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“The unique challenge which chemical synthesis provides for the creative imagination and 

the skilled hand ensures that it will endure as long as men write books, paint pictures, and 

fashion things which are beautiful, or practical, or both.” 
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ABSTRACT 
 

Rapidly Introducing Molecular Complexity: 

Reaction Development and Application to Hydrocarbon and Heterocyclic Frameworks 

 

Charles James Frederick Cole 

 

Natural product total synthesis, as a field, has sought to provide access to complex and 

intriguing structures as a means to further chemical knowledge, support biological studies and 

inspire therapeutic design.  However, such access is limited by the tools made available to 

synthetic chemists, and as such, a leading goal within the community is the development and 

application of novel reactions to expedite the synthesis of targets of interest. Over the years the 

chemical toolbox, as it is informally known, has been consistently expanded from more 

traditional functional group interconversions and strategies, to reactions which can rapidly 

introduce stereochemical complexity and those which promote activation of chemical bonds 

typically viewed as inert. The dissertation herein reports the study of reactions which take 

achiral materials or materials with minimal chiral elements and rapidly introduce molecular 

complexity in both hydrocarbon and heterocyclic frameworks.  

Chapter 1 serves to introduce our group’s work on unique electrophile transfer reagents, 

in particular the development of a series of electrophilic sulfur transfer reagents, which can be 

used to promote polyene cyclizations in several substrates with varying steric and electronic 

demands. Initial studies on chiral forms of these reagents are also briefly discussed. 

 Subsequently, Chapter 2 presents the synthesis of the terpenes spiroviolene and 

spirograterpene A. Such minimally functionalized structures have been a focus of our group 

from the perspective of using quaternary centers to guide and expedite synthetic planning. 

Starting from a previously established intermediate, we perform a series of transformations 



 xxii 

which, in short order, build in key stereocenters and bond connections, granting access, in a 

modular fashion, to both targets. In addition, experimental, spectral and computational data is 

used to rationalize the proposed structural reassignment of a key stereocenter in spiroviolene 

to match more closely the structure of spirograterpene A.  

 Chapter 3 then turns attention to the development of a novel asymmetric pyrone Diels–

Alder reaction. Despite the fact that this reaction has been widely studied, due to the broad 

utility of the bicyclic lactone products as well as their derivatives, enantioselective methods are 

quite limited. This chapter seeks to demonstrate our approach to the development of an inverse 

electron-demand pyrone Diels–Alder reaction, enabled by dienamine catalysis. The broad 

scope of this transformation is detailed, as well as relevant derivatizations of various reaction 

products. In addition, key transition state proposals are put forward to account for the enantio- 

and diastereoselectivity observed for this process. Following this, we present a brief study 

towards the gardmutine alkaloids, taking advantage of the relative stereochemistry imparted by 

the pyrone Diels–Alder reaction, as well as the advancement of this method to include 2-

pyridones as competent diene partners. 

 Finally, Chapter 4 details our synthetic approaches to the indole alkaloids nareline and 

picrinine. We discuss the modular strategy developed by our group, which has been used to 

successfully tackle a number of indole alkaloids. Application of this approach has rendered 

many highly functionalized late-stage intermediates to date, requiring a single ring forming 

event to access the desired target. Included in these studies are key transformations that serve 

to build significant structural complexity, such as a Au-catalyzed 6-endo-dig cyclization to 

construct the dihydrocarbazole backbone, as well as a one-pot Barton 

decarboxylation/oxidation sequence to form the requisite furoindole motif. Proposals for the 

completion of this target from the advanced intermediates disclosed here are also discussed.  



 
 
 
 
 
 
 
 
 
 
 
 
 
 

CHAPTER 1 

 

PREPARATION AND APPLICATION OF NOVEL DISULFANIUM SALTS TO 

POLYENE CYCLIZATIONS 

  



 2 

1.1 Introduction 

Currently, there are two major benchmarks for any new chemical method. The first is the 

ability to perform site selective transformations on unactivated bonds in complex substrates, 

while the other is the ability to construct molecular complexity from precursors with minimal, 

if any, stereochemical information. Furthermore, in the realm of total synthesis, the efficiency 

of individual transformations or even entire synthetic routes, is often compared to processes 

employed by nature herself. One area where both of these concepts intercept is polyene 

cyclizations: transformations in which a series of olefins within a long-chain hydrocarbon 

a) Bloch and Rittenberg, 1945
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Scheme 1.1. (a) Bloch and Rittenberg study on link between cholesterol (2) and acetic acid; (b) Stork and (c) 
Eschemoser studies on the mechanism of polyene cyclizations.
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associate into chair transition states and undergo a concerted cyclization process to generate 

fused polycycles.1, 2 

This concept was first discussed as a process through which squalene could be converted 

biosynthetically to a number of steroid architectures such as cholesterol (2). Early work from 

Bloch and Rittenberg, in which isotopic labelling confirmed acetic acid as a precursor to both 

squalene and cholesterol, disproved the original belief that fatty acids, such as arachidonic acid, 

served as the requisite starting material, and paved the way for the key experimental studies 

that would fully illuminate this biogenic process.3 Subsequent work by Stork on the cyclization 

of farnesic acid showed that only trans-decalins could be obtained under both Lewis and 

Brønsted acidic conditions, and additional studies on the polycyclization of farnesyl acetic acid 

indicated that not only does such a mechanism proceed in an anti-addition fashion but that the 

process is likely concerted, lacking any discrete carbocations.4 This conclusion was further 

supported in studies by Eschenmoser, where E- and Z-1,5-dienes (8) were subjected to HCO2H 

under heating. In these cases, the transformations were stereospecific, with the conformation 

about the olefin proximal to the carboxylic acid moiety guiding the final stereo-outcome.5 

These results supported the Stork proposition of a concerted anti-addition across the alkenes 

and further posited that such transformations must occur through a chair transition state. This 

led to what is commonly now known as the Stork-Eschenmoser Hypothesis and is the basis for 

all polyene cyclization strategies used to date, including in particular the enzyme catalyzed 

polycyclization of oxidosqualene (12) to lanosterol (14), a precursor to cholesterol. One of the 

first synthetic applications of this proposal was by Johnson in 1977, where an enantiopure 

polyene (15) was subjected to TFA at low temperature to promote the corresponding polyene 

cyclization to build the requisite 5/6/6/5 fused ring system and provide methyl ketone 16, which 

could then be further advanced to 11-a-hydroxyprogesterone (17).6 



 4 

 

Within the realm of polyene cyclizations, our group has taken particular interest in the 

species used to initiate such cascades.  In a biosynthetic sense, these polycyclizations are 

initiated using simple protons, as in the case of the cyclization of squalene to hopene, or 

epoxides as in the conversion of squalene to lanosterol as discussed above (Scheme 1.2). 

However, synthetic chemists have broadened this arena to include other initiators. One of the 

more common alternatives is the use of halonium ion sources, an area in which our group has 

made significant headway with the development of reagents such as BDSB (18), CDSC (19) 
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H
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H
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Scheme 1.2. (a) Enzyme-mediated polyene cyclization of squalene (10); (b) Early example of polyene cyclizations in 
total synthesis.
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and IDSI (20): highly potent halonium ion sources capable of promoting a number of cation-

p-cyclizations.7 Outside of the myriad of applications to analogous transformations mediated 

by electrophilic halonium reagents such as NBS or TBCO, a clear example of the utility of 

such species is the total synthesis of peyssonol A (23).7b Here, Boc-protected farnesol 21 

undergoes a polyene cyclization, promoted by BDSB and terminated by the Boc group to 

provide the trans-decalin 22, containing a secondary bromide and cyclic carbonate. Not only 

does this transformation construct the necessary decalin frame from the completely linear 

precursor, but through careful choice of initiator and terminating group, the requisite 

functionalities are put in place to expedite the completion of this target following standard 

functional group interconversions. It is worth noting that the potential of these species is by no 

means limited to applications in polyene cyclizations and has been applied to more exotic 

systems, such as cyclization-ring expansion sequences to form 8-membered cyclic bromo-

ethers, a gateway to a number of brominated marine natural products. 8 

 

Along with the previously mentioned halonium sources, electrophilic sulfur reagents 

have also been used to promote such cascades, in this case via the formation of a thiiranium 

ion at the most distal olefin (Scheme 1.4). These sulfur-promoted polycyclizations are an area 

into which much effort has been placed, not only understanding the extent to which such 

OBoc

BDSB

(56%)

O

O

O

Br Br

HO

OH

O

21 22 23: peyssonol A

Et
S
Br

Et

SbCl5Br

18: BDSB

Et
S
Cl

Et

SbCl6
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Scheme 1.3. Potent electrophilic halonium sources 18-20 and application of 18 to the total synthesis of peyssonol A 
(23).
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transformations are possible in the construction of complex thioethers, but also the ability to 

do so asymmetrically. Pioneering work within this field is attributed to B. M. Trost with the 

development of dimethyl(methylthio)sulfonium tetrafluoroborate (DMTSF), in which the 

initial potential of this reagent was viewed from the perspective of functionalizing individual 

olefins with a diverse array of nucleophiles, and which is currently used as a benchmark for 

novel electrophilic sulfur reagents.9 Shortly thereafter, Livinghouse demonstrated that aryl 

sulfenates such as PhSOMe, or the corresponding sulfenyl chloride, could in fact promote 

polyene cyclizations on a wide variety of substrates (e.g. 24®25, Scheme 1.4).10 This work 

was later advanced by Denmark et al. in which a carefully designed Lewis base, in the form of 

a chiral selenophosphoramide catalyst (30), permits the formation of a configurationally stable 

aryl thiiranium ion-catalyst complex.11 The extensive chiral environment created around this 

electrophilic sulfur species then allows for a chiral transfer to the olefin of interest and provides 

the corresponding mono or polycyclization product in an asymmetric fashion. It is worth noting 

that this represents the first case of an asymmetric thiiranium-promoted polyene cyclization.  

 

27

O

O

OMe
OMe PhSOMe

BF3

OMe
OMe

H
PhS

MeNO2
5 min
(51%)

chiral Lewis base
(30)

phthalimide–SAr

H
S

HFIP
22 °C, 12 h

(60%, 80% ee)

i-Pr

i-Pr
28 29

24 25

N

N
P

Me

Me
Se

N(i-Pr)2

30

chiral Lewis base
(30)

phthalimide–SPh
EtSO3H
CH2Cl2

–20 °C, 3 d
(92%, 94% ee)26

O

O SPh

Scheme 1.4. Pioneering examples of thiiranium-promoted polyene cyclizations in both racemic and asymmetric 
fashions.
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Despite the significant advances made in this field, in both racemic and asymmetric 

fashions, one shortfall is the limited availability of alkyl-sulfur based systems to perform such 

transformations. Our group made a significant contribution to this field while pursuing novel 

analogues of the electrophilic chlorine transfer reagent CDSC (19).12 It was discovered that the 

combination of dithioethers with SbCl5 in the presence of Cl2 provided an isolable solid, whose 

structure was determined by X-ray crystallographic analysis. A proposed mechanism for the 

formation of 31 is provided in Scheme 1.5, wherein it is believed that one of the sulfur atoms 

associates with the electrophilic chlorine atom to form a positively charged chlorosulfonium 

intermediate. The second thioether moiety can then initiate a cyclization to form the strained 

thiiranium species 40, which can be ring opened via the nucleophilic chloride to give 

chlorothioether 42. Finally, the resulting thioether can attack the electrophilic sulfenyl chloride 

to form the disulfanium salt 31.13 It was shown that these species were capable of performing 

polyene cyclizations with a number of electron rich and electron neutral systems in moderate 

to good yield. However, there were two major limitations to these reagents. First, they did not 
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appear to be competent at performing monocyclizations, and second, these reagents were 

limited to three variants (36-38). As such, we set out to design a set of electrophilic sulfur 

transfer reagents that proved more potent than those of type 31, while simultaneously pursuing 

a convenient preparatory method that would allow modular access to a much broader variety 

of corresponding alkyl and even aryl thioethers.  

 

1.2 Modular Preparation of Novel Alky and Aryl Disulfanium Salts  

Taking note of the impact of our group’s previous contribution in this area, while remaining 

conscious of the clear limitations, we decided to design a modular route to a new class of 

disulfanium salts. In this regard, we turned our attention to the work of Pasquato and co-

workers (Scheme 1.5b).14 Here, the authors prepared a highly reactive chiral disulfanium salt 

through the reaction of disulfide 43 with methanesulfenyl chloride and SbCl5 which, when 

combined with 3-hexene (45) in aqueous acetonitrile at –78 °C, promoted an enantioselective 

thioamidation of the central alkene to provide 46 in 80% yield. Using these results, as well as 

preliminary work by previous group members on the use of tetrahydrothiophene to generate a 

potent source of electrophilic halides,15 we designed the following modular route to a variety 

of disulfanium salts. In our optimized procedure, the chosen sulfenyl chloride, prepared either 

from the commercially available thiol or analogous disulfide using SO2Cl2, is combined with 

tetrahydrothiopene and SbCl5 at 0 °C for 30 min to generate the corresponding disulfanium salt 

as an isolable solid. As shown in Scheme 1.6, such a procedure has led to the preparation of a 

variety of alkyl, both linear and branched, and aryl disulfanium salts (47-53), all in yields 

>90%. Unfortunately, all of these species demonstrated great instability when dissolved in a 

variety of organic solvents and several attempts to grow crystals suitable for X-ray analysis 

simply resulted in decomposition. As such, structural characterization is based on 
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stoichiometry as well as similarly precedented sulfanium salts. Interestingly, despite their 

observed instability 

 

when solvolyzed, if stored as solids at –20 °C these materials retain complete reactivity. In fact, 

47 has been shown to provide reproducible yields even when stored at 10 °C for one week.  

 

1.3 Applications to Polyene Cyclizations and Initial Asymmetric Studies 

With this new variety of sulfur transfer reagents in hand, we then sought to compare their 

potency, where applicable, to that of the previously reported disulfanium species, while at the 

same time evaluating those more novel variants. Therefore, by subjecting the commonly 

utilized polyene precursor 28 to all of the prepared disulfanium species (47-53) in CH2Cl2 at   

0 °C for 5 min, we were able to access a variety of polycyclic thioethers, 54-60, all in moderate 

to good yield. Of particular interest, when comparing reagents 47-49 to those previously 

employed by our own group, we found yields that were higher, in the case of 47 and 48, or 

commensurate, in the case of 49, to those previously obtained. Furthermore, the slightly more 

hindered variants, such as 50 and 51, have led to the synthesis of polycycles 57 and 58 in 

moderate yield, where previously described linear species of the form 31 only provided the 
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Scheme 1.6. Modular preparation of disulfanium salts 47-53 from commercially available materials.
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product in trace amounts. And of course, this method of preparation has also enabled access to 

polycyclic aryl thioethers such as 59 and 60 in good yield. It should be noted that in addition, 

thioether 60 now contains a handle for further functionalization in the form of a Julia-Kocienski 

olefination, a transformation that has been demonstrated by Denmark et al. in similar 

systems.11f 

 

An additional factor that was probed in the design of these reagents, though not 

extensively, was ring size. When the sulfur ring size is increased to the six-membered 

tetrahydrothiopyran a slight decrease in yield is observed (58% as compared to 64%, Table 1.1 

entry 2). As such, we presume that the increased ring strain present in reagents of the form 48 

is in part causing the observed potency of these species. At this time, the corresponding four-

membered analogue has not been explored but could serve to further support or dispel this 

theory. 

The competency of these sulfur transfer reagents was further tested by exploring the 

scope of compatible polyene precursors. In this effort, we elected to use 48 as the model 

disulfanium species, based on the rationale that this could be viewed as somewhat less reactive 

than other variants (such as 47 and 49), as well as the fact that it could serve as a direct point 

of comparison to 37. As can be seen in Table 1.2, 48 has been shown to promote the cyclization 
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6
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Yield (%)
55
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Previous yield (%) from ref. 12
42
52
55

trace
trace

-
-

28
H

Table 1.1. Thiiranium-promoted polyene cyclization of homogeranyl benzene (28) with disulfanium salts 47-53.
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of a variety of polyene precursors. In the case of the more electron rich cyclization precursors, 

such as 70 and 71, the reagent performed in commensurate yield. While in the case of a 
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Table 1.2. Scope of monoalkene and polyene cyclizations as effected by ethyl disulfanium salt 48.
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heteroatom-terminating nucleophile such as 72 and 73, the disulfanium salt provided the 

desired compound in higher yield, with 73 being obtained in nearly twice the previously 

recorded throughput. Most notable, however, is the ability to access cyclization products 67 

and 68. These less reactive precursors gave no desired product when applying 37, however in 

our case we are able to obtain yields of 55% and 28% respectively, a key result in noting the 

strength of these reagents. An interesting, however, unexpected result is the low yield obtained 

when subjecting the highly electron rich 69 to the reaction conditions. Despite the moderate 

yield obtained from reagent 37 (52%), the sulfur transfer species 48 gave only 10% of the 

desired cyclization product alongside an additional 10% of protocyclization. At this time, it is 

unclear as to what causes this discrepancy in yield; however, one could presume that the more 

highly reactive nature of this substrate, along with the high reactivity of the reagent lends itself 

to undergoing a variety of decomposition pathways more readily. 

 

Having explored the scope of these species, our attention was focused on whether chiral 

variants of structure 47 could provide any asymmetric induction. As noted in the introduction 

to this section, the challenges in conducting asymmetric polyene cyclizations are well 

precedented in the literature, of which a variety of solutions have arisen, such as the chiral 

Lewis bases developed by the Denmark group. In the framework of tetrahydropthiophene-

based sulfur transfer reagents, previous work on C2-symmetric species capable of inducing 

enantioselectivity has also been published. 16 
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Scheme 1.7. Initial exploration of chiral disulfanium salts 75-77.
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To this end, we prepared the dimethyl tetrahydrothiophene species 75 and 76. 

Unfortunately, when subjecting these transfer reagents to modified reaction conditions 

(CH2Cl2, –78 °C, 2 h), a commensurate yield was obtained but minimal enantioselection was 

observed. We also considered the more sterically encumbered diphenyl and di-tert-butyl 

variants, however were unable to prepare the corresponding disulfanium species. In lieu of this 

we instead turned to 77, a scaffold that has been utilized extensively by Aggarwal, among 

others, in the preparation of sulfur-ylides for asymmetric epoxidation and aziridination.16g 

Unfortunately, even this highly privileged scaffold provided practically no enantioselection, 

thereby highlighting the inherent challenge of conducting this transformation asymmetrically.  

 

1.4 Conclusion  

Ultimately, we have developed a new set of sulfur transfer reagents in the form of 

disulfanium salts 47-53. These species have been shown to engage in a variety of thiiranium-

promoted polyene cyclizations, often providing the desired polycycles in higher yield than both 

commercial and previously developed reagents, as well as exhibiting a high tolerance for 

substrate variability. Furthermore, the modular route developed for the preparation of these 

species has allowed access not only to a variety of linear and branched alkyl thioethers, but 

also some aryl variants with the potential for further elaboration. Finally, initial explorations 

into conducting this transformation asymmetrically have been performed, utilizing both C2-

symmetric, as well as privileged scaffolds. Unfortunately, while competent at performing the 

desired polyene cyclization, these particular reagents did not appear to provide any 

enantioselectivity.  
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1.6 Experimental Section 

General Procedures. All reactions were carried out under an argon atmosphere with 

anhydrous solvents under anhydrous conditions, unless otherwise noted. Anhydrous THF, 

toluene, Et2O, CH2Cl2, and MeCN were obtained by passing commercially available pre-dried, 

oxygen-free formulations through activated alumina columns. Yields refer to 

chromatographically and spectroscopically (1H and 13C NMR) homogeneous materials, unless 

otherwise stated. Reagents were purchased at the highest commercial quality and used without 

further purification, unless otherwise stated. Reactions were magnetically stirred and 

monitored by TLC carried out on 0.25 mm Merck silica gel plates (60F-254) using UV light as 

visualizing agent, and an aqueous solution of cerium ammonium molybdate or a solution of 

KMnO4 in aqueous NaHCO3 and heat as developing agents. (2R,5R)-2,5-Dimethylthiolane, 2-

benzothiazole disulfide, and all monoalkene and polyene cyclization substrates were prepared 

according to the procedures described in the literature. SiliCycle silica gel (60, academic grade, 

particle size 0.040–0.063 mm) was used for flash column chromatography. Preparative TLC 

separations were carried out on 0.50 mm E. Merck silica gel plates (60F-254). NMR spectra 

were recorded on Bruker 400 and 500 MHz instruments and calibrated using residual 

undeuterated solvent as an internal reference. Standard abbreviations were used to explain the 

multiplicities. IR spectra were recorded on a PerkinElmer 1000 series FT-IR 

spectrophotometer. High-resolution mass spectra (HRMS) were recorded on Agilent 6244 

ToF-MS using ESI (electro- spray ionization) at the University of Chicago Mass Spectroscopy 

Core Facility. All ee values were determined by HPLC on a Daicel CHIRALCEL OD-H 

column. 

 

Preparation of Disulfanium Salts; General Procedure. To a solution of the thiol or alkyl 

disulfide (1.0 mmol, 1.0 equiv.) in CH2Cl2 (1 mL) at 0 °C was added SO2Cl2 (0.090 mL, 1.1 
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mmol, 1.1equiv.) dropwise. This mixture was stirred at 0 °C for 30 min, unless otherwise 

specified, and subsequently transferred to a flask containing tetrahydrothiophene (0.089 mL, 

1.0 mmol, 1.0 equiv.) in CH2Cl2 (1.0 mL) at 0 °C followed by the dropwise addition of SbCl5 

(1.0 M solution in CH2Cl2, 1.0 mL, 1.0 mmol, 1.0 equiv.). Upon completion, pentane (5 mL) 

was added and the mixture filtered to give the desired disulfanium salt as a semi-crystalline 

solid. The salt was dried under vacuum for 10–20 min and then immediately stored at –20 °C. 

Due to their instability in typical organic solvents at 23 °C, all salts were characterized by ATR-

FTIR spectroscopy and melting point analysis. 

 

Methyl Disulfanium Salt (47). Prepared from Me2S2 following the procedure above at –20 °C 

to afford 47 as a deep purple solid (0.450 g, 96%); mp 101–102 °C; IR (film): 3337, 3005, 

2942, 1444, 1306, 1271, 965, 872, 687 cm–1. 

 

Ethyl Disulfanium Salt (48). Prepared from Et2S2 following the procedure above to afford 48 

as an off-white solid (0.444 g, 92%); mp 88–89 °C; IR (film): 3006, 2954, 2870, 1445, 1302, 

1269, 1249, 893, 669 cm–1. 

 

3,3,3-Trifluoropropyl Disulfanium Salt (49). Prepared from 3,3,3-trifluoropropane thiol 

following the procedure above to afford 49 as a grey solid (0.523 g, 95%); mp 75–78 °C; IR 

(film): 2996, 2947, 1309, 1240, 1139, 1094, 870, 634 cm–1. 

 

Benzyl Disulfanium Salt (50). Prepared from benzyl mercaptan following the procedure 

above to afford 50 as an orange-yellow solid (0.496 g, 91%); mp 64–65 °C; IR (film): 2943, 

1453, 1410, 1306, 1246, 872, 696 cm–1. 
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Isopropyl Disulfanium Salt (51). Prepared from isopropyl mercaptan following the procedure 

above to afford 51 as an off-white solid (0.472 g, 95%); mp 107–109 °C; IR (film): 2949, 1443, 

1411, 1306, 1249, 1048, 874 cm–1. 

 

Phenyl Disulfanium Salt (52). Prepared from Ph2S2 following the procedure above, starting 

at 0 °C and slowly warming to 23 °C to afford 52 as a pale orange solid (0.500 g, 91%); mp 

108–110 °C; IR (film): 2994, 2945, 1442, 1400, 1305, 1270, 1247, 862, 764, 703, 

690 cm–1. 

 

2-Benzothiazole Disulfanium Salt (53). Prepared from benzothiazole disulfide following the 

procedure above starting at 0 °C and heating to reflux to afford 53 as a bright yellow solid 

(0.541 g, 92%); mp 118–119 °C; IR (film): 3064, 1427, 1312, 1237, 1005, 756, 705, 669cm–1. 

 

Chiral Phenyl Disulfanium Salt (76). Prepared from Ph2S2 and (2R,5R)-2,5-dimethylthiolane 

following the procedure above, starting at 0 °C and slowly warming to 23 °C to afford 76 as a 

black solid (0.453 g, 94%); mp 92–93 °C; IR (film): 2976, 2912, 1442, 1307, 1251, 999, 751, 

684 cm–1. 

 

Thiiranium-Promoted Polyene Cyclizations; General Procedure. To a solution of the 

alkene substrate (0.1 mmol, 1.0 equiv.) in CH2Cl2 (2.5 mL) at 0 °C was quickly added a solution 

of the disulfanium salt (0.11 mmol, 1.1 equiv.) in CH2Cl2 (0.25 mL) in a single portion. After 

stirring the resultant mixture for 5 min, the reaction contents were quenched by the addition of 

saturated aq. NaHCO3 (5 mL) and the aqueous layer was extracted with CH2Cl2 (3 ´ 5 mL). 

The organic layers were combined, dried (Na2SO4), and concentrated to give a crude residue, 

which was further purified by flash column chromatography or preparative TLC, as indicated. 
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Methyl(1,1,4a-trimethyl-1,2,3,4,4a,9,10,10a-octahydrophenanthren-2-yl)sulfane (54). 

The crude material was purified by flash column chromatography (hexanes/CH2Cl2, 4:1), 

followed by preparative TLC (hexanes/CH2Cl2, 3:1) to afford 54 as a colorless oil (15.0 mg, 

55%). 54: Rf = 0.25 (hexanes/CH2Cl2, 4:1); 1H NMR (500 MHz, CDCl3) δ 7.24 (dd, J = 7.8, 

1.4 Hz, 1 H), 7.13 (tdt, J = 7.7, 1.6, 0.8 Hz, 1 H), 7.08 (td, J = 7.3, 1.4 Hz, 1 H), 7.06–7.03 (m, 

1 H), 3.00–2.83 (m, 2 H), 2.38 (dt, J = 13.1, 3.4 Hz, 1 H), 2.29 (dd, J = 12.7, 4.0 Hz, 1 H), 2.15 

(s, 3 H), 2.12–2.06 (m, 1 H), 1.97–1.89 (m, 2 H), 1.82–1.70 (m, 1 H), 1.54–1.46 (m, 1 H), 1.39 

(dd, J = 12.2, 2.2 Hz, 1 H), 1.22 (s, 3 H), 1.21 (s, 3 H), 0.94 (s, 3 H). 

 

Ethyl(1,1,4a-trimethyl-1,2,3,4,4a,9,10,10a-octahydrophenanthren-2-yl)sulfane (55). The 

crude material was purified by flash column chromatography (silica gel, hexanes/CH2Cl2, 4:1), 

followed by preparative TLC (silica gel, hexanes/CH2Cl2, 3:1) to afford 55 as a colorless oil 

(18 mg, 64% yield). 55: Rf = 0.25 (silica gel, hexanes/CH2Cl2, 4:1); 1H NMR (500 MHz, 

CDCl3) d 7.24 (dd, J = 7.9, 1.4 Hz, 1 H), 7.16–7.11 (m, 1 H), 7.08 (td, J = 7.3, 1.4 Hz, 1 H), 

7.06–7.03 (m, 1 H), 2.96 (ddd, J = 17.2, 6.6, 1.9 Hz, 1 H), 2.87 (ddd, J = 17.4, 11.6, 7.2 Hz, 1 

H), 2.58 (qq, J = 12.4, 7.4 Hz, 2 H), 2.39–2.33 (m, 2 H), 2.06 (dq, J = 14.0, 3.8 Hz, 1 H), 2.02–

1.90 (m, 2 H), 1.82–1.70 (m, 1 H), 1.61–1.47 (m, 2 H), 1.39 (dd, J = 12.2, 2.2 Hz, 1 H), 1.27 

(t, J = 7.4 Hz, 3 H), 1.22 (s, 6 H), 0.93 (s, 3 H). 

 

(3,3,3-Trifluoropropyl)(1,1,4a-trimethyl-1,2,3,4,4a,9,10,10a-octahydrophenanthren-2-yl) 

sulfane (56). The crude material was purified by flash column chromatography (silica gel, 

hexanes/CH2Cl2, 4:1), followed by preparative TLC (silica gel, hexanes/CH2Cl2, 3:1) to afford 

56 as a colorless oil (19 mg, 54% yield). 56: Rf = 0.35 (silica gel, hexanes/CH2Cl2, 4:1); 1H 

NMR (500 MHz, CDCl3) d 7.23 (dd, J = 8.0, 1.4 Hz, 1 H), 7.13 (td, J = 7.5, 1.7 Hz, 1 H), 7.09 
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(td, J = 7.3, 1.4 Hz, 1 H), 7.05 (dd, J = 7.5, 1.6 Hz, 1 H), 2.96 (ddd, J = 17.3, 6.7, 1.9 Hz, 1 H), 

2.91–2.84 (m, 1 H), 2.72 (qdd, J = 12.8, 9.7, 6.5 Hz, 2 H), 2.43–2.37 (m, 2 H), 2.36–2.33 (m, 

2 H), 2.07–1.90 (m, 3 H), 1.82–1.70 (m, 1 H), 1.51 (ddd, J = 13.0, 10.9, 4.4 Hz, 1 H), 1.40 (dd, 

J = 12.1, 2.2 Hz, 1 H), 1.22 (s, 3 H), 1.21 (s, 3 H), 0.93 (s, 3 H). 

 

Benzyl(1,1,4a-trimethyl-1,2,3,4,4a,9,10,10a-octahydrophenanthren-2-yl)sulfane (57). The 

crude material was obtained as a mixture of diastereomers (4:1), which was purified by flash 

column chromatography (hexanes/CH2Cl2, 20:1), followed by preparative TLC 

(hexanes/CH2Cl2, 3:1) to afford the major diastereomer 57 as a pale yellow oil (11.4 mg, 35%); 

57: Rf = 0.30 (hexanes/CH2Cl2, 4:1); IR (film): 3060, 3026, 2965, 2927, 1489, 1453, 1389, 756, 

701 cm–1; 1H NMR (500 MHz, CDCl3) δ 7.33–7.27 (m, 4 H), 7.21 (dd, J = 7.7, 1.7 Hz, 2 H), 

7.11 (t, J = 6.2 Hz, 1 H), 7.06 (dt, J = 7.1, 1.4 Hz, 1 H), 7.02 (dd, J = 7.2, 1.6 Hz, 1 H), 3.78 

(d, J = 13.3 Hz, 1 H), 3.72 (d, J = 13.3 Hz, 1 H), 2.96 (dd, J = 16.8, 6.8 Hz, 1 H), 2.82 (ddd, J 

= 17.5, 11.6, 7.3 Hz, 1 H), 2.31 (dt, J = 13.1, 3.4 Hz, 1 H), 2.27–2.20 (m, 1 H), 2.00–1.91 (m, 

2 H), 1.87 (ddt, J = 13.4, 7.3, 2.1 Hz, 1 H), 1.72 (dtd, J = 13.4, 11.9, 6.7 Hz, 1 H), 1.45–1.35 

(m, 1 H), 1.30–1.25 (m, 2 H), 1.20 (s, 3 H), 1.05 (s, 3 H), 0.91 (s, 3 H); 13C NMR (126 MHz, 

CDCl3) δ 149.5, 139.0, 135.1, 129.1, 129.1, 56.4, 52.1, 39.2, 38.5, 37.9, 36.6, 30.8, 29.6, 28.0, 

24.9, 19.9, 17.8; HRMS (ESI): m/z [M+H]+ calcd for C24H31S+ 351.2141, found 351.2142. 

 

Isopropyl(1,1,4a-trimethyl-1,2,3,4,4a,9,10,10a-octahydrophenanthren-2-yl)sulfane (58). 

The crude material was purified by flash column chromatography (hexanes/CH2Cl2, 5:1), 

followed by preparative TLC (hexanes/CH2Cl2, 3:1) to afford 58 as a colorless oil (15.0 mg, 

50%). 58: Rf = 0.26 (hexanes/CH2Cl2, 4:1); IR (film): 3060, 2966, 2928, 2361, 1489, 1450, 

1042, 758, 722 cm–1; 1H NMR (500 MHz, CDCl3) δ 7.24 (dd, J = 7.9, 1.4 Hz, 1 H), 7.12 (t, J 

= 7.7 Hz, 1 H), 7.08 (td, J = 7.3, 1.4 Hz, 1 H), 7.04 (dd, J = 7.6, 1.7 Hz, 1 H), 3.00–2.83 (m, 3 
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H), 2.39–2.32 (m, 2 H), 2.07–1.90 (m, 3 H), 1.81–1.72 (m, 1 H), 1.51 (dt, J = 11.1, 6.6 Hz, 1 

H), 1.40 (dd, J = 12.2, 2.2 Hz, 1 H), 1.29 (d, J = 6.9 Hz, 3 H), 1.27 (d, J = 7.1 Hz, 3 H), 1.21 

(d, J = 3.3 Hz, 6 H), 0.92 (s, 3 H); 13C NMR (126 MHz, CDCl3) δ 149.6, 135.2, 129.1, 125.9, 

125.5, 124.6, 56.1, 52.3, 39.5, 38.5, 37.9, 35.3, 30.9, 29.8, 29.4, 25.0, 24.13, 24.07, 20.0, 17.7; 

HRMS (ESI) m/z [M+H]+ calcd for C20H31S+ 303.2141, found 303.2147. 

 

Phenyl(1,1,4a-trimethyl-1,2,3,4,4a,9,10,10a-octahydrophenanthren-2-yl)sulfane (59). The 

crude material was purified by flash column chromatography (hexanes/CH2Cl2, 4:1) to afford 

59 as a colorless oil (15.1 mg, 45%). 59: Rf = 0.33 (hexanes/CH2Cl2, 4:1); IR (film): 3070, 

3057, 2965, 2935, 2360, 1456, 1437, 757, 734, 722, 691 cm–1; 1H NMR (500 MHz, CDCl3) δ 

7.44–7.39 (m, 2 H), 7.32–7.25 (m, 2 H), 7.23–7.18 (m, 2 H), 7.11 (td, J = 8.0, 7.5, 1.9 Hz, 1 

H), 7.08 (td, J = 7.2, 1.5 Hz, 1 H), 7.04 (dd, J = 7.6, 1.8 Hz, 1 H), 3.00–2.84 (m, 6.0 Hz, 3 H), 

2.31 (dt, J = 13.1, 3.4 Hz, 1 H), 2.08–1.99 (m, 2 H), 1.99–1.92 (m, 1 H), 1.85–1.74 (m, 1 H), 

1.51–1.47 (m, 1 H), 1.45 (dd, J = 12.2, 2.2 Hz, 1 H), 1.32 (s, 3 H), 1.23 (s, 3 H), 1.04 (s, 3 H); 

13C NMR (126 MHz, CDCl3) δ 149.4, 137.0, 135.1, 131.5, 129.1, 129.0, 126.5, 125.9, 125.5, 

124.6, 61.1, 52.4, 39.2, 38.8, 38.0, 30.9, 30.2, 28.1, 25.0, 19.9, 17.9; HRMS (ESI) m/z [M+H]+ 

calcd for C23H29S+ 337.1984, found 337.1983. 

 

(2-Benzothiazole)(1,1,4a-trimethyl-1,2,3,4,4a,9,10,10a-octahydrophenanthren-2-yl) 

sulfane (60). The crude material was purified by flash column chromatography 

(hexanes/CH2Cl2, 1:1), followed by preparative TLC (hexanes/EtOAc, 10:1) to afford 60 as a 

colorless oil (25.0 mg, 64%). 60: Rf = 0.76 (hexanes/EtOAc, 4:1); IR (film): 3060, 2964, 2942, 

2360, 1456, 1426, 989, 755, 724 cm–1; 1H NMR (500 MHz, CDCl3) δ 7.83 (d, J = 8.1 Hz, 1 

H), 7.74 (dd, J = 8.0, 1.2 Hz, 1 H), 7.14 (td, J = 7.4, 1.7 Hz, 1 H), 7.10 (td, J = 7.3, 1.4 Hz, 1 

H), 7.06 (dd, J = 7.5, 1.7 Hz, 1 H), 3.95 (dd, J = 12.8, 4.1 Hz, 1 H), 3.03–2.86 (m, 2 H), 2.40 
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(dt, J = 13.1, 3.5 Hz, 1 H), 2.32 (dq, J = 13.9, 3.8 Hz, 1 H), 2.15 (qd, J = 13.5, 3.4 Hz, 1 H), 

1.97 (ddt, J = 13.3, 7.1, 2.1 Hz, 1 H), 1.87–1.69 (m, 3 H), 1.61 (dd, J = 12.2, 2.2 Hz, 1 H), 1.28 

(s, 3 H), 1.27 (s, 3 H), 1.06 (s, 3 H); 13C NMR (126 MHz, CDCl3) δ 167.6, 153.5, 149.2, 135.5, 

135.0, 129.1, 126.1, 126.0, 125.7, 124.6, 124.2, 121.7, 121.0, 60.6, 52.2, 39.2, 38.8, 37.9, 30.8, 

30.0, 28.4, 25.0, 20.0, 18.2; HRMS (ESI) m/z [M+H]+ calcd for C24H28NS2+ 394.1658, found 

394.1650. 

 

(1,1-Dimethyl-1,2,3,4-tetrahydronaphthalen-2-yl)(ethyl)sulfane (67). The crude material 

was purified by preparative TLC (hexanes/CH2Cl2, 4:1) to afford 67 as a colorless oil (12.0 

mg, 55%). 67: Rf = 0.31 (hexanes/CH2Cl2, 4:1); IR (film): 3026, 2964, 2927, 2868, 1489, 1457, 

1263, 1042, 758, 700 cm–1; 1H NMR (500 MHz, CDCl3) δ 7.30 (t, J = 7.6 Hz, 2 H), 7.24–7.17 

(m, 2 H), 3.13 (ddd, J = 14.2, 10.1, 4.6 Hz, 1 H), 2.84 (s, 1 H), 2.73–2.58 (m, 2 H), 2.46 (dd, J 

= 11.7, 2.3 Hz, 1 H), 2.08–1.99 (m, 1 H), 1.66–1.59 (m, 1 H), 1.29 (t, J = 7.5 Hz, 3 H), 1.27 (s, 

3 H), 1.15 (s, 3 H); 13C NMR (126 MHz, CDCl3) δ 142.0, 128.60, 128.59, 128.57, 128.56, 

126.1, 72.8, 61.2, 34.7, 34.5, 29.0, 27.1, 25.7, 15.5; HRMS (ESI) m/z [M+H]+ calcd for 

C14H21S+ 221.1358, found 221.1356. 

 

(7-Methoxy-1,1-dimethyl-1,2,3,4-tetrahydronaphthalen-2-yl)(ethyl)sulfane (68). The 

crude material was purified by flash column chromatography (hexanes/CH2Cl2, 2:1), followed 

by preparative TLC (hexanes/EtOAc, 20:1) to afford 68 as a pale yellow oil (6.8 mg, 28%). 68: 

Rf = 0.74 (hexanes/EtOAc, 4:1); IR (film): 2965, 2931, 2870, 2833, 1610, 1504, 1251, 1186, 

1076, 1046, 804 cm–1; 1H NMR (500 MHz, CDCl3) δ 6.96 (d, J = 8.4 Hz, 1 H), 6.87 (s, 1 H), 

6.68 (d, J = 8.3 Hz, 1 H), 3.79 (s, 3 H), 2.88 (d, J = 16.8 Hz, 1 H), 2.82–2.72 (m, 2 H), 2.67–

2.56 (m, 2 H), 2.24–2.16 (m, 1 H), 2.06–1.95 (m, 1 H), 1.51 (s, 3 H), 1.33–1.25 (m, 6 H); 13C 

NMR (126 MHz, CDCl3): δ 158.0, 146.8, 129.8, 127.2, 112.5, 111.6, 55.4, 54.4, 39.1, 30.0, 



 23 

29.2, 27.5, 27.3, 26.3, 15.1; HRMS (ESI) m/z [M+H]+ calcd for C15H23OS+ 251.1464, found 

251.1471. 

 

(6,7-Dimethoxy-1,1-dimethyl-1,2,3,4-tetrahydronaphthalen-2-yl)(ethyl)sulfane (69). The 

crude material was purified by flash column chromatography (hexanes/EtOAc, 2:1) to afford 

69 as a colorless oil (3.0 mg, 10%). 69: Rf = 0.47 (hexanes/EtOAc, 4:1); 1H NMR (500 MHz, 

CDCl3) δ 6.81 (s, 1 H), 6.51 (s, 1 H), 3.86 (s, 3 H), 3.83 (s, 3 H), 2.88–2.73 (m, 3 H), 2.68–

2.56 (m, 2 H), 2.23–2.17 (m, 1 H), 2.05–1.97 (m, 1 H), 1.50 (s, 3 H), 1.30 (t, J = 7.3 Hz, 3 H), 

1.28 (s, 3 H). 

 

Ethyl(6-methoxy-1,1,4a-trimethyl-1,2,3,4,4a,9,10,10a-octahydrophenanthren-2yl)sulfane 

(70). The crude material was purified by preparative TLC (hexanes/EtOAc, 6:1) to afford 70 

as a colorless oil (16.0 mg, 50%). 70: Rf = 0.73 (hexanes/EtOAc, 4:1); 1H NMR (500 MHz, 

CDCl3) δ 6.97 (dd, J = 8.4, 1.1 Hz, 1 H), 6.78 (d, J = 2.7 Hz, 1 H), 6.67 (dd, J = 8.4, 2.6 Hz, 1 

H), 3.77 (s, 3 H), 2.90 (ddd, J = 16.7, 6.5, 1.8 Hz, 1 H), 2.84–2.75 (m, 1 H), 2.58 (qq, J = 12.4, 

7.4 Hz, 2 H), 2.39–2.28 (m, 2 H), 2.05 (dq, J = 14.0, 3.8 Hz, 1 H), 2.00–1.88 (m, 2 H), 1.80–

1.68 (m, 1 H), 1.50 (td, J = 13.2, 3.8 Hz, 1 H), 1.37 (dd, J = 12.1, 2.2 Hz, 1 H), 1.26 (t, J = 7.4 

Hz, 3 H), 1.23–1.19 (m, 6 H), 0.92 (s, 3 H). 

