of the reaction mixtures indicated 

the presence of a minor side-product assigned the structure of 57, a compound which had 

undergone further oxidation at C4. Although the yield was very low (<5%), we recognized 

that this remarkable transformation installs the oxygen atoms at C3, C4, and C12, as well as 

a functional group handle for incorporation of the C2-iso-propyl group, all in a single step. 

As result, we set out to improve the yield, ultimately finding that heating 49 with excess 

SeO2 in rigorously anhydrous 1,4-dioxane gave increased amounts of 57, which could be 
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isolated as enol triflate 48 in 28% yield over the two steps. Alternatively, oxidation of 49 
with SeO2 and 10 equiv water in 1,4-dioxane, followed by triflation, gives 47 in 56% yield.

To complete the synthesis of (+)-43, enol triflate 48 was submitted to Pd-catalyzed Stifle 

cross-coupling, ketone reduction, and hydrogenation to deliver (+)-anyhdyroryanodol (45). 

In slight modification of the reported protocol,32 treatment of 45 with freshly prepared 

trifluoroperacetic acid cleanly afforded the epi-anhydroryanodol epoxide, which could be 

subjected to Li in NH3 to effect reductive cyclization to (+)-ryanodol (43). 3 With only 

15 steps, this synthesis represents a ca. 50% reduction in length compared to previous 

syntheses.32, 33

Given the known challenge associated with preparing ryanodine by site-selective C2 

acylation of 43, our synthetic strategy to 5 called for departure from the ryanodol end 

game, such that the pyrrole 2-carboxalate could be introduced selectively without extensive 

additional protecting group manipulations. 34, 40 Moreover, we anticipated that dioxidation 

product 47 could be used to prepare the related natural product 20-deoxyspiganthine. 

Although there was some uncertainty as to whether the pyrrole 2-carboxalate could survive 

the final reductive cyclization, we nonetheless identified anhydroryanodol derivatives 61 
(Scheme 6) and 68 (Scheme 7) as potential candidates for acylation.

The synthesis of (+)-5 commenced with diol 59, which was strategically protected as a 

dioxaborinane (Scheme 6). Reduction of the C3-ketone furnished 61, bearing a single 

unprotected alcohol. A survey of standard acylating reagents derived from pyrrole-2-

carboxylic acid failed to deliver pyrrole ester 63; however, deprotonation of alcohol 61 
before addition of trichloroketone 62 successfully provided 63. This reaction is noteworthy: 

efforts to perform the acylation on a compound bearing an iso-propyl, instead of iso-

propenyl, substituent at C2 were unsuccessful. Subsequent deprotection, hydrogenation, 

and hydroxyl-directed epoxidation revealed 66. Whereas the use of Li/NH3, the conditions 

employed for the synthesis of ryanodol, resulted in reductive cyclization with concomitant 

deacylation, the use of lithium di-tert-butylbiphenylide (LiDBB) in THF effected C–C bond 

formation and alcohol debenzylation to provide (+)-ryanodine (5) in 65% yield.35

A similar sequence was used to elaborate alcohol 67 to 20-deoxyspiganthine (44, Scheme 

7). In this case, the C12 alcohol was protected as a TMS ether prior to reduction of the C3 

ketone. Despite the similarity of 68 to 61, this acylation required further optimization of 

the reaction conditions in order to minimize non-productive translactonization. Ultimately, 

68 was treated with excess KHMDS to enolize the lactone and prevent translactonization; 

while this enabled acylation of the C3 alcohol with pyrrole 69, α-chlorination of the lactone 

was also observed. Radical dechlorination of 70 afforded lactone 71, which was uneventfully 

advanced to (+)-20-deoxyspiganthine (44) by hydrogenation, epoxidation, and reductive 

cyclization.35 This represents the first total synthesis of a spiganthine-type natural product.