 

(6,7-Dimethoxy-1,1,4a-trimethyl-1,2,3,4,4a,9,10,10a-octahydrophenanthren-2-yl)(ethyl) 

sulfane (71). The crude material was purified by flash column chromatography 

(hexanes/EtOAc, 7:1), followed by preparative TLC (hexanes/EtOAc, 4:1) to afford 71 as a 

colorless oil (12.8 mg, 37%). 71: Rf = 0.48 (hexanes/EtOAc, 4:1); 1H NMR (500 MHz, CDCl3) 

δ 6.73 (d, J = 2.8 Hz, 1 H), 6.52 (s, 1 H), 3.84 (s, 3 H), 2.82 (qd, J = 16.8, 6.8 Hz, 2 H), 2.66–

2.50 (m, 2 H), 2.33 (ddd, J = 28.6, 10.1, 3.5 Hz, 2 H), 2.09–2.01 (m, 1 H), 1.93 (dt, J = 17.5, 
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9.6 Hz, 2 H), 1.73 (dt, J = 18.6, 11.9 Hz, 1 H), 1.49 (t, J = 13.2 Hz, 1 H), 1.36 (d, J = 12.1 Hz, 

1 H), 1.26 (t, J = 7.4 Hz, 3 H), 1.21 (d, J = 2.8 Hz, 6 H), 0.91 (s, 3 H). 

 

{6-Hydroxy-2,2,6-trimethyl-3-[(ethyl)thio]cyclohexyl}methyl Acetate (72). The crude 

material was purified by flash column chromatography (hexanes/EtOAc, 10:1 → 1:1) to afford 

72 as a colorless oil (11.5 mg, 42%). 72: Rf = 0.5 (hexanes/EtOAc, 1:1); 1H NMR (500 MHz, 

CDCl3) δ 4.38 (dd, J = 11.8, 5.4 Hz, 1 H), 4.31 (dd, J = 11.9, 4.9 Hz, 1 H), 2.62–2.48 (m, 3 H), 

2.34 (dd, J = 12.5, 3.8 Hz, 1 H), 2.06 (s, 3 H), 1.98 (dq, J = 13.9, 3.6 Hz, 1 H), 1.84 (dt, J = 

12.9, 3.3 Hz, 1 H), 1.69–1.57 (m, 2 H), 1.50 (td, J = 13.4, 3.7 Hz, 1 H), 1.25 (t, J = 7.4 Hz, 3 

H), 1.23 (s, 3 H), 1.21 (s, 3 H), 0.85 (s, 3 H). 

 

5-(Ethylthio)-4,4,7a-trimethylhexahydrobenzofuran-2(3H)-one (73). The crude material 

was purified by flash column chromatography (hexanes/EtOAc, 10:1 → 1:1) to afford 73 as a 

colorless oil (11.4 mg, 47%). 73: Rf = 0.38 (hexanes/EtOAc, 4:1); 1H NMR (500 MHz, CDCl3) 

δ 2.57 (ttd, J = 12.4, 7.4, 5.0 Hz, 2 H), 2.48 (dd, J = 16.4, 14.7 Hz, 1 H), 2.43–2.37 (m, 1 H), 

2.34 (dd, J = 16.3, 6.6 Hz, 1 H), 2.24–2.15 (m, 1 H), 2.07–1.98 (m, 2 H), 1.74 (ddt, J = 9.0, 

7.3, 2.0 Hz, 2 H), 1.35 (s, 3 H), 1.26 (t, J = 7.4 Hz, 3 H), 1.13 (s, 3 H), 0.89 (s, 3 H). 

 

{6-Hydroxy-2,2,6-trimethyl-3-[(phenyl)thio]cyclohexyl}methyl Acetate (74). To a solution 

of geranyl acetate (0.021 mL, 0.1 mmol, 1.0 equiv.) in CH2Cl2 (2.5 mL) at –78 °C was quickly 

added a solution of the chiral phenyl disulfanium salt 76 (0.062 g, 0.11 mmol, 1.1 equiv.) in 

CH2Cl2 (0.25 mL) all at once. After stirring for 2 h at –78 °C, the reaction mixture was 

quenched with saturated aq. NaHCO3 (5 mL), warmed to 23 °C, and the aqueous layer was 

extracted with CH2Cl2 (3 × 5 mL). The organic layers were combined, dried (Na2SO4), and 

concentrated to give a crude residue, which was further purified by flash column 
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chromatography (hexanes/EtOAc, 3:1) to afford 74 as a colorless oil (17.0 mg, 53%, 10% ee). 

74: Rf = 0.49 (hexanes/EtOAc, 1:1). Note that similar reaction scales were used in the 

investigations with the other chiral disulfanium salts; IR (film): 3461, 3057, 2970, 2938, 2873, 

1736, 1479, 1368, 1245, 1026, 740, 692 cm–1; 1H NMR (500 MHz, CDCl3) δ 7.44–7.38 (m, 2 

H), 7.29 (t, J = 8.4 Hz, 2 H), 7.25–7.20 (m, 1 H), 4.42 (dd, J = 11.8, 5.2 Hz, 1 H), 4.33 (dd, J 

= 11.8, 5.0 Hz, 1 H), 2.88 (dd, J = 12.5, 3.8 Hz, 1 H), 2.07 (s, 3 H), 1.95 (dq, J = 14.2, 3.7 Hz, 

1 H), 1.80 (dt, J = 13.1, 3.4 Hz, 1 H), 1.75–1.65 (m, 2 H), 1.46 (td, J = 13.5, 4.0 Hz, 1 H), 1.33 

(s, 3 H), 1.23 (s, 3 H), 0.96 (s, 3 H); 13C NMR (126 MHz, CDCl3) δ 171.2, 136.4, 132.0, 129.1, 

126.9, 72.1, 63.2, 60.7, 56.9, 42.6, 39.2, 29.9, 29.0, 23.8, 21.4, 17.6; HRMS (ESI) m/z [M+H+–

H2O] calcd for C18H25O2S+: 305.1570, found 305.1574; The enantiomeric excess was 

determined by chiral HPLC using a Daicel Chiralpak OD-H column (hexanes/i-PrOH, 90:10, 

flow rate of 1.0 mL/min, 254 nm) tR (major) = 6.37 min, tR (minor) = 9.48 min, 10% ee. 
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1.7 1H and 13C NMR Data 
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1.8  HPLC Traces 
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CHAPTER 2 

 

TOTAL SYNTHESES OF SPIROVIOLENE AND SPIROGRATERPENE A  
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2.1 Introduction 

In addition to constructing complex fused or bridged ring systems, there are certain isolated 

structural features that are themselves indicative of the challenges associated with accessing a 

particular target; one such feature is quaternary centers. These sites often serve as points of 

intense consideration when outlining a synthetic plan of attack, as their formation can be 

particularly challenging, not only from a steric perspective but also due to the fact that they are 

often relatively non-functionalized, thereby necessitating the installation and subsequent 

excision of some superfluous functionality.  

 

However, alongside their challenges, quaternary centers are often vitally important to 

molecular function and in fact have even been purposefully incorporated into several different 

organic structures.1 For example, such centers can be found in many medicinally relevant 

natural products such as progesterone (1) and taxol (2), among others (Figure 2.1). 

Additionally, quaternary centers have proven integral to molecular structure as it pertains to 

ligand design. In bisoxazoline ligands (4), the inclusion of quaternary carbon centers not only 

removes the highly acidic protons that would otherwise be present on the bridging methylene 

but can also allow one to alter the consequent bite angle and thereby fine tune the 
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Figure 2.1. Quaternary centers in (a) biologically relevant natural products, (b) ligands relevant to stereoselective 
transformations, and (c) medicinal chemistry.
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reactivity/selectivity of the species of interest.2 Similarly, diphosphine ligands such as 

spirobiindane diphosphine (5, SDP), have shown to be superior in stereoselectivity relative to 

BINAP.3 Although used primarily in the realm of asymmetric hydrogenation, these quaternary 

center-containing diphosphines have gained broader applications in Barbier-type couplings, 

asymmetric allylations and hydrofunctionalizations. Essential to the efficiency of these ligands 

is the ability to maintain the axial chirality typical of common diphosphines, but impose a much 

higher degree of structural rigidity through the spirocenter.  

One of the main applications of quaternary centers in synthesis, though, is through the 

Thorpe-Ingold effect: the ability to exponentially increase the rate of cyclization, through the 

compression afforded by a fully substituted carbon center within the framework of interest. 

This is most clearly demonstrated in the well-known example of the trimethyl lock, a common 

technique used within medicinal chemistry for the preparation of pro-drug derivatives (Figure 

2.1c).4 Here, the 2-hydroxybenzene propionic acid derivative (6) can undergo de-

phosphorylation in the presence of the relevant phosphatase, at which point rapid 

intramolecular lactonization takes place, releasing the active drug form. In fact, the placement 

of methyl groups throughout the auxiliary, as depicted in 6, provides a 108-magnitude rate 

enhancement relative to the non-methylated variant.  

Recently, our group has developed a program surrounding the consideration of quaternary 

centers in synthetic planning. From this perspective, quaternary centers are not viewed as 

challenges but as serving several key roles (Scheme 2.1); preventing undesired reactivity or 

selectivity (QC blocking), enabling reactivity (QC facilitating) or offering the potential for new 

reaction development (QC opportunity).5 This process has led to successful syntheses of 

several non-functionalized terpenes, including 17-20, and is best illustrated with the total 

synthesis of the conidiogenone family of natural products.6  
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Cyclopianes such as conidiogenone B (17) are a family of highly strained diterpenes which 

contain a large number of quaternary centers relative to their overall composition. 

Consequently, it is when pursuing such targets synthetically that one can either view these 

centers as daunting challenges or as opportunities to accelerate synthetic planning and advance 

chemical understanding.7 In a forward sense, the synthesis of 17 begins from enantioenriched 

8, with the first quaternary center installed via an asymmetric 1,4-addition as developed by the 

Hoveyda group.8 This center is then viewed as facilitating the ensuing radical cyclization of 9 

to 10, through a Thorpe-Ingold like effect to establish the diquinane core (Scheme 2.1).9 

Furthermore, this same quaternary center can now serve to promote a regioselective alkylation 

by introducing additional steric encumbrance at the b-position of the ketone. After forming the 

subsequent vinyl triflate (11), a Heck cyclization installs the third cyclopentane ring as well as 

establishes the trans-1,3-stereochemistry.10 It is important to note, as shown in Scheme 2.1, 

that the alkyl-Pd species exists in equilibrium between the neopentyl species 13 and 

corresponding 3-exo-trig product 12. However, the positioning of quaternary centers within the 

structure 12, in fact precludes any possibility of b-hydride elimination and thereby facilitates 

the desired nucleophilic substitution to produce 14. The newly formed quaternary center in 14 

then provided an opportunity for reaction development, in this case a diastereoselective 

Nozaki-Hiyama-Kishi reaction with an a-quaternary aldehyde, to install the necessary vinyl 

iodide sidechain.11 A final reductive Heck cyclization then completes the 6/5/5/5 fused ring 

system of 16 where, once again, the positioning of quaternary centers in 15 precludes the 

possibility for b-hydride elimination. Simple functional group manipulations are then able to 

convert 16 to conidiogenone B in just 13 steps from commercial materials, nearly half the step 

count of the previously reported route.12  
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2.2 Pursuing New Targets 

In seeking to further the number of targets pursued from the lens of quaternary center 

analysis, we came across two very recent isolates, spiroviolene (21) and spirograterpene A 

(22).13,14 The initial draw to these targets was not only the presence of multiple quaternary 

centers but the fact that much of the scaffold was shared with the conidiogenone family 

members, in particular the linear triquinane frame (Scheme 2.2). In fact, 22 was isolated 

alongside some previously characterized members of this family. In addition, we found it quite 

interesting that although 21 and 22 are almost identical in structure, there was a key 

stereochemical discrepancy between the two (highlighted in blue, Scheme 2.2b). While this 

may have seemed unlikely, it did not appear impossible, with 21 and 22 being isolated from 

bacterial and fungal terpene origins, respectively. Hence, we prepared a retrosynthetic analysis 
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to gain access to these targets and possibly further confirm the assignment provided 

(retrosynthetic analysis performed by Dr. Hyung Min Chi).  

 

Clear to us was the fact that we wanted to access these compounds from a previously 

synthesized intermediate, given the structural homogeneity between spirocycles 21 and 22 and 

the conidiogenones. And so, we traced both targets back to triquinane 24, whereby an olefin 

reduction would provide 21, while an olefin migration and series of oxidation state 

manipulations would yield 22. The spirocycle was then viewed to be established through a 

Heck cyclization of the corresponding vinyl triflate 25. Worth noting, is that the Heck reaction 

would set the requisite trans-1,3 stereochemistry about the newly formed cyclopentane ring. 

Such stereoselectivity was first observed by Overman and co-workers in 1992 when studying 

Heck cascades in hydrocarbon frameworks, after which it was reported by Grigg in 1997 

(Scheme 2.3a).10 Grigg and co-workers propose that the ester and methyl groups within 28 

must adopt a trans relationship in order to accommodate the rigid four-membered palladacycle 

intermediate necessary for the migratory insertion. We have applied this logic to intermediate 

32 in Scheme 2.3b to justify the proposed stereo-outcome. Subsequently, 25 could then be 
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easily obtained from bicyclic ketone 26 and alkyl iodide 27. While a divergent synthesis that 

grants access to both targets would be ideal, the ability to perform selective late-stage 

oxidations on an intermediate such as 24, was already considered implausible in our group’s 

synthesis of the conidiogenones.5 Unfortunately, the only functional handle that could provide 

any form of directed reactivity, the secondary alcohol in 22, is by no means sufficiently 

proximal to afford the necessary selectivity. While on the other hand, any C–H oxidation 

process would likely favor any one of the four tertiary C–H bonds found within the target.15 

Therefore, we decided instead to approach 21 and 22 in a modular fashion, with the synthesis 

of 21 proceeding from an intermediate in the synthesis of conidiogenone B (17) and the 

synthesis of 22 proceeding from an intermediate in the synthesis of conidiogenone C (38). 

 

 

2.3 Proposed Biosyntheses of Sprioviolene and Spirograterpene A 

Spiroviolene (21) was first isolated by Dickschat et al. in 2017 while studying novel 

bacterial diterpene cyclases.13 After expressing the terpene cyclase gene from Streptomyces 

violens NRRL ISP-5597, the resultant recombinant protein was fed several common 
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biosynthetic terpene precursors. While geranyl diphosphate (GPP) and farnesyl diphosphate 

(FPP) showed no conversion, geranyl geranyl diphosphate (GGPP) was converted to diterpene 

21. Due to the interesting spirocyclic motif found within this product, the compound was 

named spiroviolene, and the corresponding cyclase named spiroviolene synthase (SvS). The 

structure of this compound was determined by 1D and 2D NMR spectroscopy, with HMBC 

correlations used to identify bond connections and NOE interactions used to assign relative 

stereochemistry where possible.  In addition to characterizing this product, the Dickschat group 

proceeded to conduct a number of isotopic labelling and fragmentation studies in an effort to 

elucidate the biosynthetic pathway from GGPP to 21. The proposed pathway is as follows; 

first, a 1,11-10,14 cyclization converts GGPP into macrocycle 35, two 1,2-alkyl shifts then 

establish the cyclopentane ring containing the gem-dimethyl group and a subsequent 

cyclization forms requisite diquinane 36.16 From here, a second cyclization constructs the fused 

7/4 ring system 37, which can undergo a dyotropic rearrangement, followed by a ring 

contraction to form spirocycle 39.17 A subsequent facially selective 1,3-hydride shift to the 

tertiary carbocation in 39 then forms the last stereocenter, and a simple elimination to form the 

trisubstituted olefin produces 21.18 
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Not long after 21 was isolated and characterized, a report from Yang and co-workers 

presented the isolation and characterization of a novel diterpene 22, alongside two previously 

known members of the conidiogenone family, conidiogenone C and conidiogenone I.14 From 

the large-scale fermentation of Penicillium granulatum MCCC 3A00475 they were able to 

obtain 10.5 mg of 22. Once again, the interesting spirocyclic motif led to this compound being 

named spirograterpene A. And similar to the previous isolate 21, the structure was deduced 

primarily by NMR spectroscopy. However, in this case, Mosher ester analysis was used to 

assign the absolute stereochemistry. Taking note of the proposed biosynthetic pathway  of  21 

 

as presented by Dickschat, the Yang group posited that GGPP was similarly the necessary 

biosynthetic precursor leading to an almost identical intermediate 41. However, Yang believed 

that the stereochemistry about C-3 was opposite to that proposed for 21. Such a stereochemical 

disposition was certainly supported by the fact that 22 was isolated alongside 44 and so, 

assuming a unified biogenesis for these two products, it would only be expected that the 

stereochemistry about the analogous methyl group in 44 was identical to that proposed in 22. 

From here, intermediate 41 could either undergo an elimination to introduce the tetrasubstituted 

olefin of 42 (PATH A), or a ring expansion of the spirocycle to produce hydrindane 43 (PATH 

B). After a series of oxidative manipulations, 42 and 43 could then lead to 22 and 44 

respectively.  
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2.4 Total Synthesis of Spiroviolene 

With a route to 26 already developed from our group’s previous synthesis of the 

conidiogenones, the first task was the construction of the appropriate side chain (design and 

preparation of 27 was first conducted by Dr. Hyung Min Chi). The proposed alkyl iodide 27 

was viewed as accessible from the corresponding b,g-unsaturated ester, itself accessed from 

the tertiary alcohol via a simple elimination reaction. Quite pleasingly, the desired compound 

49 not only had a previous synthetic route but was also prepared in an asymmetric fashion by 

Piva and co-workers.19 And so, starting from methyl vinyl ketone (45) and propionaldehyde 

(46), the asymmetric Michael addition proceeded as described in the literature, utilizing the 

Jørgensen-Hayashi catalyst 51 and catecholate 52 to afford keto-aldehyde 47. Utilizing the 

identical Horner-Wadsworth-Emmons reaction conditions and a subsequent SmI2 mediated 

ketyl radical cyclization, we were able to access tertiary alcohol 49. From this point an 

elimination promoted by SOCl2 at elevated temperature provided enoate 50 in near quantitative 

yield. Interestingly, not only did these conditions provide the tetra-substituted olefin as 

expected, but there was no observation of olefin migration to the corresponding a,b-
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unsaturated ester. Reduction of 50 to the homoallylic alcohol with LiAlH4 and subsequent 

Appel reaction afforded the desired homoallylic iodide 27.  

With the side chain in hand, efforts were refocused to the target at hand (total synthesis of 

21 was conducted by Dr. Hyung Min Chi, Scheme 2.7). At this stage, conditions for the 

alkylation of bicyclic ketone 54 were probed. The alkylation via the hydrazone (55), similar to 

that developed for our group’s synthesis of conidiogenone B, proved to be most ideal, 

providing the regio- and diastereoselective alkylation product 56 in 65% yield after 

hydrolysis.20 Formation of vinyl triflate 57, via deprotonation with KHMDS and treatment with 

Comins’ reagent gave rise to the key Heck cyclization precursor.  

 

Using standard Heck cyclization conditions, spirocycle 58 was accessed in high yield as 

the desired trans-1,3-diastereomer.10 From here, selective olefin reduction is all that remained 

to complete the target. Chemoselectivity was not as much of a concern, simply due to the steric 

hindrance about the internal olefin likely preventing any reactivity. The larger concern was the 

facial selectivity when reducing the desired olefin. Based on simple models it appeared as 
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though hydrogenation would afford the undesired diastereomer, and as a result initial efforts 

focused on the use of hydrogen-atom-transfer processes, whereby an invertible radical, 

generated upon reduction of the alkene, might grant access to the desired diastereomer.21 

Unfortunately, such conditions never provided any desired product and so the reaction was 

conducted under standard hydrogenation conditions. Surprisingly, these conditions yielded a 

single product, near quantitatively, whose spectral data and optical rotation fully matched that 

of the isolation team. This result then piqued our interest into the true identity of the chiral 

center in question. However, despite several attempts we were never able to grow crystals of 

suitable quality for X-ray crystallographic analysis. As such our attention turned instead to the 

goal of synthesizing the structural homologue spirograterpene A (22). 

 

2.5 Total Synthesis of Spirograterpene A 

As indicated in the retrosynthetic analysis of 21 and 22, it was clear that a similar sequence 

of transformations would lead us to both targets, simply requiring additional oxidative 

manipulations in the case of 22. The first goal was accessing the requisite spirocycle 62. 

Through a similar alkylation of the dimethyl hydrazone of 59 with alkyl iodide 27 and 

subsequent hydrolysis, we could obtain bicyclic ketone 60 in 60% yield. Regioselective 

formation of vinyl triflate 61, followed by the Heck cyclization under identical conditions 

afforded, once again, the desired spirocycle with the requisite trans-1,3-stereochemistry.10 At 

this stage, a facially selective hydroboration/oxidation sequence was performed to provide the 

desired secondary alcohol as a single diastereomer, setting two more key chiral centers.  

From this point, all that remained was olefin migration and a few oxidation state 

manipulations. Initially, we sought to perform a selective oxidation of the neopentyl alcohol to 

the corresponding carboxylic acid in the presence of the secondary alcohol using various 

oxoammonium salts in the presence of different additives, but unfortunately such trials were  
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unsuccessful.22 In addition, efforts to effect olefin migration with an unprotected secondary 

alcohol proved challenging, often resulting in decomposition of the starting material. As such, 

we chose instead to first protect the secondary alcohol as the corresponding benzoate and 

deprotect the MOM group with 6M HCl/THF to afford 64. Oxidation of the primary alcohol to 

the corresponding carboxylic acid 65 then set the stage to investigate appropriate conditions 

for olefin isomerization. As shown in Table 2.1, even with this arguably more stable material, 

the olefin migration remained a formidable challenge. In fact, despite attempting several 

different reaction formats (i.e. transition metal, photochemical and organic acid-mediated 

conditions) the starting material was only ever recovered unchanged.23 Only when subjected to 

4M HCl in 1,4-dioxane at 55 °C did we see even partial conversion to the desired 

O

Me

H

a) H2NNMe2

b) LDA;
    HMPA, 27; 
    1 M HCl/THF

Me

Me

H

Me
Me

c) KHMDS;
    Comins’ 
    reagent

d) Pd(OAc)2,
    Ph3P, Et3N

(65%)

(55%)

e) BH3•THF;
    NaOH, H2O2

(66%)

61

f) BzCl

g) 6 M HCl/THF

h) DMP
 i) Pinnick [O]

(52%)

j) 4 M HCl
k) K2CO3,
    MeOH

Me

Me

H

64

MeHO2C

Me

H

66
MeHO2C

Me

H

Me

O

Me

H

Me
Me

60

OTf

Me

Me

H

62
Me

Me

H

63

MeHO2C

Me

H

65

Me

Me

Me
OH

Me

Me
OBz

Me

Me
OBz

Me

OBz
Me

Me

Me
OH

Me

59
[7 steps]

Me
RO RO RO

ROROHO

R = MOM

(60% overall)

(84% overall)

[see Table 2.1]
(58%)

(88% overall)

22: spirograterpene A
[proposed structure]

Scheme 2.8.  Total synthesis of spirograterpene A (22) starting from known intermediate 59: (a) H2NNMe2 (3.0 
equiv.), 23 °C, 12 h, 96%; (b) LDA (1.5 equiv.), THF, –78 °C, 15 min, then 59, THF, 0 °C, 2 h, then HMPA (1.5 
equiv.), –78 °C, 30 min, then 27 (1.2 equiv.), THF, –78 °C to 23 °C, 15 h, then 1 M HCl, 23 °C, 12 h, 63%; (c) 
KHMDS (1.3 equiv.), THF, –78 °C to 0 °C, 2 h, then Comins' reagent (1.1 equiv.), THF, –78 °C, 1 h, 65%; (d) 
Pd(OAc)2 (20 mol%), Ph3P (40 mol%), Et3N (3.0 equiv.), toluene, 23 °C, then 61, toluene, 23 °C to 90 °C, 16 h, 
55%; (e) BH3•THF (1.0 equiv.), THF, 0 °C, 5 h, then NaOH/H2O2 (1 : 1), 23 °C, 1 h, 66%; (f) BzCl (3.0 equiv.), Et3N 
(4.0 equiv.), 4-DMAP (1.0 equiv.), CH2Cl2, 23 °C, 2 h, 96%; (g) 6 M HCl/THF (1 : 2), 50 °C, 4 h, 92%; (h) Dess–
Martin periodinane (1.5 equiv.), NaHCO3 (5.0 equiv.), CH2Cl2, 23 °C, 1 h, 85%; (i) 2-methyl-2-butene (10 equiv.), t-
BuOH, then NaClO2 (35 equiv.), NaH2PO4 (50 equiv.), H2O, 23 °C, 1 h, 96%; (j) HCl (4 M in 1,4-dioxane), 80 °C, 48 
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tetrasubstituted olefin. By increasing both the temperature (80 °C) and the reaction time (72 h) 

we observed complete conversion to the desired product. Of particular note here, it was 

necessary to use strictly anhydrous HCl in dioxane, as the presence of even trace water caused 

partial hydrolysis of the benzoate, resulting in measurable amounts of benzoic acid that proved 

challenging to remove. Finally, methanolysis of the benzoate under standard conditions 

produced the desired target (22), which matched the spectral data provided by Yang and co-

workers.  

 

Central to both of these routes was the fact the chirality at C-3 was set by a completely 

facially selective olefin functionalization. This led us to believe that the stereochemistry should 

be consistent in these two targets and therefore, that one of them had been misassigned. 

Unfortunately, despite the use of several different crystallization techniques with a number of 

solvent combinations and a variety of intermediates, and derivatives thereof, we were never 

able to obtain a crystal of suitable quality for X-ray analysis to definitively confirm the 

proposed misassignment. 
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2.6  Evidence for the Structural Reassignment of 21 

Without crystallographic evidence to confirm the proposed structural reassignment we 

instead turned to experimental, spectral and computational data. Initially, we sought to prove 

that the stereochemistry about C-3 is conserved between these structures. To ensure that there 

was no unexpected difference in the facial selectivity between hydroboration and 

hydrogenation, we employed a series of transformations more similar to that of spirograterpene 

A in order to prepare spiroviolene. To this end, intermediate 58 was subjected to an identical 

hydroboration/oxidation sequence to afford secondary alcohol 67. Following treatment with 

TCDI to introduce the necessary thiocarbamate moiety, subjection of the substrate to typical 

Barton-McCombie deoxygenation conditions afforded a compound with identical spectral 

properties to that of 21. In a similar manner, MOM-ether 63 was deprotected to give diol 68, 

after which a double Barton-McCombie deoxygenation once again provided material with 1H 

and 13C NMR data identical to 21.24 These important results demonstrate that the C-3 

stereochemistry must be consistent between the two targets. This then begs the question, what 

is that stereochemistry?  

 

This was answered in part through computational analysis. Seeing that the key chemical 

transformations which set the stereogenic centers of interest were both facially selective, we 
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decided to investigate this transformation using DFT transition state analysis (work performed 

by Cooper Taylor). For the purposes of this analysis, we used a simplified version of 62 as 

shown in Figure 2.2 and studied the hydroboration of this substrate. As can be seen, there is an 

~8.2 kcal mol-1 difference favoring approach from the a-face of the substrate. This difference 

in energy can even be observed in the facial approach of borane, where the b-face approach 

itself is 9.14 kcal mol-1 higher in energy.  This data therefore supports the stereochemistry 

presented in the proposed structure of spirograterpene A (22).  

 

Finally, a look at NMR data, our own and that of both isolation teams, provided further 

evidence. As shown in Scheme 2.9, we observed a key NOE interaction in 63 between the 

vinylic proton and the proton geminal to the hydroxyl group, an interaction that could only be 

observed had the hydroboration exhibited the predicted facial selectivity. This result was 

further supported by Mosher ester analysis as conducted by the spirograterpene A isolation 

team, which indicated that the absolute stereochemistry about the carbinol carbon is as drawn 
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in 22. Separate consideration of the spectral data provided by the Dickschat group also provided 

notable NOE interactions (see Scheme 2.2a for positional numbering). In particular, C-20 

exhibits NOE interactions with both H-10 and H-8a, which would appear to support either of 

the proposed structures. More importantly however, is an observed correlation, although quite 

weak, between the vinylic proton (H-1) and methyl group (C-20), suggesting that the chirality 

of this center should be revised to match that of spirograterpene A. 

With all of the information described above, even in the absence of X-ray crystallographic 

data, we believe that the structure of 21 should be reassigned, wherein the stereochemistry 

about C-3 would now match that of 22. Noteworthy is that the stereochemistry about this 

position was integral to the originally proposed biosynthetic pathway, indicating that this 

proposal may also require revision. And while a unified pathway between 21, 22 and the 

conidiogenones would in fact seem likely, it is not necessary given that 21 and 22 are isolated 

from bacteria and fungi, respectively.  

 

2.7 Revised Biosynthesis of Spiroviolene  

With the compiled evidence in hand, we reached out to the original isolation team of 21 to 

share our proposed structural reassignment. It is worth noting that this seemingly 

inconsequential change has significant implications on the originally proposed biosynthetic 

pathway. As discussed previously, the stereochemistry about C-3 was believed to arise from a 

facially selective 1,3-hydride shift (39®40, Scheme 2.4) that can account for the originally 

proposed structure but not the reassigned one.13 Taking the provided data into account, 

Dickschat and co-workers proceeded to conduct a series of labelling and fragmentation studies 

resulting in a revised biosynthetic pathway, which offers a unified path between the bacterial 

SvS and the fungal cyclopiane-type diterpene synthase.25  
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 In this proposed pathway, a 1,11–10,14 cyclization of GGPP provides 35 (similar to the 

originally proposed pathway), then, following ring expansion of the cyclopentane in 35, they 

propose a “highly asynchronous ring-opening/ring closing process that accomplishes the same 

net result as a 1,2-alkyl shift”, the mechanism of which was first proposed by Tantillo et al. in 

their computational study of the biosynthesis of variediene (Scheme 2.10).26 A subsequent 

cyclization and 1,2-hydride shift provides 78, thereby setting the stereochemistry of the center 

in question. Following a third cyclization, the secondary carbocation  in  structure  79  can  then  
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be trapped by water and after further oxidative manipulations provide access to the 

conidiogenones.27 Alternatively, a 1,2-methyl migration via a non-classical carbocation and 

subsequent ring contraction to form the spirocenter, provides an intermediate which can serve 

as a precursor to both 21 and 83 via alternate deprotonation events, with 83 being converted to 

22 following a series of oxidations.  

 

2.8 Conclusion 

Hence, we have successfully achieved the first total syntheses of 21 and 22 in 10 and 18 

steps respectively, further advancing the idea of quaternary center-guided synthesis, 

particularly as it relates to non-functionalized terpenes. In addition, we were able to provide 

compelling experimental, spectral and computational evidence for the structural reassignment 

of 21 at C-3. This data has separately led the isolation team to propose a new and unified route 

which, starting from GGPP, would provide access to both 21 and 22, as well as several 

members of the conidiogenone family of natural products.  
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2.10  Experimental Section 

General Procedures. All reactions were carried out under an argon atmosphere with dry 

solvents under anhydrous conditions, unless otherwise noted. Dry tetrahydrofuran (THF), 

toluene, diethyl ether (Et2O), dichloromethane (CH2Cl2), and acetonitrile (CH3CN) were 

obtained by passing commercially available pre-dried, oxygen-free formulations through 

activated alumina columns. Yields refer to chromatographically and spectroscopically (1H and 

13C NMR) homogeneous materials, unless otherwise stated. Reagents were purchased at the 

highest commercial quality and used without further purification, unless otherwise stated. 

Reactions were magnetically stirred and monitored by thin-layer chromatography (TLC) 

carried out on 0.25 mm E. Merck silica gel plates (60F-254) using UV light as visualizing 

agent, and an ethanolic solution of phosphomolybdic acid and cerium sulfate or a solution of 

KMnO4 in aq. NaHCO3 and heat as developing agents. SiliCycle silica gel (60, academic grade, 

particle size 0.040–0.063 mm) was used for flash column chromatography. Preparative thin-

layer chromatography separations were carried out on 0.50 mm E. Merck silica gel plates (60F-

254). NMR spectra were recorded on Bruker 400 and 500 MHz instruments and calibrated 

using residual undeuterated solvent as an internal reference. The following abbreviations were 

used to explain the multiplicities: s = singlet, d = doublet, t = triplet, q = quartet, br = broad, 

app = apparent. IR spectra were recorded on a Perkin-Elmer 1000 series FT-IR spectrometer. 

High- resolution mass spectra (HRMS) were recorded on Agilent 6244 Tof-MS using ESI 

(Electrospray Ionization) at the University of Chicago Mass Spectroscopy Core Facility. All 

ee values were determined by HPLC on Daicel Chiralcel or Chiralpak columns.  

 

Alkyl Iodide 27. To a flame-dried, 250 mL flask was added 4919 (1.67 g, 8.35 mmol, 1.0 

equiv.), pyridine (0.805 mL, 10.0 mmol, 1.2 equiv.) and CH2Cl2 (40 mL). A reflux condenser 

was attached and the system was purged with Ar. The reaction mixture was cooled to 0 °C and 
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SOCl2 (0.670 mL, 9.19 mmol, 1.1 equiv.) was added dropwise. The contents of the flask were 

then immersed into a preheated oil bath at 40 °C and heated at that temperature for 12 h. Upon 

completion, the mixture was poured over crushed ice and further diluted with CH2Cl2 (20 mL). 

The layers were separated and the aqueous layer was extracted with CH2Cl2 (3 × 20 mL). The 

organic layers were combined, dried (Na2SO4) and concentrated in vacuo at 5 °C, to give a 

brown oil. This crude product was further purified by flash column chromatography (silica gel, 

pentanes/Et2O, 9/1) to give the desired volatile alkene 50 (1.50 g, 98% yield) as a pale brown 

oil. Pressing forward without any additional purification, to a flame-dried 250 mL flask was 

added LiAlH4 (0.63 g, 16.7 mmol, 2.0 equiv.) and Et2O (60 mL) and the suspension was cooled 

to 0 °C. A solution of 50 (1.50 g, 8.23 mmol, 1.0 equiv.) in Et2O (20 mL) was then added 

dropwise. The reaction contents were then warmed to 23 °C and stirred for 30 min. Upon 

completion, the reaction was quenched by the careful addition of H2O (0.5 mL), followed by 

NaOH (1.0 mL, 2 N aqueous) and H2O (1.5 mL). The resultant slurry was stirred for 30 min at 

23 °C after which it was filtered through Celite, washing the pad with Et2O (3 × 50 mL). The 

filtrate was then concentrated in vacuo at 5 °C and the crude alcohol (1.36 g) was taken to the 

next step without any further purification. Next, to a flame-dried 25 mL flask was added Ph3P 

(0.472 g, 1.80 mmol, 1.2 equiv.), imidazole (0.153 g, 2.25 mmol, 1.5 equiv.), a portion of the 

crude alcohol (0.210 g, 1.50 mmol, 1.0 equiv.) and CH2Cl2 (3 mL). This mixture was stirred 

for 5 min at 23 °C and then cooled to 0 °C at which time I2 (0.457 g, 1.80 mmol, 1.2 equiv.) 

was added slowly, portion-wise. The mixture was then warmed to 23 °C and stirred for 1 h. 

Upon completion, the reaction was quenched by the addition of pentanes (5 mL) and stirred at 

23 °C for 1 h. The contents of the flask were then filtered through a plug of silica gel eluting 

using pentanes and the eluted material was concentrated in vacuo at 5 °C to give an orange oil. 

This crude material was further purified by flash column chromatography (silica gel, 

pentanes/Et2O, 20/1) to give alkyl iodide 27 (0.298 g, 79% yield) as a colorless oil. 27: Rf = 
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0.81 (silica gel, hexanes/EtOAc, 4/1); [α]D20 = +2.4° (c = 1.0, CHCl3); IR (film) νmax 2952, 

2925, 2864, 2839, 1454, 1435, 1165, 742, 696 cm−1; 1H NMR (500 MHz, CDCl3) δ 3.19 (td, J 

= 9.5, 5.0 Hz, 1 H), 3.05 (td, J = 9.4, 7.5 Hz, 1 H), 2.68 (ddd, J = 13.9, 9.6, 7.5 Hz, 2 H), 2.62–

2.53 (m, 1 H), 2.28– 2.12 (m, 2 H), 2.08–2.00 (m, 1 H), 1.62 (dd, J = 2.0, 1.1 Hz, 3 H), 1.31 

(ddt, J = 12.7, 9.0, 6.4 Hz, 1 H), 0.98 (d, J = 6.9 Hz, 3 H); 13C NMR (126 MHz, CDCl3) δ 

138.25, 134.72, 41.14, 36.80, 31.34, 31.27, 19.71, 14.43, 4.56.  

 

Bicyclic Ketone 56. To a flask containing 545 (0.166 g, 1.00 mmol, 1.0 equiv.) was added N,N-

dimethyl hydrazine (0.380 mL, 5.00 mmol, 5.0 equiv.) and the resultant mixture stirred at 23 

°C for 12 h. Upon completion the reaction was quenched with NH4Cl (2 mL) and extracted 

with Et2O (3 ´ 2 mL). The combined organic layers were then washed with H2O (1 mL), brine 

(1 mL), dried (Na2SO4), and concentrated to give the desired hydrazone 55 (0.200 g, 96% yield) 

as a yellow oil. To a flame-dried 30-mL Schlenk flask was added solid LDA (0.070 g, 0.65 

mmol, 1.3 equiv., used to exclude any incorporation of hexanes) in a glove box at 23 °C. The 

flask was capped with a septum and transferred from the glove box to a Schlenk manifold and 

place under positive pressure of N2. The flask was cooled to −78 °C and THF (2.5 mL) was 

added. Once all solids had dissolved, a solution of a portion of hydrazone 55 (0.104 g, 0.50 

mmol, 1.0 equiv.) in THF (2.5 mL) was added dropwise over the course of 5 min, and the 

resulting pale yellow solution was stirred at 0 °C for 2 h. The reaction mixture was then 

recooled to −78 °C and HMPA (0.113 mL, 0.65 mmol, 1.3 equiv.) was added dropwise. After 

stirring for 10 min, a solution of alkyl iodide 27 (0.150 g, 0.60 mmol, 1.2 equiv.) in THF (0.6 

mL) was added at −78 °C slowly over the course of 5 min. The yellow solution was stirred at 

–78 °C for 15 h, where temperature gradually warmed to room temperature. The reaction 

mixture was quenched with saturated aqueous NH4Cl (5 mL) and extracted with Et2O (3 × 5 

mL). The combined organic layers were dried (Na2SO4), filtered, and concentrated to afford 
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the crude product as a pale yellow oil. The crude oil was then further purified by flash column 

chromatography (silica gel, hexanes/EtOAc, 4/1) to give the alkylated hydrazone (0.118 g, 71% 

yield) as a pale yellow oil. Rf = 0.36 (hexanes/EtOAc, 4/1). Pressing forward, to a 25-mL round 

bottomed flask was added the alkylated hydrazone (0.118 g, 0.36 mmol, 1.0 equiv.), THF (5 

mL), and 1 M aqueous HCl (5 mL) at 23 °C. The reaction mixture was then vigorously stirred 

at 23 °C for 12 h. Upon completion, the resulting mixture was extracted with Et2O (5 × 10 mL), 

and the combined organic layers were dried (Na2SO4), filtered, and concentrated to afford a 

yellow oil. The crude oil was purified by filtration through a short silica gel plug 

(hexanes/EtOAc, 4/1) to afford alkylated ketone 56 (0.094 g, 92% yield) as a pale yellow oil. 

56: Rf = 0.69 (silica gel, hexanes/EtOAc, 4/1); [α]D
20 = –2.3° (c = 1.0, CHCl3); IR (film) νmax 

2950, 2864, 1738, 1457, 1410, 1385, 1376, 1367, 1351, 1333, 1261, 1169, 1092, 1018, 995, 

805 cm–1; 1H NMR (500 MHz, CDCl3) δ 2.68–2.59 (m, 1 H), 2.31 (d, J = 18.1 Hz, 1 H), 2.18–

2.10 (m, 4 H), 2.03–1.90 (m, 2 H), 1.81–1.63 (m, 3 H), 1.61 (s, 3 H),1.59–1.52 (m, 4 H), 1.33–

1.20 (m, 2 H), 1.19 (s, 3 H), 1.08 (s, 3 H), 0.97 (d, J = 6.9 Hz, 3 H), 0.89 (s, 3 H); 13C NMR 

(125 MHz, CDCl3) δ 138.98, 131.92, 63.96, 53.51, 50.64, 44.93, 42.31, 41.62, 41.36, 40.13, 

36.73, 31.65, 31.42, 31.24, 30.56, 29.85, 24.86, 24.53, 19.78, 14.22. [Note: Despite efforts to 

obtain HRMS data no successful ionization was achieved with either ESI or CI].  

Triflate 57. To a flame-dried 10 mL Schlenk flask was added a solution of ketone 56 (57.7 

mg, 0.20 mmol, 1.0 equiv.) in THF (2 mL). The resulting yellow solution was cooled to −78 

°C and a solution of KHMDS (0.260 mL, 1.0 M in THF, 0.26 mmol, 1.3 equiv.) was added. 

The reaction mixture was stirred at 0 °C for 2 h. Subsequently, the reaction mixture was cooled 

to −78 °C) and a solution of Comins’ reagent (86.4 mg, 0.22 mmol, 1.1 equiv.) in THF (0.37 

mL) was added dropwise via syringe. After stirring for 1 h at –78 °C, the yellow solution was 

diluted with hexanes (5 mL). This mixture was subjected directly to purification by flash 
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column chromatography (silica gel, hexanes/Et3N, 99/1) to give triflate 57 (73.2 mg, 87% 

yield) as a colorless oil. 57: Rf = 0.86 (silica gel, hexanes/EtOAc, 4/1), 0.31 (silica gel, 

hexanes); [α]D
20 = –8.6° (c = 1.0, CHCl3); IR (film) νmax 2952, 2864, 1655, 1457, 1423, 1249, 

1211, 1144, 1054, 915, 873 cm–1; 1H NMR (500 MHz, CDCl3) δ 5.42 (d, J = 1.1 Hz, 1 H), 

2.68–2.60 (m, 2 H), 2.29–2.21 (m, 1 H), 2.19–2.11 (m, 2 H), 2.01 (ddd, J = 13.0, 8.3, 4.2 Hz, 

1 H), 1.87 (t, J = 12.7 Hz, 1 H), 1.78 (ddt, J = 14.6, 10.3, 5.0 Hz, 1 H), 1.69–1.63 (m, 2 H), 

1.62 (s, 3 H), 1.54 (d, J = 2.4 Hz, 1 H), 1.45 (td, J = 6.9, 3.9 Hz, 2 H), 1.30 (ddd, J = 12.5, 6.2, 

2.8 Hz, 1 H), 1.25 (s, 3 H), 1.20–1.12 (m, 1 H), 1.05 (s, 3 H), 0.98 (s, 3 H), 0.96 (s, 3 H); 13C 

NMR (125 MHz, CDCl3) δ 149.19, 138.85, 131.65, 124.98, 118.7 (q, J = 320.7 Hz), 63.49, 

52.62, 45.83, 42.37, 41.88, 40.33, 37.42, 36.75, 32.93, 31.43, 30.09, 29.92, 24.56, 24.26, 19.78, 

14.12; HRMS (ESI) calcd for C21H32F3O3S+ [M+H]+ 421.2024, found 421.2019. 

Diene 58. To a flame-dried 4 mL scintillation vial was added triflate 57 (30.0 mg, 0.071 mmol), 

Ph3P (3.7 mg, 0.014 mmol, 0.2 equiv.), Pd(OAc)2 (1.6 mg, 0.0071 mmol, 0.1 equiv.), and 

toluene (1.2 mL). After sparging the reaction mixture with Ar for 30 min at 23 °C, Et3N (0.0195 

mL, 0.14 mmol, 2.0 equiv.) was added via syringe, and the vial was sealed with a Teflon- lined 

cap. The reaction mixture was heated at 90 °C for 20 h. The yellowish-black mixture was 

cooled to 23 °C and diluted with hexanes (1 mL). The reaction mixture was subjected directly 

to purification by flash column chromatography (silica gel, hexanes/Et3N, 99/1) to give diene 

58 (16.9 mg, 88% yield) as a colorless oil. 58: Rf = 0.72 (silica gel, hexanes); [α]D
20 = +54.2° 

(c = 1.0, C6D6); IR (film) νmax 3035, 2942, 2864, 1458, 1383, 1371, 1013, 856 cm–1; 1H NMR 

(500 MHz, CDCl3) δ 5.32 (s, 1 H), 4.86 (d, J = 2.9 Hz, 1 H), 2.80 (dtd, J = 9.6, 6.6, 3.1 Hz, 1 

H), 2.30–2.14 (m, 3 H), 1.97–1.90 (m, 1 H), 1.74–1.61 (m, 3 H), 1.66 (s, 3 H), 1.56–1.48 (m, 

3 H), 1.39(dd, J= 10.8, 5.9 Hz, 1 H), 1.29 (s, 3 H), 1.09 (dt, J = 12.0, 4.8 Hz, 1 H),1.03 (s, 3 

H), 1.02 (d, J = 6.9 Hz, 3 H), 1.00 (s, 3 H); 13C NMR (125 MHz, CDCl3) δ 151.43, 147.37, 
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128.06, 123.21, 66.29, 63.72, 58.95, 56.85, 47.16, 41.30, 41.06, 40.72, 38.97, 37.89, 32.54, 

32.36, 29.21, 26.06, 16.46, 14.36. [Note: Despite efforts to obtain HRMS data no successful 

ionization was achieved with either ESI or CI].  

 

(–)-Spiroviolene (21). To a 4 mL scintillation vial at 23 °C was added diene 58 (9.0 mg, 0.033 

mmol, 1.0 equiv.), Pd/C (20.0 mg, 10 wt %, reduced dry powder), and EtOH (0.33 mL). The 

vial was sealed with a septum and the reaction mixture was sparged with hydrogen for 5 min 

at 23 °C. The reaction mixture was then stirred for 30 min at 23 °C. Upon completion, the black 

mixture was filtered through a short plug of Celite and silica gel, rinsing with hexanes (3 × 2 

mL). The filtrate was evaporated and purified via flash column chromatography (silica gel, 

hexanes) to afford (–)-spiroviolene (21, 9.1 mg, >99% yield) as a colorless oil. 21: Rf = 0.84 

(silica gel, hexanes); [α]D
20 = –5.4° (c = 0.2, C6D6); IR (film) νmax 3032, 2943, 2866, 2361, 

1463, 1370, 1260, 853, 808 cm–1; 1H NMR (500 MHz, C6D6) δ 4.82 (d, J = 2.9 Hz, 1 H), 2.78 

(dddd, J = 12.3, 6.4, 6.2, 2.9 Hz, 1 H), 1.93 (ddd, J = 12.7, 12.7, 6.9 Hz, 1 H), 1.86–1.63 (m, 7 

H), 1.64– 1.55 (m, 3 H), 1.48–1.35 (m, 3 H), 1.35 (s, 3 H), 1.14–1.07 (m, 1 H), 1.05 (s, 3 H), 

1.04 (s, 3 H), 0.98 (d, J = 6.7 Hz, 3 H), 0.95 (d, J = 6.7 Hz, 3 H); 13C NMR (125 MHz, C6D6) 

δ 148.96, 128.98, 66.13, 63.70, 59.42, 53.79, 46.64, 44.76, 41.27, 40.83, 39.58, 38.60, 33.06, 

32.37, 31.32, 30.70, 29.16, 26.10, 15.17, 15.09. [Note: Despite efforts to obtain HRMS data no 

successful ionization was achieved with either ESI or CI]. All NMR spectral data matched that 

reported in the literature; see comparison in Table 2.2. Literature [α]D
21 = –5.6° (c = 0.2, C6D6). 

Table 2.2. Comparison of 1H NMR data of spiroviolene (21) between our synthetic sample 
and the natural isolate.13 

Synthetic 21 (500 MHz) Natural 21 (500 MHz) 

4.82 (d, J = 2.9 Hz, 1 H) 4.81 (d, J = 2.9 Hz, 1 H) 
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Table 2.2. continued. 

2.78 (dddd, J = 12.3, 6.4, 6.2, 2.9 Hz, 1 H) 2.77 (dddd, J = 12.5, 6.4, 6.4, 2.9 Hz, 1 H) 

1.93 (ddd, J = 12.7, 12.7, 6.9 Hz, 1 H) 1.92 (ddd, J = 12.7, 6.9, 6.9 Hz, 1 H) 

1.86–1.63 (m, 7 H) 

1.81 (m, 1 H) 

1.79 (m, 1 H) 

1.74 (m, 1 H) 

1.73 (m, 1 H) 

1.72 (m, 1 H) 

1.69 (m, 1 H) 

1.67 (m, 1 H) 

1.64–1.55 (m, 3 H) 

1.60 (m, 1 H) 

1.59 (m, 1 H) 

1.58 (m, 1 H) 

1.48–1.35 (m, 3 H) 

1.43 (dddd, J = 11.8, 6.6, 1.5, 1.5 Hz, 1 H) 

1.38 (m, 1 H) 

1.33 (m, 1 H) 

1.35 (s, 3 H) 1.34 (s, 3 H) 

1.14–1.07 (m, 1 H) 1.09 (dddd, J = 12.2, 12.2, 11.3, 7.6 Hz, 1 
H) 

1.05 (s, 3 H) 1.04 (s, 3 H) 

1.04 (s, 3 H) 1.03 (s, 3 H) 

0.98 (d, J = 6.7 Hz, 3 H) 0.97 (d, J = 6.7 Hz, 3 H) 

0.95 (d, J = 6.7 Hz, 3 H) 0.94 (d, J = 6.7 Hz, 3 H) 

7.16 (s, C6D6) 7.16 (s, C6D6) 
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Table 2.3. Comparison of 13C NMR data of spiroviolene (21) between our synthetic sample 
and the natural isolate.13 

Synthetic 21 (500 MHz) Natural 21 (500 MHz) 

148.96 148.9 

128.98 128.9 

66.13 66.0 

63.70 63.7 

59.42 59.4 

53.79 53.8 

46.64 46.6 

44.83 44.7 

41.27 41.3 

40.83 40.8 

39.58 39.5 

38.60 38.6 

33.06 33.1 

32.37 32.4 

31.32 31.3 

30.70 30.7 

29.16 29.1 

26.10 26.1 

15.17 15.2 

15.09 15.1 

128.06 (s, C6D6) 128.06 (s, C6D6) 
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Bicyclic Ketone 60. To a flask containing 595 (1.37 g, 6.05 mmol, 1.0 equiv.) was added N,N-

dimethyl hydrazine (1.38 mL, 18.15 mmol, 3.0 equiv.) and the resultant mixture stirred at 23 

°C for 12 h. Upon completion, the reaction contents were quenched with NH4Cl (5 mL) and 

diluted with Et2O (5 mL). After stirring for 30 min, the resultant mixture was transferred to a 

separatory funnel and further diluted with NH4Cl (30 mL) and Et2O (50 mL). The organic layer 

was separated and further washed with NH4Cl (2 ´ 30 mL), H2O (30 mL), brine (30 mL), dried 

(Na2SO4) and concentrated to give the hydrazone (1.56 g, 96% yield) as a yellow oil. Pressing 

forward without any further purification, to a flame-dried, 250 mL Schlenk flask was added 

solid LDA in a glovebox at 23 °C. The flask was then transferred from the glovebox, attached 

to a Schlenk manifold, and placed under positive pressure of N2. THF (35 mL) was then added, 

and the flask was cooled to –78 °C. After all solids had dissolved, freshly prepared hydrazone 

was added as a solution in THF (20 mL) slowly over the course of 5 min. Once that addition 

was complete, the flask was then warmed to 0 °C and the contents were stirred for 2 h. The 

reaction contents were then recooled to –78 °C and HMPA (1.51 mL, 8.70 mmol, 1.5 equiv.) 

was added dropwise. After stirring at –78 °C for 30 min, a solution of alkyl iodide 27 (1.74 g, 

7.00 mmol, 1.2 equiv.) in THF (5 mL) was added over the course of 5 min. The reaction 

contents were then allowed to slowly warm to 23 °C over the course of 5 h and were stirred at 

23 °C for an additional 10 h. Upon completion, the reaction contents were quenched by the 

addition of 1 N HCl (50 mL) and stirred under a N2 atmosphere for an additional 12 h. The 

reaction mixture was diluted with Et2O (50 mL) and transferred to a separatory funnel. After 

separating the resultant layers, the aqueous layer was extracted with Et2O (2 ´ 50 mL). The 

combined organic layers were washed with saturated aqueous NaHCO3 (30 mL), H2O (2 ´ 30 

mL) and brine (30 mL), dried (Na2SO4) and concentrated. Purification of the resultant yellow 

oil via flash column chromatography (silica gel, hexanes/EtOAc, 4/1) gave alkylated product 

60 (1.43 g, 63% yield) as a pale yellow oil. 60: Rf = 0.50 (silica gel, hexanes/EtOAc, 4/1); [α]D
20 
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= +0.9° (c = 0.75, CHCl3); IR (film) ν max 2948, 2865, 1737, 1454, 1148, 1110, 1048 cm–1; 1H 

NMR (500 MHz, CDCl3) δ 4.63 (s, 2 H), 3.36 (s, 3 H), 3.35–3.29 (m, 2 H), 2.68–2.58 (m, 1 

H), 2.33 (dd, J = 18.1, 1.8 Hz, 1 H), 2.22 (q, J = 6.6 Hz, 3 H), 2.19–2.09 (m, 1 H), 1.98 (ddt, J 

= 12.0, 7.3, 3.6 Hz, 2 H), 1.81–1.76 (m, 3 H), 1.67 (td, J = 6.3, 2.5 Hz, 2 H), 1.61 (dd, J = 2.1, 

1.1 Hz, 3 H), 1.49 (dt, J = 12.6, 6.3 Hz, 1 H), 1.33–1.23 (m, 4 H), 1.18 (s, 3 H), 0.96 (d, J = 6.9 

Hz, 3 H), 0.95 (s, 3 H); 13C NMR (126 MHz, CDCl3) δ 221.52, 138.97, 131.92, 96.85, 76.66, 

59.24, 55.32, 52.98, 50.46, 46.33, 45.13, 41.54, 39.28, 36.86, 36.71, 31.39, 31.19, 30.86, 24.29, 

21.21, 19.77, 14.22; HRMS (ESI) calcd for C22H36O3
+ [M]+ 348.2700, found 348.2694. 

 

Diene 62. To a flame-dried, 50 mL flask was added ketone 60 (0.593 g, 1.70 mmol, 1.0 equiv.) 

and THF (17 mL) at 23 °C. The flask was cooled to –78 °C and KHMDS (4.42 mL, 0.5 M in 

toluene, 2.2 mmol, 1.3 equiv.) was added dropwise. The reaction contents were warmed to 0 

°C and stirred for 2 h. The reaction mixture was recooled to –78 °C and a solution of Comins’ 

reagent (0.734 g, 1.87 mmol, 1.1 equiv.) in THF (3 mL) was added over the course of 10 min. 

The reaction was maintained at –78 °C for 20 min before being warmed to 23 °C and stirred 

for 1 h. Upon completion the reaction was quenched with saturated aqueous NaHCO3 (5 mL) 

and diluted with Et2O (20 mL) and H2O (10 mL). The mixture was then transferred to a 

separatory funnel and the aqueous layer was extracted with Et2O (2 ´ 15 mL). The combined 

organic layers were washed with H2O (2 ´ 25 mL) and brine (25 mL), dried (Na2SO4), and 

concentrated. The resultant yellow oil was further purified by flash column chromatography 

(silica gel, hexanes/EtOAc, 20/1) to give 61 (0.531 g, 65% yield) as a colorless oil. Next, to a 

flame-dried, 20 mL pressure vessel at 23 °C were added Pd(OAc)2 (49.4 mg, 0.22 mmol, 0.2 

equiv.), Ph3P (0.115 g, 0.44 mmol, 0.4 equiv.) and Et3N (0.460 mL, 3.3 mmol, 3.0 equiv.). The 

contents of the flask were suspended in toluene (8 mL) and Ar was bubbled through the reaction 

mixture for 15 min. A solution of triflate 61 (0.528 g, 1.1 mmol, 1.0 equiv.) in toluene (3 mL) 
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was then added at 23 °C and the reaction mixture was heated to 90 °C for 16 h. Upon 

completion, the reaction contents were diluted with hexanes (5 mL) and directly purified via 

flash column chromatography (silica gel, hexanes/EtOAc, 20/1) to give the desired cyclization 

product 62 (0.200 g, 55% yield) as a pale yellow oil. 62: Rf = 0.68 (silica gel, hexanes/EtOAc, 

9/1); [α]D
20 = +23.6° (c = 0.33, CHCl3); IR (film) ν max 3034, 2928, 2863, 1449, 1373, 1110, 

1049 cm−1; 1H NMR (500 MHz, CDCl3) δ 5.32 (p, J = 1.7 Hz, 1 H), 4.89 (dd, J = 3.0, 0.7 Hz, 

1 H), 4.64 (s, 2 H), 3.38 (s, 3 H), 3.36 (q, J = 9.0 Hz, 2 H), 2.89 (dtd, J = 12.3, 6.6, 3.0 Hz, 1 

H), 2.27 (dddd, J = 13.3, 7.5, 2.4, 1.3 Hz, 1 H), 2.24–2.15 (m, 2 H), 1.94 (ddt, J = 14.9, 8.3, 

2.3 Hz, 1 H), 1.78 (d, J = 6.7 Hz, 1 H), 1.76–1.65 (m, 6 H), 1.55–1.40 (m, 2 H), 1.25 (s, 3 H), 

1.07 (s, 3 H), 1.02 (d, J = 6.9 Hz, 3 H); 13C NMR (126 MHz, CDCl3) δ 151.63, 147.25, 127.80, 

123.32, 96.88, 75.35, 63.67, 61.65, 58.03, 56.83, 55.26, 47.16, 45.33, 41.19, 38.93, 37.35, 

36.96, 32.48, 31.66, 21.70, 16.45, 14.40; HRMS (ESI) calcd for C22H34O2
+ [M]+ 330.2559, 

found 330.2557.  

 

Secondary Alcohol 63. To a flame-dried 5 mL pressure vessel at 23 °C was added 62 (129.0 

mg, 0.39 mmol, 1.0 equiv.) and THF (2 mL). The contents of the vessel were then cooled to 0 

°C and BH3•THF (0.390 mL, 1.0 M in THF, 0.39 mmol, 1.0 equiv.) was added. The reaction 

was maintained at 0 °C with stirring and after 5 h, NaOH (0.33 mL, 6 M aqueous) and H2O2 

(0.33 mL, 30% w/w) were added simultaneously. The reaction mixture was then warmed to   

23 °C and stirred for 1 h, after which time it was diluted with Et2O (10 mL) and H2O (10 mL). 

The layers were separated and the aqueous layer was further extracted with Et2O (2 ´ 10 mL). 

The combined organic layers were washed with brine (15 mL), dried (Na2SO4), and 

concentrated to give a yellow oil. This crude material was further purified by flash column 

chromatography (silica gel, hexanes/EtOAc, 6/1) to give alcohol 63 (89.7 mg, 66% yield) as a 
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colorless oil. 63: Rf = 0.33 (silica gel, hexanes/EtOAc, 4/1); [α]D
20 = –6.7° (c = 0.67, CHCl3); 

IR (film) νmax 3362, 3030, 2931, 2869, 1456, 1371, 1111, 1050 cm−1; 1H NMR (500 MHz, 

CDCl3) δ 4.80 (d, J = 2.9 Hz, 1 H), 4.64 (s, 2 H), 3.85 (td, J = 8.8, 3.8 Hz, 1 H), 3.37 (s, 3 H), 

3.34 (d, J = 12.4 Hz, 2 H), 2.76 (dtd, J = 12.7, 6.5, 2.9 Hz, 1 H), 2.14 (ddq, J = 13.5, 10.4, 6.7 

Hz, 1 H), 1.95 (td, J = 12.9, 7.0 Hz, 1 H), 1.86–1.62 (m, 8 H), 1.61–1.53 (m, 2 H), 1.52–1.42 

(m, 2 H), 1.24 (s, 3 H), 1.05 (s, 3 H), 0.99 (d, J = 6.8 Hz, 3 H), 0.87 (d, J = 6.8 Hz, 3 H); 13C 

NMR (126 MHz, CDCl3) δ 148.98, 128.77, 96.87, 78.55, 75.17, 63.48, 61.14, 58.28, 55.26, 

53.20, 53.10, 45.55, 43.11, 41.12, 39.65, 37.77, 36.73, 32.52, 31.57, 21.60, 14.80, 12.62; 

HRMS (ESI) calcd for C22H36O3
+ [M]+ 348.2664, found 348.2664.  

 

Benzoate 64. To a flame-dried, 4 mL vial at 23 °C was added 63 (19.8 mg, 0.057 mmol, 1.0 

equiv.) and CH2Cl2 (0.6 mL). To this solution was then added BzCl (0.020 mL, 0.17 mmol, 3.0 

equiv.), Et3N (0.032 mL, 0.228 mmol, 4.0 equiv.) and 4-DMAP (7.0 mg, 0.057 mmol, 1.0 

equiv.). The reaction mixture was stirred at 23 °C for 2 h. Upon completion, the reaction 

contents were quenched with saturated aqueous NH4Cl (1 mL) and diluted with CH2Cl2 (5 mL) 

and H2O (5 mL). The layers were separated, and the aqueous layer was extracted with CH2Cl2 

(3 × 5 mL). The combined organic layers were dried (Na2SO4) and concentrated to give an 

orange oil. Purification of this crude material by flash column chromatography (silica gel, 

hexanes/EtOAc, 10/1) gave the desired benzoate (24.7 mg, 96% yield) as a pale yellow oil. Rf 

= 0.73 (silica gel, hexanes/EtOAc, 4/1); [α]D
20 = –44.3° (c = 0.28, CHCl3); IR (film) νmax 2927, 

2871, 1718, 1279, 1113, 1047, 712 cm−1; 1H NMR (500 MHz, CDCl3 δ 8.04 (d, J = 7.9 Hz, 2 

H), 7.55 (t, J = 7.2 Hz, 1 H), 7.44 (t, J = 7.5 Hz, 2 H), 5.01–4.93 (m, 2 H), 4.65 (s, 2 H), 3.38 

(s, 3 H), 3.35 (d, J = 11.6 Hz, 2 H), 2.79 (dd, J = 12.8, 6.7 Hz, 1 H), 2.23–2.14 (m, 1 H), 2.03 

(qd, J = 13.3, 12.4, 8.6 Hz, 3 H), 1.89–1.66 (m, 6 H), 1.59–1.46 (m, 3 H), 1.26 (s, 3 H), 1.06 
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(s, 3 H), 1.03 (d, J = 6.8 Hz, 3 H), 0.92 (d, J = 6.7 Hz, 3 H); 13C NMR (126 MHz, CDCl3) δ 

166.98, 148.31, 132.85, 129.69, 129.21, 128.43, 96.93, 81.37, 75.28, 63.68, 61.26, 58.34, 

55.27, 52.57, 49.91, 45.56, 43.54, 39.63, 38.74, 37.72, 36.83, 32.53, 31.53, 29.85, 21.65, 14.59, 

12.72; HRMS (ESI) calcd for C29H40O4
+ [M]+ 452.2927, found 452.2943. To a 4-mL vial at 23 

°C containing a solution of MOM ether (57.0 mg, 0.126 mmol, 1.0 equiv.) in THF (2.5 mL) 

was added 6 M HCl (1.5 mL) dropwise. The reaction mixture was then heated to 50 °C for 4 h. 

Upon completion, the reaction contents were cooled to 23 °C and diluted with brine (5 mL). 

The resultant layers were separated, and the aqueous layer was then extracted with Et2O (3 ´ 5 

mL). The combined organic layers were then dried (Na2SO4) and concentrated. Purification of 

the resultant residue by flash column chromatography (silica gel, hexanes/EtOAc, 5/1) gave 

alcohol 64 (47.5 mg, 92% yield) as a colorless oil. 64: Rf = 0.29 (silica gel, hexanes/EtOAc, 

4/1); [α]D
20 = –17.5° (c = 0.35, MeOH); IR (film) νmax 3417, 2952, 2923, 2870, 1718, 1704, 

1452, 1281, 1115, 712 cm−1; 1H NMR (500 MHz, CDCl3) δ 8.04 (d, J = 7.2 Hz, 2 H), 7.55 (t, 

J = 7.4 Hz, 1 H), 7.43 (t, J = 7.7 Hz, 2 H), 4.98 (d, J = 2.9 Hz, 1 H), 4.98–4.94 (m, 1 H), 3.51 

(d, J = 10.6 Hz, 1 H), 3.41 (d, J = 10.6 Hz, 1 H), 2.80 (dtd, J = 12.7, 6.5, 2.8 Hz, 1 H), 2.23–

2.15 (m, 1 H), 2.08–1.97 (m, 3 H), 1.89–1.77 (m, 2 H), 1.76–1.63 (m, 5 H), 1.53–1.43 (m, 2 

H), 1.26 (s, 3 H), 1.04 (s, 3 H), 1.03 (d, J = 6.7 Hz, 3 H), 0.92 (d, J = 6.7 Hz, 3 H); 13C NMR 

(126 MHz, CDCl3) δ 166.98, 148.34, 132.86, 129.67, 129.10, 128.42, 81.33, 70.26, 63.72, 

60.97, 58.30, 52.55, 49.84, 46.65, 43.50, 39.58, 38.69, 37.56, 36.30, 32.48, 31.38, 21.00, 14.58, 

12.69; HRMS (ESI) calcd for C54H69O4
+ [2M+H]+ 845.4992, found 845.4984.  

 

Carboxylic Acid 65. To a flame-dried, 4 mL vial at 23 °C was added 64 (42.8 mg, 0.105 mmol, 

1.0 equiv.), NaHCO3 (44.1 mg, 0.525 mmol, 5.0 equiv.) and CH2Cl2 (2 mL). To this suspension 

was added Dess–Martin periodinane (66.8 mg, 0.158 mmol, 1.5 equiv.). After stirring the 
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resultant mixture at 23 °C for 1 h, the reaction contents were quenched with a 1:1 mixture of 

saturated aqueous NaHCO3 (2.5 mL) and Na2S2O3 (2.5 mL). The resultant biphasic mixture 

was then stirred vigorously for 30 min after which time the resultant layers were separated, and 

the aqueous layer was extracted with Et2O (3 ´ 5 mL). The combined organic layers were then 

dried (Na2SO4) and concentrated to give a yellow oil which was further purified by flash 

column chromatography (silica gel, hexanes/EtOAc, 20/1) to give the aldehyde (35.8 mg, 85% 

yield) as a colorless oil. Next, to a 4 mL vial at 23 °C containing a solution of aldehyde (35.8 

mg, 0.088 mol, 1.0 equiv.) and 2-methyl-2-butene (0.932 mL, 0.88 mmol, 10.0 equiv.) in t-

BuOH (1 mL) was added a solution of NaClO2 (294.0 mg, 3.26 mmol, 35.0 equiv.) and 

NaH2PO4 (528.0 mg, 4.40 mmol, 50.0 equiv.) in H2O (2 mL). The reaction mixture was stirred 

at 23 °C for 1 h after which time the reaction mixture was diluted with H2O (5 mL) and EtOAc 

(5 mL). The layers were separated, and the aqueous layer was extracted with EtOAc (3 ´ 5 

mL). The combined organic layers were dried (Na2SO4) and concentrated to give pale yellow 

residue. Purification of that crude material by flash column chromatography (silica gel, 

hexanes/EtOAc, 5/1) gave carboxylic acid 65 (35.0 mg, 96% yield) as a pale yellow oil. 65: Rf 

= 0.32 (silica gel, hexanes/EtOAc, 6/1); [α]D
20 = –20.4° (c = 0.46, MeOH); IR (film) νmax 2953, 

2932, 2869, 1717, 1698, 1452, 1280, 1114, 713 cm−1; 1H NMR (500 MHz, CDCl3) δ 8.04 (d, 

J = 7.3 Hz, 2 H), 7.55 (t, J = 7.4 Hz, 1 H), 7.44 (t, J = 7.7 Hz, 2 H), 5.02 (d, J = 2.7 Hz, 1 H), 

4.96 (td, J = 9.1, 3.5 Hz, 1 H), 2.73 (dtd, J = 12.7, 6.6, 2.8 Hz, 1 H), 2.47 (dd, J = 6.5, 1.4 Hz, 

1 H), 2.30 (ddd, J = 13.8, 7.0, 3.9 Hz, 1 H), 2.23–2.14 (m, 1 H), 2.03 (tdd, J = 13.2, 8.5, 4.8 

Hz, 3 H), 1.92–1.66 (m, 4 H), 1.61–1.43 (m, 3 H), 1.31 (s, 3 H), 1.21 (s, 3 H), 1.03 (d, J = 6.8 

Hz, 3 H), 0.92 (d, J = 6.7 Hz, 3 H); 13C NMR (126 MHz, CDCl3) δ 184.45, 166.98, 148.13, 

132.89, 129.67, 129.26, 128.43, 81.25, 63.38, 61.72, 58.33, 52.49, 52.22, 49.81, 43.51, 39.74, 

38.68, 38.35, 36.85, 32.39, 31.33, 30.37, 21.77, 14.59, 12.68; HRMS (ESI) calcd for C54H70O2
+ 

[2M–H2O]+ 798.5223, found 798.5219.  
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Tetrasubstituted Alkene 66. To a flame-dried 4 mL vial at 23 °C was added carboxylic acid 

65 (19.9 mg, 0.047 mmol, 1.0 equiv.) and HCl (1 mL, 4 M in dioxane). The reaction mixture 

was then heated to 80 °C for 48 h. Upon completion, the mixture was diluted with H2O (5 mL) 

and EtOAc (5 mL). The layers were then separated, and the aqueous layer was extracted with 

EtOAc (3 ´ 5 mL). The combined organic layers were dried (Na2SO4) and concentrated to give 

a brown oil. Purificaiton of that residue by flash column chromatography (silica gel, 

hexanes/EtOAc, 5/1) gave the desired isomerized product 66 (11.5 mg, 58% yield) as a pale 

yellow oil. 66: Rf = 0.55 (silica gel, hexanes/EtOAc, 2/1); [α]D
20 = –8.5° (c = 0.15, MeOH); IR 

(film) νmax 2953, 2929, 2869, 1717, 1695, 1279, 1113 cm−1; 1H NMR (500 MHz, CDCl3) δ 8.05 

(d, J = 8.4 Hz, 2 H), 7.55 (t, J = 7.4 Hz, 1 H), 7.44 (t, J = 7.7 Hz, 2 H), 5.00 (td, J = 9.1, 3.7 

Hz, 1 H), 2.83 (d, J = 2.3 Hz, 1 H), 2.32–1.81 (m, 11 H), 1.71–1.54 (m, 3 H), 1.23 (s, 3 H), 

1.18 (s, 3 H), 1.00 (d, J = 6.9 Hz, 3 H), 0.87 (d, J = 6.8 Hz, 3 H); 13C NMR (126 MHz, CDCl3) 

δ 183.90, 166.94, 147.96, 145.95, 132.89, 130.90, 129.69, 128.44, 80.96, 61.95, 59.48, 56.97, 

52.85, 50.53, 47.40, 43.11, 39.63, 39.40, 38.59, 38.38, 30.10, 29.70, 20.94, 14.44, 13.34; 

HRMS (ESI) calcd for C27H34O4Na+ [M+Na]+ 445.2354, found 445.2344. 

 

Spirograterpene A (22). To a solution of 66 (11.5 mg, 0.027 mmol, 1.0 equiv.) in MeOH (0.25 

mL) in a 4-mL vial was added K2CO3 (11.2 mg, 0.081 mmol, 3.0 equiv.). The vial was sealed 

and the reaction contents heated to 55 °C. After 15 h, the reaction was quenched by the addition 

of NH4Cl (1 mL). The aqueous layer was extracted with Et2O (3 ´ 2 mL), dried (Na2SO4) and 

concentrated to give a yellow oil. This crude material was further purified by flash column 

chromatography (silica gel, hexanes/EtOAc, 2/1) to give 22 (4.7 mg, 52% yield). 22: Rf = 0.29 

(silica gel, hexanes/EtOAc, 2/1); [α]D
20 = –18.0° (c = 0.11, MeOH); IR (film) νmax 3400, 3313, 

3203, 2960, 2925, 2855, 1698, 1373, 1260, 1028, 800, 668 cm−1; 1H NMR (500 MHz, CD3OD) 
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δ 3.78 (dt, J = 8.4, 6.8 Hz, 1 H), 2.80 (d, J = 2.6 Hz, 1 H), 2.30–2.21 (m, 1 H), 2.20– 2.11 (m, 

5 H), 2.10–2.04 (m, 1 H), 2.03–1.97 (m, 1 H), 1.73 (dd, J = 10.4, 6.8 Hz, 2 H), 1.69– 1.60 (m, 

2 H), 1.59–1.50 (m, 2 H), 1.19 (s, 3 H), 1.15 (s, 3 H), 0.98 (d, J = 6.9 Hz, 4 H), 0.85 (d, J = 6.9 

Hz, 3 H); 13C NMR (126 MHz, CD3OD) δ 182.54, 149.20, 147.25, 78.54, 63.08, 61.00, 57.72, 

54.87, 54.37, 48.60, 44.02, 42.59, 40.65, 39.49, 30.64, 30.41, 21.79, 14.93, 13.53; HRMS (ESI) 

calcd for C20H30O3
+ [M]+ 318.2915, found 318.2194. All NMR spectral data matched that 

reported in the literature; see comparison in Table 2.3.  Literature [α]D
25 = –22.2° (c = 0.35, 

MeOH). 

Table 2.4. Comparison of 1H NMR data of spirograterpene A (22) between our synthetic 
sample and the natural isolate.14 

Synthetic 22 (500 MHz) Natural 22 (600 MHz) 

3.80 (dt, J = 8.4, 6.8 Hz, 1 H) 3.80 (dt, J = 8.1, 7.0 Hz, 1 H) 

2.82 (d, J = 2.6, Hz 1 H) 2.81 (d, J = 1.8, Hz 1 H) 

2.30–2.21 (m, 1 H) 2.28 (m, 1 H) 

2.20–2.11 (m, 5 H) 

2.17 (m, 1 H) 

2.16 (m, 1 H) 

2.14–2.19 (m, 2 H) 

2.12 (m, 1 H) 

2.10–2.04 (m, 1 H) 2.06 (m, 1 H) 

2.03–1.97 (m, 1 H) 2.00 (dt, J = 16.1, 2.5 Hz, 1 H) 

1.73 (dd, J = 10.4, 6.8 Hz, 2 H) 1.74–1.76 (m, 2 H) 

1.69–1.60 (m, 2 H) 

1.68 (m, 1 H) 

1.65 (m, 1 H) 
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Table 2.4. continued. 

1.59–1.50 (m, 2 H) 
1.57 (m, 1 H) 

1.57 (m, 1 H) 

1.21 (s, 3 H) 1.22 (s, 3 H) 

1.17 (s, 3 H) 1.17 (s, 3 H) 

1.00 (d, J = 6.9, Hz 3 H) 1.00 (d, J = 6.9, Hz 3 H) 

0.87 (d, J = 6.9, Hz 3 H) 0.87 (d, J = 6.9, Hz 3 H) 

3.33 (p, CD3OD) 3.33 (p, CD3OD) 
 

Table 2.5. Comparison of 13C NMR data of spirograterpene A (22) between our synthetic 
sample and the natural isolate.14 

Synthetic 22 (500 MHz) Natural 22 (600 MHz) 

182.54 182.30 

149.20 149.07 

147.25 147.33 

78.54 78.51 

63.08 63.02 

61.00 60.98 

57.72 57.72 

54.87 54.83 

54.37 54.23 

48.60 48.57 

44.02 44.01 

42.59 42.56 

40.65 40.61 
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Table 2.5. continued. 

39.49 39.46 

30.64 30.62 

30.41 30.40 

21.79 21.72 

14.93 14.95 

13.53 13.54 

49.00 (p, CD3OD) 49.00 (p, CD3OD) 

 

Alcohol 67. To a flame-dried 10 mL vial was added diene 58 (14.0 mg, 0.05 mmol, 1.0 equiv.) 

and THF (0.25 mL). The reaction mixture was cooled to 0 °C and BH3•THF (0.05 mL, 0.05 

mmol, 1.0 equiv., 1.0 M in THF) was added. The reaction was stirred at this temperature for 4 

h, after which NaOH (0.05 mL, 6 M aqueous) and H2O2 (0.05 mL, 30% w/w) were added 

simultaneously. The reaction mixture was warmed to 23 °C and stirred for 1 h, after which it 

was diluted with Et2O (1 mL) and H2O (1 mL). The layers were separated, and the aqueous 

layer was further extracted with Et2O (3 ´ 1 mL). The combined organic layers were washed 

with brine (1 mL), dried (Na2SO4) and concentrated to give a yellow oil. The crude material 

was further purified by preparative TLC (silica gel, hexanes/EtOAc, 4/1) to give alcohol 67 

(7.7 mg, 54% yield) as a colorless oil. 67: Rf = 0.20 (silica gel, hexanes/EtOAc, 4/1); 1H NMR 

(500 MHz, CDCl3) δ 4.77 (d, J = 2.7 Hz, 1 H), 3.85 (td, J = 9.4, 8.9, 3.6 Hz, 1 H), 2.68 (dtd, J 

= 12.5, 6.4, 2.8 Hz, 1H), 2.21–2.09 (m, 1 H), 1.99–1.90 (m, 1 H), 1.85–1.74 (m, 2 H), 1.72–

1.64 (m, 2 H), 1.62 (td, J = 4.2, 1.6 Hz, 1 H), 1.60–1.56 (m, 1 H), 1.55–1.50 (m, 3 H), 1.44 (d, 

J = 11.0 Hz, 1 H), 1.41–1.37 (m, 1 H), 1.28 (d, J = 1.6 Hz, 3 H), 1.02 (d, J = 1.5 Hz, 3 H), 

1.00–0.97 (m, 6 H), 0.87 (d, J = 6.8 Hz, 3 H).  
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Barton Deoxygenation to Spiroviolene (21). To a 4 mL scintillation vial at 23 °C was added 

alcohol 67 (7.7 mg, 0.027 mmol, 1.0 equiv.), 1,1’-thiocarbonyldiimidazole (14.4 mg, 0.081 

mmol, 3.0 equiv.) and 4-DMAP (1.7 mg, 0.0135 mmol, 0.5 equiv.). This mixture was dissolved 

in CH2Cl2/pyridine (0.6 mL, 1:1) and the solution was then stirred for 12 h at 23 °C. Once 

complete, the contents were directly purified by column chromatography (silica gel, 

hexanes/EtOAc, 19/1) to afford the desired thionoimidazolide intermediate (10.6 mg, 98% 

yield) as a colorless oil. Next, to a 4 mL scintillation vial at 23 °C was added the resulting 

thionoimidazole (10.6 mg, 0.027 mmol, 1.0 equiv.) and toluene (0.6 mL). To this solution was 

then added tri-n-butyltin hydride (0.015 mL, 0.054 mmol, 2.0 equiv.) and AIBN (0.7 mg, 

0.0041 mmol, 0.15 equiv.). The resultant mixture was heated to 110 °C for 10 min. Upon 

completion, the reaction contents were cooled to 23 °C, the reaction mixture was concentrated 

directly, and then purified by flash column chromatography (silica gel, hexanes) to afford 

deoxygenated product 21 (3.6 mg, 47% yield) whose spectral data matched that of natural 

spiroviolene (see Figures 2.3 and 2.4). 
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Figure 2.3. 1H NMR comparison of the Barton product (top) to synthetic 21 (bottom).  
 

 
 
 
 
Figure 2.4. 13C NMR comparison of the Barton product (top) to synthetic 21 (bottom). 
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Diol 68. To a 4 mL vial at 23 °C containing a solution of MOM ether 63 (12.0 mg, 0.034 mmol, 

1.0 equiv.) in THF (0.7 mL) was added 6 M HCl (0.3 mL) dropwise. The reaction mixture was 

then heated to 50 °C for 4 h. Upon completion, the reaction contents were cooled to 23 °C and 

diluted with brine (5 mL). The resultant layers were separated, and the aqueous layer was then 

extracted with Et2O (3 ´ 5 mL). The combined organic layers were then dried (Na2SO4) and 

concentrated. Purification of the resultant residue by flash column chromatography (silica gel, 

hexanes/EtOAc, 2/1) gave alcohol 68 (10.1 mg, 97% yield) as a colorless oil. 68: Rf = 0.12 

(silica gel, hexanes/EtOAc, 4/1); 1H NMR (400 MHz, CDCl3) δ 4.81 (d, J = 2.9 Hz, 1 H), 3.85 

(td, J = 8.7, 3.9 Hz, 1 H), 3.50 (d, J = 10.6 Hz, 1 H), 3.40 (d, J = 10.7 Hz, 1 H), 2.76 (dtd, J = 

12.5, 6.4, 2.8 Hz, 1 H), 2.22–2.08 (m, 1 H), 1.95 (td, J = 12.9, 7.0 Hz, 1 H), 1.86–1.75 (m, 2 

H), 1.75–1.63 (m, 5 H), 1.63–1.57 (m, 1 H), 1.53–1.41 (m, 3 H), 1.23 (s, 3 H), 1.03 (s, 3 H), 

0.99 (d, J = 6.7 Hz, 3 H), 0.87 (d, J = 6.8 Hz, 3 H).  

Double Barton Deoxygenation to Spiroviolene (21). To a 4 mL scintillation vial at 23 °C was 

added alcohol 68 (5.3 mg, 0.017 mmol, 1.0 equiv.), 1,1’-thiocarbonyldiimidazole (12.4 mg, 

0.070 mmol, 4.0 equiv.) and 4-DMAP (1.1 mg, 0.009 mmol, 0.5 equiv.). This mixture was 

dissolved in CH2Cl2/pyridine (0.6 mL, 1:1) and the solution was then stirred for 18 h at 23 °C. 

Once complete, the contents were directly purified by column chromatography (silica gel, 

hexanes/EtOAc, 3/2) to afford the desired thionoimidazolide intermediate (4.3 mg, 52% yield) 

as a pale yellow oil. Next, to a 4 mL scintillation vial at 23 °C was added the resulting bis- 

thionoimidazole (4.3 mg, 0.009 mmol, 1.0 equiv.) and toluene (0.2 mL). To this solution was 

then added tris(trimethyl)silane (0.010 mL, 0.033 mmol, 4.0 equiv.) and AIBN (0.3 mg, 0.002 

mmol, 0.2 equiv.). The resultant mixture was heated to 110 °C for 1 h. Upon completion, the 

reaction contents were cooled to 23 °C, the reaction mixture was concentrated directly, and 

then purified by flash column chromatography (silica gel, hexanes) to afford deoxygenated 

product 4 whose spectral data matched that of natural spiroviolene (see Figures 2.5 and 2.6).  
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Figure 2.5. 1H NMR comparison of the Double Barton product (top) to synthetic 21(bottom). 
 

 
 

 
 
Figure 2.6. 13C NMR comparison of the Double Barton product (top) to synthetic 21 (bottom). 
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2.11 1H and 13C NMR Data 
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CHAPTER 3 

 

DEVELOPMENT OF AN ASYMMETRIC PYRONE DIELS–ALDER 

REACTION MEDIATED BY DIENAMINE CATALYSIS 
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3.1 Introduction 

There are a number of chemical transformations that have stood the test of time, which, 

despite their early discovery, remain a constant in the realm of target molecule synthesis. Of 

these, the Diels–Alder reaction is arguably one of the most synthetically useful and commonly 

employed transformations.1 Unsurprisingly, there have been many variations on the traditional 

[4+2] cycloaddition, developed as a means to access scaffolds with a high degree of 

functionalization and structural complexity. One such variation is the use of 2-pyrones as 

dienes to afford bicyclic lactone adducts (Scheme 3.1).2 In fact, the use of these heterocycles 

as competent dienes was first reported by the reaction’s own namesakes, Otto Diels and Kurt 

Alder, shortly after their original report.3 With the cycloadducts obtained from this reaction, 

one not only gains the wealth of relative stereochemical information imparted in the standard 

[4+2] cycloaddition, but an additional bridged lactone moiety which serves as an important 

point of derivatization for these heterocycles, either through ring opening of the lactone itself 

or the loss of CO2 via the retro [4+2] pathway to access arene-based structures.4 

 

Of particular note, these heterocycles can often require quite harsh reaction conditions to 

promote the desired cycloaddition, a result of their inherent aromatic nature. What this meant, 

as it related to early examples employing 2-pyrones, is that the more complex and 

stereochemically rich lactone intermediates simply could not survive the conditions used to 

promote the desired [4+2] cycloaddition and rapidly underwent the subsequent retro-Diels–

Alder reaction, extruding CO2 and providing to the corresponding benzene (8) or 

dihydrobenzene (11) species (Scheme 3.2).2b While the products of alkynyl dienophiles, 

bridged cyclohexadiene 7, possess too much strain and are themselves not isolable, it was 

O

O C
+

O

B

B

C
O

B

C

+
[4+2]

**

** *

**

*
AA

O O

Scheme 3.1. Pyrone Diels–Alder reaction.
1 2 3 4

A
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certainly understood that cycloadducts of the form 10 would be very useful to synthetic 

chemists.  Later examples of pyrone Diels–Alder reactions focused on the use of electronic 

matching of reaction partners in an effort to lower the HOMO-LUMO energy gap and thereby 

permit the reaction to take place under milder conditions.  