Taken together, our ryanodane studies highlight how managing formation of C–C and C–0 

bonds to introduce functionality at the correct oxidation level can minimize protecting group 

adjustments and lead to concise syntheses.
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3b. SeO2-Mediated Oxidative Transpositions

The successful syntheses of the ryanodane natural products discussed above were greatly 

enabled by the serendipitous discovery of SeO2-mediated oxidation of tetracyclic enone 

49 (see Scheme 5). Whereas the oxidation of ketones to α-diketones by SeO2, known as 

the Riley oxidation,40 is well established, applications of this reaction to cyclopent-2-en-1-

ones had not been systematically studied. We recognized that the SeO2-mediated di- and 

trioxidations of simple bicyclic cyclopent-2-en-1-ones, prepared by intramolecular Pauson–

Khand reactions, enables the transposition of the enone functionality to give highly oxidized 

cyclopentenone products that are difficult to access by other methods. Given the ability of 

these di- and trioxidations to construct functional group relationships elusive via canonical 

PKRs, we pursued further studies of this interesting transformation (Scheme 8).41

Investigations of a series of bicyclic enones accessible via PKR revealed that increasing 

the amount of water relative to our previously reported conditions3,35 significantly 

improved dioxidation yields. Consistent with our earlier studies, we found omitting 

water gives the best selectivity for trioxidation products. While we were unable to 

improve the trioxidation yields beyond ~20–30%, this reaction nonetheless accomplishes 

the stereospecific incorporation of three oxygen atoms in a single reaction. Both the 

di- and trioxidations were found to tolerate a range of bicyclopentenones, featuring 

saturated and unsaturated heterocycles and bulky quaternary centers, although 5,5-fused 

bicyclic enones were uniquely reactive under these conditions. Additional investigation 

of reaction kinetics and enantiospecificity implicated competitive mechanistic pathways: 

water-dependent sequencing of Riley oxidation and allylic C–H oxidation steps appear 

responsible for product selectivity. The diosphenol products could be readily converted to 

enol triflates, enabling further elaboration through cross-coupling to access diverse, fully 

substituted cyclopentenones pertinent to the synthesis of complex natural products.

3c. Isoryanodane Diterpenes

Having established a synthetic strategy to prepare several ryanodane natural products, we 

turned our attention to a related family of targets, the isoryanodanes. The isoryanodanes 

possess a 5-6-5 ABC ring system instead of the 5-5-6 system found in the ryanodanes but 

bear a similar, dense oxidation pattern. Although it has not been conclusively established, it 

seems likely that these compounds are biosynthetically related. One interesting divergence 

is that none of the isoryanodanes isolated to date possess a pyrrole-2-carboxylate ester like 

that found in ryanodine, although many retain potent insecticidal properties. For example, 

(+)-perseanol (6)42 displays potent antifeedant activity with low toxicity to mammalian 

cells,43 as do related isoryanodane diterpenes.44 This has raised the question as to whether 

the target of these compounds is indeed the insect RyR or whether they act through a distinct 

mode-of-action. Perseanol is decorated by six free hydroxyl groups around a highly caged 

pentacyclic core that includes a bridging 7-membered lactol. Prior to our studies, there 

was a single report describing an approach to the complex framework but no completed 

syntheses.45 Inspired by the potential to further investigate isoryanodane mode-of-action, we 

developed a convergent synthesis of (+)-6.4
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Guided by our approach to ryanodine, we envisioned that a late-stage reductive cyclization 

could be used to form the C1–C15 bond, leading us to retrosynthetically simplify 6 to 

a structure we termed anhydroperseanol (87, Figure 5). Although we initially pursued 

a Pauson–Khand approach to prepare the carbon framework of anhydroperseanol, we 

encountered challenges in forming the 7-membered lactone-containing enyne. These 

challenges led us to revise our synthetic strategy. Analysis of the oxidation patterns in 