 

 

3.2 The Pyrone Diels–Alder Reaction in Total Synthesis 

Overall, pyrone Diels–Alder reactions have served as the key transformation in a number 

of total syntheses to date (Figure 3.1), either through the construction of a [2.2.2]-bicyclic 

lactone or some derivative thereof. Scheme 3.3 presents three examples of the common uses of 

pyrone Diels–Alder reactions in synthesis: 1) to install the bicyclic lactone as found in the 

target,5 2) to perform a Diels–Alder/retro-Diels–Alder sequence to access arene frameworks6 

or provide a new diene for further functionalization,7 and 3) to install important relative 

stereochemistry about the core cyclohexane ring.21-33 In the case of chatancin (17, Scheme 

3.3a), the Maimone group viewed the lactol motif found in the target as coming from an 

intramolecular pyrone Diels–Alder reaction. Pyrone 23, accessed in 5 steps from (l)-

dihydrofarnesol, underwent a thermally promoted intramolecular [4+2] cycloaddition to form 

O

O

R2

R1

R3 X

O

R2

R1

O

R3

X

[–CO2] R2

R1

[–CO2] X

R3

[–HX]
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O

O5

9
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11 12

7 8

6

Scheme 3.2. Pyrone Diels–Alder reactions as a means to access arene and bridged frameworks.

R4 R5
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decalin 24 in a 1:1 dr.5d From here, three additional steps were needed to introduce the Diels–

Alder reaction served to construct much of the carbocyclic frame of the target as well as 

establish the bicyclic lactone, making this transformation integral to the brevity of this 

approach. Such a strategy has also been applied in the total synthesis of the 

basiliolide/transtaganolide family of natural products by the Stoltz group.5a,5c A more common 

use of this transformation, especially in earlier examples, is the sequential Diels–Alder/retro-

Diels–Alder process, which can either be used to construct arene motifs or to form a diene that 

can serve as a point of further elaboration. The latter was the tactic employed by the Luo group 

in their synthesis of vinigrol (20).7b Starting from chiral pool materials, Luo et al. were able to 

access 3-carbomethoxy-2-pyrone derivative 26 in 14 steps. Under microwave conditions, the 

macrocycle performs a transannular Diels–Alder reaction to establish the bicyclic lactone, 

which extrudes CO2 to produce electron poor diene 27. The newly formed diene serves a vital 

role by providing a functional handle through which to introduce the bridgehead alcohol, in 

this case via a Diels–Alder reaction with singlet oxygen to form endo-peroxide 28. And so, by 

using the 2-pyrone derivative (26) as a competent diene partner, Luo and co-workers were able 
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to access vinigrol (20) in a concise and scalable manner (20 steps from commercial materials), 

with the last step of the sequence conducted on gram-scale. 
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An alternate use of this reaction is to take advantage of the wealth of relative 

stereochemistry obtained. While this may be true of all [4+2] cycloadditions, the use of a 2-

pyrone species as the diene has the added advantage of the newly formed lactone as a further 

functional handle. This strategy has granted access to several members of the Amaryllidaceae 

alkaloids and represents a large part of the research program developed by Cheon-Gyu Cho.8,9 

A representative example is the synthesis of (±)-pancratistatin (34) and (±)-epi-pancratistatin 

from 3,5-dibromopyrone (29).8g It should be mentioned that 29 is an ambident diene, reacting 

efficiently with both electron rich and electron poor dienophiles.10 A Diels–Alder cycloaddition 

of 29 with styrenyl borane 30, followed by oxidation of the alkyl borane with NaBO3 provides 

lactone 31. Reduction of both the vinyl and bridgehead bromide atoms and subsequent acid 

catalyzed lactone opening produces 32. At this stage the pyrone Diels–Alder reaction had set 

four of the six stereocenters found within the target, one of which would then be used to 

introduce the remaining two. Protection of the allylic alcohol as the TBDPS ether then forces 

the Upjohn dihydroxylation to take place stereospecifically to afford cis-diol 33. Additional 

transformations, including inversion of one of the carbinol centers, a Curtius rearrangement, 

and lactam formation, then provides pancratistatin (34) in a racemic fashion (Scheme 3.3). This 

example elegantly illustrates the benefit of using the 2-pyrone diene to introduce relative 

stereochemistry, whereby many of the necessary centers were introduced in the opening steps, 

while the remaining ones were formed using existing stereocenters. At the same time, many of 

the requisite functional groups, such as the methyl ester for the Curtius rearrangement, the 

olefin necessary for dihydroxylation, and the hydroxyl groups, were all fashioned by the 

opening cycloaddition. 

Our group has also made significant contributions to the field of pyrone Diels–Alder 

reactions. The first of two examples is the total synthesis of scholarisine A (15), which utilized 

a pyrone Diels–Alder reaction as one of the opening steps, in order to install the bicyclic lactone 



 130 

core of the natural product.5b Here, the dienophile (36) was prepared from a chiral amino acid 

precursor in order to render the reaction diastereoselective (3:1 dr). Of note, despite the lack of 

electronic matching between the diene and dienophile, the reaction proceeds under 

comparatively mild conditions (100 °C, 33 h). Lactone 37 then served as the core around which 

 

the remainder of the molecule was constructed, thereby granting access to 15. In addition to 

this synthesis, our group has developed a method utilizing a one-pot pyrone Diels–Alder/retro-

Diels–Alder sequence to prepare indoline and hydroindoline scaffolds.7a Scheme 3.4 

demonstrates this approach with pyrone 38. Here an intramolecular pyrone Diels–Alder 

reaction, wherein the dienophile is tethered through an amine linkage, provides the bicyclic 

lactone under forcing conditions (170 °C, 12 h), which undergoes a subsequent retro-[4+2] 

process to afford the intermediate vinyl chloride species. This is then hydrolyzed in one-pot to 

the corresponding enone 39. Having prepared half of the central rings in a single step, 39 could 

then be carried forward to gracilamine (21) in 14 steps.  
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While these examples demonstrate the clear utility of the pyrone Diels–Alder reaction, they 

also present common challenges. More specifically; 1) both transformations require elevated 

temperatures for a prolonged period of time to promote the desired reaction, 2) although not 

observed in these examples, as mentioned above, such conditions often result in the retro-

Diels–Alder process, and 3) in both cases enantioselectivity was a challenge. In the synthesis 

of 15, a chiral center, which was later ablated, had to be installed in the dienophile to effect a 

diastereoselective reaction, while in the case of gracilamine (21), the developed method was 

completely racemic (though conceptually, the placement of some chiral center along the tether 

might afford stereocontrol). Based on this, we sought to develop a pyrone Diels–Alder reaction 

which would not only take place under mild conditions, but could be conducted in a catalytic, 

asymmetric fashion. We also hoped that the method would allow access to lactone structures 

distinct from those already found in the literature.  

 

3.3 Asymmetric Pyrone Diels–Alder Reactions 
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Asymmetric pyrone Diels–Alder reaction are known in the literature, however examples 

are quite limited. Initial work from Posner focused on the use of chiral auxiliaries placed on 

either the diene or dienophile to afford several bicyclic lactone products in moderate to good 

diastereoselectivity (Scheme 3.5).11 One of the first catalytic asymmetric variants, also from 

the Posner group, used electron poor pyrone 46 and TBS vinyl ether (47) to produce 

cycloadduct 48.12 Although this served an important role in the asymmetric synthesis of the 

vitamin D precursor calcitriol, the scope was extremely limited with only modest 

enantioselectivity.13 Much later the Deng group was able to develop a more general asymmetric 

normal electron-demand pyrone Diels–Alder reaction. Building off of previous work published 

by the Okamura group,11c,14 Li Deng demonstrated that 3-hydroxypyrone derivatives (49) can 

undergo [4+2] cycloadditions with electron poor dienophiles (50) in an asymmetric fashion 

(Scheme 3.6).15 Here, the asymmetry is induced via dual hydrogen bonding activation of the 

diene and dienophile by a cinchona alkaloid derivative. This work was furthered by the Wang 

group, who employed a similar cinchona alkaloid-based catalyst in the desymmetrization of 

cyclopentadienones (53).16 

 

Following this report and during our own studies, an asymmetric inverse electron-demand 

pyrone Diels–Alder reaction was published by Cai and co-workers (Scheme 3.7).17 In this 

approach, following the seminal work of Posner and Markó,12 3-carbomethoxy pyrone 
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derivatives (55) were shown to achieve [4+2] cycloadditions with acetonide 56 asymmetrically, 

with the use of Lewis acid Yb(OTf)3 and an electron poor BINOL derivative. Quite 

importantly, it was demonstrated that the resultant lactone could undergo the subsequent retro-

Diels–Alder reaction (in some cases in a one-pot transformation) to grant asymmetric access 

to a variety of arene cis-dihydrodiols, highly valuable synthetic precursors. As a testament to 

the value of this method, the authors show that retro-Diels–Alder product 59 can be easily 

converted in short sequence to the bioactive natural product (+)-MK7607 (61). 

 

Although the methods presented above are significant in and of their own right, they do 

have one important factor in common: they rely on activation of the pyrone partner in order to 

promote reactivity and induce enantioselectivity. This, in turn, means that there are requisite 

functionalities that must be placed on the pyrone partner, a hydroxyl group for the Deng 

approach and a methyl ester for the Cai approach, coincidentally both at the 3-position. As 

such, we wondered whether it would be possible to develop an approach towards this reaction 

that would rely solely on the activation of the dienophile, thereby removing any base structural 

requirements on the pyrone, other than the necessary electronic considerations. Having this in 

mind, we looked to dienamine catalysis. 
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3.4 Dienamine Catalysis and the Diels–Alder Reaction 

In a general sense, dienamine catalysis is the condensation of some, typically secondary, 

amine onto an a,b-unsaturated aldehyde (Scheme 3.8). The resulting species contains a highly 

activated HOMO, turning the traditionally electrophilic enal into a quite potent nucleophile. 

Dienamines demonstrate four main categories of reactivity: 1,3-reactivity or a-

functionalization, 1,5-reactivitity or g-functionalization, 2,5-reactivity where the species itself 

acts as a diene, and 4,5-reactivity where the terminal olefin behaves as a dienophile, 

dipolarophile etc. It is this last mode of reactivity that we were particularly interested in, more 

specifically the ability of these species to partake in [4+2] cycloadditions. 18,19 

 

 Examples of such reactivity do exist within the literature, as shown in Scheme 3.9. 

While nearly every example utilizes some functionalized pyrrolidine core, they can be placed 

into two distinct categories based on the asymmetry-inducing motif. The more common of 

these is the diarylprolinol (72), where the fully substituted carbon of the tertiary alcohol 

effectively prevents approach from a single face.20 One of the first examples comes from the 
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Chen group, in which decorated cyclohexenes are obtained enantioselectively through a 

dienamine-catalyzed Diels–Alder reaction of crotonaldehyde with the highly electron poor 

diene, 71.21 Less common but still well studied, is the placement of some hydrogen bonding 

handle, typically in the form of a thiourea or squaramide, onto the prolinamine ring (76).22 Such 

species provide activation of both the dienophile, through formation of the dienamine, and the 

diene via favorable hydrogen bonding interactions which also guide enantioselectivity. One 

example is presented from the Jørgensen group, where a hetero-Diels–Alder reaction between 

enal 74 and a- ketoester 75 provide asymmetric access to a variety of dihydropyrans, in this 

case catalyzed by squaramide 76.  

 

While conducting our own studies on these systems as applied to 2-pyrones, an 

interesting example was published by the Chen group.23 In this event, trienamine catalysis was 
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employed to promote the asymmetric Diels–Alder reaction between 2-pyrone 46 and the 

skipped dienone 78. While this certainly represents an important contribution, there were still 

some unresolved challenges. In particular, the reaction required harsh conditions relative to 

other dienamine catalyzed [4+2] reactions (40 mol% acid additive, 60 °C, 48 h) and the 

substrate scope was greatly limited, with the only compatible pyrone being 46 and only 

variations at the terminal position of 78 being tolerated.   

 With all of these preceding results in mind, we then set out to make our own 

contribution to this field. We hoped that under dienamine catalysis we could efficiently and 

stereoselectively conduct a Diels–Alder reaction with a variety of electron poor pyrone species. 

We hoped that by relying on activation of the dienophile partner we would afford fewer 

functional restrictions on the pyrone and potentially access alternative frameworks to those 

already in the literature.  

 

 

3.5 Initial Discovery and Reaction Optimization 

We first sought to establish a base system of reactivity using the conditions previously 

employed by the Chen group in their own studies on dienamine-catalyzed inverse electron-

demand Diels–Alder reactions.21a When using methyl coumalate (35, 1 equiv.)24 as the diene 

and crotonaldehyde (70, 3 equiv.), as the dienamine precursor, we were able to obtain the 

desired bicyclic lactone product (85) in good yield (87%) as a 1.5:1 mixture of diastereomers, 

slightly favoring the endo species (Table 3.1). Knowing that substituent patterning along the 

aldehyde partner can have a significant impact on the stereoselectivity in these systems, a trend 
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observed by the Chen group themselves,21b we then probed the placement of methyl groups 

along the enal. When placing a methyl group at the a-position we observed a complete loss of 

reactivity, with both reaction partners recovered unchanged. On the other hand, the placement 

of a second methyl substituent at the b-position not only restored reactivity to the levels 

previously observed, but to our surprise, increased the enantiomeric excess of the products 

from ~5% to 75%, with the diastereoselectivity essentially unchanged. 

  

As shown in Scheme 3.11, we have tried to rationalize this observed difference in reactivity 

and stereoselectivity. In the case of 89, it could be presumed that the challenge is the formation 

of dienamine 92. If one were to condense pyrrolidine onto 89, the resulting methyl group at the 

a-position of the enamine would demonstrate a significant A1,3 strain with the methylene 

adjacent to the nitrogen atom. This would likely inhibit the formation of the requisite 

dienamine, thereby preventing the desired reaction from taking place. The reason for the 

sizeable impact of the additional b-substituent on stereoselectivity, however, is less clear. One 

possible rationale is the ratio of s-cis to s-trans diene conformers. Although the s-trans 

conformation is undoubtedly favored, as shown with simple ground state calculations (work 

performed by Cooper Taylor), we posit that the placement of an additional b-substituent 

produces A1,3 strain in the s-trans species that reduces the extent to which this structure is 

favored. If the s-cis species was in fact favored, the reactive site would then be brought much 
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closer to the asymmetry-inducing steric handle, thereby improving the enantioselectivity of 

this transformation. It must be said that this reasoning would not seem to account for the drastic 

difference in stereoselectivity observed and there may be a myriad of other unidentified factors 

at work to produce this outcome.  

 

Having noted the observed trend, we decided to pursue cyclic a,b-unstaturated aldehydes, 

as not only do they contain the seemingly requisite b-b’-substitution pattern but the products 

themselves would offer a degree of complexity not previously observed in forms, such as the 

bridged hydrindane product of 88, and containing a newly formed quaternary center (structure 

confirmed by X-ray crystallographic analysis). Pleasingly, enal 91 gave the desired product in 

good yield (78%) and a slightly higher enantiomeric excess (81% ee). With these results in 

hand, we then went through the process of optimizing other factors including solvent, 

temperature, concentration and catalyst loading. Most notable of these, however, was the fact 

that the reaction performed best without any additional additive. Dienamine-mediated 

transformations are often improved by the inclusion of acid additives, which promote the 

condensation of the amine catalyst onto the enal partner and as such, it is quite surprising that 

our system performs better in their absence.25 Furthermore, catalyst loading can be reduced to 

as little as 5 mol%, this too is significant as typical loadings are in the realm of 10-40 mol%.  
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With all other parameters optimized, we wanted to explore the importance of catalyst 

structure as it pertained to the reaction. Under the manifold of dienamine catalysis broadly, we 

wanted to survey two things: 1) the degree of substitution of the amine, and 2) the handle used 

to induce asymmetry (steric control vs. hydrogen bonding). As can be seen in Table 3.2, of the  

 

various catalyst types surveyed, secondary amines were required to promote reactivity, with 

structures such as 79 and 97 showing no desired product. On the other hand, good 

enantioselectivity was only observed when a steric handle was placed on the pyrrolidine ring 

(84) as opposed to a hydrogen bond donor (95 and 76).20c,22, 26 

This led us to further explore catalysts similar in structure to 84. As shown in Table 3.3, 

after varying the aryl group as well as the protecting group on the tertiary alcohol, optimum 
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results were obtained using the Jørgensen-Hayashi catalyst 72.20 We then took these as the 

optimized reaction conditions with which to study the substrate scope of the reaction.  

 

 

3.6 Exploring and Understanding the Reaction Scope 

With the reaction conditions optimized, we set out to survey the scope of the reaction.  

Pleasingly, we could increase the ring size of the enal partner to include six-, seven- and eight-

membered cycloalkylidene aldehydes, to produce the corresponding fused ring systems in good 

yield and enantioselectivity. Noteworthy, is that the fused twelve-membered ring analogue 105 

could be accessed in good yield and high diastereoselectivity, albeit with low 

enantioselectivity. The complexity of the products could also be extended to the tricyclic 

benzo-fused species 106-109, all in good yield and enantioselectivity. Further, we were able to 

demonstrate that although the cycloalkylidene based aldehydes offered a wealth of structural 

complexity in the products, they were not strictly required for the success of the reaction as 

seen in compounds 110-115, which arise from the b-aryl substituted crotonaldehyde starting 

materials. The reaction showed tolerance for electron rich (111) and electron poor (112) 
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(71%)
(1.0:1 dr, 70% ee)

35 91 88

Table 3.3. Exploration of diarylprolinol scaffolds to promote the Diels–Alder reaction.
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systems, as well as a variety of heterocycle substituted species (113-115). Of note, we believe 

that the comparably lower yield observed in the case of 114 is a result of the furan moiety itself 

possibly serving as a competent diene partner in the reaction, thereby promoting undesired 

reaction pathways.  

 

 Having completed the scope of dienophile partners, we noticed that in all cases presented 

thus far there is only one possible site for gamma deprotonation on the a,b-unsaturated 

aldehyde, thus there is only one possible regioisomer of the proposed dienamine intermediate. 
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O
CO2Me
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O MeO

O

103
(76%)

(8.7:1 dr, 97% ee)

104
(75%)

(2.3:1 dr, 59% ee)

105
(47%)

(>20:1 dr, 21% ee)

106
(70%)

(2.2:1 dr, 98% ee)

107
(68%)

(2.3:1 dr, 99% ee)

108
(68%)

(4.9:1 dr, 94% ee)

109
(47%)

(1.2:1 dr, 93% ee)

110 
(63%)

(1.1:1 dr, 90% ee)

111
(65%)

(1.3:1 dr, 88% ee)

112
(65%)

(1.8:1 dr, 90% ee)

113
(83%)

(5.7:1 dr, 94% ee)

115
(88%)

(1.4:1 dr, 93% ee)

114
(46%)

(1.8:1 dr, 91% ee)

Table 3.4. Exploring the scope of compatible enal partners.
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But what would the reaction outcome be if multiple regioisomers of the active dienamine 

existed in solution? To study this, we turned to citral (116, Scheme 3.12). Upon condensation 

of 116 with 72, one can form either the “kinetic” regioisomer 117 or the “thermodynamic” 

regioisomer 118, both of which would be competent in performing the desired reaction. 

Interestingly, in our system we obtain ~5:1 rr favoring the product of the dienamine 118, 

indicating that there is some possibility of equilibration of these species to the more 

thermodynamically stable intermediate prior to the cycloaddition taking place. It should be 

noted that both products in this case are obtained in excellent diastereo- and enantioselectivity.  

 

After probing the scope of a,b-unsaturated aldehydes, we moved our focus to the 

corresponding pyrone counterpart. Initially, we wanted to study how the placement of the 

methyl ester substituent along the diene impacted the system. While the product of the 3-

carbomethoxy pyrone (123) could be obtained in good yield and moderate enantioselectivity, 

placing the ester functionality at any other position along the diene resulted in no observed 
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+
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Scheme 3.12. Studying the regioisomeric outcome from the reaction of 35 with citral (116).
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reactivity. In line with our own observations, such a trend was observed by the Zu group in 

their studies of electron poor pyrones participating in Rauhut-Currier type reactions.27  

 

With this important data point in mind, we studied the scope of compatible pyrones, varying 

the identity of the electron withdrawing group. Here, the methyl ester could be replaced by the 

phenyl ketone (124) or carbonitrile (125) functionality while maintaining good reactivity and 

stereoselectivity (Table 3.6). In addition, the more electron poor diester variant 126 could also 

be obtained, albeit with a greatly reduced diastereoselectivity. What we found particularly 

interesting was that a bromine atom could be placed at the 3-position of the pyrone starting 

material without hindering reactivity or stereoselectivity. This is significant, not only because 

the resulting bridgehead bromide could be viewed as a point of further elaboration, but more 

importantly that we are able to construct two vicinal fully substituted carbon atoms in an 

asymmetric manner and in a single step, from materials that themselves are completely achiral, 

truly demonstrating the power of this reaction.28 Despite having surveyed a variety of dienes 

and dienophiles, there remained one more observation that we thought important to pursue. As 

can be seen in Tables 3.4 and 3.6, in cases where the enal contains aliphatic substituents at both 

the b and b’positions, dr levels are on the order of ~3:1 to as high as >20:1. However, when 

one of the b-substituents is replaced with an aryl group, there is an immediate decrease in the 

diastereoselectivity of the reaction to ~1:1. This then led us to consider whether there were any 

O
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OHC

O O

OHC
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OHC
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88
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(6.7:1 dr, 94% ee)
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23 °C, 24 h
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O
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O

R

Table 3.5. Exploring the effect of ester positioning on the reactivity of the pyrone partner.
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possible substrate effects on the transition states that could account for this fact. As can be seen 

in Figure 3.2, when R = alkyl, favorable secondary orbital overlap between the 4,5-position of 

the pyrone and the internal olefin of the dienamine would favor the endo transition state, as 

would be expected. However, when an aryl group is placed at the b-position of the dienamine, 

we believe that there is a competing interaction. Here, favorable orbital overlap between the 

oxygen atom of the ester and the p-system of the aryl ring can stabilize the exo transition state 

and thereby erase any diastereoselectivity. In order to overcome this effect, one would 

essentially have to remove this competing interaction. We envisioned that this might be 

possible if the ester group was replaced with the related nitrile. From this perspective, one 

retains the electronic nature of the pyrone, but the sp-hybridized geometry of the nitrile should 

prevent any effective overlap between that and the aryl p-system. In fact, we were able to 

synthesize two cycloadducts from 5-carbonitrile-2-pyrone, 132 and 133 (Figure 3.2). These 

products showed dr’s of 5.5:1 and 8.9:1, while those from the corresponding 5-carbomethoxy-

2-pyrone showed dr’s of 1.1:1 and 2.3:1, respectively, in effect supporting our hypothesis. 
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(78%)

(2.9:1 dr, 78% ee)

Table 3.6. Exploring the scope of 2-pyrones as dienes.
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3.7 Derivatization of Bicyclic Lactone Products 

In order to demonstrate the utility of the structures synthesized in this chapter, we wanted 

to perform additional transformations. As shown in Scheme 3.13, the first of these was the 

traditional retro-Diels–Alder reaction. Upon heating cycloadduct 88 in toluene at 155 °C for 

24 h we were able to obtain the corresponding decarboxylated product, which could potentially 

serve as a point of further elaboration through a second [4+2] pathway. In fact, a report by the 

Albrecht group demonstrated that such a transformation could be performed intramolecularly 

O

O

R1N

MeO2C
O

R1N

O
CO2Me

endo 129 favored due to secondary orbital overlap between ester and enamine

vs.
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Figure 3.2.  Transition state analysis to account for dr outcomes.
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to build a subsequent [2.2.2]-bicycle containing a fused cyclobutane ring.29 Separately, the 

pendant aldehyde could be protected as the corresponding acetal (135), following which the 

lactone could be opened using NaOMe/MeOH and protected as the corresponding benzoate 

(136). This then provides access to a highly substituted cis-hydrindane core in an asymmetric 

fashion. Alternatively, if one desired to functionalize the ester handle while keeping the lactone 

intact, treatment with Me3SnOH at elevated temperature, followed by a Barton decarboxylation 

reaction using BrCCl3 as a bromide radical source, provides vinyl bromide 137.30,31 Not only 

does this species provide a point for further transformations through traditional cross coupling 
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Scheme 3.13. Selected derivatization of Diels–Alder products: (a) toluene, 155 °C, 24 h, 
sealed tube, 67%, 95% ee; (b) 1,2-bis(trimethoxysilyl)ethane (2.0 equiv.), TMSOTf (0.1 
equiv.), 0 °C, 1 h, 98%; (c) NaOMe (2.0 equiv.), MeOH, 0 °C, 2 h; BzCl (2.0 equiv.), Et3N 
(2.0 equiv.), 4-DMAP (2.0 equiv.), CH2Cl2, 23 °C, 1 h, 67% over two steps, 95% ee; (d) 
Me3SnOH (3.0 equiv.), 1,2-DCE, 80 °C, 16 h; (e) SOCl2 (5.0 equiv.), toluene, 23 °C, 24 h; 
AIBN (0.1 equiv.), mercaptopyridine N-oxide sodium salt (1.1 equiv.), BrCCl3, 100 °C, 1 h, 
38% over three steps, 92% ee; (f) NHC (20 mol%), NaOAc (1.2 equiv.), CHCl3, 40 °C, 30 
min, 91%, 95% ee.
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chemistry, but it also represents the product of a Diels–Alder reaction using 5-bromopyrone, a 

system which is difficult to engage in a racemic fashion, far less asymmetrically, as has been 

done here in a formal sense.11d However, one of the more fascinating transformations is the 

Stetter reaction, converting 106 to 138 as a single diastereomer about the a-carbon of the ester. 

This example clearly illustrates the degree of structural complexity and steric congestion that 

can been built into this system: two bridged bicycles as well as the fused tricyclic motif. In 

particular, we have been able to set every stereocenter about the central cyclohexane ring in an 

almost fully stereoselective manner starting from completely achiral materials in just two short 

steps, thereby demonstrating the true utility of these structures, as well as the preceding 

cycloaddition. 

 

3.8 Initial Studies Towards the Gardmutine Alkaloids 

As a means of illustrating the potential of our newly developed reaction, we looked to apply 

this method to natural product total synthesis. In searching for a target that would be best suited 

to the framework obtained from our reaction, we came across the gardmutine alkaloids.32 The 

gardmutines (139-142, Figure 3.3a) are a series of 7S-oxindole alkaloids isolated from 

Gardneria multiflora. These compounds are interesting not only structurally, as they are the 

only members of the gardmutine family to contain a 7S center, but also biologically, with 

gardmutines D and E showing moderate cytotoxicity towards HeLa, breast, and colon cancer 

cell lines (IC50 1.4–8.1 µM).32 In applying our dienamine catalyzed pyrone Diels–Alder we 

hoped, in particular, to take advantage of the relative stereochemistry imparted by this reaction, 

as well as the variety of functional groups introduced in this key step. As can be seen in Figure 

3.3a, the overall framework of the gardmutines overlays quite well with the generic 

cycloadduct. The pendant aldehyde could serve as a point of introduction for the amine, while 

the lactone provides the necessary primary alcohol as well as a secondary alcohol handle, 
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through which to introduce that second C–N bond. Further, the a,b-unsaturated ester could act 

as a precursor to the spirooxindole moiety. There is, however, still one major difference: the 

ring size of the core. We sought to solve this problem through a ring expansion approach as 

presented in Figure 3.3b. Using the olefin afforded by the pyrone Diels–Alder reaction, we 

sought to introduce a gem-dihalocyclopropane (143). In the presence of Ag(I), such species 

would undergo a disrotatory 2-p electrocyclic ring opening process to generate an allylic 

carbocation which, although typically trapped via an external nucleophile (e.g. H2O), could be 

trapped intramolecularly via the secondary amine to form the requisite azabicycle 145.33 

 

In practice, our first goal was to access some variant of the lactone-opened product from 

which we could attempt formation of the gem-dihalocyclopropane. Starting from 5-

cyanopyrone 146, the dienamine-catalyzed Diels–Alder reaction with crotonaldehyde provided 

desired endo-cycloadduct 147 in good yield and decent diastereoselectivity (Scheme 3.14). 

Here, we decided to use the nitrile functional handle as opposed to the ester group, such that 

there was greater differentiation between that position and the bridged lactone in later steps. 
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Knowing the reactivity of the newly formed aldehyde, in particular the potential for a retro-

Michael reaction and resultant undesired reaction pathways, we protected this species as the 

corresponding acetal which could be revealed later in the route as needed. Lactone 148 was 

then reduced with LiAl(t-BuO)3H to afford the desired diol, in which the primary alcohol could 

be selectively protected as the corresponding TBS ether (149). Other reductants such as LiAlH4 

or LiBH4 led to complex mixtures and lower yields of the desired diol.  

 

At this stage, we attempted to introduce the nitrogen atom via a Mitsunobu reaction, fearing 

that such a transformation might be sterically challenging after introducing the gem-

dihalocyclopropane ring. Of the variety of nitrogen-based nucleophiles attempted, only 

BocNHNs proved capable of performing the desired substitution to afford 151 (Scheme 3.15). 

At this point, a number of conditions were screened to introduce the desired cyclopropane 

system, including dihalo carbenes, in both organic solvents and phase-transfer systems, as well 

as nucleophilic haloform anions that could add in a 1,4-fashion.33 Under more forcing 

conditions, decomposition pathways began to take over. At first, we attributed this to the fact 

that we had both a highly electron poor amine, as well as a labile protecting group in the form 

of o-nosyl. After removing this group under standard conditions, we once again attempted a 

similar series of conditions to introduce the requisite cyclopropane, but no desired reaction 

took place. It was then thought that by first performing the Mitsunobu reaction, the central 

cyclohexane was too sterically encumbered for the desired reaction to take place, with large 

groups residing on both faces of the ring. With this in mind, we also tried a series of similar 

transformations on the secondary alcohol 149, as well as a number of protected variants of this 
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Scheme 3.14. Conversion of cyanopyrone 146 to protected diol 149: (a) 72 (5 mol%), 70 (3.0 equiv.), Et2O, 23 °C, 36 h, 75%; (b) 1,2-
bis(trimethoxysilyl)ethane (2.0 equiv.), TMSOTf (0.1 equiv.), 0 °C, 1 h, 90%; (c) LiAl(t-BuO)3H (1.0 equiv.), THF, then TBSCl (1.2 
equiv.), imidazole (2.9 equiv.), DMF, 50% over 2 steps.
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compound and bicyclic lactone 148. But unfortunately, we were never successful in installing 

the ring at this stage.33  

 

We then wondered whether it was instead a problem of electronics rather than strictly 

sterics.34 Knowing that we required the nitrile, or some electron poor variant thereof, as a 

precursor to the spirooxindole, we did not think it efficient to remove this handle simply to 

reinstall it later in the sequence. Instead, we proposed to increase the reactivity of the Michael 

acceptor. From this perspective, although reactions involving dihalocarbenes might be more 

challenging, those involving haloform anions might have a greater chance of success. Based 

on this strategy we then oxidized secondary alcohol 149 to the corresponding ketone 155 

(Scheme 3.16). This now, highly reactive, Michael acceptor smoothly underwent cyclopropane 

formation in an almost completely diastereoselective manner to afford 156.35 Although unclear 

from the spectra obtained, it is almost certain that the newly formed ring sits trans to the 

neighboring TBS ether. This ketone could then be easily converted into the desired amine 

through a reductive amination with NH4OAc and NaCNBH3, which could then be Boc-
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Scheme 3.15. Early attempts at forming the gem-dihalocyclopropane: (a) BocNHNs (1.0 equiv.), Ph3P (1.2 equiv.), 
DIAD (1.2 equiv.), toluene, 23 °C, 2 h, 65%; (b) PhSH (4.0 equiv.), KOH (2.0 equiv.), MeCN, 23 °C, 30 min, 91%.
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protected to provide 158. Here, we believe that the stereoselectivity of the reduction is a result 

of the endo-bromide atom on the cyclopropane ring effectively preventing hydride approach 

from the si-face. We then faced a different challenge: opening the dibromocyclopropane ring. 

Despite trying a number of Ag(I), salts we never observed any conversion of the starting 

material.33 We then attempted ring opening with several intermediates, including ketone 156, 

in these cases using an aqueous biphasic mixture to attempt external nucleophile capture of the 

resulting carbocation. However, despite several attempts we could never successfully open the 

cyclopropane ring within species such as 158. It is possible that the endo-bromide atom, the 

one that is abstracted in the concerted ring opening process, was too hindered and the resulting 

allylic carbocation, with a neighboring electron withdrawing group, was too unstable, leaving 

no driving force for  the  reaction  to  take  place.  With  this  transformation  being  key  to  the  

 

formation of the requisite seven-membered core of the gardmutines and no clear alternative in 

sight, this route was abandoned. It is worth noting that despite this unsuccessful approach, key 

lessons were learned in regard to the ability to functionalize the stereochemically rich core 

obtained from our dienamine-catalyzed pyrone Diels–Alder reaction. 
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Scheme 3.16. Installation of gem-dibromocyclopropane and attempts at Ag-promoted ring opening: (a) 
DMP (3.0 equiv.), NaHCO3 (5.0 equiv.), CH2Cl2, 0 °C, 1 h, 95%; (b) CHBr3 (5.0 equiv.), NaHMDS  (1.3 
equiv.), THF, –78 °C, 1 h, 70%, >20:1 dr; (c) NH4OAc (15.0 equiv.), NaCNBH3 (5.0 equiv.), MeOH, 50 
°C, 2 h; (d) Boc2O (2.5 equiv.), Et3N (3.0 equiv.), DMAP (1.0 equiv.), CH2Cl2,1 h, 23 °C, 78%.
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3.9 Application to the Pyridone Diels–Alder Reaction 

Analogous to the pyrone Diels–Alder, although less studied, is the pyridone Diels–Alder 

reaction.2b Owing to the substrate’s greater aromatic nature, in the form of a fully aromatic 

tautomer (164), such reactions are far more challenging than the analogous 2-pyrone variant.36 

However, the potential of this transformation is quite apparent. As shown in Scheme 3.17, the 

overall structure of the products is almost identical to that of the pyrone Diels–Alder reaction, 

with the key difference being the formation of the aza-bicycle, a scaffold that is featured in 

alkaloid natural products, such as koumine (162). 

 

When studying the reaction variant with 2-pyridones, the substituents placed along the ring 

become extremely important, with the most significant being the group placed on the nitrogen 

atom. While there are examples of these pyridone Diels–Alder reactions where the nitrogen 

atom is protected with an alkyl group, it is much more typical to use a highly electron 

withdrawing group as a means to reduce the delocalization of the nitrogen lone pair into the 

ring and thereby decrease the aromatic character of the species. In this regard, N-sulfonyl 

groups are the most commonly employed. While it is possible to prepare the N-acyl or N-

carbamate variants, these species can undergo rapid N,O-rearragement at low temperature to 

afford the corresponding O-protected 2-pyridinols.37 Although the use of such electron poor 

protecting groups is necessary, there is an adverse effect on the reactivity of the resultant 

pyridone. For example, if one places a sulfonyl group on the nitrogen atom, according to 
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standard frontier MO theory, the HOMO of the diene will be lowered, resulting in a larger 

energy gap between the diene and dienophile in the case of a normal demand reaction. 

Conversely, the presence of this electron withdrawing group has relatively little impact on the 

energy level of the LUMO and as a result the corresponding inverse electron-demand process. 

Therefore, most examples using 2-pyridones as dienes often place highly electron donating or 

withdrawing substituents along the ring in order to promote the desired reaction, often still 

requiring quite harsh conditions to promote the cycloaddition (Scheme 3.18).38 

 

The first example of a catalytic asymmetric pyridone Diels–Alder reaction, reported by Tan 

and co-workers in 2009, follows a similar strategy to that of the Deng group. As seen in Scheme 

3.19, aminoindanol 173, like the cinchona alkaloid derivative 79, is used to induce a hydrogen 

bonding mode of catalysis that both activates 3-hydroxypyridone 171 and maleimide 172, 

while at the same time inducing asymmetry.39 

 

Scheme 3.18. Examples of normal and inverse electron-demand pyridone Diels–Alder reactions.
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Our hope was that by preparing a sufficiently electron poor 2-pyridone, we might be able 

to engage the substrate in a similar dienamine catalyzed [4+2] cycloaddition in an asymmetric 

fashion. In practice this proved more difficult than a simple transposition of reaction conditions 

onto this new system. First, in terms of substitution on the pyridone ring, the only substrate 

which proved capable of engaging in the desired Diels–Alder reaction was the highly electron 

poor 3-bromo-5-carbomethoxy-2-pyridone (175). Following this, we screened a variety of 

protecting groups, finding that most sulfonyl groups were tolerated in the reaction. It should be 

noted that while the dinitrophenylsulfonyl group (DNs) was sufficiently electron withdrawing, 

conversion was often low as a result of the secondary amine catalyst promoting the 

deprotection of 176 back to the corresponding pyridinol. After settling on the nitrosulfonyl 

group (p-Ns), due to its ease of removal after the Diels–Alder reaction, we moved on to look 

at substrate scope. Unfortunately, many substrates showed limited consumption of the starting 

pyridone alongside complex reaction mixtures. As shown in Table 3.7, we attempted this 

reaction with several substrates that had performed well in the 2-pyrone variant, however only 

moderate conversion was ever obtained. We believe the greatest challenge is the electronic 

matching of the diene and dienophile. While we have placed two electron withdrawing groups 

on the ring, as well as the highly electron withdrawing p-Ns group on the nitrogen atom, the 

pyridone does not appear to be sufficiently electron poor to undergo the desired cycloaddition. 

In this case, where a competent diene partner is not present, it is thought that the dienamine 

itself can begin to react with the excess a,b-unsaturated aldehyde in solution, and not strictly 

in a [4+2] sense, thereby leading to the complex mixtures observed. Hence, any efforts going 

forward, will likely focus on the electronic properties of the pyridone partner in hopes of 

narrowing the diene-dienophile energy gap.  
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3.10 Conclusion 

This chapter presents our group’s most recent contribution to the field of pyrone Diels–

Alder reactions. By approaching this problem from the frame of dienophile activation, we have 

been able to access bicyclic lactone frameworks distinct from those accessible via previous 

methods. Further insight into the overall stereoselectivity of this reaction has been offered 

through the consideration of potential transition states. After exploring the substrate scope of 

this transformation, as well as derivatization of the products, we have shown initial forays into 

the application of this approach to the pyridone Diels–Alder reaction as well as to the study of 

the gardmutine alkaloids. It is our hope that the chemistry presented herein will prove useful 

to those within the field and aid in target-oriented synthesis where possible.  
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3.12 Experimental Section 

General Procedures. All reactions were carried out under an argon atmosphere with dry 

solvents under anhydrous conditions, unless otherwise noted. Dry tetrahydrofuran (THF), 

toluene, diethyl ether (Et2O), dichloromethane (CH2Cl2), and acetonitrile (CH3CN) were 

obtained by passing commercially available pre-dried, oxygen-free formulations through 

activated alumina columns. Yields refer to chromatographically and spectroscopically (1H and 

13C NMR) homogeneous materials, unless otherwise stated. Reagents were purchased at the 

highest commercial quality and used without further purification, unless otherwise stated. 

Reactions were magnetically stirred and monitored by thin-layer chromatography (TLC) 

carried out on 0.25 mm E. Merck silica gel plates (60F-254) using UV light as visualizing 

agent, and an ethanolic solution of phosphomolybdic acid and cerium sulfate or a solution of 

KMnO4 in aq. NaHCO3 and heat as developing agents. SiliCycle silica gel (60, academic grade, 

particle size 0.040–0.063 mm) was used for flash column chromatography. Preparative thin-

layer chromatography separations were carried out on 0.50 mm E. Merck silica gel plates (60F-

254). NMR spectra were recorded on Bruker 400 and 500 MHz instruments and calibrated 

using residual undeuterated solvent as an internal reference. The following abbreviations were 

used to explain the multiplicities: s = singlet, d = doublet, t = triplet, q = quartet, br = broad, 

app = apparent. IR spectra were recorded on a Perkin-Elmer 1000 series FT-IR spectrometer. 

High- resolution mass spectra (HRMS) were recorded on Agilent 6244 Tof-MS using ESI 

(Electrospray Ionization) at the University of Chicago Mass Spectroscopy Core Facility. All 

ee values were determined by HPLC on Daicel Chiralcel or Chiralpak columns.  

 

General Procedure for Dienamine Catalyzed Cycloaddition. To a 1 dram screw-capped vial 

was added the pyrone substrate (0.30 mmol, 1.0 equiv.), (S)-α,α-bis[3,5-

bis(trifluoromethyl)phenyl]-2-pyrrolidinemethanol trimethylsilyl ether (9.0 mg, 0.015 mmol, 
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0.05 equiv.), the a,b-unsaturated aldehyde (0.15 mmol, 3.0 equiv.) and Et2O (1.5 mL). The 

reaction contents were stirred at 23 °C for 24 h. Upon completion, the reaction mixture was 

subjected directly to flash column chromatography to give the desired cycloadducts. In order 

to determine enantiomeric excess, all aldehydes were converted into the corresponding a,b-

unsaturated methyl ester as follows: to a 1 dram screw-capped vial containing a solution of the 

cycloadduct (0.1 mmol, 1.0 equiv.) in CH2Cl2 (1.0 mL) at 23 °C was added methyl 

(triphenylphosphoranylidene)acetate (0.100 g, 0.3 mmol, 3.0 equiv.) and the reaction mixture 

stirred at 23 °C for 1 h.  Upon completion, the crude reaction mixture was subjected directly to 

preparative TLC (silica gel, hexanes/EtOAc, 3:1) to afford the desired product that was 

subsequently analyzed by chiral phase HPLC.  

 

Methyl(3aR,4R,7R,7aR)-8-oxo-7a-(2-oxoethyl)-2,3,3a,4,7,7a-hexahydro-1H-4,7-(epoxy 

methano)indene-5-carboxylate (Endo-88).  Prepared following the general procedure 

described above, the crude material was purified by flash column chromatography (silica gel, 

hexanes/EtOAc, 3:1) to afford the desired product (73.0 mg combined, 93% combined yield; 

62.3 mg, 80% yield Endo-88; 10.7 mg, 13% yield Exo-88) as a pale yellow oil.  The dr was 

6:1 as determined by crude 1H NMR.  Endo-88: Rf = 0.13 (silica gel, hexanes/EtOAc, 2:1); 

[a]D23 = –6.00° (c = 1.0 in CHCl3); IR (thin film) 2955, 2870, 1759, 1718, 1258 cm–1; 1H NMR 

(500 MHz, CDCl3) δ 9.71 (d, J = 1.8 Hz, 1 H), 7.28 (dd, J = 6.4, 2.1 Hz, 1 H), 5.45 (d, J = 1.9 

Hz, 1 H), 3.80 (s, 3 H), 3.77 (d, J = 6.4 Hz, 1 H), 2.52 (dd, J = 16.7, 1.6 Hz, 1 H), 2.41 (dd, J 

= 16.6, 2.2 Hz, 1 H), 2.04–1.98 (m, 2 H), 1.88–1.74 (m, 5 H); 13C NMR (126 MHz, CDCl3) δ 

199.94, 171.54, 162.69, 140.98, 137.55, 77.55, 53.15, 51.40, 49.63, 48.15, 36.05, 28.57, 27.27; 

HRMS (ESI) calcd for C14H15O4+ [M+H–H2O]+ 247.0965, found: 247.0966. The enantiomeric 

excess was determined by chiral HPLC using a Daicel Chiralpak IA column (hexanes/i-PrOH, 
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85:15, flow rate of 1.0 mL/min, 254 nm) tR = 8.83 min (minor), tR = 11.42 min (major), 94% 

ee.   

Exo-88: Rf = 0.16 (silica gel, hexanes/EtOAc, 2:1); [a]D23 = +2.42 (c = 1.0 in CHCl3). 

IR (thin film) 2955, 2872, 1759, 1718, 1258 cm–1; 1H NMR (500 MHz, CDCl3) δ 9.78 (t, J = 

1.2 Hz, 1 H), 7.34 (dd, J = 6.6, 2.4 Hz, 1 H), 5.54 (dd, J = 4.3, 2.4 Hz, 1 H), 4.01 (d, J = 6.6 

Hz, 1 H), 3.83 (s, 3 H), 2.75 (dd, J = 17.9, 1.4 Hz, 1 H), 2.71–2.63 (m, 1 H), 2.53 (ddd, J = 8.8, 

7.0, 4.2 Hz, 1 H), 2.00 (dq, J = 13.8, 6.8 Hz, 1 H), 1.83 (dt, J = 12.4, 5.6 Hz, 1 H), 1.66–1.60 

(m, 2 H), 1.51 (dt, J = 13.6, 8.2 Hz, 1 H), 1.11 (dq, J = 14.0, 7.8 Hz, 1 H); 13C NMR (126 MHz, 

CDCl3) δ 199.51, 171.88, 163.34, 141.30, 136.76, 76.96, 53.42, 52.51, 52.11, 50.31, 47.72, 

36.47, 28.74, 27.01; HRMS (ESI) calcd for C14H17O5+ [M+H]+ 265.1071, found 265.1060.  The 

enantiomeric excess was determined by chiral HPLC using a Daicel Chiralpak IA column 

(hexanes/-iPrOH, 95:5, flow rate of 1.0 mL/min, 254 nm) tR = 15.30 min (major), tR = 19.32 

min (minor), 85% ee. 

 

Methyl(1R,4R,4aR,8aR)-9-oxo-4a-(2-oxoethyl)-1,4,4a,5,6,7,8,8aoctahydro-1,4-(epoxy 

methano)naphthalene-2-carboxylate (Endo-102). Prepared following the general procedure 

described above, the crude material was purified by flash column chromatography (silica gel, 

hexanes/EtOAc, 3:1) to afford the desired product (41.0 mg combined, 50% combined yield; 

28.7 mg, 35% yield Endo-102; 12.3 mg, 15% yield Exo-102) as a colorless oil.  The dr was 

3:1 as determined by crude 1H NMR. Endo-102: Rf = 0.17 (silica gel, hexanes/EtOAc, 2:1); 

[a]D21 = –33.96° (c = 1.0 in CHCl3); IR (thin film) 2951, 2871, 1759, 1717, 1633, 1261 cm–1; 

1H NMR (500 MHz, CDCl3) δ 9.73 (t, J = 2.2 Hz, 1 H), 7.25 (dd, J = 5.9, 1.7 Hz, 1 H), 5.35–

5.33 (m, 1 H), 3.80 (s, 4 H), 2.57 (dd, J = 16.0, 2.2 Hz, 1 H), 2.11 (dt, J = 16.0, 2.1 Hz, 1 H), 

1.89–1.73 (m, 3 H), 1.72–1.53 (m, 3 H), 1.52–1.43 (m, 1 H), 1.40–1.28 (m, 2 H); 13C NMR 

(126 MHz, CDCl3) δ 199.93, 171.38, 162.62, 139.20, 136.81, 77.33, 52.43, 51.51, 50.68, 44.20, 
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37.86, 27.39, 22.61, 18.69, 16.70; HRMS (ESI) calcd for C15H17O4+ [M+H–H2O]+ 261.1121, 

found 261.1123. The enantiomeric excess was determined by chiral HPLC using a Daicel 

Chiralpak IA column (hexanes/i-PrOH, 95:5, flow rate of 1.0 mL/min, 254 nm) tR = 19.75 min 

(minor), tR = 26.89 min (major), 94% ee. 

Exo-102: Rf = 0.25 (silica gel, hexanes/EtOAc, 2:1); [a]D21 = +7.30° (c = 1.0 in CHCl3); 

IR (thin film) 2936, 2868, 1759, 1719, 1638, 1257 cm–1; 1H NMR (500 MHz, CDCl3) δ 9.79 

(dd, J = 2.6, 1.1 Hz, 1 H), 7.32 (dd, J = 6.6, 2.3 Hz, 1 H), 5.44 (dd, J = 3.6, 2.2 Hz, 1 H), 3.95 

(d, J = 6.6 Hz, 1 H), 3.81 (s, 3 H), 2.74 (dd, J = 17.1, 2.5 Hz, 1 H), 2.44 (dt, J = 17.3, 1.4 Hz, 

1 H), 1.86 (ddd, J = 12.9, 5.3, 3.6 Hz, 1 H), 1.79–1.45 (m, 4 H), 1.37–1.22 (m, 1 H), 1.16 (dddd, 

J = 14.3, 12.9, 7.3, 1.9 Hz, 1 H), 0.71 (qd, J = 13.3, 3.7 Hz, 1 H); 13C NMR (126 MHz, CDCl3) 

δ 199.55, 171.39, 163.13, 140.73, 135.03, 77.14, 52.45, 51.62, 50.87, 46.07, 38.86, 26.06, 

23.24, 18.57, 16.38; HRMS (ESI) calcd for C15H18O5+ [M]+ 278.1154, found 278.1151.  The 

enantiomeric excess was determined by chiral HPLC using a Daicel Chiralpak IA column 

(hexanes/iPrOH, 95:5, flow rate of 1.0 mL/min, 254 nm) tR = 24.05 min (major), tR = 27.30 

min (minor), 73% ee. 

 

Methyl(1R,4R,4aR,9aR)-10-oxo-4a-(2-oxoethyl)-4,4a,5,6,7,8,9,9a-octahydro-1H-1,4-

(epoxymethano)benzo[7]annulene-2-carboxylate (Endo-103).  Prepared following the 

general procedure described above, the crude material was purified by flash column 

chromatography (silica gel, hexanes/EtOAc, 3:1) to afford the desired product (68.0 mg 

combined, 76% combined yield; 62.3 mg, 70 % yield Endo-103; 5.7 mg, 6% yield Exo-103) 

as a colorless oil. The dr was 10:1 as determined by crude 1H NMR. Endo-103: Rf = 0.20 (silica 

gel, hexanes/EtOAc, 2:1); [a]D21 = –31.76° (c = 1.0 in CHCl3); IR (thin film) 2927, 2856, 1758, 

1717, 1637, 1258, 752 cm–1; 1H NMR (500 MHz, CDCl3) δ 9.72 (d, J = 2.0 Hz, 1 H), 7.29 (d, 

J = 6.4 Hz, 1 H), 5.25 (d, J = 1.6 Hz, 1 H), 3.79 (d, J = 1.5 Hz, 3 H), 3.71 (dd, J = 6.4, 1.3 Hz, 
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1 H), 2.86 (dt, J = 16.2, 1.6 Hz, 1 H), 2.15 (dd, J = 16.2, 1.9 Hz, 1 H), 2.06–1.91 (m, 3 H), 1.83 

(d, J = 13.2 Hz, 2 H), 1.76–1.65 (m, 1 H), 1.62–1.41 (m, 3 H), 1.33–1.14 (m, 2 H); 13C NMR 

(126 MHz, CDCl3) δ 199.83, 171.30, 162.70, 140.41, 136.86, 79.49, 53.51, 52.39, 51.70, 49.46, 

42.13, 34.42, 31.17, 30.66, 28.21, 24.76; HRMS (ESI) calcd for C16H21O5+ [M+H]+ 293.1384, 

found 293.1392. The enantiomeric excess was determined by chiral HPLC using a Daicel 

Chiralpak IA column (hexanes/i-PrOH, 95:5, flow rate of 1.0 mL/min, 254 nm) tR = 19.49 min 

(minor), tR = 28.49 min (major), 97% ee. 

 

2-((1R,4R,4aR,10aR)-2-((methylperoxy)methyl)-11-oxo1,5,6,7,8,9,10,10aoctahydro-1,4-

(epoxymethano)benzo[8]annulen-4a(4H)-yl)acet aldehyde (Endo-104). Prepared following 

the general procedure described above, the crude material was purified by flash column 

chromatography (silica gel, hexanes/EtOAc, 3:1) to afford the desired product (66.8 mg 

combined, 75% combined yield; 45.0 mg, 51% yield Endo-104; 21.8 mg, 24% yield Exo-104) 

as a pale yellow oil. The dr was 2:1 as determined by crude 1H NMR. Endo-104: Rf = 0.14 

(silica gel, hexanes/EtOAc, 2:1); [a]D21 = –1.90° (c = 1.0 in CHCl3); IR (thin film) 2927, 2855, 

1757, 1717, 1643, 1263 cm–1; 1H NMR (500 MHz, CDCl3) δ 9.74 (d, J = 1.7 Hz, 1 H), 7.29 

(dt, J = 6.5, 1.7 Hz, 1 H), 5.36 (d, J = 2.0 Hz, 1 H), 3.81 (d, J = 1.3 Hz, 3 H), 3.76 (d, J = 6.4 

Hz, 1 H), 2.97 (d, J = 17.0 Hz, 1 H), 2.15 (d, J = 17.0 Hz, 1 H), 2.09 (dd, J = 15.5, 5.1 Hz, 1 

H), 2.01–1.90 (m, 1 H), 1.83–1.12 (m, 11 H); 13C NMR (126 MHz, CDCl3) δ 199.69, 171.46, 

162.79, 141.40, 135.69, 81.85, 55.04, 52.41, 50.73, 46.76, 42.33, 33.77, 29.41, 28.42, 26.39, 

26.36, 25.58. HRMS (ESI) calcd for C17H23O5+ [M+H]+ 307.1540, found 307.1545. The 

enantiomeric excess was determined by chiral HPLC using a Daicel Chiralpak AD-H column 

(hexanes/i-PrOH, 98:2, flow rate of 1.0 mL/min, 254 nm) tR = 24.05 min (major), tR = 27.30 

min (minor), 73% ee. 
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Exo-104: Rf = 0.25 (silica gel, hexanes/EtOAc, 2:1); [a]D21 = –32.56° (c = 1.0 in 

CHCl3); IR (thin film) 2928, 2855, 1759, 1717, 1636, 1258 cm–1; 1H NMR (500 MHz, CDCl3) 

δ 9.78 (d, J = 1.7 Hz, 1 H), 7.30 (dd, J = 6.6, 2.3 Hz, 1 H), 5.39 (dd, J = 4.0, 2.3 Hz, 1 H), 3.98 

(d, J = 6.7 Hz, 1 H), 3.81 (s, 3 H), 3.16 (dd, J = 18.3, 1.8 Hz, 1 H), 2.48 (d, J = 18.3 Hz, 1 H), 

2.03 (ddd, J = 15.1, 5.9, 2.5 Hz, 1 H), 1.75 (dd, J = 9.7, 3.9 Hz, 1 H), 1.73–1.58 (m, 3 H), 1.53–

1.37 (m, 4 H), 1.31–1.08 (m, 4 H); 13C NMR (126 MHz, CDCl3) δ 199.11, 171.87, 163.14, 

140.25, 135.82, 79.11, 53.92, 52.43, 52.27, 49.28, 43.23, 33.16, 29.12, 26.30, 25.97, 25.76, 

25.34; HRMS (ESI) calcd for C17H23O5+ [M+H]+ 307.1540, found 307.1532. The enantiomeric 

excess was determined by chiral HPLC using a Daicel Chiralpak AD-H column (hexanes/i-

PrOH, 95:5, flow rate of 1.0 mL/min, 254 nm) tR = 18.88 min (minor), tR = 30.12 min (major), 

2% ee. 

 

Methyl(1R,4R,4aR,14aR)-15-oxo-4a-(2-oxoethyl)-1,4,4a,5,6,7,8,9,10,11,12,13,14,14a-tetra 

decahydro-1,4-(epoxymethano)benzo[12] annulene-2-carboxylate (Endo-105). Prepared 

following the general procedure described above, the crude material was purified by flash 

column chromatography (silica gel, hexanes/EtOAc, 3:1) to afford the desired product (47.1 

mg, 47% yield Endo-105) as a colorless oil. The dr was >20:1 as determined by crude 1H 

NMR. Endo-105: Rf = 0.37 (silica gel, hexanes/EtOAc, 2:1); [a]D21 = –6.86° (c = 1.0 in CHCl3); 

IR (thin film) 2931, 2861, 1763, 1719, 1639, 1258 cm–1; 1H NMR (500 MHz, CDCl3) δ 9.84 

(d, J = 2.1 Hz, 1 H), 7.18 (dd, J = 6.5, 2.3 Hz, 1 H), 5.42 (d, J = 2.3 Hz, 1 H), 3.96 (d, J = 6.5 

Hz, 1 H), 3.83 (s, 3 H), 2.70 (dd, J = 17.2, 2.2 Hz, 1 H), 2.45 (d, J = 17.1 Hz, 1 H), 1.84–1.75 

(m, 1 H), 1.72 (dd, J = 9.6, 3.4 Hz, 1 H), 1.65–1.54 (m, 3 H), 1.43–1.21 (m, 11 H), 1.19–1.06 

(m, 5 H); 13C NMR (126 MHz, CDCl3) δ 199.97, 171.95, 162.61, 138.50, 136.98, 77.22, 52.41, 

51.28, 46.91, 43.56, 40.32, 37.64, 28.23, 26.54, 25.72, 24.77, 24.09, 24.06, 23.97, 23.92, 22.54; 

HRMS (ESI) calcd for C21H31O5+ [M+H]+ 363.2166, found 363.2174. The enantiomeric excess 
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was determined by chiral HPLC using a Daicel Chiralpak AD-H column (hexanes/i-PrOH, 

90:10, flow rate of 1.0 mL/min, 254 nm) tR = 8.76 min (minor), tR = 10.59 min (major), 21% 

ee. 

 

Methyl(1R,4R,4aS,9aR)-10-oxo-4a-(2-oxoethyl)-4,4a,9,9a-tetrahydro-1H-1,4-(epoxy 

methano)fluorene-2-carboxylate (Endo-106). Prepared following the general procedure 

described above, the crude material was purified by flash column chromatography (silica gel, 

hexanes/EtOAc, 3:1) to afford the desired product (65.5 mg combined, 70% combined yield; 

42.6 mg, 46% yield Endo-106; 22.9 mg, 24% yield Exo-106) as a pale yellow oil. The dr was 

2:1 as determined by crude 1H NMR. Endo-106: Rf = 0.12 (silica gel, hexanes/EtOAc, 2:1); 

[a]D21 = –119.50° (c = 1.0 in CHCl3); IR (thin film) 2953, 2851, 1762, 1720, 1634, 1254, 758 

cm–1; 1H NMR (500 MHz, CDCl3) δ 9.41 (s, 1 H), 7.36 (dd, J = 6.3, 2.1 Hz, 1 H), 7.25 (t, J = 

4.4 Hz, 3 H), 7.20 (q, J = 4.2 Hz, 1 H), 5.62 (d, J = 2.1 Hz, 1 H), 3.91 (d, J = 6.3 Hz, 1 H), 3.84 

(s, 3 H), 3.49 (dd, J = 17.1, 10.1 Hz, 1 H), 3.15 (dd, J = 17.1, 3.1 Hz, 1 H), 3.00 (dd, J = 16.0, 

1.5 Hz, 1 H), 2.65 (dt, J = 10.1, 2.5 Hz, 1 H), 2.60 (dd, J = 16.1, 2.4 Hz, 1 H); 13C NMR (126 

MHz, CDCl3) δ 199.49, 169.80, 162.51, 143.14, 141.75, 139.48, 137.16, 129.35, 127.84, 

125.69, 123.26, 78.24, 53.68, 53.31, 53.19, 52.55, 46.56, 34.58; HRMS (ESI) calcd for 

C18H15NO4+ [M+H–H2O]+ 295.0965, found 295.0972. The enantiomeric excess was 

determined by chiral HPLC using a Daicel Chiralpak AD-H column (hexanes/i-PrOH, 90:10, 

flow rate of 1.0 mL/min, 254 nm) tR = 21.19 min (major), tR = 25.69 min (minor), 98% ee. 

Exo-106: Rf = 0.27 (silica gel, hexanes/EtOAc, 2:1); [a]D21 = –77.24° (c = 1.0 in 

CHCl3); IR (thin film) 2953, 2852, 1759, 1719, 1636, 1259, 755 cm–1; 1H NMR (500 MHz, 

CDCl3) δ 9.47 (d, J = 1.6 Hz, 1 H), 7.18 (dd, J = 5.8, 3.1 Hz, 2 H), 7.16–7.10 (m, 1 H), 7.10–

7.05 (m, 1 H), 6.83 (dd, J = 6.5, 2.3 Hz, 1 H), 5.70 (dd, J = 4.4, 2.3 Hz, 1 H), 3.92 (d, J = 6.5 

Hz, 1 H), 3.71 (s, 3 H), 3.37 (dd, J = 17.3, 10.2 Hz, 1 H), 3.22 (dd, J = 17.1, 1.4 Hz, 1 H), 3.14 
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(ddd, J = 10.2, 4.4, 3.2 Hz, 1 H), 2.88 (dd, J = 17.1, 1.8 Hz, 1 H), 2.55 (dd, J = 17.4, 3.2 Hz, 1 

H); 13C NMR (126 MHz, CDCl3) δ 198.72, 171.03, 163.36, 143.09, 142.35, 140.89, 134.12, 

128.87, 127.73, 125.27, 122.18, 76.77, 53.21, 52.74, 52.52, 52.41, 46.97, 33.42; HRMS (ESI) 

calcd for C18H15NO4+ [M+H–H2O]+ 295.0965, found 295.0974.  The enantiomeric excess was 

determined by chiral HPLC using a Daicel Chiralpak IA column (hexanes/i-PrOH, 95:5, flow 

rate of 1.0 mL/min, 254 nm) tR = 15.33 min (minor), tR = 17.69 min (major), 72% ee. 

 

Methyl(1R,4R,4aS,10aR)-11-oxo-4a-(2-oxoethyl)-1,4,4a,9,10,10a-hexahydro-1,4-(epoxy 

methano)phenanthrene-2-carboxylate (Endo-107). Prepared following the general 

procedure described above, the crude material was purified by flash column chromatography 

(silica gel, hexanes/EtOAc, 3:1) to afford the desired product (66.0 mg combined, 68% 

combined yield; 45.5 mg, 47% yield Endo-107; 20.5 mg, 21% yield Exo-107) as a colorless 

oil.  The dr was 2:1 as determined by crude 1H NMR. Endo-107: Rf = 0.10 (silica gel, 

hexanes/EtOAc, 2:1); [a]D21 = –86.98° (c = 1.0 in CHCl3); IR (thin film) 2950, 2852, 1763, 

1719, 1638, 1254 cm–1; 1H NMR (500 MHz, CDCl3) δ 9.30 (s, 1 H), 7.49 (dd, J = 8.0, 1.2 Hz, 

1 H), 7.38 (dd, J = 6.5, 2.3 Hz, 1 H), 7.28 (td, J = 7.6, 1.8 Hz, 1 H), 7.22–7.13 (m, 2 H), 5.50 

(dd, J = 2.3, 1.1 Hz, 1 H), 4.23 (d, J = 6.4 Hz, 1 H), 3.84 (s, 3 H), 2.87 (ddd, J = 15.7, 6.9, 3.9 

Hz, 1 H), 2.70 (dd, J = 14.2, 2.4 Hz, 1 H), 2.68–2.61 (m, 1 H), 2.44 (dd, J = 14.2, 3.1 Hz, 1 H), 

2.24–2.10 (m, 2 H), 1.91–1.82 (m, 1 H); 13C NMR (126 MHz, CDCl3) δ 200.46, 169.86, 162.44, 

139.06, 138.97, 137.95, 136.11, 129.48, 127.79, 127.58, 126.53, 78.47, 55.84, 52.52, 52.14, 

44.39, 40.78, 28.37, 26.56; HRMS (ESI) calcd for C19H17O4+ [M+H–H2O]+ 309.1121, found 

309.1130. The enantiomeric excess was determined by chiral HPLC using a Daicel Chiralpak 

IA column (hexanes/i-PrOH, 90:10, flow rate of 1.0 mL/min, 254 nm) tR = 20.27 min (major), 

tR = 23.07 min (minor), 99% ee. 
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Exo-107: Rf = 0.20 (silica gel, hexanes/EtOAc, 2:1); [a]D21 = –44.28° (c = 1.0 in 

CHCl3); IR (thin film) 2950, 2854, 1761, 1719, 1637, 1254 cm–1; 1H NMR (500 MHz, CDCl3) 

δ 9.36 (dd, J = 3.3, 1.7 Hz, 1 H), 7.38 (dd, J = 7.9, 1.4 Hz, 1 H), 7.29–7.23 (m, 1 H), 7.17 (td, 

J = 7.4, 1.3 Hz, 1 H), 7.06 (td, J = 7.0, 1.8 Hz, 2 H), 5.58 (dd, J = 3.2, 2.3 Hz, 1 H), 4.35 (d, J 

= 6.4 Hz, 1 H), 3.73 (s, 3 H), 3.00 (dd, J = 15.0, 1.7 Hz, 1 H), 2.74 (ddd, J = 9.6, 6.8, 3.2 Hz, 

1 H), 2.64 (dd, J = 15.0, 3.3 Hz, 1 H), 2.58 (td, J = 10.5, 10.0, 5.0 Hz, 1 H), 2.48 (ddd, J = 15.8, 

6.8, 4.3 Hz, 1 H), 2.22 (dtd, J = 13.6, 6.8, 4.4 Hz, 1 H), 1.18 (dtd, J = 13.7, 9.7, 4.3 Hz, 1 H); 

13C NMR (126 MHz, CDCl3) δ 199.38, 171.26, 163.05, 140.44, 138.25, 136.69, 136.02, 

129.32, 127.66, 127.51, 125.60, 77.48, 56.97, 52.44, 52.42, 45.92, 41.51, 27.97, 25.43; HRMS 

(ESI) calcd for C19H19O5+ [M+H]+ 327.1227, found 327.1235. The enantiomeric excess was 

determined by chiral HPLC using a Daicel Chiralpak IA column (hexanes/i-PrOH, 90:10, flow 

rate of 1.0 mL/min, 254 nm) tR = 15.96 min (minor), tR = 18.04 min (major), 96% ee. 

 

Methyl(6aS,7R,10R,10aS)-11-oxo-10a-(2-oxoethyl)-6a,7,10,10a-tetrahydro-6H-7,10-

(epoxymethano)benzo[c]chromene-8-carboxylate (Endo-108). Prepared following the 

general procedure described above, the crude material was purified by flash column 

chromatography (silica gel, hexanes/EtOAc, 3:1) to afford the desired product (60.1 mg 

combined, 68% combined yield; 52.6 mg, 60% yield Endo-108; 7.5 mg, 8% yield Exo-108) as 

an amorphous pale yellow solid.  The dr was 6:1 as determined by crude 1H NMR. Endo-108: 

Rf = 0.07 (silica gel, hexanes/EtOAc, 2:1); [a]D21 = –80.60° (c = 1.0 in CHCl3); IR (thin film) 

2954, 2853, 1767, 1720, 1490, 1253, 758 cm–1; 1H NMR (500 MHz, CDCl3) δ 9.47 (dd, J = 

2.8, 1.8 Hz, 1 H), 7.41 (dd, J = 7.9, 1.6 Hz, 1 H), 7.37 (dd, J = 6.4, 2.1 Hz, 1 H), 7.21 (ddd, J 

= 8.4, 7.4, 1.6 Hz, 1 H), 7.06 (td, J = 7.5, 1.3 Hz, 1 H), 6.95 (dd, J = 8.1, 1.3 Hz, 1 H), 5.62 

(dd, J = 2.3, 1.2 Hz, 1 H), 4.45 (dd, J = 11.7, 5.6 Hz, 1 H), 4.19 (dd, J = 11.7, 6.0 Hz, 1 H), 

4.03 (d, J = 6.4 Hz, 1 H), 3.85 (s, 3 H), 2.97 (dd, J = 15.1, 1.8 Hz, 1 H), 2.48 (dd, J = 15.1, 2.8 
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Hz, 1 H), 2.35 (td, J = 5.8, 1.2 Hz, 1 H); 13C NMR (126 MHz, CDCl3) δ 199.71, 162.20, 156.00, 

138.95, 137.65, 129.61, 126.53, 124.97, 123.33, 118.70, 76.45, 67.69, 54.77, 53.44, 52.69, 

44.53, 37.94; HRMS (ESI) calcd for C18H15O5+ [M+H–H2O]+ 311.0914, found 311.0920. The 

enantiomeric excess was determined by chiral HPLC using a Daicel Chiralcel OD-H column 

(hexanes/i-PrOH, 90:10, flow rate of 1.0 mL/min, 205 nm) tR = 34.71 min (major), tR = 49.92 

min (minor), 94% ee. 

Exo-108: Rf = 0.20 (silica gel, hexanes/EtOAc, 2:1); [a]D21 = –74.88° (c = 1.0 in 

CHCl3); IR (thin film) 2954, 2852, 1757, 1720, 1489, 1290 cm–1;  1H NMR (500 MHz, CDCl3) 

δ 9.64 (t, J = 1.5 Hz, 1 H), 7.27 (dd, J = 7.8, 1.6 Hz, 1 H), 7.13 (ddd, J = 8.2, 7.3, 1.6 Hz, 1 H), 

6.98 (td, J = 7.5, 1.3 Hz, 1 H), 6.78 (dd, J = 8.1, 1.3 Hz, 1 H), 6.67 (dd, J = 6.4, 2.2 Hz, 1 H), 

5.71 (dd, J = 3.2, 2.1 Hz, 1 H), 4.28 (dd, J = 12.0, 4.1 Hz, 1 H), 4.23 (dd, J = 12.0, 1.5 Hz, 1 

H), 3.77 (s, 3 H), 3.68–3.61 (m, 2 H), 2.79–2.71 (m, 2 H); 13C NMR (126 MHz, CDCl3) δ 

198.61, 170.81, 162.65, 155.37, 138.38, 135.94, 129.00, 125.17, 125.08, 122.93, 118.55, 77.36, 

64.61, 54.88, 54.05, 52.42, 47.18, 38.60; HRMS (ESI) calcd for C18H15O5+ [M+H–H2O]+ 

311.0914, found 311.0923.  The enantiomeric excess was determined by chiral HPLC using a 

Daicel Chiralpak AD-H column (hexanes/i-PrOH, 90:10, flow rate of 1.0 mL/min, 254 nm) tR 

= 30.56 min (major), tR = 38.12 min (minor), 98% ee. 

 

Methyl(6aR,7R,10R,10aR)-11-oxo-10a-(2-oxoethyl)-6a,7,10,10a-tetrahydro-6H-7,10 

(epoxymethano)benzo[c]thiochromene-8-carboxylate (Endo-109). Prepared following the 

general procedure described above, the crude material was purified by flash column 

chromatography (silica gel, hexanes/EtOAc, 1:1) to afford the desired product (48.2 mg 

combined, 47% combined yield; 27.0 mg, 26% yield Endo-109; 21.2 mg, 21% yield Exo-109) 

as a pale yellow oil. The dr was 1:1 as determined by crude 1H NMR. Endo-109: Rf = 0.17 

(silica gel, hexanes/EtOAc, 2:1); [a]D21 = +16.10° (c = 1.0 in CHCl3); IR (thin film) 2952, 
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1762, 1717, 1268, 751 cm–1; 1H NMR (500 MHz, CDCl3) δ 9.20 (dd, J = 3.0, 2.1 Hz, 1 H), 

7.63 (dd, J = 8.1, 1.4 Hz, 1 H), 7.42 (ddd, J = 6.6, 3.2, 1.9 Hz, 2 H), 7.22 (dtd, J = 25.2, 7.4, 

1.6 Hz, 2 H), 5.47 (dd, J = 2.4, 1.1 Hz, 1 H), 4.70 (d, J = 6.7 Hz, 1 H), 3.86 (s, 3 H), 3.11 (dd, 

J = 13.0, 5.7 Hz, 1 H), 2.95 (dd, J = 14.5, 2.2 Hz, 1 H), 2.75 (t, J = 13.0 Hz, 1 H), 2.46 (ddd, J 

= 12.9, 5.7, 1.1 Hz, 1 H), 2.26 (dd, J = 14.4, 3.1 Hz, 1 H); 13C NMR (126 MHz, CDCl3) δ 

200.06, 169.43, 162.25, 138.94, 137.88, 137.39, 136.52, 130.93, 128.22, 127.87, 127.15, 76.53, 

54.74, 52.67, 51.24, 48.20, 42.56, 31.82; HRMS (ESI) calcd for C18H15O4S+ [M+H]+ 327.0695, 

found 327.0694. The enantiomeric excess was determined by chiral HPLC using a Daicel 

Chiralpak AD-H column (hexanes/i-PrOH, 95:5, flow rate of 1.0 mL/min, 254 nm) tR = 44.35 

min (minor), tR = 51.25 min (major), 93% ee. 

Exo-109: Rf = 0.23 (silica gel, hexanes/EtOAc, 2:1); [a]D21 = –10.60° (c = 1.0 in 

CHCl3); IR (thin film) 2952, 2851, 1762, 1718, 1260, 753 cm–1; 1H NMR (500 MHz, CDCl3) 

δ 9.45 (t, J = 1.9 Hz, 1 H), 7.42 (dd, J = 8.0, 1.5 Hz, 1 H), 7.27–7.24 (m, 1 H), 7.21 (td, J = 7.7, 

1.7 Hz, 1 H), 7.15 (td, J = 7.5, 1.4 Hz, 1 H), 7.07 (dd, J = 6.4, 2.2 Hz, 1 H), 5.57 (t, J = 2.5 Hz, 

1 H), 4.42 (d, J = 6.3 Hz, 1 H), 3.75 (s, 3 H), 3.28 (dd, J = 13.4, 5.2 Hz, 1 H), 3.06–2.99 (m, 2 

H), 2.96 (dd, J = 16.3, 2.3 Hz, 1 H), 2.30 (dd, J = 13.3, 9.3 Hz, 1 H); 13C NMR (126 MHz, 

CDCl3) δ 198.46, 170.81, 162.86, 139.02, 136.51, 135.55, 130.30, 127.54, 127.19, 127.08, 

76.60, 55.81, 52.48, 51.57, 51.12, 42.71, 29.76; HRMS (ESI) calcd for C18H15O4S+ [M+H]+ 

327.0695, found 327.0696.  The enantiomeric excess was determined by chiral HPLC using a 

Daicel Chiralpak AD-H column (hexanes/i-PrOH, 95:5, flow rate of 1.0 mL/min, 254 nm) tR = 

37.16 min (minor), tR = 46.02 min (major), 93% ee. 

 

Methyl(1R,4R,8R)-3-oxo-8-(2-oxoethyl)-8-phenyl-2-oxabicyclo[2.2.2]oct-5-ene-6-

carboxylate (Endo-110). Prepared following the general procedure described above, the crude 

material was purified by flash column chromatography (silica gel, hexanes/EtOAc, 3:1) to 
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afford the desired product (56.8 mg combined, 63% combined yield; 29.5 mg, 33% yield Endo-

110; 27.3 mg, 30% yield Exo-110) as a colorless oil.  The dr was 1:1 as determined by crude 

1H NMR. Endo-110: Rf = 0.13 (silica gel, hexanes/EtOAc, 2:1); [a]D21 = –45.90° (c = 1.0 in 

CHCl3); IR (thin film) 2954, 2852, 1761, 1718, 1637, 1438, 1264 cm–1; 1H NMR (500 MHz, 

CDCl3) δ 9.36 (t, J = 2.0 Hz, 1 H), 7.48–7.41 (m, 3 H), 7.37 (t, J = 7.9 Hz, 2 H), 7.30–7.23 (m, 

1 H), 5.75 (dt, J = 4.0, 1.9 Hz, 1 H), 4.26 (d, J = 6.6 Hz, 1 H), 3.85 (s, 3 H), 3.05 (dd, J = 14.2, 

4.1 Hz, 1 H), 2.79 (dd, J = 15.8, 2.6 Hz, 1 H), 2.72 (dd, J = 15.8, 1.7 Hz, 1 H), 2.07 (dd, J = 

14.2, 1.6 Hz, 1 H); 13C NMR (126 MHz, CDCl3) δ 199.81, 170.26, 162.45, 142.34, 140.17, 

137.24, 129.24, 127.86, 126.83, 73.64, 55.13, 52.57, 50.82, 43.07, 39.82; HRMS (ESI) calcd 

for C17H15O5+ [M+H–H2O]+ 283.0965, found 283.0966.  The enantiomeric excess was 

determined by chiral HPLC using a Daicel Chiralpak IA column (hexanes/i-PrOH, 90:10, flow 

rate of 1.0 mL/min, 254 nm) tR = 20.97 min (minor), tR = 29.31 min (major), 90% ee. 

Exo-110: Rf = 0.25 (silica gel, hexanes/EtOAc, 2:1); [a]D21 = –25.00° (c = 1.0 in 

CHCl3); IR (thin film) 2953, 2851, 1763, 1718, 1636, 1261, 753 cm–1; 1H NMR (500 MHz, 

CDCl3) δ 9.45 (s, 1 H), 7.33 (d, J = 1.1 Hz, 2 H), 7.28–7.20 (m, 3 H), 7.14 (dd, J = 6.3, 2.2 Hz, 

1H), 5.77–5.74 (m, 1 H), 4.33 (d, J = 6.3 Hz, 1 H), 3.74 (s, 3 H), 3.11 (dd, J = 16.9, 1.6 Hz, 1 

H), 2.91 (dd, J = 16.9, 1.7 Hz, 1 H), 2.59–2.54 (m, 2 H); 13C NMR (126 MHz, CDCl3) δ 198.59, 

171.42, 162.46, 142.36, 140.17, 136.20, 129.18, 127.55, 126.64, 73.71, 56.43, 52.39, 51.51, 

42.69, 39.11; HRMS (ESI) calcd for C17H15O5+ [M+H–H2O]+ 283.0965, found 283.0973.  The 

enantiomeric excess was determined by chiral HPLC using a Daicel Chiralpak IA column 

(hexanes/i-PrOH, 95:5, flow rate of 1.0 mL/min, 254 nm) tR = 30.48 min (minor), tR = 34.23 

min (major), 72% ee. 

 

Methyl(1R,4R,8R)-8-(4-methoxyphenyl)-3-oxo-8-(2-oxoethyl)-2oxabicyclo[2.2.2]oct-5-

ene-6-carboxylate (Endo-111). Prepared following the general procedure described above, the 
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crude material was purified by flash column chromatography (silica gel, hexanes/EtOAc, 3:1) 

to afford the desired product (64.2 mg combined, 65% combined yield; 33.4 mg, 34% yield 

Endo-111; 30.8 mg, 31% yield Exo-111) as a colorless oil. The dr was 1:1 as determined by 

crude 1H NMR.  Endo-111: Rf = 0.16 (silica gel, hexanes/EtOAc, 2:1); [a]D21 = –73.70° (c = 

1.0 in CHCl3); IR (thin film) 2954, 2839, 760, 1720, 1516, 1253 cm–1; 1H NMR (500 MHz, 

CDCl3) δ 9.37 (dd, J = 2.5, 1.7 Hz, 1 H), 7.41 (dd, J = 6.5, 2.4 Hz, 1 H), 7.35 (d, J = 8.9 Hz, 2 

H), 6.89 (d, J = 8.9 Hz, 2 H), 5.74 (dt, J = 4.1, 1.8 Hz, 1 H), 4.19 (d, J = 6.6 Hz, 1 H), 3.84 (s, 

3 H), 3.78 (s, 3 H), 3.02 (dd, J = 14.2, 4.1 Hz, 1 H), 2.76 (dd, J = 15.7, 2.6 Hz, 1 H), 2.67 (dd, 

J = 15.7, 1.8 Hz, 1 H), 2.04 (dd, J = 14.3, 1.7 Hz, 1 H); 13C NMR (126 MHz, CDCl3) δ 200.08, 

170.36, 162.47, 158.92, 140.13, 137.14, 134.12, 128.01, 114.53, 73.65, 55.39, 55.15, 52.55, 

51.31, 42.50, 39.66; HRMS (ESI) calcd for C18H19O6+ [M+H]+ 331.1176, found 331.1173. The 

enantiomeric excess was determined by chiral HPLC using a Daicel Chiralpak IA column 

(hexanes/i-PrOH, 90:10, flow rate of 1.0 mL/min, 240 nm) tR = 30.15 min (minor), tR = 33.32 

min (major), 88% ee. 

Exo-111: Rf = 0.26 (silica gel, hexanes/EtOAc, 2:1); [a]D21 = –51.70° (c = 1.0 in 

CHCl3); IR (thin film) 2954, 2839, 1760, 1719, 1636, 1515, 1259 cm–1; 1H NMR (500 MHz, 

CDCl3) δ 9.45 (t, J = 1.7 Hz, 1 H), 7.12 (m, 3 H), 6.84 (d, J = 8.9 Hz, 2 H), 5.74 (q, J = 2.6 Hz, 

1 H), 4.26 (d, J = 6.3 Hz, 1 H), 3.77 (s, 3 H), 3.74 (s, 3 H), 3.08 (dd, J = 16.8, 1.7 Hz, 1 H), 

2.85 (dd, J = 16.8, 1.8 Hz, 1 H), 2.56–2.52 (m, 2 H); 13C NMR (126 MHz, CDCl3) δ 198.90, 

171.46, 162.51, 158.70, 140.29, 135.98, 134.09, 127.72, 114.44, 73.75, 56.44, 55.38, 52.37, 

51.93, 42.10, 38.93. HRMS (ESI) calcd for C18H19O6+ [M+H]+ 331.1176, found 331.1172. The 

enantiomeric excess was determined by chiral HPLC using a Daicel Chiralpak AD-H column 

(hexanes/i-PrOH, 90:10, flow rate of 1.0 mL/min, 215 nm) tR = 20.39 min (minor), tR = 23.54 

min (major), 55% ee. 
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Methyl(1R,4R,8R)-8-(4-cyanophenyl)-3-oxo-8-(2-oxoethyl)-2oxabicyclo[2.2.2]oct-5-ene-

6-carboxylate (Endo-112). Prepared following the general procedure described above, the 

crude material was purified by flash column chromatography (silica gel, hexanes/EtOAc, 1:1) 

to afford the desired product (62.4 mg combined, 65% combined yield; 41.2 mg, 43% yield 

Endo-112; 21.2 mg, 22% yield Exo-112) as a yellow oil. The dr was 2:1 as determined by 

crude 1H NMR. Endo-112: Rf = 0.07 (silica gel, hexanes/EtOAc, 2:1); [a]D21 = –73.72° (c = 

1.0 in CHCl3); IR (thin film) 2955, 2851, 2292, 1761, 1719, 1639, 1269, 752 cm–1; 1H NMR 

(500 MHz, CDCl3) δ 9.41 (t, J = 1.3 Hz, 1 H), 7.67 (d, J = 8.6 Hz, 2 H), 7.60 (d, J = 8.6 Hz, 2 

H), 7.42 (dd, J = 6.6, 2.3 Hz, 1 H), 5.81–5.74 (m, 1 H), 4.33 (d, J = 6.6 Hz, 1 H), 3.87 (s, 3 H), 

3.00 (dd, J = 14.4, 4.1 Hz, 1 H), 2.97–2.91 (m, 1 H), 2.85 (d, J = 17.2 Hz, 1 H), 2.09 (dd, J = 

14.4, 1.7 Hz, 1 H); 13C NMR (126 MHz, CDCl3) δ 198.12, 169.78, 162.19, 147.97, 139.47, 

137.60, 132.74, 127.89, 118.20, 111.81, 73.44, 54.88, 52.65, 50.27, 43.09, 39.99. HRMS (ESI) 

calcd for C18H14NO4+ [M+H–H2O]+ 308.0917, found 308.0917. The enantiomeric excess was 

determined by chiral HPLC using a Daicel Chiralpak IA column (hexanes/i-PrOH, 90:10, flow 

rate of 1.0 mL/min, 240 nm) tR = 78.37 min (minor), tR = 87.08 min (major), 90% ee. 