87 suggested that the A–B ring fusion diol could be accessed from tetracyclic alkene 88, 

whereas the B–C ring fusion diol might be introduced early in the synthesis. Tetracyclic 

lactone 88 was dissected into two fragments that could be joined in two C–C bond-forming 

steps. First, we envisioned 1,2-addition of a metallated fragment derived from 91 into 

aldehyde 92. Second, the resulting alkenyl bromide (90) could undergo an intramolecular 

Pd-catalyzed carbopalladation/carbonylation cascade to forge the central 7-membered 

lactone. To access the enantioenriched fragments required for a convergent fragment 

coupling, we expected to prepare enal 92 from (R)-(+)-pulegone (51) and hoped to prepare 

vicinal dihalide 91 from commercially available 3-ethoxycyclopent-2-en-1-one (99).

In the forward sense, the C-ring fragment (92) was prepared by known Favorskii 

rearrangement46 of 51 followed by diastereoconvergent α-hydroxylation to yield 94 
(Scheme 9a). Hydroxyl-directed epoxidation and isomerization then provided syn-diol 96. 

Through this four-step sequence, the B–C ring fusion diol was efficiently introduced at 

the beginning of the synthesis with the correct relative stereochemistry. Diol 96 could be 

elaborated in two additional steps to alkenyl aldehyde 92.

Synthesis of the A-ring fragment (91) began with alkylation of the zinc enolate of 

vinylogous ester 99 (Scheme 9b). An iodination/hydrolysis sequence provided diketone 

102, which was immediately brominated to yield bromoiodocyclopentenone 103. Finally, an 

enantioselective Corey–Bakshi–Shibata (CBS) reduction47 of (±)-103 resulted in a kinetic 

resolution that provided alcohol (−)-106 in 91% enantiomeric excess, which was protected 

to furnish dihalide fragment 91.

With both fragments in hand, we investigated a two-step annulation strategy to forge 

the tetracyclic ring system. Selective lithiation of iodide 91 and addition to aldehyde 92 
provided secondary alcohol 90 in good yield but modest diastereoselectivity (Scheme 10). 

To close the central B ring, a carbopalladation/carbonylation cascade was investigated, 

with the goal of forging two C–C bonds and setting the all-carbon quaternary center in a 

single step. This reaction required extensive optimization to identify conditions that favored 

formation of the seven-membered lactone in preference to the five-membered lactone 

accessible via competitive direct carbonylation of the alkenyl bromide. In particular, it was 

important to maintain a low concentration of CO in solution to avoid inhibition of alkenyl 

bromide oxidative addition and to favor alkene insertion prior to carbonylation. Ultimately, 

use of N-formylsaccharin with KF as an activator48 and 50 mol% Pd(PPh3)4 proved optimal; 

under these conditions, the bridging lactone 88 could be formed in 57% yield as a single 

diastereomer.

To complete the synthesis, the tetrasubstituted allylic alcohol needed to be transformed into 

the A–B ring fusion diol. To this end, PMB deprotection of 88 followed by treatment with 
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dimethyl dioxirane (DMDO) was found to deliver the C15 ketone, in addition to unexpected 

benzylidene acetal oxidation. This transformation had not been a part of our initial plan; 

we nonetheless continued with efforts to elaborate towards 6. Following 1,2-addition of 

methyl Grignard to hydroxybenzoate 108, it was discovered that diol 109 could be converted 

to orthobenzoate 111 by treating with trifluoroacetic acid, presumably proceeding through 

dioxolenium ion 110. This three-step sequence, although outside of the original synthetic 

design, allowed us to repurpose the benzylidene acetal from a diol protecting group to 

an anchimeric directing group. Having enabled installation of the C4 tertiary alcohol, it 

resumed the role as an alcohol protecting group, now in the form of an orthobenzoate. This 

series of transformations illustrates how some of the most strategic reaction sequences arise 

from leveraging the emergent reactivity of the molecule, rather than strictly adhering to a 

preconceived synthetic design.