Exo-112: Rf = 0.17 (silica gel, hexanes/EtOAc, 2:1); [a]D21 = –51.92° (c = 1.0 in 

CHCl3). IR (thin film) 2954, 2920, 2851, 2228, 1761, 1719, 1638, 1261 cm–1; 1H NMR (500 

MHz, CDCl3) δ 9.48 (s, 1 H), 7.62 (d, J = 8.6 Hz, 2 H), 7.36 (d, J = 8.6 Hz, 2 H), 7.11 (dd, J = 

6.3, 2.2 Hz, 1 H), 5.75 (dt, J = 3.6, 2.1 Hz, 1 H), 4.35 (d, J = 6.2 Hz, 1 H), 3.75 (s, 3 H), 3.20 

(d, J = 18.2 Hz, 1 H), 3.05 (d, J = 18.2 Hz, 1 H), 2.55 (dd, J = 6.3, 2.8 Hz, 2 H); 13C NMR (126 

MHz, CDCl3) δ 197.34, 170.73, 162.18, 148.08, 139.37, 136.86, 132.73, 127.74, 118.13, 

111.63, 73.43, 56.28, 52.53, 50.74, 42.84, 39.51 HRMS (ESI) calcd for C18H14NO4+ [M+H–

H2O]+ 308.0917, found 308.0920.  The enantiomeric excess was determined by chiral HPLC 

using a Daicel Chiralpak IA column (hexanes/i-PrOH, 90:10, flow rate of 1.0 mL/min, 240 

nm) tR = 59.99 min (major), tR = 65.51 min (minor), 90% ee. 
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Methyl(1R,4R,8R)-3-oxo-8-(2-oxoethyl)-8-(pyridin-3-yl)-2-oxabi cyclo[2.2.2]oct-5-ene-6-

carboxylate (Endo-113). Prepared following the general procedure described above, the crude 

material was purified by flash column chromatography (silica gel, hexanes/EtOAc, 2:1) to 

afford the desired product (75.0 mg combined, 83% combined yield; 64.3 mg, 71% yield Endo-

113; 10.7 mg, 12% yield Exo-113) as a pale yellow oil. The dr was 6:1 as determined by crude 

1H NMR. Endo-113: Rf = 0.17 (silica gel, hexanes/EtOAc, 2:1); [a]D21 = –12.18° (c = 1.0 in 

CHCl3); IR (thin film) 2955, 2853, 1759, 1721, 1279, 755 cm–1; 1H NMR (500 MHz, CDCl3) 

δ 9.42 (s, 1 H), 8.70 (d, J = 2.6 Hz, 1 H), 8.50 (dd, J = 4.8, 1.5 Hz, 1 H), 7.85 (ddd, J = 8.2, 

2.7, 1.5 Hz, 1 H), 7.41 (dd, J = 6.6, 2.4 Hz, 1 H), 7.30 (dd, J = 8.1, 4.8 Hz, 1 H), 5.76 (dt, J = 

4.1, 1.9 Hz, 1 H), 4.36 (d, J = 6.5 Hz, 1 H), 3.85 (s, 3 H), 3.02 (dd, J = 14.4, 4.0 Hz, 1 H), 2.92 

(dd, J = 17.2, 1.6 Hz, 1 H), 2.84 (dd, J = 17.2, 1.2 Hz, 1 H), 2.08 (dd, J = 14.3, 1.6 Hz, 1 H); 

13C NMR (126 MHz, CDCl3) δ 198.37, 169.84, 162.26, 148.80, 148.70, 139.54, 138.51, 

137.52, 134.58, 123.52, 73.47, 55.02, 52.64, 50.15, 41.52, 39.86; HRMS (ESI) calcd for 

C16H16NO5+ [M+H]+ 302.1023, found 302.1024. The enantiomeric excess was determined by 

chiral HPLC using a Daicel Chiralpak AD-H column (hexanes/i-PrOH, 95:5, flow rate of 1.0 

mL/min, 254 nm) tR = 34.54 min (major), tR = 40.94 min (minor), 94% ee. 

Exo-113: Rf = 0.27 (silica gel, hexanes/EtOAc, 2:1); [a]D21 = –23.16° (c = 1.0 in 

CHCl3); IR (thin film) 2954, 2853, 1760, 1719, 1638, 1262 cm–1; 1H NMR (500 MHz, CDCl3) 

δ 9.50 (s, 1 H), 8.54 (d, J = 2.7 Hz, 1 H), 8.47 (dd, J = 4.8, 1.5 Hz, 1 H), 7.57 (ddd, J = 8.2, 

2.7, 1.5 Hz, 1 H), 7.29–7.24 (m, 1 H), 7.12 (dd, J = 6.3, 2.2 Hz, 1 H), 5.78–5.74 (m, 1 H), 4.36 

(d, J = 6.3 Hz, 1 H), 3.75 (s, 3 H), 3.26–3.20 (m, 1 H), 3.04 (dd, J = 18.2, 1.0 Hz, 1 H), 2.57 (t, 

J = 2.4 Hz, 2 H); 13C NMR (126 MHz, CDCl3) δ 197.52, 170.83, 162.24, 148.63, 148.30, 

139.52, 138.31, 136.77, 134.63, 123.56, 73.50, 56.26, 52.51, 50.84, 41.23, 38.97; HRMS (ESI) 

calcd for C16H14NO4+ [M+H–H2O]+ 284.0917, found 284.0913. The enantiomeric excess was 
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determined by chiral HPLC using a Daicel Chiralpak OD-H column (hexanes/i-PrOH, 80:20, 

flow rate of 1.0 mL/min, 254 nm) tR = 20.89 min (minor), tR = 26.04 min (major), 55% ee. 

 

Methyl(1R,4R,8R)-8-(furan-2-yl)-3-oxo-8-(2-oxoethyl)-2-oxabicyclo[2.2.2]oct-5-ene-6 

carboxylate (Endo-114). Prepared following the general procedure described above, the crude 

material was purified by flash column chromatography (silica gel, hexanes/EtOAc, 3:1) to 

afford the desired product (40.4 mg combined, 46% combined yield; 25.9 mg, 29% yield Endo-

114; 14.5 mg, 17% yield Exo-114) as a yellow oil. The dr was 2:1 as determined by crude 1H 

NMR. Endo-114: Rf = 0.10 (silica gel, hexanes/EtOAc, 2:1); [a]D21 = –95.32° (c = 1.0 in 

CHCl3); IR (thin film) 2955, 1764, 1720, 1635, 1274, 751 cm–1; 1H NMR (500 MHz, CDCl3) 

δ 9.55 (s, 1 H), 7.31 (dd, J = 1.8, 0.9 Hz, 1 H), 7.03 (dd, J = 6.5, 2.2 Hz, 1 H), 6.25 (dd, J = 

3.3, 1.9 Hz, 1 H), 5.99 (dd, J = 3.4, 0.9 Hz, 1 H), 5.76 (dd, J = 3.7, 1.9 Hz, 1 H), 4.01 (d, J = 

6.4 Hz, 1 H), 3.79 (s, 3 H), 3.24 (dd, J = 16.8, 1.6 Hz, 1 H), 2.73 (dd, J = 16.7, 1.9 Hz, 1 H), 

2.46 (dd, J = 14.5, 3.7 Hz, 1 H), 2.38 (dd, J = 14.5, 1.8 Hz, 1 H); 13C NMR (126 MHz, CDCl3) 

δ 198.37, 170.51, 162.55, 154.52, 142.52, 139.80, 136.23, 110.69, 107.71, 73.88, 52.96, 52.46, 

51.74, 39.03, 37.50; HRMS (ESI) calcd for C15H15O6+ [M+H]+ 291.0863, found: 291.0868. 

The enantiomeric excess was determined by chiral HPLC using a Daicel Chiralpak AD-H 

column (hexanes/i-PrOH, 95:5, flow rate of 1.0 mL/min, 254 nm) tR = 38.01 min (minor), tR = 

81.61 min (major), 91% ee. 

Exo-114: Rf = 0.20 (silica gel, hexanes/EtOAc, 2:1); [a]D21 = –17.82° (c = 1.0 in 

CHCl3); IR (thin film) 2955, 2852, 1761, 1721, 1638, 1261, 751 cm–1; 1H NMR (500 MHz, 

CDCl3) δ 9.51 (t, J = 2.1 Hz, 1 H), 7.38 (dd, J = 1.8, 0.9 Hz, 1 H), 7.35 (dd, J = 6.5, 2.3 Hz, 1 

H), 6.32–6.30 (m, 2 H), 5.77–5.71 (m, 1 H), 4.00 (d, J = 6.5 Hz, 1 H), 3.84 (s, 3 H), 2.93–2.88 

(m, 2 H), 2.59 (dd, J = 15.7, 2.2 Hz, 1 H), 1.93 (dd, J = 14.3, 1.6 Hz, 1 H); 13C NMR (126 

MHz, CDCl3) δ 199.16, 169.82, 162.34, 154.60, 143.15, 139.02, 137.45, 110.80, 107.93, 73.16, 
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52.60, 51.85, 51.65, 39.56, 37.13; HRMS (ESI) calcd for C15H15O6+ [M+H]+ 291.0863, found 

291.0872. The enantiomeric excess was determined by chiral HPLC using a Daicel Chiralcel 

OD-H column (hexanes/i-PrOH, 95:5, flow rate of 1.0 mL/min, 254 nm) tR = 41.58 min 

(minor), tR = 44.78 min (major), 18% ee. 

 

tert-Butyl3-((1R,4R,5R)-7-(methoxycarbonyl)-3-oxo-5-(2-oxoethyl)-2oxabicyclo[2.2.2] 

oct-7-en-5-yl)-1H-indole-1-carboxylate (Endo-115). Prepared following the general 

procedure described above, the crude material was purified by flash column chromatography 

(silica gel, hexanes/EtOAc, 2:1) to afford the desired product (77.0 mg combined, 89% 

combined yield; 39.3 mg, 45% yield Endo-115; 37.7 mg, 44% yield Exo-115) as a yellow oil. 

The dr was 1:1 as determined by crude 1H NMR. Endo-115: Rf = 0.10 (silica gel, 

hexanes/EtOAc, 2:1); [a]D21 = –28.68° (c = 1.0 in CHCl3); IR (thin film) 2979, 1762, 1723, 

1636, 1374, 1157, 750 cm–1; 1H NMR (500 MHz, CDCl3) δ 9.36 (s, 1 H), 8.23 (d, J = 8.4 Hz, 

1 H), 7.71 (s, 1 H), 7.52 (d, J = 7.9 Hz, 1 H), 7.46 (dd, J = 6.6, 2.3 Hz, 1 H), 7.36 (ddd, J = 8.3, 

7.2, 1.2 Hz, 1 H), 7.30–7.24 (m, 1 H), 5.75 (dt, J = 3.9, 1.9 Hz, 1 H), 4.42 (d, J = 6.6 Hz, 1 H), 

3.86 (s, 3 H), 3.08 (dd, J = 15.2, 1.8 Hz, 1 H), 2.95 (dd, J = 13.9, 3.9 Hz, 1 H), 2.63 (dd, J = 

15.1, 3.1 Hz, 1 H), 2.12 (dd, J = 13.9, 1.8 Hz, 1 H), 1.67 (s, 9 H); 13C NMR (126 MHz, CDCl3) 

δ 200.14, 170.55, 162.44, 149.32, 139.78, 137.10, 136.50, 127.92, 125.04, 123.60, 122.93, 

121.49, 119.98, 116.24, 84.47, 73.52, 52.56, 51.23, 49.69, 39.47, 38.59, 28.26; HRMS (ESI) 

calcd for C24H24NO6+ [M+H–H2O]+ 422.1598, found 422.1605. The enantiomeric excess was 

determined by chiral HPLC using a Daicel Chiralpak OD-H column (hexanes/i-PrOH, 90:10, 

flow rate of 1.0 mL/min, 254 nm) tR = 19.43 min (major), tR = 23.22 min (minor), 93% ee. 

Exo-115: Rf = 0.20 (silica gel, hexanes/EtOAc, 2:1); [a]D21 = –5.84° (c = 1.0 in CHCl3); 

IR (thin film) 2979, 2852, 1763, 1724, 1374, 1156, 750 cm–1; 1H NMR (500 MHz, CDCl3) δ 

9.48 (t, J = 1.9 Hz, 1 H), 8.20–8.07 (m, 1 H), 7.60 (d, J = 7.9 Hz, 1 H), 7.38–7.31 (m, 2 H), 
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7.30–7.24 (m, 1 H), 7.18 (dd, J = 6.5, 2.2 Hz, 1 H), 5.77 (dt, J = 3.9, 1.9 Hz, 1 H), 4.54 (d, J = 

6.5 Hz, 1 H), 3.75 (s, 3 H), 3.19 (d, J = 16.4 Hz, 1 H), 3.05 (dd, J = 16.5, 2.2 Hz, 1 H), 2.61 

(dd, J = 14.1, 3.9 Hz, 1 H), 2.45 (dd, J = 14.0, 1.8 Hz, 1 H), 1.68 (s, 9 H); 13C NMR (126 MHz, 

CDCl3) δ 198.68, 170.86, 162.49, 149.46, 140.08, 136.39, 135.74, 127.42, 125.25, 123.59, 

123.09, 121.52, 119.85, 116.24, 84.86, 73.62, 52.85, 52.40, 50.60, 38.72, 38.50, 28.35; HRMS 

(ESI) calcd for C24H24NO6+ [M+H–H2O]+ 422.1598, found 422.1604. The enantiomeric excess 

was determined by chiral HPLC using a Daicel Chiralpak AD-H column (hexanes/i-PrOH, 

90:10, flow rate of 1.0 mL/min, 254 nm) tR = 9.07 min (minor), tR = 11.91 min (major), 16% 

ee. 

 

Methyl(1R,4R,8S)-8-(4-methylpent-3-en-1-yl)-3-oxo-8-(2-oxoethyl)-2-oxabicyclo[2.2.2] 

oct-5-ene-6-carboxylate (Endo-119). Prepared following the general procedure described 

above, the crude material was purified by flash column chromatography (silica gel, 

hexanes/EtOAc, 3:1) to afford the desired product (12.8 mg, 11% yield Endo-119) as a 

colorless oil. The dr was >20:1 as determined by crude 1H NMR. Endo-119: Rf = 0.20 (silica 

gel, hexanes/EtOAc, 2:1); [a]D21 = –36.94° (c = 1.0 in CHCl3); IR (thin film) 2923, 2857, 1761, 

1719, 1636, 1266, 1007 cm–1; 1H NMR (500 MHz, CDCl3) δ 9.72 (t, J = 1.8 Hz, 1 H), 7.30 (dd, 

J = 6.5, 2.3 Hz, 1 H), 5.63 (dd, J = 4.0, 1.9 Hz, 1 H), 5.03 (tdd, J = 5.7, 2.9, 1.4 Hz, 1 H), 3.81 

(s, 3 H), 3.77 (d, J = 6.5 Hz, 1 H), 2.45 (dd, J = 16.6, 1.8 Hz, 1 H), 2.40 (dd, J = 16.6, 2.0 Hz, 

1 H), 2.17 (dd, J = 14.1, 4.0 Hz, 1 H), 2.16–2.06 (m, 1 H), 1.95 (tt, J = 13.6, 6.5 Hz, 1 H), 1.72–

1.67 (m, 3 H), 1.66 (s, 3 H), 1.58 (d, J = 1.3 Hz, 3 H); 13C NMR (126 MHz, CDCl3) δ 199.55, 

170.97, 162.51, 140.35, 136.74, 133.11, 122.62, 73.69, 52.46, 51.13, 49.56, 39.46, 39.03, 

38.71, 25.73, 23.29, 17.76; HRMS (ESI) calcd for C17H23O5+ [M+H]+ 307.1540, found 

307.1550. The enantiomeric excess was determined by chiral HPLC using a Daicel Chiralpak 
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AD-H column (hexanes/i-PrOH, 95:5, flow rate of 1.0 mL/min, 254 nm) tR = 16.25 min 

(minor), tR = 27.18 min (major), 95% ee. 

 

Methyl(1R,4R,7R,8R)-8-methyl-7-(3-methylbut-2-en-1-yl)-3-oxo-8-(2-oxoethyl)-2-oxa 

bicyclo[2.2.2]oct-5-ene-6-carboxylate (Endo-120). Prepared following the general procedure 

described above, the crude material was purified by flash column chromatography (silica gel, 

hexanes/EtOAc, 3:1) to afford the desired product (58.0 mg, 48% yield Endo-120) as a 

colorless oil. The dr was >20:1 as determined by crude 1H NMR. Endo-120: Rf = 0.10 (silica 

gel, hexanes/EtOAc, 2:1); [a]D21 = –32.10° (c = 1.0 in CHCl3); IR (thin film) 2970, 2855, 1761, 

1721, 1439, 1258 cm–1; 1H NMR (500 MHz, CDCl3) δ 9.72 (t, J = 1.8 Hz, 1 H), 7.24 (dd, J = 

6.4, 2.3 Hz, 1 H), 5.43 (dd, J = 2.3, 1.1 Hz, 1 H), 5.12 (dddd, J = 7.4, 6.0, 3.0, 1.6 Hz, 1 H), 

3.80 (s, 3 H), 3.45 (d, J = 6.3 Hz, 1 H), 2.40 (dd, J = 16.3, 1.8 Hz, 1 H), 2.37–2.30 (m, 2 H), 

2.19 (ddd, J = 14.3, 11.2, 8.5 Hz, 1 H), 1.76 (s, 3 H), 1.66 (s, 3 H), 1.51 (ddd, J = 11.2, 4.5, 1.1 

Hz, 1 H), 1.28 (s, 3 H); 13C NMR (126 MHz, CDCl3) δ 199.73, 171.34, 162.54, 139.24, 137.43, 

135.73, 121.10, 76.15, 55.56, 54.37, 52.42, 45.92, 37.09, 26.65, 25.99, 22.22, 18.08; HRMS 

(ESI) calcd for C17H23O5+ [M+H]+ 307.1540, found 307.1530. The enantiomeric excess was 

determined by chiral HPLC using a Daicel Chiralpak AD-H column (hexanes/i-PrOH, 97:3, 

flow rate of 1.0 mL/min, 254 nm) tR = 18.17 min (minor), tR = 20.97 min (major), 97% ee. 

 

Methyl(3aR,4S,7R,7aR)-8-oxo-7a-(2-oxoethyl)-1,2,3,3a,4,7a-hexahydro-7H-4,7-(epoxy 

methano)indene-7-carboxylate (Endo-123). Prepared following the general procedure 

described above, the crude material was purified by flash column chromatography (silica gel, 

hexanes/EtOAc, 2:1) to afford the desired product (32.7 mg combined, 56% combined yield; 

31.5 mg, 51% yield Endo- 123; 1.5 mg, 5% yield Exo-123) as a colorless oil. The dr was 10.6:1 

as determined by crude 1H NMR. Endo-123: Rf = 0.43 (silica gel, hexanes/EtOAc, 3:2); [α]D21 
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= +5.72° (c = 1.0 in CHCl3); IR (thin film) 3086, 2957, 2875, 2749, 2256, 1754, 1741, 1621, 

1278, 1083 cm–1; 1H NMR (500 MHz, CDCl3) δ 9.71 (t, J = 3.1 Hz, 1H), 6.72 (dd, J = 7.8, 1.9 

Hz, 1H), 6.62 (dd, J = 7.8, 5.0 Hz, 1H), 4.99 (d, J = 5.2 Hz, 1H), 3.88 (s, 3H), 2.55 (dd, J = 

14.0, 3.3 Hz, 1H), 2.39 (dd, J = 13.9, 2.8 Hz, 1H), 2.30 (t, J = 7.6 Hz, 1H), 2.19 – 2.11 (m, 1H), 

2.11 – 1.95 (m, 2H), 1.91 (dh, J = 13.3, 3.0 Hz, 1H), 1.80 – 1.65 (m, 2H); 13C NMR (126 MHz, 

CDCl3) δ 200.79, 169.48, 168.16, 132.80, 132.18, 78.11, 63.43, 53.15, 51.85, 51.30, 50.36, 

36.47, 28.51, 27.61; HRMS (ESI) calcd for C14H15O4+ [M+H–H2O]+ 247.0971, found 

247.0973. The enantiomeric excess of its homologated methyl ester was determined by chiral 

HPLC using a Daicel Chiralpak AD-H column (hexanes/i-PrOH, 95:5, flow rate of 1.0 mL/min, 

240 nm) tR = 22.45 min (minor), tR = 25.49 min (major), 61% ee.  

 

2-((3aR,4R,7R,7aR)-5-benzoyl-8-oxo-1,2,3,3a,4,7-hexahydro-7aH-4,7(epoxymethano) 

inden-7a-yl)acetaldehyde (Endo-124). Prepared following the general procedure described 

above, the crude material was further purified by flash column chromatography (silica gel, 

hexanes/EtOAc, 3:1) to afford the desired product (89.0 mg combined, 96% combined yield; 

72.8 mg, 78% yield Endo-124; 16.2 mg, 18% yield Exo-124) as an off-white amorphous solid. 

The dr was 5:1 as determined by crude 1H NMR. Endo-124: Rf = 0.21 (silica gel, 

hexanes/EtOAc, 2:1); [a]D23 = –9.70° (c = 1.0 in CHCl3); IR (thin film) 2957, 2873, 1758, 

1721, 1644, 1258 cm–1; 1H NMR (500 MHz, CDCl3) δ 9.71 (s, 1 H), 7.74 (d, J = 7.7 Hz, 2 H), 

7.61 (t, J = 7.4 Hz, 1 H), 7.49 (t, J = 7.6 Hz, 3 H), 6.98 (dd, J = 6.3, 2.1 Hz, 1 H), 5.61 (d, J = 

1.8 Hz, 1 H), 3.84 (d, J = 6.3 Hz, 1 H), 2.55 (d, J = 16.5 Hz, 1 H), 2.36 (dd, J = 16.5, 2.3 Hz, 1 

H), 2.09 (m, 2 H), 1.96–1.81 (m, 5 H);  13C NMR (126 MHz, CDCl3) δ 199.98, 190.84, 171.80, 

141.25, 133.45, 130.32, 129.41, 128.89, 128.63, 78.38, 53.31, 51.47, 50.03, 49.00, 36.24, 

28.66, 27.35; HRMS (ESI) calcd for C19H17O3+ [M+H]+ 293.1183, found 293.1183. The 

enantiomeric excess was determined by chiral HPLC using a Daicel Chiralpak IA column 
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(hexanes/i-PrOH, 97:3, flow rate of 1.0 mL/min, 254 nm) tR = 38.55 min (minor), tR = 52.30 

min (major), 89% ee. 

 

(3aR,4R,7R,7aR)-8-oxo-7a-(2-oxoethyl)-2,3,3a,4,7,7a-hexahydro-1H-4,7(epoxymethano) 

indene-5-carbonitrile (Endo-125). Prepared following the general procedure described above, 

the crude material was purified by flash column chromatography (silica gel, hexanes/EtOAc, 

3:1) to afford the desired product (50.6 mg combined, 73% combined yield; 47.1 mg, 68% 

yield Endo-125; 3.5 mg, 5% yield Exo-125) as a white amorphous solid. The dr was 9:1 as 

determined by crude 1H NMR. Endo-125: Rf = 0.14 (silica gel, hexanes/EtOAc, 2:1); [a]D24 = 

–7.53° (c = 1.0 in CHCl3); IR (thin film) 2960, 2873, 2224, 1762, 1720, 1655, 1588 cm–1; 1H 

NMR (500 MHz, CDCl3) δ 9.72 (d, J = 1.6 Hz, 1 H), 7.24 (dd, J = 6.4, 2.1 Hz, 1 H), 5.13 (t, J 

= 1.7 Hz, 1 H), 3.90 (d, J = 6.4 Hz, 1 H), 2.61 (d, 17.3 Hz, 1 H), 2.44 (dd, J = 17.2, 1.8 Hz, 1 

H), 2.13–2.05 (m, 1 H), 1.91–1.72 (m, 6 H); 13C NMR (126 MHz, CDCl3) δ 199.30, 146.95, 

118.98, 113.96, 78.54, 52.84, 51.29, 49.55, 48.03, 36.06, 28.45, 27.19; HRMS (ESI) calcd for 

C13H11NO4+ [M+H]+ 214.0862, found 214.0860. The enantiomeric excess was determined by 

chiral HPLC using a Daicel Chiralpak IA column (hexanes/i-PrOH, 88:12, flow rate of 1.0 

mL/min, 254 nm) tR = 14.19 min (major), tR = 17.85 min (minor), 89% ee. 

 

Diethyl(3aR,4R,7S,7aR)-8-oxo-7a-(2-oxoethyl)-2,3,3a,4,7,7a-hexahydro-1H-4,7(epoxy 

methano)indene-5,6-dicarboxylate (126). Prepared following the general procedure 

described above, the crude material was purified by flash column chromatography (silica gel, 

hexanes/EtOAc, 3:1) to afford the desired product (96.6 mg combined, 92% combined yield) 

as a colorless oil which was characterized as a 1:1 mixture of diastereomers. The dr was 1:1 as 

determined by crude 1H NMR. 126: Rf = 0.23 (silica gel, hexanes/EtOAc, 2:1); [a]D21 = +0.24° 

(c = 1.0 in CHCl3); IR (thin film) 2962, 2873, 2738, 1766, 1721, 1649, 1277 cm–1; 1H NMR 
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(500 MHz, CDCl3) δ 9.77 (d, J = 1.4 Hz, 1 H), 9.70 (d, J = 1.2 Hz, 1 H), 5.42 (d, J = 4.3 Hz, 1 

H), 5.39 (d, J = 1.3 Hz, 1 H), 4.36–4.22 (m, 8 H), 4.06 (s, 1 H), 4.02 (s, 1 H), 2.76–2.69 (m, 2 

H), 2.69–2.63 (m, 2 H), 2.61–2.51 (m, 2 H), 2.01 (td, J = 9.5, 8.5, 4.1 Hz, 2 H), 1.89–1.53 (m, 

10 H), 1.38–1.23 (m, 12 H); 13C NMR (126 MHz, CDCl3) δ 199.38, 199.20, 170.59, 170.30, 

164.60, 164.18, 162.91, 162.12, 140.95, 139.68, 136.14, 136.05, 78.03, 77.51, 62.43, 62.40, 

62.17, 62.09, 53.21, 52.74, 52.19, 51.46, 51.45, 49.82, 47.58, 47.19, 36.13, 35.75, 28.42, 27.23, 

26.84, 14.09, 14.07, 14.02; HRMS (ESI) calcd for C18H20O6+ [M+H–H2O]+ 333.1333, found 

333.1323. The enantiomeric excess was determined by chiral HPLC using a Daicel Chiralcel 

OD-H column (hexanes/i-PrOH, 90:10, flow rate of 1.0 mL/min, 254 nm) tR = 12.66 min 

(minor), tR = 13.43 min (major), 96% ee. tR = 9.85 min (minor), tR = 16.33 min (major), 87% 

ee. 

 

Methyl(3aR,4R,7S,7aR)-7-bromo-8-oxo-7a-(2-oxoethyl)-2,3,3a,4,7,7a-hexahydro-1H-4,7-

(epoxymethano)indene-5-carboxylate (Endo-127). Prepared following the general procedure 

described above, the crude material was purified by flash column chromatography (silica gel, 

hexanes/EtOAc, 3:1) to afford the desired product (86.8 mg combined, 89% combined yield; 

74.5 mg, 76% yield Endo-127; 12.3 mg, 13% yield Exo-127) as a colorless oil. The dr was 6:1 

as determined by crude 1H NMR. Endo-127: Rf = 0.30 (silica gel, hexanes/EtOAc, 2:1); [a]D24 

= –3.24° (c = 1.0 in CHCl3); IR (thin film) 2955, 2877, 1772, 1722, 1630, 1280, 1255 cm–1; 1H 

NMR (500 MHz, CDCl3) δ 9.79 (t, J = 2.2 Hz, 1 H), 7.26 (d, J = 2.1 Hz, 1 H), 5.47 (t, J = 2.0 

Hz, 1 H), 3.82 (s, 3 H), 3.05 (dd, J = 15.9, 2.4 Hz, 1 H), 2.54–2.43 (m, 2 H), 2.27 (ddt, J = 12.8, 

9.0, 7.5 Hz, 1 H), 2.00–1.69 (m, 5 H); 13C NMR (126 MHz, CDCl3) δ 199.75, 166.85, 161.58, 

145.19, 136.64, 77.09, 69.93, 55.50, 52.85, 49.28, 35.43, 30.24, 26.64; HRMS (ESI) calcd for 

C14H14BrO4+ [M+H–H2O]+ 325.0070, found 325.0063. The enantiomeric excess was 
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determined by chiral HPLC using a Daicel Chiralpak AD-H column (hexanes/i-PrOH, 95:5, 

flow rate of 1.0 mL/min, 254 nm) tR = 13.60 min (major), tR = 15.23 min (minor), 86% ee. 

 

2-((3aR,4R,7S,7aR)-5-benzoyl-7-bromo-8-oxo-1,2,3,3a,4,7-hexahydro-7aH-4,7(epoxy 

methano)inden-7a-yl) acetaldehyde (Endo-128). Prepared following the general procedure 

described above, the crude material was purified by flash column chromatography (silica gel, 

hexanes/EtOAc, 3:1) to afford the desired product (76.0 mg combined, 65% combined yield; 

57.1 mg, 49% yield Endo-128; 18.9 mg, 16% yield Exo-128) as an off-white amorphous solid.  

The dr was 4:1 as determined by crude 1H NMR. Endo-128: Rf = 0.38 (silica gel, 

hexanes/EtOAc, 2:1); [a]D24 = –9.70° (c = 1.0 in CHCl3); IR (thin film) 2926, 2871, 1768, 

1721, 1649, 1254 cm–1; 1H NMR (500 MHz, CDCl3) δ 9.79 (t, J = 2.2 Hz, 1 H), 7.78–7.71 (m, 

2 H), 7.67–7.60 (m, 1 H), 7.52 (t, J = 7.8 Hz, 2 H), 6.92 (d, J = 2.0 Hz, 1 H), 5.61 (t, J = 2.0 

Hz, 1 H), 3.02 (dd, J = 15.8, 2.5 Hz, 1 H), 2.58 (ddd, J = 8.9, 4.8, 1.8 Hz, 1 H), 2.49 (dd, J = 

15.8, 2.1 Hz, 1 H), 2.33 (ddd, J = 13.3, 8.9, 7.4 Hz, 1 H), 2.07–1.74 (m, 5 H); 13C NMR (126 

MHz, CDCl3) δ 199.61, 189.51, 167.09, 144.78, 142.89, 135.41, 133.84, 129.38, 129.08, 77.93, 

70.06, 56.22, 53.00, 49.81, 35.63, 30.36, 26.65; HRMS (ESI) calcd for C19H16BrO3+ [M+H–

H2O]+ 371.0277, found 371.0278. The enantiomeric excess was determined by chiral HPLC 

using a Daicel Chiralpak AD-H column (hexanes/i-PrOH, 95:5, flow rate of 1.0 mL/min, 254 

nm) tR = 27.80 min (minor), tR = 31.79 min (major), 78% ee. 

 

(1R,4R,8R)-3-oxo-8-(2-oxoethyl)-8-phenyl-2-oxabicyclo[2.2.2]oct-5-ene-6-carbonitrile 

(Endo-132). Prepared following the general procedure described above, the crude material was 

purified by flash column chromatography (silica gel, hexanes/EtOAc, 3:1) to afford the desired 

product (62.4 mg combined, 78% combined yield; 53.0 mg, 66% yield Endo-132; 9.4 mg, 12% 

yield Exo-132) as a colorless oil. The dr was 6:1 as determined by crude 1H NMR. Endo-132: 
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Rf = 0.20 (silica gel, hexanes/EtOAc, 2:1); [a]D21 = –48.90° (c = 0.2 in CHCl3); IR (thin film) 

2925, 2853, 2225, 1766, 1721, 1585, 1367, 1010 cm–1; 1H NMR (500 MHz, CDCl3) δ 9.37 (t, 

J = 1.8 Hz, 1 H), 7.43–7.36 (m, 5 H), 7.32–7.28 (m, 1 H), 5.41 (dt, J = 4.1, 2.0 Hz, 1 H), 4.37 

(d, J = 6.7 Hz, 1 H), 3.08 (dd, J = 14.4, 4.0 Hz, 1 H), 2.83 (dd, J = 15.9, 1.6 Hz, 1 H), 2.77 (dd, 

J = 15.9, 2.3 Hz, 1 H), 2.17 (dd, J = 14.4, 1.7 Hz, 1 H); 13C NMR (126 MHz, CDCl3) δ 199.23, 

168.28, 146.27, 141.56, 129.40, 128.18, 126.68, 118.60, 113.70, 74.68, 54.91, 50.55, 42.94, 

39.73; HRMS (ESI) calcd for C16H15NO3Na3+ [M+3Na]+ 112.0196, found 112.0202. The 

enantiomeric excess was determined by chiral HPLC using a Daicel Chiralpak IA column 

(hexanes/i-PrOH, 90:10, flow rate of 1.0 mL/min, 254 nm) tR = 20.43 min (minor), tR = 25.78 

min (major), 82% ee. 

 

(1R,4R,4aS,10aR)-11-oxo-4a-(2-oxoethyl)-1,4,4a,9,10,10a-hexahydro-1,4-(epoxy 

methano)phenanthrene-2-carbonitrile (Endo-133). Prepared following the general 

procedure described above, the crude material was purified by flash column chromatography 

(silica gel, hexanes/EtOAc, 2:1) to afford the desired product (43.0 mg combined, 75% 

combined yield; 38.7 mg, 68% yield Endo-133; 4.3 mg, 7% yield Exo-133) as a pale yellow 

oil. The dr was 9:1 as determined by crude 1H NMR. Endo-133: Rf = 0.20 (silica gel, 

hexanes/EtOAc, 2:1); [a]D21 = –117.48° (c = 1.0 in CHCl3); IR (thin film) 2941, 2853, 2224, 

1769, 1720, 1657, 1588, 736 cm–1; 1H NMR (500 MHz, CDCl3) δ 9.32 (d, J = 2.5 Hz, 1 H), 

7.44 (d, J = 7.9 Hz, 1 H), 7.33 (dd, J = 6.6, 2.3 Hz, 1 H), 7.31–7.26 (m, 1 H), 7.22 (t, J = 7.4 

Hz, 1 H), 7.18 (d, J = 7.5 Hz, 1 H), 5.15 (d, J = 2.3 Hz, 1 H), 4.32 (d, J = 6.4 Hz, 1 H), 2.87 

(ddd, J = 15.7, 6.7, 3.9 Hz, 1 H), 2.73–2.63 (m, 2 H), 2.50 (dd, J = 14.3, 2.7 Hz, 1 H), 2.29–

2.18 (m, 2 H), 1.82 (qd, J = 11.8, 11.3, 7.8 Hz, 1 H); 13C NMR (126 MHz, CDCl3) δ 199.92, 

167.92, 145.09, 138.80, 135.32, 129.63, 128.11, 127.74, 126.38, 119.19, 113.76, 79.36, 55.35, 

51.86, 44.43, 40.58, 28.18, 26.32; HRMS (ESI) calcd for C54H45N3O9+ [3M]+ 879.3156, found 
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879.3154. The enantiomeric excess was determined by chiral HPLC using a Daicel Chiralpak 

IA column (hexanes/i-PrOH, 90:10, flow rate of 1.0 mL/min, 254 nm) tR = 17.53 min (minor), 

tR = 21.06 min (major), 97% ee. 

 

Methyl (3aS, 7aS)-7a-(2 -oxoethyl)-2, 3, 3a ,7a-tetrahydro-1H-indene-5-carboxylate (134). 

A solution of Endo-88 (20 mg, 0.075 mmol, 1.0 equiv.) in toluene (1.5 mL) was heated to 155 

°C for 24 h. Upon completion, the reaction mixture was cooled to 23 °C and concentrated in 

vacuo to give the crude product which was further purified by column chromatography (silica 

gel, hexanes/EtOAc 3:1) to give the desired product as a yellow oil (5.5 mg, 67% yield). 

Following the general procedure above, the aldehyde was converted into the corresponding a, 

b-unsaturated ester for HPLC analysis. 134: Rf = 0.78 (silica gel, hexanes/EtOAc, 2:1); [a]D23 

= +52.6° (c = 1.0 in CHCl3); IR (thin film) 2951, 2928, 2869, 2862, 1719, 1654, 1263, 1090 

cm–1; 1H NMR (500 MHz, CDCl3) δ 9.61 (t, J = 2.8 Hz, 1 H), 7.02 (d, J = 5.6 Hz, 1 H), 6.38 

(dd, J = 9.9, 1.5 Hz, 1 H), 5.67 (d, J = 9.8 Hz, 1 H), 3.77 (s, 3 H), 2.50 (td, J = 8.5, 7.9, 5.5 Hz, 

1 H), 2.39 (d, J = 2.9 Hz, 2 H), 2.19–2.06 (m, 1 H), 1.94–1.78 (m, 2 H), 1.56–1.43 (m, 3 H); 

13C NMR (126 MHz, CDCl3) δ 202.15, 166.31, 139.99, 133.22, 125.38, 119.96, 54.92, 51.93, 

44.51, 41.37, 34.55, 29.86, 22.80.  HRMS (ESI) calcd for C13H17O3+ [M+H]+ 221.1172, found 

221.1163. The enantiomeric excess was determined by chiral HPLC using a Daicel Chiralpak 

OJ-H column (hexanes/i-PrOH, 95:5, flow rate of 1.0 mL/min, 254 nm) tR = 14.70 min (minor), 

tR = 17.68 min (major), 95% ee.   

 

Methyl (3aR,4R,7R,7aR)-7a-((1,3-dioxolan-2-yl)methyl)-8-oxo-2,3,3a,4,7,7a-hexahydro-

1H-4,7-(epoxymethano)indene-5-carboxylate (135). To a solution of Endo-135 (20 mg, 

0.075 mmol, 1.0 equiv.) in CH2Cl2 (1.5 mL) at 0 °C was added bis(trimethylsiloxy)ethane 

(0.037 mL, 0.15 mmol, 2.0 equiv.) and TMSOTf (0.002 mL, 0.0075 mmol, 0.1 equiv.). The 
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solution was stirred at 0 °C for 1 hour after which it was quenched with H2O (1 mL), the organic 

layer separated, and the aqueous layer extracted with CH2Cl2 (2 ´ 2 mL). The organic layers 

were combined, dried over Na2SO4 and concentrated in vacuo to give the crude product as an 

orange oil. This residue was further purified using a silica plug (silica gel, hexanes/EtOAc, 1:1) 

to afford the desired acetal as a colourless oil (23 mg, 98% yield) 135: Rf = 0.19 (silica gel, 

hexanes/EtOAc, 2:1); [a]D23 = –26.92° (c = 1.0 in CHCl3). IR (thin film) 2954, 2888, 1761, 

1717, 1631, 1252 cm–1;  1H NMR (500 MHz, CDCl3) δ 7.35 (dd, J = 6.4, 2.1 Hz, 1 H), 5.43 (s, 

1 H), 4.83 (dd, J = 6.9, 2.5 Hz, 1 H), 3.99 (q, J = 6.5 Hz, 1 H), 3.96–3.89 (m, 1 H), 3.89–3.83 

(m, 1 H), 3.81–3.77 (m, 2 H), 3.80 (s, 3 H), 2.00–1.58 (m, 7 H), 1.53 (dd, J = 14.4, 6.9 Hz, 1 

H); 13C NMR (126 MHz, CDCl3) δ 172.83, 163.08, 142.74, 136.10, 102.26, 77.57, 65.25, 

64.47, 52.29, 51.59, 50.55, 47.99, 43.91, 35.39, 28.32, 27.33. HRMS (ESI) calcd for 

C32H41O12+ [2M+H]+  617.2598, found 617.2607. 

 

Dimethyl (3aR,4R,7R,7aR)-3a-((1,3-dioxolan-2-yl)methyl)-7-(benzoyloxy)-2,3,3a,4,7, 7a-

hexahydro-1H-indene-4,6-dicarboxylate (136). Acetal 135 (10mg, 0.03 mmol, 1.0 equiv.) 

was dissolved in MeOH/CH2Cl2 (0.3 mL, 4:1) and cooled to 0 °C. To this was added sodium 

methoxide (0.5 M in MeOH, 0.12 mL, 0.06 mmol, 2.0 equiv.) dropwise. The reaction mixture 

was stirred at 0 °C for 2 h. Upon completion, the reaction was quenched with sat. NH4Cl, and 

the aqueous layer extracted with EtOAc (3 ´ 5 mL). The organic layers were combined, dried 

over Na2SO4 and concentrated in vacuo. The crude material was then placed in a flask and 

dissolved in CH2Cl2 (0.4 mL). To this solution was added DMAP (4.4 mg, 0.036 mmol, 2.0 

equiv.), Et3N (0.005 mL, 0.036 mmol, 2.0 equiv.) and benzoyl chloride (0.005 mL, 0.036 

mmol, 2.0 equiv.) and the mixture stirred for 1 h. Upon completion, the reaction mixture was 

directly purified by preparative TLC (silica gel, hexanes/EtOAc, 3:1) to give the desired 

product (8.9 mg, 67% yield) as a colourless oil. 136: Rf = 0.42 (silica gel, hexanes/EtOAc, 2:1); 



 186 

[a]D23 = –22.48° (c = 0.5 in CHCl3); IR (thin film) 2952, 2885, 1807, 1715, 1243 cm–1; 1H 

NMR (500 MHz, CDCl3) δ 8.18–8.09 (m, 1 H), 7.67–7.61 (m, 1 H), 7.53–7.47 (m, 2 H), 6.97 

(d, J = 3.9 Hz, 1 H), 4.89 (dd, J = 6.9, 2.8 Hz, 1 H), 4.83 (dd, J = 4.0, 1.2 Hz, 1 H), 3.95–3.88 

(m, 2 H), 3.85–3.72 (m, 5 H), 3.50 (s, 3 H), 3.30 (d, J = 4.1 Hz, 1 H), 2.79 (d, J = 8.4 Hz, 1 H), 

2.73–2.64 (m, 1 H), 2.20 (dd, J = 14.9, 7.0 Hz, 1 H), 2.13–2.03 (m, 1 H), 1.83 (dd, J = 14.9, 

2.9 Hz, 1 H), 1.78–1.70 (m, 1 H), 1.64 (dt, J = 5.5, 2.9 Hz, 3 H); 13C NMR (126 MHz, CDCl3) 

δ 167.08, 166.97, 162.36, 147.30, 134.43, 130.73, 128.90, 103.02, 77.36, 73.65, 65.01, 64.57, 

60.01, 52.02, 51.26, 45.81, 42.78, 42.27, 35.54, 31.22, 23.54;	HRMS (ESI) calcd for C24H24O6+ 

[M–2H2O]+ 213.0839, found 213.0840. The enantiomeric excess was determined by chiral 

HPLC using a Daicel Chiralpak AD-H column (hexanes/i-PrOH, 97:3, flow rate of 1.0 mL/min, 

240 nm) tR = 13.57 min (minor), tR = 15.17 min (major), 95% ee. 

 

(3aR,4R,7R,7aR)-7a-((1,3-dioxolan-2-yl)methyl)-5-Bromo-2,3,3a,4,7,7a-hexahydro-1H-

4,7-(epoxymethano)inden-8-one (137). To a solution of 135 (10 mg, 0.03 mmol, 1.0 equiv.) 

in DCE (0.75 mL) was added trimethyltin hydroxide (17.5 mg, 0.09 mmol, 3.0 equiv.). The 

reaction mixture was heated to 80 °C for 16h and once complete was concentrated in vacuo. 

This crude residue was dissolved in toluene (0.35 mL) followed by the addition of thionyl 

chloride (0.015 mL, 0.17 mmol, 5.0 equiv.) and the reaction mixture stirred at 23 °C for 24 h. 

The solvent and excess reagent was removed in vacuo. The crude residue was then dissolved 

in bromotrichloromethane (0.3 mL) to which was added AIBN (0.6 mg, 0.0034 mmol, 0.1 

equiv.). This mixture was added over 30 min via syringe pump to a solution of 2-

mercaptopyridine N-oxide sodium salt (5.6 mg, 0.037 mmol, 1.1 equiv.) in 

bromotrichloromethane (0.3 mL) at 100 °C. Upon completion, the reaction was cooled to 23 

°C, concentrated in vacuo and subjected directly to purification by flash column 

chromatography (silica gel, hexanes/EtOAc, 3:2) to give the desired vinyl bromide (4.3 mg, 
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38% yield) as a colourless oil. 137: Rf = 0.35 (silica gel, hexanes/EtOAc, 2:1); [a]D23 = –53.20° 

(c = 0.1 in CHCl3); 1H NMR (500 MHz, CDCl3) δ 6.57 (dd, J = 6.6, 2.4 Hz, 1 H), 4.88–4.79 

(m, 2 H), 4.03–3.89 (m, 2 H), 3.89–3.75 (m, 2 H), 3.63 (d, J = 6.6 Hz, 1 H), 2.09–2.03 (m, 1 

H), 1.96–1.90 (m, 1 H), 1.81 (ddt, J = 14.8, 9.9, 3.7 Hz, 3 H), 1.77–1.63 (m, 4 H); 13C NMR 

(126 MHz, CDCl3) δ 131.49, 121.18, 102.37, 84.74, 65.22, 64.50, 52.51, 50.58, 48.07, 43.59, 

35.05, 29.85, 28.33, 27.43; HRMS (ESI) calcd for C28H34Br2O8Na+ [2M+Na]+ 679.0518, found 

679.0515. The enantiomeric excess was determined by chiral HPLC using a Daicel Chiralpak 

AS-H column (hexanes/i-PrOH, 90:10, flow rate of 1.0 mL/min, 215 nm) tR = 34.66 min 

(major), tR = 39.10 min (minor), 92% ee. 

 

tert-Butyl-3-(8-(methoxycarbonyl)-1,6-dioxohexahydro-3,7-methanocyclopenta[c]pyran-

4a(1H)-yl)-1H-indole-1-carboxylate (138). To a solution of Endo-106 (10.0 mg, 0.023 mmol, 

1.0 equiv) in CHCl3 (1.0 mL) was added 6,7-dihydro-2-pentafluorophenyl-5H-pyrrolo[2,1-c]-

1,2,4-triazolium tetrafluoroborate (1.7 mg, 0.0046 mmol, 0.2 equiv) and NaOAc (2.3mg, 0.028 

mmol, 1.2 equiv) at 23 °C. The reaction mixture was warmed to 40 °C and stirred for 30 min. 

The reaction mixture was then subjected directly to flash column chromatography (silica gel, 

hexanes/EtOAc, 2:1) to afford the desired product (9.1 mg, 91% yield) as a yellow oil. 138: Rf 

= 0.45 (silica gel, hexanes/EtOAc, 2:1); [a]D23 = –96.80° (c = 0.5 in CHCl3); IR (thin film) 

2922, 2850, 1754, 1171 cm–1; 1H NMR (500 MHz, CDCl3) δ 7.30–7.25 (m, 2 H), 7.26–7.21 

(m, 2 H), 5.08 (t, J = 2.2 Hz, 1 H), 3.79 (s, 3 H), 3.50 (d, J = 5.3 Hz, 1 H), 3.37 (dd, J = 17.1, 

10.5 Hz, 1 H), 3.26 (d, J = 5.4 Hz, 2 H), 3.26 (d, J = 17.0, 5.9 Hz, 2 H), 2.93–2.90 (m, 1 H), 

2.85 (dd, J = 18.3, 1.5 Hz, 1 H), 2.63 (d, J = 18.3 Hz, 1 H), 2.62–2.59 (m, 1 H). 13C NMR (126 

MHz, CDCl3) δ 213.78, 170.25, 169.42, 141.76, 140.40, 129.17, 127.93, 125.53, 123.02, 77.85, 

56.05, 53.37, 51.66, 49.78, 48.13, 48.11, 47.32, 34.07. HRMS (ESI) calcd for C36H33O10+ 

[2M+H]+ 625.2069, found 625.206. The enantiomeric excess was determined by chiral HPLC 
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using a Daicel Chiralpak OD-H column (hexanes/i-PrOH, 85:15, flow rate of 1.0 mL/min, 205 

nm) tR = 49.45 min (major), tR = 74.00 min (minor), 96% ee. 

 

 Lactone 147. 72 (0.195 g, 0.6 mmol, 0.05 equiv.) and 146 (1.45 g, 12.0 mmol, 1.0 equiv.) 

were dissolved in Et2O (60 mL). To this solution was added 70 (3.0 mL, 36.0 mmol, 3.0 equiv.) 

and the mixture stirred for 36 h. Upon completion, the reaction was quenched by the addition 

of saturated aq. NH4Cl (20 mL). The layers were separated and the aqueous layer was extracted 

with EtOAc (2 ´ 20 mL). The organic layers were combined, dried over Na2SO4 and 

concentrated in vacuo. The crude material was purified by flash column chromatography (silica 

gel, hexanes/EtOAc, 4:1) to afford the desired product (1.72 g, 75% yield) as a yellow oil. The 

dr was 6:1 as determined by crude 1H NMR. Endo-147: 1H NMR (500 MHz, CDCl3) δ 9.73 

(s, 1 H), 7.19 (dd, J = 6.5, 2.2 Hz, 1 H), 5.32 (dt, J = 3.9, 1.9 Hz, 1 H), 3.76 (dd, J = 6.4, 2.5 

Hz, 1 H), 2.88 – 2.78 (m, 1 H), 2.78 – 2.66 (m, 1 H), 2.58 – 2.51 (m, 1 H), 2.49 – 2.43 (m, 1 

H), 1.35 (ddd, J = 14.0, 3.9, 1.5 Hz, 1 H). 

 

Acetal 148. To a flask containing a solution of 147 (660.0 mg, 3.45 mmol, 1.0 equiv.) in 

CH2Cl2 (60 mL) at 0 °C was added (TMSOCH2)2 (1.70 mL, 6.90 mmol, 2.0 equiv.) and 

TMSOTf (0.07 mL, 0.345 mmol, 0.1 equiv.). After 30 mins the reaction was quenched by the 

addition of saturated aq. NaHCO3 (30 mL) and the layers separated. The aqueous layer was 

extracted with CH2Cl2 (2 ´ 20 mL) and the organic layers were combined, dried over Na2SO4 

and concentrated in vacuo. The crude residue was purified by flash column chromatography 

(silica gel, hexanes/EtOAc, 4:1) to afford the desired product (730 mg, 90% yield) as a pale 

yellow oil. 148: 1H NMR (500 MHz, CDCl3) δ 7.22 (dd, J = 6.5, 2.2 Hz, 1 H), 5.29 (ddt, J = 

5.8, 3.8, 2.0 Hz, 1 H), 4.84 (dd, J = 5.0, 3.3 Hz, 1 H), 3.96 (ddd, J = 11.1, 5.3, 3.1 Hz, 2 H), 
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3.92 – 3.79 (m, 2 H), 2.61 – 2.49 (m, 2 H), 1.99 – 1.78 (m, 1 H), 1.70 (ddd, J = 14.3, 6.3, 3.4 

Hz, 1 H), 1.56 (dq, J = 14.1, 4.8 Hz, 1 H), 1.50 – 1.44 (m, 1 H). 

 

Alcohol 149. To a flame-dried flask was added a solution of 148 (455.0 mg, 1.93 mmol, 1.0 

equiv.) in THF (20 mL). The reaction mixture was cooled to 0 °C and LiAl(t-BuO)3H (1.0 M 

solution in THF, 1.9 mL, 1.93 mmol, 1.0 equiv.) was added dropwise. After 2 h, the reaction 

was quenched by the addition of saturated aq. Rochelle’s Salt (20 mL). After stirring for 1 h, 

the layers were separated and the aqueous layer was extracted with EtOAc (3 ´ 15 mL). The 

organic layers were combined, dried over Na2SO4 and concentrated in vacuo. The crude 

product was carried forward without further purification.  

 To a solution of the crude diol (233.2 mg) in DMF (20 mL) was added TBSCl (175.0 

mg, 1.16 mmol, 1.2 equiv.) and imidazole (191.5 mg, 2.8 mmol, 2.9 equiv.). The reaction was 

stirred at 23 °C for 6 h after which it was diluted with  H2O (20 mL) and EtOAc (15 ml). The 

layers were separated and the aqueous layer extracted with EtOAc (5 ´ 10 mL). The combined 

organic layers were washed with H2O (5 ´ 10 mL), dried over Na2SO4 and concentrated in 

vacuo. The crude product was purified by by flash column chromatography (silica gel, 

hexanes/EtOAc, 2:1) to afford the desired product (300 mg, 89% yield) as a colorless oil. 149: 

1H NMR (500 MHz, CDCl3) δ 6.76 (d, J = 2.8 Hz, 1 H), 4.90 (d, J = 5.0 Hz, 1 H), 4.31 (d, J = 

4.7 Hz, 1 H), 3.96 (q, J = 6.9 Hz, 2 H), 3.89 – 3.76 (m, 2 H), 3.52 (dd, J = 9.9, 7.2 Hz, 1 H), 

2.20 (d, J = 6.7 Hz, 1 H), 2.08 (dt, J = 14.0, 3.6 Hz, 1 H), 1.98 (d, J = 9.4 Hz, 1 H), 1.89 – 1.80 

(m, 1 H), 1.67 – 1.57 (m, 2 H), 0.89 (s, 9 H), 0.06 (s, 6 H). 

 

Sulfonamide 151. To a flame-dried flask containing 149 (266.0 mg, 0.75 mmol, 1.0 equiv.), 

BocNHNs (226.9 mg, 0.75 mmol, 1.0 equiv.) and Ph3P (236.0 mg, 0.90 mmol, 1.2 equiv.) was 

added toluene (7.5 mL). To this mixture was added DIAD (0.18 mL, 0.90 mmol, 1.2 equiv.) 
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dropwise and the mixture stirred at 23 °C for 2 h. The reaction mixture was directly purified 

by flash column chromatography (silica gel, toluene/acetone, 19:1) to afford the desired 

product as white amorphous solid (252 mg, 65% yield). 151: 1H NMR (500 MHz, CDCl3) δ 

8.44 (dd, J = 6.9, 2.9 Hz, 1 H), 7.86 – 7.72 (m, 3 H), 6.72 (d, J = 2.7 Hz, 1 H), 5.08 – 4.87 (m, 

5 H), 4.02 – 3.93 (m, 2 H), 3.87 – 3.79 (m, 2 H), 3.48 – 3.43 (m, 1 H), 2.39 (dd, J = 10.3, 5.9 

Hz, 1 H), 2.20 (s, 1 H), 2.13 (q, J = 12.2 Hz, 1 H), 1.90 (dd, J = 12.4, 5.0 Hz, 2 H), 1.43 (d, J 

= 2.1 Hz, 9 H), 0.89 (d, J = 2.1 Hz, 9 H), 0.06 (d, J = 2.4 Hz, 6 H). 

 

Carbamate 153. To a solution of 151 (25.0 mg, 0.039 mmol, 1.0 equiv.) in MeCN (0.25 mL) 

at 0 °C was added PhSH (0.016 mL, 0.156 mmol, 4.0 equiv.) and KOH (5.0 M aq., 0.015 mL, 

0.078 mmol, 2.0 equiv.). After 30 mins, the reaction was diluted with EtOAc (2 mL) and H2O 

(2 mL). The layers were separated and the aqueous layer was extracted with EtOAc (3 ́  3 mL). 

The combined organic layers were dried over Na2SO4 and concentrated in vacuo. The crude 

residue was further purified by flash column chromatography (silica gel, hexanes/EtOAc, 3:1) 

to afford the desired product as a pale yellow oil (16.0 mg, 91% yield). 153: 1H NMR (500 

MHz, CDCl3) δ 6.69 (s, 1H), 4.86 (d, J = 4.8 Hz, 1 H), 4.63 (d, J = 9.6 Hz, 1 H), 4.34 (s, 1 H), 

3.95 (h, J = 5.9 Hz, 2 H), 3.88 – 3.74 (m, 3 H), 3.46 (dd, J = 10.0, 7.1 Hz, 1 H), 2.36 – 2.29 (m, 

1 H), 2.19 – 2.11 (m, 1 H), 1.90 – 1.75 (m, 2 H), 1.46 (s, 9 H), 1.30 (d, J = 12.0 Hz, 1 H), 0.87 

(d, J = 2.0 Hz, 9 H), 0.04 (s, 6 H). 

 

Enone 155. To a flask containing 149 (300.0 mg, 0.85 mmol, 1.0 equiv.) was added CH2Cl2 

(15 mL) and NaHCO3 (357.0 mg, 4.25 mmol, 5.0 equiv.). The reaction was cooled to 0 °C and 

DMP (1.06 g, 2.5 mmol, 3.0 equiv.) in a single portion. The reaction was warmed to 23 °C and 

stirred at this temperature for 1 h. Upon completion the reaction was quenched with mixture of 

NaHCO3 and NaHSO3 (15 mL, 1:1 v/v) and the layers separated. The aqueous layer was further 
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extracted with CH2Cl2 (3 ´ 10 mL) and the combined organic layers dried over Na2SO4 and 

concentrated in vacuo. The crude material was further purified by flash column 

chromatography (silica gel, hexanes/EtOAc, 3:2) to afford the desired product as a pale yellow 

oil (206.0 mg, 70% yield). 155: 1H NMR (500 MHz, CDCl3) δ 7.69 (d, J = 3.0 Hz, 1 H), 4.88 

(t, J = 4.7 Hz, 1 H), 3.99 – 3.88 (m, 3 H), 3.84 (p, J = 6.7 Hz, 2 H), 3.69 (dd, J = 10.2, 6.3 Hz, 

1 H), 2.94 – 2.84 (m, 1 H), 2.64 (d, J = 6.7 Hz, 1 H), 2.43 – 2.32 (m, 2 H), 1.89 (dt, J = 14.5, 

4.2 Hz, 1 H), 1.76 – 1.67 (m, 1 H), 0.88 (s, 9 H), 0.07 (s, 6 H).  

Dibromide 156. To a flame-dried flask was added CHBr3 (0.21 mL, 2.42 mmol, 5.0 equiv.) 

and THF (2.5 mL). The mixture was cooled to –78 °C and NaHMDS (1.0 M solution in THF, 

0.62 ml, 0.62 mmol, 1.3 equiv.) was added dropwise. After 15 mins, a solution of 155 (170.0 

mg, 0.48 mmol, 1.0 equiv.) in THF (2.5 mL) dropwise. After stirring at this temperature for 1 

h, the reaction was quenched by the addition of saturated aq. NH4Cl (10 mL). The reaction was 

diluted with EtOAc (5 mL) and the layers separated. The aqueous layer was further extracted 

with EtOAc (3 ´ 5 mL). The organic layers were combined, dried over Na2SO4 and 

concentrated in vacuo. The crude product was further purified by flash column chromatography 

(silica gel, hexanes/EtOAc, 3:2) to afford the desired product as a yellow oil (170.0 mg, 68% 

yield). 156: 1H NMR (500 MHz, CDCl3) δ 4.83 (d, J = 4.9 Hz, 1 H), 4.01 – 3.90 (m, 2 H), 3.82 

(qd, J = 10.8, 5.3 Hz, 3 H), 2.85 (t, J = 2.9 Hz, 1 H), 2.73 (d, J = 15.4 Hz, 1 H), 2.34 – 2.21 (m, 

2 H), 1.97 – 1.84 (m, 2 H), 1.59 (dd, J = 13.6, 6.1 Hz, 1 H), 0.93 (d, J = 2.1 Hz, 9 H), 0.12 (dd, 

J = 6.1, 2.0 Hz, 6 H). 

Amine 158. To a solution of 156 (5.0 mg, 0.0096 mmol, 1.0 equiv.) and NH4OAc (11.0 mg, 

0.144 mmol, 15.0 equiv.) in MeOH (0.15 mL) was added NaCNBH3 (1.0 M solution in THF, 

0.05 mL, 0.048 mmol, 5.0 equiv.). The reaction temperature was increased to 50 °C and stirred 

for 2 h. Upon completion, the reaction was quenched with H2O (2 mL) and diluted with EtOAc 
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(2 mL). The aqueous layer was extracted with EtOAc (2 ´ 2 mL), the organic layers combined, 

dried over Na2SO4 and concentrated in vacuo. The crude amine was carried forward without 

any further purification.  

 To a solution of the crude amine (3.0 mg) in CH2Cl2 (0.1 mL) was added Et3N (0.003 

mL, 0.021 mmol, 3.0 equiv.), DMAP (0.7 mg, 0.006 mmol, 1.0 equiv.) and Boc2O (2.5 mg, 

0.0114 mmol, 2.5 equiv.). After 1 h the reaction was purified directly by column (silica gel, 

hexanes/EtOAc, 2:3) to afford the desired product (2.8 mg, 78% yield). 158: 1H NMR (500 

MHz, CDCl3) δ 5.47 (t, J = 8.8 Hz, 1 H), 4.83 (t, J = 4.8 Hz, 1 H), 3.98 – 3.86 (m, 3 H), 3.86 

– 3.77 (m, 2 H), 3.69 (dd, J = 10.3, 4.5 Hz, 1 H), 2.55 (d, J = 2.0 Hz, 1 H), 2.16 (dd, J = 10.8, 

7.2 Hz, 1 H), 1.83 – 1.75 (m, 1 H), 1.74 – 1.60 (m, 3 H), 1.52 (d, J = 5.3 Hz, 9 H), 0.91 (s, 9 

H), 0.09 (d, J = 5.9 Hz, 6 H). 

Pyridone 175. To a solution of 3-bromo-5-carbomethoxy-2-hydroxypyridine (100 mg, 0.43 

mmol, 1.0 equiv.) in CH2Cl2 (10 mL) at 0 °C was added NaH (60% in mineral oil, 37.9 mg, 

0.95 mmol, 2.2 equiv.) portionwise. After stirring for 30 min, p-NsCl (172.9 mg, 0.78 mmol, 

1.8 equiv.) was added and the reaction warmed to 23 °C. Upon completion, the reaction was 

quenched by the addition of saturated aq. NH4Cl (10 mL), the layers separated, and the aqueous 

layer extracted with CH2Cl2 (2 ́  10 mL). The combined organic layers were dried over Na2SO4 

and concentrated in vacuo. The crude solid was further purified by flash column 

chromatography (silica gel, hexanes/EtOAc, 4:1) to afford the desired pyridone as a white 

crystalline solid (80 mg, 53% yield). 175: 1H NMR (500 MHz, CDCl3) δ 8.90 (d, J = 2.2 Hz, 1 

H), 8.43 (d, J = 8.8 Hz, 2 H), 8.37 (d, J = 9.2 Hz, 1 H), 8.29 (d, J = 2.2 Hz, 1 H), 3.94 (s, 3 H). 

Lactam 176. To a 4 mL scintillation vial containing 175 (100 mg, 0.24 mmol, 1.0 equiv.) and 

72 (5.9 mg, 0.048 mmol, 0.2 equiv.) was added 1,4-dioxane (1.2 mL). Crotonaldehyde (0.06 

mL, 0.72 mmol, 3.0 equiv.) was added to the solution and the reaction stirred for 48 h at 23 °C. 
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Following this, the reaction was quenched by the addition of saturated aq. NH4Cl (3 mL) and 

diluted with EtOAc (3 mL). The layers were separated and the aqueous layer extracted with 

EtOAc (2 ´ 5 mL). The combined organic layers were dried over Na2SO4 and concentrated in 

vacuo. The crude residue was further purified by flash column chromatography (silica gel, 

hexanes/EtOAc, 4:1) to afford the desired product (71 mg combined, 74% combined yield; 39 

mg, 41% yield Endo-176; 32 mg, 33% yield Exo-176) as a colorless oil. The dr was 1:1.1 as 

determined by crude 1H NMR. Endo-176: 1H NMR (500 MHz, CDCl3) δ 9.73 (s, 1 H), 8.35 (d, 

J = 8.8 Hz, 1 H), 8.18 (d, J = 8.8 Hz, 2 H), 7.09 – 7.02 (m, 1 H), 5.86 (dt, J = 4.1, 2.1 Hz, 1 H), 

3.84 (s, 3 H), 3.28 – 3.21 (m, 1 H), 2.79 (ddt, J = 11.2, 7.0, 3.4 Hz, 1 H), 2.71 (ddd, J = 13.0, 

9.0, 3.7 Hz, 1 H), 2.40 – 2.27 (m, 1 H), 1.43 (ddd, J = 13.4, 4.1, 2.2 Hz, 1 H). 

 Exo-176: 1H NMR (500 MHz, CDCl3) δ 9.77 (s, 1 H), 8.35 (d, J = 8.9 Hz, 2 H), 8.17 

(d, J = 9.0 Hz, 2 H), 7.20 (d, J = 2.1 Hz, 1 H), 5.94 – 5.85 (m, 1 H), 3.84 (s, 3 H), 3.26 – 3.19 

(m, 1 H), 2.82 – 2.72 (m, 1 H), 2.36 – 2.26 (m, 2 H), 1.88 (dt, J = 13.6, 3.9 Hz, 1 H). 
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3.13 1H and 13C NMR Data 
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3.14  HPLC Traces (Note: All traces are of the corresponding Wittig products) 
 
Racemic Endo-88 (Chiralpak IA, Hexanes/iPrOH 85:15, 215 nm)  

 

 

 

Enantioenriched Endo-88 (Chiralpak IA, Hexanes/iPrOH 85:15, 215 nm) 
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Racemic Exo-88 (Chiralpak IA, Hexanes/iPrOH 90:10, 215 nm)  

 

 

 

Enantioenriched Exo-88 (Chiralpak IA, Hexanes/iPrOH 90:10, 215 nm) 
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Racemic Endo-102 (Chiralpak IA, Hexanes/iPrOH 95:5, 254 nm)  

 
 

Enantioenriched Endo-102 (Chiralpak IA, Hexanes/iPrOH 95:5, 254 nm) 
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Racemic Exo-102 (Chiralpak IA, Hexanes/iPrOH 95:5, 254 nm)  

 
Enantioenriched Exo-102 (Chiralpak IA, Hexanes/iPrOH 95:5, 254 nm) 
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Racemic Endo-103 (Chiralpak IA, Hexanes/iPrOH 95:5, 254 nm)  

 
 

Enantioenriched Endo-103 (Chiralpak IA, Hexanes/iPrOH 95:5, 254 nm) 
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Racemic Endo-104 (Chiralpak AD-H, Hexanes/iPrOH 98:2, 254 nm) 

 
Enantioenriched Endo-104 (Chiralpak AD-H, Hexanes/iPrOH 98:2, 254 nm) 
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Racemic Exo-104 (Chiralpak AD-H, Hexanes/iPrOH 95:5, 254 nm)  

 
 

Enantioenriched Exo-104 (Chiralpak AD-H, Hexanes/iPrOH 95:5, 254 nm) 
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Racemic Endo-105 (Chiralpak AD-H, Hexanes/iPrOH 90:10, 254 nm)  

 

 

Enantioenriched Endo-105 (Chiralpak AD-H, Hexanes/iPrOH 90:10, 254 nm) 
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Racemic Endo-106 (Chiralpak AD-H, Hexanes/iPrOH 90:10, 254 nm) 

 
 

Enantioenriched Endo-106 (Chiralpak AD-H, Hexanes/iPrOH 90:10, 254 nm) 
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Racemic Exo-106 (Chiralpak IA, Hexanes/iPrOH 95:5, 254 nm) 

 
 

Enantioenriched Exo-106 (Chiralpak IA, Hexanes/iPrOH 95:5, 254 nm) 
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Racemic Endo-107 (Chiralpak IA, Hexanes/iPrOH 90:10, 254 nm)  

 

 

Enantioenriched Endo-107 (Chiralpak IA, Hexanes/iPrOH 90:10, 254 nm) 
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Racemic Exo-107 (Chiralpak IA, Hexanes/iPrOH 90:10, 254 nm)  

 
 

Enantioenriched Exo-107 (Chiralpak IA, Hexanes/iPrOH 90:10, 254 nm) 
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Racemic Endo-108 (Chiralpak AD-H, Hexanes/iPrOH 90:10, 254 nm)  

 
 

Enantioenriched Endo-108 (Chiralpak AD-H, Hexanes/iPrOH 90:10, 254 nm) 

 
 



 305 

Racemic Exo-108 (Chiralcel OD-H, Hexanes/iPrOH 90:10, 254 nm)  

 
 

Enantioenriched Exo-108 (Chiralcel OD-H, Hexanes/iPrOH 90:10, 254 nm) 
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Racemic Endo-109 (Chiralpak AD-H, Hexanes/iPrOH 95:5, 254 nm)  

 
 

Enantioenriched Endo-109 (Chiralpak AD-H, Hexanes/iPrOH 95:5, 254 nm) 
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Racemic Exo-109 (Chiralpak AD-H, Hexanes/iPrOH 95:5, 254 nm)  

 
 

Enantioenriched Exo-109 (Chiralpak AD-H, Hexanes/iPrOH 95:5, 254 nm) 
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Racemic Endo-110 (Chiralpak IA, Hexanes/iPrOH 90:10, 254 nm)  

 
 

 

Enantioenriched Endo-110 (Chiralpak IA, Hexanes/iPrOH 90:10, 254 nm) 
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Racemic Exo-110 (Chiralpak IA, Hexanes/iPrOH 95:5, 254 nm)  

 
 

 

Enantioenriched Exo-110 (Chiralpak IA, Hexanes/iPrOH 95:5, 254 nm) 
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Racemic Endo-111 (Chiralpak IA, Hexanes/iPrOH 90:10, 240 nm)  

 
 

Enantioenriched Endo-111 (Chiralpak IA, Hexanes/iPrOH 90:10, 240 nm) 
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Racemic Exo-111 (Chiralpak AD-H, Hexanes/iPrOH 90:10, 215 nm)  

 
 

Enantioenriched Exo-111 (Chiralpak AD-H, Hexanes/iPrOH 90:10, 215 nm) 
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Racemic Endo-112 (Chiralpak IA, Hexanes/iPrOH 90:10, 240 nm)  

 
 

Enantioenriched Endo-112 (Chiralpak IA, Hexanes/iPrOH 90:10, 240 nm) 
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Racemic Exo-112 (Chiralpak IA, Hexanes/iPrOH 90:10, 240 nm)  

 
 

Enantioenriched Exo-112 (Chiralpak IA, Hexanes/iPrOH 90:10, 240 nm) 
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Racemic Endo-113 (Chiralpak IA, Hexanes/iPrOH 90:10, 254 nm)  

 
 

Enantioenriched Endo-113 (Chiralpak IA, Hexanes/iPrOH 90:10, 254 nm) 
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Racemic Exo-113 (Chiralpak IA, Hexanes/iPrOH 95:5, 254 nm)  

 
 

Enantioenriched Exo-113 (Chiralpak IA, Hexanes/iPrOH 95:5, 254 nm) 
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Racemic Endo-114 (Chiralpak IA, Hexanes/iPrOH 90:10, 254 nm) 

 
 

Enantioenriched Endo-114 (Chiralpak IA, Hexanes/iPrOH 90:10, 254 nm) 
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Racemic Exo-114 (Chiralpak IA, Hexanes/iPrOH 95:5, 254 nm)  

 
 

Enantioenriched Exo-114 (Chiralpak IA, Hexanes/iPrOH 95:5, 254 nm) 
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Racemic Endo-115 (Chiralpak IA, Hexanes/iPrOH 90:10, 254 nm)  

 
 

Enantioenriched Endo-115 (Chiralpak IA, Hexanes/iPrOH 90:10, 254 nm) 
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Racemic Exo-115 (Chiralpak IA, Hexanes/iPrOH 95:5, 254 nm)  

 
 

Enantioenriched Exo-115 (Chiralpak IA, Hexanes/iPrOH 95:5, 254 nm) 
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Racemic 119 (Chiralpak IA, Hexanes/iPrOH 95:5, 254 nm)  

 
 

Enantioenriched 119 (Chiralpak IA, Hexanes/iPrOH 95:5, 254 nm) 
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Racemic 120 (Chiralpak IA, Hexanes/iPrOH 90:10, 254 nm)  

 
 

Enantioenriched 120 (Chiralpak IA, Hexanes/iPrOH 90:10, 254 nm) 
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Racemic 123 (Chiralpak AD-H, Hexanes/iPrOH, 95:5, 240 nm)  

 

Enantioenriched 123 (Chiralpak AD-H, Hexanes/iPrOH, 95:5, 240 nm)  
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Racemic 124 (Chiralpak IA, Hexanes/iPrOH 97:3, 254 nm)  

 

 

Enantioenriched 124 (Chiralpak IA, Hexanes/iPrOH 97:3, 254 nm) 
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Racemic 125 (Chiralpak IA, Hexanes/iPrOH 88:12, 254 nm) 

 

 

Enantioenriched 125 (Chiralpak IA, Hexanes/iPrOH 88:12, 254 nm) 
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Racemic 126 (Chiralcel OD-H, Hexanes/iPrOH 90:10, 254 nm) 

 

Enantioenriched 126 (Chiralcel OD-H, Hexanes/iPrOH 90:10, 254 nm) 
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Racemic 127 (Chiralpak AD-H, Hexanes/iPrOH 95:5, 254 nm)  

 

 

Enantioenriched 127 (Chiralpak AD-H, Hexanes/iPrOH 95:5, 254 nm) 
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Racemic 128 (Chiralpak AD-H, Hexanes/iPrOH 95:5, 254 nm)  

 

 

Enantioenriched 128 (Chiralpak AD-H, Hexanes/iPrOH 95:5, 254 nm) 
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Racemic 132 (Chiralpak IA, Hexanes/iPrOH 90:10, 254 nm) 

 
 

Enantioenriched 132 (Chiralpak IA, Hexanes/iPrOH 90:10, 254 nm) 
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Racemic 133 (Chiralpak IA, Hexanes/iPrOH 90:10, 254 nm)  

 
 

Enantioenriched 133 (Chiralpak IA, Hexanes/iPrOH 90:10, 254 nm) 
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Racemic 134 (Chiralcel OJ-H, Hexanes/iPrOH 99:1, 215 nm) 

 
 

Enantioenriched 134 (Chiralcel OJ-H, Hexanes/iPrOH 99:1, 215 nm) 
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Racemic 136 (Chiralpak AD-H, Hexanes/iPrOH 90:10, 240 nm) 

 
 

Enantioenriched 136 (Chiralpak AD-H, Hexanes/iPrOH 90:10, 240 nm) 
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Racemic 137 (Chiralpak AS-H, Hexanes/iPrOH 90:10, 215 nm)  

 
 

Enantioenriched 137 (Chiralpak AS-H, Hexanes/iPrOH 90:10, 215 nm) 
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Racemic 138 (Chiralcel OD-H, Hexanes/iPrOH 90:10, 205 nm) 

 
 

Enantioenriched 138 (Chiralcel OD-H, Hexanes/iPrOH 90:10, 205 nm) 
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3.15  X-Ray Crystallographic Data 
(Note: All crystal structures are of the corresponding Wittig products) 
General information: The diffraction data were measured at 100 K on a Bruker D8 

VENTURE diffractometer equipped with a microfocus Mo-target X-ray tube (λ = 0.71073 Å) 

and PHOTON 100 CMOS detector. Data were collected using ϕ and ω scans to survey a 

hemisphere of reciprocal space. Data reduction and integration were performed with the Bruker 

APEX3 software package (Bruker AXS, version 2017.3-0, 2018). Data were scaled and 

corrected for absorption effects using the multi-scan procedure as implemented in SADABS 

(Bruker AXS, version 2014/5, Krause, Herbst-Irmer, Sheldrick & Stalke, J. Appl. Cryst. 2015, 

48, 3-10). The structure was solved by SHELXT (Version 2014/5: Sheldrick, G. M. Acta 

Crystallogr. 2015, A71, 3-8) and refined by a full-matrix least-squares procedure using OLEX2 

(O. V. Dolomanov, L. J. Bourhis, R. J. Gildea, J. A. K. Howard and H. Puschmann. J. Appl. 

Crystallogr. 2009, 42, 339-341) (XL refinement program version 2018/1, Sheldrick, G. M. Acta 

Crystallogr.  2015, C71, 3-8).  Specific details for structure refinement: All atoms were 

refined with anisotropic thermal parameters. Hydrogen atoms were included in idealized 

positions for structure factor calculations. All structures are drawn with thermal ellipsoids at 

50% probability.  

Figure 3.4. ORTEP representation of Endo-88. 

Crystal data and structure refinement for cu_0682_Cole_AM_0m.  
Identification code  cu_0682_Cole_AM_0m  
Empirical formula  C17H20O6  
Formula weight  320.33  
Temperature/K  100(2)  
Crystal system  monoclinic  
Space group  P21  
a/Å  7.0910(4)  
b/Å  16.2621(9)  
c/Å  13.2704(7)  
α/°  90  
β/°  92.494(2)  
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Figure 3.4. continued. 
γ/°  90  
Volume/Å3  1528.82(15)  
Z  4  
ρcalcg/cm3  1.392  
μ/mm-1  0.881  
F(000)  680.0  
Crystal size/mm3  0.38 × 0.31 × 0.28  
Radiation  CuKα (λ = 1.54178)  
2Θ range for data collection/°  6.666 to 145.374  
Index ranges  -8 ≤ h ≤ 8, -20 ≤ k ≤ 20, -16 ≤ l ≤ 16  
Reflections collected  25135  
Independent reflections  6029 [Rint = 0.0301, Rsigma = 0.0249]  
Data/restraints/parameters  6029/1/419  
Goodness-of-fit on F2  1.042  
Final R indexes [I>=2σ (I)]  R1 = 0.0275, wR2 = 0.0705  
Final R indexes [all data]  R1 = 0.0280, wR2 = 0.0709  
Largest diff. peak/hole / e Å-3  0.20/-0.19  
Flack parameter -0.01(4) 
Hooft parameter 0.01(3) 
Rint = S | Fo2 - <Fo2> | / S | Fo2|                          
R1 = S | | Fo| - | Fc|| / S| Fo| 
wR2 = [S [w (Fo2 – Fc2)2] / S [w (Fo2) 2]]1/2          

Goodness-of-fit = [S [w (Fo2 – Fc2) 2] / (n-p)1/2 

n: number of independent reflections; p: number of refined parameters 
 
 
Figure 3.5. ORTEP representation of Endo-106. 

 
Crystal data and structure refinement for 0692_cole.  
Identification code  0692_cole  
Empirical formula  C21H20O6  
Formula weight  368.37  
Temperature/K 100(2)  
Crystal system  orthorhombic  
Space group  P212121  
a/Å  8.6977(4)  
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Figure 3.5. continued. 
b/Å  9.9164(4)  
c/Å  20.6241(9)  
α/°  90  
β/°  90  
γ/°  90  
Volume/Å3  1778.83(13)  
Z  4  
ρcalcg/cm3  1.375  
μ/mm-1  0.101  
F(000)  776.0  
Crystal size/mm3  0.28 × 0.2 × 0.18  
Radiation  MoKα (λ = 0.71073)  
2Θ range for data collection/°  4.558 to 57.466  
Index ranges  -10 ≤ h ≤ 11, -13 ≤ k ≤ 12, -27 ≤ l ≤ 27  
Reflections collected  6802  
Independent reflections  4513 [Rint = 0.0480, Rsigma = 0.0908]  
Data/restraints/parameters  4513/0/254  
Goodness-of-fit on F2  1.040  
Final R indexes [I>=2σ (I)]  R1 = 0.0511, wR2 = 0.1017  
Final R indexes [all data]  R1 = 0.0795, wR2 = 0.1140  
Largest diff. peak/hole / e Å-3  0.30/-0.25  
Rint = S | Fo2 - <Fo2> | / S | Fo2|                          
R1 = S | | Fo| - | Fc|| / S| Fo| 
wR2 = [S [w (Fo2 – Fc2)2] / S [w (Fo2) 2]]1/2          

Goodness-of-fit = [S [w (Fo2 – Fc2) 2] / (n-p)1/2 

n: number of independent reflections; p: number of refined parameters 
 
 
Figure 3.6. ORTEP representation of Endo-110. 

Crystal data and structure refinement for 0685_cole.  
Identification code  0685_cole  
Empirical formula  C20H20O6  
Formula weight  356.36  
Temperature/K  100(2)  
Crystal system  monoclinic  
Space group  P21/c  
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Figure 3.6. continued. 
a/Å  11.1979(9)  
b/Å  12.5205(10)  
c/Å  24.904(2)  
α/°  90  
β/°  93.401(2)  
γ/°  90  
Volume/Å3  3485.5(5)  
Z  8  
ρcalcg/cm3  1.358  
μ/mm-1  0.100  
F(000)  1504.0  
Crystal size/mm3  0.32 × 0.16 × 0.08  
Radiation  MoKα (λ = 0.71073)  
2Θ range for data collection/°  4.618 to 50.92  
Index ranges  -13 ≤ h ≤ 13, -15 ≤ k ≤ 15, -30 ≤ l ≤ 30  
Reflections collected  41322  
Independent reflections  6449 [Rint = 0.0939, Rsigma = 0.0747]  
Data/restraints/parameters  6449/0/473  
Goodness-of-fit on F2  1.066  
Final R indexes [I>=2σ (I)]  R1 = 0.0846, wR2 = 0.1990  
Final R indexes [all data]  R1 = 0.1373, wR2 = 0.2260  
Largest diff. peak/hole / e Å-3  0.85/-0.31  
Rint = S | Fo2 - <Fo2> | / S | Fo2|                          
R1 = S | | Fo| - | Fc|| / S| Fo| 
wR2 = [S [w (Fo2 – Fc2)2] / S [w (Fo2) 2]]1/2          

Goodness-of-fit = [S [w (Fo2 – Fc2) 2] / (n-p)1/2 

n: number of independent reflections; p: number of refined parameters 
 

Figure 3.7. ORTEP representation of Endo-114. 

 
Crystal data and structure refinement for 0683_cole.  
Identification code  0683_cole  
Empirical formula  C18H18O7  
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Figure 3.7. continued. 
Formula weight  346.32  
Temperature/K  100(2)  
Crystal system  monoclinic  
Space group  P21/n  
a/Å  13.6526(8)  
b/Å  9.7720(5)  
c/Å  24.8831(13)  
α/°  90  
β/°  101.015(2)  
γ/°  90  
Volume/Å3  3258.6(3)  
Z  8  
ρcalcg/cm3  1.412  
μ/mm-1  0.109  
F(000)  1456.0  
Crystal size/mm3  0.384 × 0.184 × 0.171  
Radiation  MoKα (λ = 0.71073)  
2Θ range for data collection/°  4.49 to 48.29  
Index ranges  -15 ≤ h ≤ 15, -11 ≤ k ≤ 11, -28 ≤ l ≤ 28  
Reflections collected  45288  
Independent reflections  5139 [Rint = 0.0269, Rsigma = 0.0146]  
Data/restraints/parameters  5139/42/505  
Goodness-of-fit on F2  1.064  
Final R indexes [I>=2σ (I)]  R1 = 0.0357, wR2 = 0.0847  
Final R indexes [all data]  R1 = 0.0426, wR2 = 0.0886  
Largest diff. peak/hole / e Å-3  0.20/-0.24  
Rint = S | Fo2 - <Fo2> | / S | Fo2|                          
R1 = S | | Fo| - | Fc|| / S| Fo| 
wR2 = [S [w (Fo2 – Fc2)2] / S [w (Fo2) 2]]1/2          

Goodness-of-fit = [S [w (Fo2 – Fc2) 2] / (n-p)1/2 

n: number of independent reflections; p: number of refined parameters 
 
 
Figure 3.8. ORTEP representation of Endo-115. 
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Figure 3.8. continued. 
Crystal data and structure refinement for 0761_Cole.  
Identification code  0761_Cole  
Empirical formula  C27H29NO8  
Formula weight  495.51  
Temperature/K  100(2)  
Crystal system  monoclinic  
Space group  C2  
a/Å  26.9187(10)  
b/Å  7.6682(3)  
c/Å  12.9814(5)  
α/°  90  
β/°  108.271(3)  
γ/°  90  
Volume/Å3  2544.50(17)  
Z  4  
ρcalcg/cm3  1.293  
μ/mm-1  0.096  
F(000)  1048.0  
Crystal size/mm3  0.37 × 0.29 × 0.17  
Radiation  MoKα (λ = 0.71073)  
2Θ range for data collection/°  5.262 to 61.606  
Index ranges  -38 ≤ h ≤ 38, -11 ≤ k ≤ 11, -18 ≤ l ≤ 18  
Reflections collected  44278  
Independent reflections  7883 [Rint = 0.0341, Rsigma = 0.0320]  
Data/restraints/parameters  7883/1/330  
Goodness-of-fit on F2  1.040  
Final R indexes [I>=2σ (I)]  R1 = 0.0375, wR2 = 0.0836  
Final R indexes [all data]  R1 = 0.0478, wR2 = 0.0876  
Largest diff. peak/hole / e Å-3  0.33/-0.18  
Rint = S | Fo2 - <Fo2> | / S | Fo2|                          
R1 = S | | Fo| - | Fc|| / S| Fo| 
wR2 = [S [w (Fo2 – Fc2)2] / S [w (Fo2) 2]]1/2          

Goodness-of-fit = [S [w (Fo2 – Fc2) 2] / (n-p)1/2 

n: number of independent reflections; p: number of refined parameters 
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Figure 3.9. ORTEP representation of Exo-115. 

Crystal data and structure refinement for 0737_Cole.  
Identification code  0737_Cole  
Empirical formula  C27H29NO8  
Formula weight  495.51  
Temperature/K  100(2)  
Crystal system  monoclinic  
Space group  P21  
a/Å  10.1038(7)  
b/Å  12.0566(9)  
c/Å  10.4153(7)  
α/°  90  
β/°  97.827(2)  
γ/°  90  
Volume/Å3  1256.95(15)  
Z  2  
ρcalcg/cm3  1.309  
μ/mm-1  0.097  
F(000)  524.0  
Crystal size/mm3  0.45 × 0.31 × 0.052  
Radiation  MoKα (λ = 0.71073)  
2Θ range for data collection/°  5.196 to 50.172  
Index ranges  -12 ≤ h ≤ 12, -14 ≤ k ≤ 14, -12 ≤ l ≤ 12  
Reflections collected  30674  
Independent reflections  4414 [Rint = 0.0531, Rsigma = 0.0377]  
Data/restraints/parameters  4414/1/330  
Goodness-of-fit on F2  1.059  
Final R indexes [I>=2σ (I)]  R1 = 0.0431, wR2 = 0.0848  
Final R indexes [all data]  R1 = 0.0651, wR2 = 0.0916  
Largest diff. peak/hole / e Å-3  0.17/-0.14  
Rint = S | Fo2 - <Fo2> | / S | Fo2|   
R1 = S | | Fo| - | Fc|| / S| Fo| 
wR2 = [S [w (Fo2 – Fc2)2] / S [w (Fo2) 2]]1/2          

Goodness-of-fit = [S [w (Fo2 – Fc2) 2] / (n-p)1/2 

n: number of independent reflections; p: number of refined parameters 
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Figure 3.10. ORTEP representation of 128. 