Tetracyclic alkene 111 was found to undergo selective allylic oxidation of the tertiary C–H 

bond at C2 to give allylic alcohol 112. Again, we were faced with an opportunity to revise 

our synthetic plan. Although we had initially envisioned epoxidizing anhydroperseanol (87) 

in order to execute a reductive cyclization analogous to those employed in the syntheses of 

ryanodine and ryanodol, we recognized that the synthesis could be streamlined by instead 

preparing the isomeric epoxide 113. This type of reductive cyclization was unprecedented; 

however, given that 112 could be stereoselectively converted to 113 in good yield, it 

seemed worthwhile to pursue. Extensive investigation of a variety of reductants revealed 

that lithium 2-phenylnaphthalenide in THF/benzene effected the reductive cyclization of 

113 to construct the C1–C15 bond and deliver 115 in 25% yield. Interestingly, C2-des-iso-

propyl-113 undergoes reductive cyclization in >50% yield (not shown), indicating that the 

steric bulk of the iso-propyl substituent likely slows down the rate of C–C bond formation. 

Final hydrogenolysis of the orthobenzoate afforded (+)-perseanol (6). 4 The successful first 

total synthesis of (+)-6 in 16 linear steps testifies to the power of convergent fragment 

couplings; additionally, the opportunistic formation of the A–B ring fusion diol illustrates 

that strategic redox planning can enable fortuitous discoveries to drive synthetic efficiency.

4. Concluding Remarks

In summary, we have presented insight into several total syntheses of diterpene natural 

products. Our synthetic planning was guided by target structures, with bond-forming 

tactics chosen to leverage inherent functional group relationships and their charge affinity 

patterns in order to minimize redundant changes to carbon oxidation states. In addition, 

careful choreography of C–C and C–O bond construction allowed strategic introduction of 

oxidation, thereby reducing synthetic manipulations ancillary to the direct assembly of the 

natural product.

At the broader level, our work is among that developed by the synthetic community to utilize 

distinct conceptual frameworks to fill gaps in biosynthetic and chemical knowledge. We are 

compelled to implement these intellectual programs as practical synthetic sequences by the 

growing need for significant quantities of natural products to answer interesting biological 

questions. Just as we have been inspired to solve the unique challenges presented by 
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each target diterpene, we encourage continued innovation in design strategies and chemical 

methods for the synthesis of natural products of ever-increasing complexity.
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Figure 1. 
(a) Oxidized diterpene targets completed by the Reisman laboratory. (b) Difunctional 

relationships guide key C–C bond constructions. (c) Carbon framework topology guides 

early vs. late stage C–H oxidation.
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Figure 2. 
Retrosynthetic analysis of ent-kauranoid diterpenes.
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Figure 3. 
Retrosynthetic analysis of (+)-pleuromutilin (4) and 12-epi-4.
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Figure 4. 
Retrosynthetic analysis of ryanodane diterpenes.
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Figure 5. 
Retrosynthetic analysis of (+)-perseanol (6).
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Scheme 1. 
12-step total synthesis of (−)-maoecrystal Z (1).
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Scheme 2. 
Total synthesis of (−)-longikaurin E (3) and (−)-trichorabdal A (2).
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Scheme 3. 
18-step total synthesis of (+)-pleuromutilin (4).
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Scheme 4. 
18-step total synthesis of (+)-12-epi-pleuromutilin (12-epi-4).
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Scheme 5. 
15-step total synthesis of (+)-ryanodol (43).
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Scheme 6. 
18-step total synthesis of (+)-ryanodine (5).
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Scheme 7. 
19-step total synthesis of (+)-20-deoxyspiganthine (44).
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Scheme 8. 
(a) Dioxidation of bicyclic cyclopent-2-en-1-ones with aqueous SeO2. (b) Trioxidation of 

bicyclic cyclopent-2-en-1-ones with anhydrous SeO2.
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Scheme 9. 
(a) Preparation of the C-ring fragment (92). (b) Preparation of the A-ring fragment (91).
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Scheme 10. 
16-step total synthesis of (+)-perseanol (6).
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