Crystal data and structure refinement for mo_0680_AM_CC04_073_5_0m.  
Identification code  mo_0680_AM_CC04_073_5_0m  
Empirical formula  C37H32Br2O9  
Formula weight  780.44  
Temperature/K  100(2)  
Crystal system  monoclinic  
Space group  P21/c  
a/Å  15.4799(6)  
b/Å  12.7561(5)  
c/Å  17.7032(7)  
α/°  90  
β/°  110.4710(10)  
γ/°  90  
Volume/Å3  3275.0(2)  
Z  4  
ρcalcg/cm3  1.583  
μ/mm-1  2.533  
F(000)  1584.0  
Crystal size/mm3  0.34 × 0.28 × 0.22  
Radiation  MoKα (λ = 0.71073)  
2Θ range for data collection/°  4.252 to 57.438  
Index ranges  -20 ≤ h ≤ 20, -16 ≤ k ≤ 16, -22 ≤ l ≤ 23  
Reflections collected  54277  
Independent reflections  7686 [Rint = 0.0355, Rsigma = 0.0334]  
Data/restraints/parameters  7686/0/435  
Goodness-of-fit on F2  1.008  
Final R indexes [I>=2σ (I)]  R1 = 0.0334, wR2 = 0.0669  
Final R indexes [all data]  R1 = 0.0536, wR2 = 0.0726  
Largest diff. peak/hole / e Å-3  0.76/-0.34  
Rint = S | Fo2 - <Fo2> | / S | Fo2|                          
R1 = S | | Fo| - | Fc|| / S| Fo| 
wR2 = [S [w (Fo2 – Fc2)2] / S [w (Fo2) 2]]1/2          

Goodness-of-fit = [S [w (Fo2 – Fc2) 2] / (n-p)1/2 

n: number of independent reflections; p: number of refined parameters 
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Figure 3.11. ORTEP representation of 138. 

Crystal data and structure refinement for 0693_Cole.  
Identification code  0693_Cole  
Empirical formula  C18H16O5  
Formula weight  312.31  
Temperature/K  100(2)  
Crystal system  monoclinic  
Space group  P21  
a/Å  11.2987(6)  
b/Å  10.6941(6)  
c/Å  11.9582(7)  
α/°  90  
β/°  90.7230(10)  
γ/°  90  
Volume/Å3  1444.79(14)  
Z  4  
ρcalcg/cm3  1.436  
μ/mm-1  0.105  
F(000)  656.0  
Crystal size/mm3  0.38 × 0.24 × 0.21  
Radiation  MoKα (λ = 0.71073)  
2Θ range for data collection/°  4.93 to 57.64  
Index ranges  -15 ≤ h ≤ 15, -14 ≤ k ≤ 14, -16 ≤ l ≤ 16  
Reflections collected  62679  
Independent reflections  7546 [Rint = 0.0297, Rsigma = 0.0157]  
Data/restraints/parameters  7546/1/417  
Goodness-of-fit on F2  1.039  
Final R indexes [I>=2σ (I)]  R1 = 0.0312, wR2 = 0.0772  
Final R indexes [all data]  R1 = 0.0334, wR2 = 0.0787  
Largest diff. peak/hole / e Å-3  0.33/-0.19  
Rint = S | Fo2 - <Fo2> | / S | Fo2|                          
R1 = S | | Fo| - | Fc|| / S| Fo| 
wR2 = [S [w (Fo2 – Fc2)2] / S [w (Fo2) 2]]1/2          

Goodness-of-fit = [S [w (Fo2 – Fc2) 2] / (n-p)1/2 

n: number of independent reflections; p: number of refined parameters 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 

CHAPTER 4 

 

STUDY TOWARDS THE TOTAL SYNTHESIS OF NARELINE  
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4.1 Introduction 

The akuammiline family of indole alkaloids is an extremely diverse class that has been 

known in the literature for some time.1a In fact, the first report of an isolate from this family 

was echitamine (10) in 1875.2 Subsequent work by Henry and Sharp led to the isolation and 

characterization of the leading members, akuammine (1927)3 and akuammiline (1, 1932).4  

 

These compounds are isolated from several genera of the Alpocynaea family of plants, a group 

which has generated much interest as a result of their roles in traditional medicine in regions 

of Africa and Southeastern Asia. For example, in southern Asia Alstonia scholaris, the source 

of compounds like nareline (5) and scholarisine A (6), had long been used in the treatment of 

illnesses in humans and livestock.5 Similarly, in tropical areas of Africa, the seeds of Picralima 

klaineana, known by the native Ghanaian name akuamma, the namesake of the class, have 

been used to treat malaria.4 Several studies to date have reinforced the assorted bioactivity 

exhibited by various family members, including anticancer, antibacterial, antiviral and anti-

inflammatory properties. Strictamine (3) and nareline (5), for instance, have been shown to 
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inhibit nuclear factor-kB (NF-kB),6 while corymine (9) can act as a glycine receptor antagonist 

relevant to CNS inhibition,7 and aspidophylline A (2) has been shown to reverse drug resistance 

in cancerous cell lines.8 

Despite the clear pharmacological drive to pursue such targets, as well as the structural 

elucidation of several members, the first completed total synthesis of any one member was that 

of vincorine (8) by the Qin group in 2009,9 more than a century after the isolation of the 

inaugural member of the class.10 However, the last decade has seen an exponential rise in the 

total synthesis of akuammiline alkaloids, with 20 members having been successfully 

synthesized and 31 total syntheses reported to date. This chapter serves to present the 

biosynthetic origins of these natural products, selected total syntheses to elucidate some of the 

creative, yet concise solutions that have been reported thus far and finally, to delineate our 

group’s own approach to the synthesis of indole alkaloids, alongside our current pursuit of the 

structurally intriguing alkaloid nareline (5).  

 

4.2 Biosynthesis of the Akuammiline Alkaloids 

The akuammiline family of alkaloids is believed to arise biosynthetically from 

geissoschizine (17), a common precursor to many monoterpene indole alkaloids.1b This 

pathway originates via a Pictet-Spengler reaction between tryptamine (13) and secologanin 

(14) to produce strictosidine (15), catalyzed by the enzyme strictosidine synthase (Scheme 4.1). 

Following this, a deglucosylation produces aglucon 16, which itself cannot be isolated but 

serves as a point of divergence for many polycyclic alkaloids.11 As it relates specifically to the 

akuammiline family, subsequent condensation and reduction of the iminium ion intermediate 

via NADPH provides the key precursor geissoschizine (17). From here, a crucial oxidative, 

dearomative C-7/C-16 bond formation provides rhazimal (19) and with it, the core 

methanoquinolizidine framework found in many family members. 19 then serves as the 
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diversification point, granting access to a variety of akuammiline alkaloids through a series of 

redox manipulations and/or careful rearrangements.12  

 

 

4.3 Selected Total Syntheses of the Akuammiline Family of Natural Products 

Despite their early isolation and structural determination, efforts towards the total synthesis 

of akuamiline alkaloids have seen an expanisve increase in the last decade. In this section we 

will look at some selected examples within the literature of recent total syntheses, focused on 

the diverse strategies used to access the respective scaffolds, as well as certain considerations 

which informed our own synthetic design. In particular, the synthesis of (–)-vincorine (8) from 
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the MacMillan group,13 the synthesis of (±)-aspidophyllline A (2)14 from the Ma group, the 

synthesis of (±)-strictamine (3)15 from the Zhu group and the synthesis of picrinine (4)16 from 

the Garg group.  

 

The MacMillan synthesis of vincorine (8) is noteworthy, both due to its concise nature and 

the key C-15/C-20 bond formation event to close the final ring.13, 17 Although a similar strategy 

was applied in their synthesis of minfiensine, ring closure initiated at the C-15 site is a quite 

rare but beneficial tactic.18 To start, an enantioselective imidazolidinone-catalyzed Diels–Alder 

reaction between N-methyl-indole 21 and highly electron poor dienophile 23 produced 

cycloadduct 24, which in one-pot underwent an intramolecular cyclization to form 

pyrroloindole 25. From here, the necessary radical precursor was installed via oxidation and 

acyl telluride formation, and the propargylic side chain introduced through reductive 

N
H

OMe

BocHN

20

(2 steps)

N
Me

OMe

BocHN

21

CO2Me
OHC

N
H

NMe

Me
Me

O

Bn

•HBF4

MeCN, –20 °C
(70%, 95% ee)

N
Me

OMe

24BocHN

CO2Me
OHC

H

NMe

OMe

25

CO2Me
OHC

NBoc
NMe

OMe

26

CO2Me
HO2C

N

i-BuO2CCl;
NaBH4, (PhTe)2

t-BuS

(87%)

NMe

OMe

28

CO2Me

N
t-BuS

[7-exo-dig]

NMe

OMe

29

CO2Me

N

•

H2, Pd/C

THF, –15 °C
(80%)

NMe

OMe

8: vincorine

CO2Me

N

Scheme 4.2. MacMillan synthesis of vincorine (8).

22

23

NMe

OMe

27

CO2Me

N

PhTe

O

t-BuS

NaClO2
t-BuOH/H2O/THF

(84%)

o-DCB
200 °C

(51%)



 348 

amination. The choice of acyl telluride, although uncommon, was made after screening other 

standard radical precursors. In this case, the acyl telluride provided the distinct advantage of 

thermolytic cleavage to form the desired radical, obviating the need for typical radical initiators 

or propagators. Therefore at high temperature, acyl telluride decomposition, followed by an 

intramolecular 7-exo-dig cyclization, gave allene 29. The terminal olefin of the allene could 

then be reduced under standard hydrogenation conditions performed at low temperature, to 

afford (–)-vincorine (8) in just nine steps from commerical materials. 

Aspidophylline A (2) represents an intriguing structure within the akuammiline family. 

Like alschomine (7), vincorine (8) and lonicerine (12), this target exhibits a five-membered 

heteroatom-containing bridge, cyclized onto the typical indolenine motif. However, distinct 

from other members such as akuammiline (1), strictamine (3) and picrinine (4), the 

methanoquinolizidine scaffold is not present, with the C- and E-rings existing completely 

separate from one another.  This bond disconnection has permitted several creative solutions 

to the total synthesis of this target, six published to date.19 The Ma synthesis of 2 is particularly 

interesting, as both the C- and D-rings found within the target are estalished in a single step, 

with the remaining ring installed as the final operation.14 
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From the TBS-protected tryptophol 30, the requisite side chain was introduced over 

four steps in an overall yield of 23%. Following this, an oxidative coupling using LiHMDS and 

I2 introduced the tetrahydrocarbozaole frame, as well as the furoindole in a single step.20 

Interestingly, the free hydroxyl group is necessary for the success of this cyclization, believed 

to proceed through the chelated intermediate 32 shown in Scheme 4.3. Four additional steps, 

including a Krapcho decarboxylation, Staudinger reduction and N-alkylation provided 34. 

Finally, a Ni(0)-mediated 6-exo-trig reductive cyclization and Boc-deprotection yielded 

aspidophylline A (2) in 15 steps from known compound 30. The use of this Ni(0) reductive 

cyclization E-ring closure is noteworthy,  as it is a classic tactic employed by Cook in the 

synthesis of a number of indole alkaloid natural products, where the corresponding Michael 

addition proved challenging.21 While other studies have shown that this cyclization on similar 

frameworks can be achieved under anionic and radical conditions, such Ni conditions have 

been shown to provide solutions where other more typical reaction manifolds have failed (vide 

infra).22  

The shortest total syntheis of strictamine (3) reported to date, is that of Zhu and co-

workers, as published in 2016.15 This work is particularly significant, as there are several 

formal syntheses of this target within the literature, including one from our own group  (vide 

infra), that all rely on the final ring-closing event first disclosed by Zhu.23 It should be noted 

that concluding E-ring formation is common in the synthesis of many other akuammiline 

alkaloids, however, doing so while the C-ring has already been established is particularly 

challenging and the Zhu synthesis of strictamine represents the sole successful example.24  

Starting from dimedone (35), a series of functional group manipulations lead to the 

construction of vinyl triflate 36 in nine steps. Conversion 36 to N-Alloc-protected 37, followed 

by a Lewis acid-mediated reduction/condensation sequence led to 38. A Pd-catalyzed 

carbonylation introduced the requisite methyl ester and N-alkylation with well-known vinyl 
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iodide 40, produced 41. At this stage, several conditions to effect the desired 6-exo-trig 

cyclization were screened, such as traditional Heck conditions (including Jeffery conditions) 

and radical conditions.25 However, the only successful result was obtained using stoichiometric 

Ni(COD)2, Et3N and Et3SiH in MeCN, leading to strictamine (3) in 5-10% yield. Despite 

screening a variety of reaction conditions, the authors were never able to increase the yield of 

this reaction. This is in part because the reaction suffers from two major side reactions, simple 

deiodination (43) and a 5-exo-trig cyclization onto the indolenine moiety to form 42. 

Nevertheless, this route resulted in a racemic synthesis of strictamine in 14 steps from 

commercial materials and clearly demonstrated the challenges associated with the final E-ring 

formation.  

 

 Despite being structurally similar to strictamine (3), picrinine (4) represents a unique 

challenge in the form of the bridged furonindole motif. This is seen in the fact that although 

there are 5 total syntheses19c,24,26,27 and 6 formal syntheses of strictamine,23 to date there is only 

one total synthesis of picrinine, published by the Garg group in 2014.16 Their approach follows 

a similar strategy to that used in their syntheses of aspidophylline A (2), strictamine (3), 2(S)-

cathafoline, akuammiline (1) and Y-akuammigine.19c,28 g-Aminocyclohexanone 44 was N-
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alkylated with tosylate 45 and Pd-catalyzed intramolecular enolate coupling built the bridged 

piperidine ring 47. Further functional group manipulations over 10 steps effectively migrated 

the carbonyl group and introduced the fused cyclopentene 49. Dihydroxylation and carbonate 

formation using triphosgene then produced 50. At this stage, the Garg group utilized their 

previously established interrupted Fischer indolization, thereby constructing the needed 

indolenine functionality.16b,29 Carbonate hydrolysis and oxidative cleavage of the resultant diol 

introduced the furoindole precursor in the form of lactol 53. The aldehyde was then converted 

to methyl ester 54 via Pinnick oxidation and treatment with TMSCHN2. Finally, a one-pot Ns 

removal and intramolecular cyclization forged the remaining hemiaminal bridge, and thereby 

picrinine (4), in 20 steps from commercial materials. It is also worth noting that the total 

synthesis of picrinine represents the formal synthesis of strictamine via the 4-step sequence 

originally published by Chakrabarti and Banerji in 1984.30  
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4.4 A Modular Approach to Indole Alkaloid Natural Products 

When studying families of indole alkaloid natural products, common structural patterns are 

often taken advantage of, in order to develop general strategies to access several members of a 

class using a single approach. For example, an approach which focused on the formation of the 

methanoquinolizidine skeleton or some slight variant thereof might allow, and in fact has 

allowed, chemists to gain access to a number of the members within the akuammiline family, 

some of which are shown in Scheme 4.6.19c,28,31,32 The strategy can be delineated as follows, 

starting from the g-aminocyclohexanone 56, N-alkylation, followed by an intramolecular 

cyclization establishes the common bridged piperidine ring 57. Then, using the ketone as a 

handle to manipulate functionality about the ring, one can introduce the common indolenine, 

typically in the form of a Fischer indolization reaction. All that remains is the introduction of 

a side chain, which can serve to form the final ring of the target as needed. It 

 

should be said that in some cases the formation of that resulting quaternary center takes place 

prior to the indole formation, however, the general approach still applies. As is made clear 

within the literature, this type of strategy and other variants thereof, has allowed for the 

synthesis of many members within individual subsets. Where such a strategy breaks down 
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though, is when one considers structures with rearranged frameworks or from different classes 

altogether.  

 

 In recent years, our group has adopted a strategy that focuses on individual structural 

commonalities, as opposed to the overarching skeleton of the target. Figure 4.2 contains four 

indole alkaloid natural products that, at first glance, might seem somewhat disparate from a 

structural standpoint but actually demonstrate several key commonalities: 1) they all contain a 

tetrahydrocarbazole backbone, 2) each contains two commonly placed chiral centers and 3) 

three of the four structures contain a commonly placed 6/7-membered nitrogen-containing ring. 

By considering these individual aspects a modular strategy begins to form, one which focuses 

on generating each of these elements as a means to access the target of interest. This approach 

is delineated in Scheme 4.7 and has succesfully led to the formal synthesis of strictamine (3)23e 

and the inaugural total syntheses of arboridinine (60)33 and arborisidine (61),34 each in a 

stereoselective manner.  

In a forward sense, one begins from the tetrahydro-b-carboline (62) or the homologated 

variant thereof (63). Then, a propargyl group is introduced in a stereoselective manner, 

constructing the first of two key chiral centers. Following this, a Au/Ag-promoted 6-endo-dig 

cyclization forges the requisite carbazole backbone and the second key chiral center. Lastly, 

based on the functional groups installed along the central frame, the final ring formation  
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provides the target of interest. The implementation of this approach in practice is discussed 

below. 

 Our group’s formal synthesis of strictamine is possibly the most straightforward 

application of this thought process. Starting from dihydro-b-carboline 68, the propargyl group 

was introduced in a 1,2-fashion using AllenBpin and a chiral copper catalyst to effect an 

asymmetric propargylation (63% yield, 85% ee). The terminal alkyne then underwent a Pd-

mediated carbonylation to introduce the methyl ester group. A subsequent removal of the Boc 

group with TFA to form intermediate ammonium salt 70 and subjection to Ph3PAuCl and 

AgSbF6 under acidic conditions then afforded the desired carbazole 39. It is worth noting that 

the Boc group must be removed prior to the Au-catalyzed cyclization, as the carbonyl can 

attack the activated alkyne intramolecularly to form a cyclic carbonate. With 39 being an 

intermediate in the Zhu synthesis of strictamine (vide supra),15 this then represents a 7-step 

asymmetic formal synthesis of the target.  
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 Following this, our group published the first total synthesis of arboridinine (60). In this 

case, as opposed to using the 6-membered carboline system, N-Boc tryptamine (71) was 

converted over 9 steps to azepane 72 asymmetrically. Here, the ynone underwent a Ag(I)-

promoted 6-endo-dig cyclization to form enone 73. Once again, the dihydrocarbazole frame 

was constructed and both of the previsouly identified chiral centers installed, after which only 

one ring remained. The enone was then appropriately functionalized to achieve this goal by 

converting 73 to allyl silane 74 over four steps. In order to perform this final ring closure, an 

unprecedented aza-Prins or intramolecular Hosomi-Sakurai allylation was developed and 

served to both forge the bridged ring system and introduce the bridgehead hydroxyl group. 
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 The most recent example though, is the total synthesis of arborisidine (61). As can be 

seen in the examples already presented above, this approach often results in highly concise 

syntheses, of which that of 61 is the most prominent. From tryptamine (13), the cyclization 

precursor was obtained in just 3 steps racemically and 5 asymmetrically. Enyne 76 efficiently 

undergwent the desired 6-endo-dig cyclization to provide diene 77. The 1,1-disubstituted olefin 

is then selectively brominated and the resulting vinyl bromide converted to a,b-unsaturated 

ester 78 via Pd catalysis. At this stage, a selective 1,4-reduction using HAT chemistry afforded 

the intermediate g,d-unsaturated ester, which underwent intramolecular lactam formation upon 

treatment with NaBH4 at elevated temperature (78®79). The remaining oxidation state 

manipulations were then conducted in one-pot, to grant access to arborisidine (61) in seven 

steps racemically and nine steps asymmetrically. 

 

 In each of these examples, the general approach guided the overall synthetic design, 

while careful consideration of the functional handles placed throughout the molecule prior to, 

or following, the 6-endo-dig cyclization, helped to expedite formation of the final ring within 

the target and in each case offered a highly concise synthetic solution. Our hope, then, was to 

use this strategy to design and execute the synthesis of a new target, nareline (5). 
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4.5 Isolation and Structural Determination of Nareline 

In an effort to provide a further proof of concept for this approach to alkaloid synthesis, 

we set our sights on a target that, although part of the akuammiline family, contains a 

somewhat distinct framework. Nareline (5) was first isolated in 1977 from Alstonia 

scholaris and the structure assigned unambiguously by single-crystal X-ray diffraction.35 

In terms of bioactivity, 5 has been shown to exhibit moderate NF-kB inhibition, as well as 

antibacterial activity towards P. aeruginosa (0.781 µg/mL) and K. pneumonia (1.56 

µg/mL).36 While potential medicinal applications should certainly be considered, the more 

intriguing feature of nareline (5), from a synthetic standpoint, is its structure. 5 contains 

seven stereocenters, inclunding a single quaternary center, and exhibits a uniqe aza-

adamantane frame, distinct from the methanoquinolizidine skeleton typical of the class. But 

most captivating, perhaps, is the hydroxyisoxazolidine ring, a feature not found in any other 

akuammiline member and arguably quite rare for any natural product. At the same time, 5 

contains all of the structural elements that are considered integral for the approach we 

hoped to deploy. 

 Biosynthetically, nareline (5) is thought to arise from akuammiline (1), whose own 

origins are described in section 4.2 (vide supra). First 1 is proposed to undergo a 

biosynthetic oxidation to picraline (80), which itself undergoes further oxidation to the 

transient hemiaminal 81. Cleavage of both N,O-linkages and subsequent oxidation then 

affords the ring opened nitrone 83. This is then proposed to perform an intramolecular 

Mannich reaction, forging the alternate bridged piperidine ring, followed by acetal 

formation to construct the hydroxyisoxazolidine and a subsequent 

deacetylation/deformylation process to generate nareline (5).35 Interestingly, although the 

structure of picrinine (4) was known at the time, it was not a postulated intermediate in the 

proposed biosynthetic pathway.  



 358 

 

 

4.6 Retrosynthesis of Nareline 

Our approach to nareline (5) sought to take advantage of the group’s previously developed 

route to strictamine (3) to access a functionalized version of this alkaloid. This would then set 

the stage for an oxidative rearrangement to convert the methanoquinolizidine frame to the 

desired aza-adamantane core of nareline (5). The route is presented as a proposed forward 

synthesis for clarity (Scheme 4.12). Starting from dihydro-b-carboline 86, a diastereoselective 

propargylation would install the first crucial chiral center and provide the cyclization precursor 

87. A subsequent Au-promoted 6-endo-dig cyclization then would form the 

tetrahydrocarbazole frame and install the second crucial chiral center. Then, using the Ni(0)-

mediated reductive cyclization reported by Zhu,15 we hoped to construct the 

methanoquinolizdine frame and gain access to a structure that could be termed “carboxy”-

strictamine (89). We proposed to use this carboxylate group as a handle to perform a 
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decarboxylation/oxidation sequence and prepare N-oxide 90. Such a compound should be 

poised to undergo a Cope-type elimination to form the corresponding hydroxylamine (91). A 

final oxidation to the nitrone and intramolecular [3+2] cycloaddition, would then deliver 

nareline (5) in a concise manner.37,38  

 

 

4.7 Initial Approach: b-Carboline Propargylation 

As indicated above, we hoped to align the opening steps of our approach with those used 

in our groups own synthesis of strictamine (3), with the only difference being the placement of 

a functional handle a to the amine, in this case a methyl ester. In two steps from D-tryptophan 

we could access the desired dihydro-b-carboline as its hydrochloride salt (94, Scheme 4.13).39 

However, any attempt to introduce a propoargyl group was unsuccessful. This was not a 

complete surprise, as studies on such 1,2-additions to b-carbolines have demonstrated that 
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acitvation of the imine moiety is required, typically in the form of a Lewis acid additive or acyl 

chloride.40,41 Such activation is quite challenging when employing the corresponding 

hydrochloride salt. On the other hand, the free-base form of 94 is itself highly unstable, owing 

the to the acidity of the a-proton of the ester, as well as the propensity for oxidative 

aromatization.39 Despite several attempts involving the use of additives that might allow for in 

situ free base formation, only minimal conversion or decomposition was observed. In addition, 

there was the potential for epimerization in both the starting material and the product, which 

would, in turn, defeat the purpose of using of a chiral pool starting material and impact the 

stereoselectivity of the route overall.39   

 

As a solution to this problem, we instead looked to the analogous aminoalcohol (100). 

Based on a modified procedure from Song and co-workers, tryptophanol (95) could be 

converted to the corresponding carboline (97) via EDC coupling with formic acid and 

subsequent Bischler–Napieralski reaction.42 97 was obtained with partial loss of the formate 

group, likely due to the acidity of the Bischler–Napieralski reaction conditions, paired with the 

labile nature of formic esters. As such, we proceeded to perform the propargylation by 

treatment with 98 at 23 °C and subsequent exposure to NaBH4 to cleave the formate group and 

afford 100 in good yield as a 3:1 mixture of diastereomers. This species was then protected as 

the cyclic carbamte (101) and the diastereomers were separated, of which only the major 

diastereomer was carried forward. Carbonylation of the terminal alkyne under Pd-catalysis 

gave the desired ynoate 102 in modest yield and subsequent treatment with Ph3PAuCl and 

AgSbF6 then provided the desired 6-endo-dig cyclization product.23e From this point, we had 
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hoped to remove the carbamate protecting group and oxidize to the desired amino acid 

intermediate, as outlined in our synthetic design. Unfortunately, we were unable to cleave the 

cyclic carbamate even under forcing conditions (LiOH, THF, 80°C), at which point 

decomposition pathways began to prevail. The obvious choice at this stage was to introduce a 

protecting group that could be more easily removed later in the sequence. To our surpise, 

installation of other groups proved to be quite challenging, often resulting in minimal 

conversion of the starting material. Realizing that this route might result in a series of 

unneccessary protecting group and oxidation state manipulations, we decided instead to 

introduce the propargyl group in a somewhat more traditional manner.  
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4.8 Pictet–Spengler Approach to the [Au]-Cyclization Precursor 

Noting the challenges arising from the proposed b-carboline starting point, we instead 

envisioned the introduction of some side chain through a Pictet–Spengler reaction that could 

be elaborated to the desired 6-endo-dig cyclization precursor. In practice, a Pictet–Spengler 

reaction could be performed with tryptophan methyl ester hydrochloride (104) and 1,1,3,3-

tetramethoxypropane (105) under acidic conditions, to give the cyclized intermediate as a ~2:1 

mixture of diastereomers, favoring the cis-species.43 This could be treated in the same pot with 

Boc2O and K2CO3 to afford the desired acetal (102), at which point the diastereomers were 

separated. Since the stereochemistry at this center had no bearing on our proposed route, we 

carried both isomers forward. Note that the yields presented in Scheme 4.15 are those for the 

trans-diastereomer. Following Boc-protection, cleavage of the dimethyl acetal with p-TsOH 

and treatment with Ohira–Bestmann reagent affords the desired alkyne (108) (59% over two 

steps). Once again, in a similar fashion to our synthesis of strictamine, Pd-mediated  

carbonylation  of  the  terminal  alkyne  then  provides  the  Au-cyclization  precursor  109.  As 
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discussed earlier, the Boc group is not compatible with this chemistry as it acts as a nucleophile, 

trapping the acivated alkyne as a cyclic carbonate. Therefore, in a one-pot three-step sequence, 

the substrate is treated with TFA to both remove the Boc-group and form the corresponding 

ammonium salt upon concentration of the reaction mixture. This salt can then be directly 

treated with Ph3PAuCl and AgSbF6 to effect the desired 6-endo-dig cyclization. The reaction 

mixture containg ammonium salt 110 is then basified with an excess of pyridine and 

subsequently treated with AllocCl, thereby delivering the desired Alloc-protected Au-

cyclization product 111.  

While this sequence proceeded smoothly with trans-109, the cis-diastereomer showed no 

conversion of the intermediate ammonium salt. In order to decouple the three transformations 

and better understand this discrepancy in reactivity, the Alloc-protected cyclization precursors 

trans-112 and cis-112 were prepared. Interestingly, while the conversion of the trans-

diastereomer proceeded smoothly in 64% yield, the cis-diastereomer showed no conversion to 

the desired product. This disparity in reactivity can be rationalized through a simplified 

cyclohexene model as shown in Scheme 4.16. In order to achieve the transition state for the 

desired transformation, the substituents about the cyclohexene ring would have to adopt a 

highly unfavorable diaxial orientation, likely inhibiting this reaction pathway.  
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Nonetheless, with 111 in hand, we then focused on completion of the 

methanoquinolizdine frame. Notwithstanding the low yield of the reported Zhu conditions (5-

10%), we viewed this as the most direct path forward. Thus, removal of the Alloc group with 

Pd(PPh3)4  and N-alkylation with allylic bromide 40,21 delivered the desired vinyl iodide 116 

in good yield. Unfortunately, when applying these conditions to our system we observed none 

of the desired 6-exo-trig reductive cyclization product. Instead, we only obtained the analogous 

side products to those observed by the Zhu group, namely, deiodination (119) and 5-exo-trig 

cyclization onto the indolenine ring (118).15 

 

 

4.9 Imposing Structural Rigidity 

The challenge of the proposed 6-exo-trig cyclization is made clear when 41 is drawn as its 

chair conformer (Figure 4.3). In this representation, the vinyl iodide side chain is quite distant 

from the desired reaction site and much closer to the indolenine, likely giving rise to the 

preferred 5-exo-trig cyclization pathway to afford 118. In order to place the vinyl iodide side 

chain proximal to the b-position of the enoate, 41 would have to adopt a boat conformation as 

well as undergo nitrogen inversion, a series of steps which likely pose significant energy 
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barriers. As shown in the total syntheses of other akuammiline alkaloids such as aspidophylline 

A (2), if the C-ring is not present such a cyclization process is facile, typically occuring under 

a variety of conditions including anionic, radical and transition metal-mediated 

processes.14,19b,19d, 19e 

 

While we could potentially go through a series of steps involving cleavage of the newly 

formed C-ring, closure of the E-ring and then C-ring reinstallation, such a process would be 

both step intensive as well as take away from the overall elegance of the approach. We instead 

decided to tune the substrate in an effort to remove the previously described barriers to 

cyclization. From this perspective, we proposed that the a-aminoester could serve as a 

functional handle through which to introduce a bridged ring system (Figure 4.3). This would 

then create a forced boat conformation and bring the side chain closer the desired site of 

reactivity. It should also be mentioned that this effectivley removes the possibility of the 

undesired 5-exo-trig cyclization.  

Based on our system, the most logical tactic would be the formation of a bicylic lactone 

bridge (122, Scheme 4.18). This could be obtained through a chemoselective ester hydrolysis 

and intramolecular lactone formation. However, when subjected to a variety of basic 

conditions, the only observed product was an undesired rearrangement to pyrroloindole 124. 
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Such a rearrangment was also observed in our group’s study towards strictamine and is 

proposed to occur via an E1cB-elimination leading to the dienoate 123, followed by 

pyrroloindole formation.23e This results in a structure much more similar to the framework of 

vincorine (8) or echitamine (10).  

 

 Since this result precluded any base-mediated ester hydrolysis, we instead looked to 

Me3SnOH, a reagent developed by the Nicolaou group for selective methyl ester hydrolysis.44 

Pleasingly, with a large excess of Me3SnOH at elevated temperature, we observed selective 

hydrolysis of the a-amino ester in good yield. We believe that the chemoselectivity obtained 

here is a result of both sterics, with the a,b-unsaturated ester being hindered by the neighboring 

quaternary center, as well as favorable a-heteroatom chelation from the adjacent nitrogen atom. 

Surprising to us, was that the acid (125) would not perform the proposed intramolecular lactone  
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formation. Even when separately exposed to base at elevated temperature, the starting material 

was recovered unchanged.  

In looking through the structure of various indole alkaloids, we realized that while six-

membered rings of this type are rare, five-membered rings are quite common, with picrinine 

(4)45 being the most representative example of our desired substrate framework. With this in 

mind, we proposed instead to convert the carboxylic acid into some more activated handle 

through which we could introduce a single bridging heteroatom. More importantly, this offered 

the realization that if we could introduce this additional ring system we might be able access 

picrinine (4) en route to our original target.  

 

We envisioned the connection between picrinine (4) and nareline (5) as presented in 

Scheme 4.21.38 Following N-oxidation and opening of the furoindole, the intermediate 

hemiaminal 90 could undergo a Cope-type elimination to provide hydroxylamine 91. Oxidation 

of this intermediate to the corresponding nitrone (92), followed by an intramolecular [3+2] 

cycloaddition would deliver nareline (5). Alternatively, this final step could be achieved 

through an intramolecular Mannich reaction and subsequent acetal formation, in a similar 

fashion to that proposed in the original biosynthesis (Scheme 4.11).  
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 Our first approach involved a proposed retro-Strecker process. In this sense, carboxylic 

acid 125 was first converted to the primary amide and then dehydrated by treatment with TFAA 

to afford the a-aminonitrile. Upon treatment with Ag(I) in an aqueous THF solution, we hoped 

this species would undergo a retro-Strecker process to form in the intermediate iminium 

species, which could be trapped by H2O to form the desired bridge.46 Unfortunately, when 

subjected to AgNO3 in THF/H2O (1:1) no conversion of the starting material was observed. 

This is likely a result of the electron withdrawing group on the nitrogen atom, destablizing the 

proposed iminium ion intermediate. We further considered removing the Alloc group and 

alkylating the nitrogen atom, but with the desired side chain containing a requisite halide atom, 

the proposed Ag(I) conditions would be incompatible.  

 

 We decided, instead, to pursue this transformation using radical chemistry. Using a 

Barton decarboxylation or some variant thereof, we believed that the ensuing carbon centered 

radical could capture oxygen in situ to form the alkylhydroperoxide which, upon cleavage, 
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would cyclize to form the desired furoindole. This sequence proceeded as expected to provide 

furoindole 131 in 30% alongside 25% of the undesired epimer 135.47 Although the yield is low, 

we found that we could convert 135 to the desired 131 by treatment with PPTS in CH2Cl2/H2O 

(10:1), thereby increasing the material throughput. 

  

 

4.10 Attempts to Close the E-Ring with Furoindole 131 

 With this material in hand, the next goal was introduction of the vinyl iodide side chain 

to re-attempt the proposed 6-exo-trig cyclization. Unfortunately, when treated with Pd(PPh3)4, 

the intermediate aminal, following loss of the Alloc group proved highly unstable and 

underwent dehydration to form aldimine 136. In order to increase the stability of this species, 

indoline 131 was protected as the corresponding tosyl sulfonamide, after which the Alloc group 

could be removed under standard conditions. Subsequent N-alkylation then provided the 

desired cyclization precursor 138. Scheme 4.24 presents the variety of conditions employed to 

effect the desired reductive cyclization. However, in almost every case, the only observed 

product was deiodination. Surprisingly, when ACHN was used as the radical initiator, a product 

was obtained, in  which  the  proton signal of  the b-position of the enoate was still present but 
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the proton signal of the trisubstituted olefin had disappeared. This structure has tentatively been 

assigned as 141, based on similar pyrrolizidine ring formations as reported by the Parsons 

group, as well as an analogous result from Zhu  and co-workers in their synthesis of 

aspidophylline A (2).19b,48 The proposed mechanism of formation is generation of the vinyl 

radical, followed by a 1,5-HAT process to form the stabilized secondary allylic radical. This 

species can then perform a 5-exo-trig cyclization to construct the proposed pyrrolidine ring. 

Based on these results, as presented in Scheme 4.24, we believe that although we have been 

able to enforce the boat confomation, nitrogen inversion remains a problem, with the side chain 

likely pointed away from the desired reaction site (142).  

We instead tried to perform an intramolecular Michael addition. Such a process, if 

conducted under reversible base conditions, might allow for the proposed ring formation, if the 

transformation was overall thermodynamically favorable. To test this theory, we prepared the 

aza-Michael adduct of 137 with methyl vinyl ketone, as well as the corresponding b-ketoamide 
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using diketene acetone adduct. Despite several attempts, including reversible base conditions, 

irreversible bases and Stork enamine chemistry, we only ever observed recovery of the starting 

material and in some cases amine 137, via a simple retro-aza-Michael process.  

 

 

4.11 Studies on Conjugate Addtions to 145  

At this point it was clear that the proposed ring formation was unlikely to take place as 

designed. As such, we decided to approach the problem from a different perspective. All of the 

attempts reported above view the a,b-unsaturated ester as the electrophilic site through which 

intramolecular delivery of the nucleophile would achieve the desired ring closure. We instead 

posited that we could introduce a nucleophile through an intermolecular 1,4-addition, which 

could serve as a handle to construct the final ring. Our first thought was to introduce a radical 

precursor, either an aryl sulfide or aryl selenide. Once introduced, the ring formation could be 
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 conducted in a similar fashion to the MacMillan group in their approach to vincorine (8, 

Scheme 4.2) or minfeinsine.  Unfortunately, attempts to introduce such heteroatoms only saw 

recovery of the starting enoate 145. Along similar lines, we attempted to introduce an oxygen 

atom at the b-position, either through direct epoxidation or the conjugate addition of 

PhMe2SiLi or B2pin2 and subsequent oxidation. Such efforts, once again, showed only recovery 

of the starting material. We then attempted to introduce carbon-based nucleophiles that could 

be used as a point of elaboration to complete the ring. However, traditional Gilman reagents as 

well as transition metal-mediated processes, all showed no conversion of the starting material. 

It is worth noting that a similar consideration was made in our group’s approach to strictamine. 

In that case, the only successful 1,4-addition was between the enal 147 and thiophenol.49 The 

failures observed are in part expected as a result of the steric hinderance of the system and the 

fact that a,b-unsaturated esters in general are not potent Michael acceptors.  

To our surpise, while screening the series of nucleophiles discussed above, we found 

that we could introduce cyanide in a 1,4-fashion. After optimizing the conditions for this 

transformation, it was shown that a combination of acetone cyanohydrin and KCN in DMSO 

afforded the desired adduct in good yield and in a 10:1 dr.50 The stereochemistries of the major 

and minor diastereomers were assigned via NOESY analysis, as well as the characteristic trans-

diaxial coupling (J = 12.2 Hz) observed in the 1H NMR of 150. We found it surprising that the 

syn-product would be favored in this transformation, especially as the anti-product was formed 

predominantly in the strictamine framework (148, Scheme 4.26). Scheme 4.27 presents a 

possible rationale for this stereooutcome. In the strictamine framework, the stereoselectivity is 

guided likely by the axial proton positioned in front of the b-position of the Michael acceptor. 

On the other hand, in the case of the picrinine framework, the boat conformation enforced by 

the bridging oxygen atom forces this proton into a pseudo-equatorial position and reduces the 
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steric encumbrance of this face. We also believe that the presence of the tosyl group on the rear 

face of the moecule, makes this seemingly unlikely front face approach the preferred one.  

  

 

4.12 Current Progress and Future Outlook 

Scalable and reliable access to the syn-1,4-adduct 149 was a welcomed result, as the 

newly introduced nitrile could be elaborated in order to complete the E-ring. As shown in Table  

4.1 however, the steric hindrance experienced by the nitrile functional group made further 

functionalization challenging. A variety of reduction conditions were tested to achieve the 

selective conversion of the nitrile (149) to the corresponding aldehyde (152).  Typical hydride-

based conditions either showed no conversion of the starting material or, in the case of LiAlH4, 

gave selective ester reduction to the corresponding primary alcohol, leaving the nitrile 

untouched. A variety of hydrogenation conditions were also screened, with the only observed 

reactivitiy being the reduction of the olefin present in the Alloc protecting group. As a 

demonstration of the vastly different steric environments of 149 and 150, we were able to 

perform the selective reduction effected by Schwartz’ reagent (Cp2ZrHCl) to the corresponding 
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aldehyde in good yield under mild conditions (83% yield, 23 °C, 15 min), while in the case of 

149, no conversion was observed. 

  

While pursuing any avenue for further functionalization of nitrile 149, we observed that 

if treated with base at low temperature the a-proton of the nitrile is selectively deprotonated 

and upon quench proton capture takes place indiscriminantly, converting the major 

diastereomer to a 1:1 epimeric mixture. We were then able to demonstrate that a-alkylation of 

the nitrile to form the corresponding quaternary center was in fact possible, here using 

chloroacetyl chloride (153) as the electrophile. Notwithstanding the lack of facial selectivity 

for electrophile capture, the ability to introduce the necessary side chain is notable. But despite 

this achievement, when removing the Alloc group under standard conditions, a complex 

mixture resulted.  

 Realizing that the desired alkylation could take place intermolecularly, we wondered 

whether an electrophile tethered to the nitrogen atom might offer a means to complete the E-

ring, in an intramolecular fashion. In this respect, we have prepared to date, several N-alkylated 

substrates that could serve to perform the proposed cyclization. As of yet, there isn’t sufficient 

data to indicate successful formation of the E-ring, however, tentative crude 1H NMR shows 
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promise for this approach. If such a cyclization were successful, the remaining transformations 

to  access picrinine  would include  formation of  the trisubstituted  alkene and  removal of  the  

 

bridgehead nitrile and tosyl sulfonamide groups. The latter of these transformations, we 

believe, can be performed in a single operation under dissolving metal conditions or some other 

single electron process.   

With substrate 149 in hand, we would also like to explore the potential of the nitrile 

group to act as an electrophile. Although his would seem to be a similar strategy as the 

previously attempted with enoate 145, the increased proximity of the nitrile group to the 

nitrogen atom would increase the chance for successful cyclization. In addition, the ketone that 
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would be formed via an intramolecular nucleophilic addition, could serve as a percursor to the 

ethylidene group found in the target. After this, removal of the tosyl group is the only remaining 

operation. 

 

 

4.13 Conclusion 

Within this chapter we have detailed our studies towards the indole alkaloids nareline (5) 

and picrinine (4). The modular approach developed by our group enabled us to access 

furoindole 149 in just nine steps from commercial materials, in a scalable and reliable fashion. 

In the pursuit of this target, we have advanced chemical understanding in a number of areas. 

For example, the one-pot Barton decarboxylation/oxidation sequence has allowed for 

installation of a bridging heteroatom in a single step. We have also demonstrated that although 

the a,b-unsaturated ester remains unreactive to many typical Michael donors, we are able to 

introduce cyanide in a 1,4-fashion with an unexpected facial selectivity, one that could 

potentially advance the synthesis of the desired target. Possibly most significant, is the 

hypothetical biosynthetic link proposed between nareline (5) and picrinine (4), a result of 

challenges related to completion of the methanoquinolizidine skeleton.  
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In fact, the unpredicted reactivity of this system has shown that this route could give rise to 

a number of akuammiline alkaloids, from one common intermediate. As shown in Scheme 

4.31, tetrahydrocarbazole 111, obtained in just 5 steps from tryptophan methyl ester, offers 

formal access to strictamine (3), following Alloc removal and decarboxylation. On the other 

hand, treatment with base promotes the previously discussed rearrangement to pyrroloindole 

124. Such a species contains all of the requisite functionality to deliver 10-demethoxyvincorine 

(162) in short order. And of course, in a proposed seven steps, 111 could lead to the desired 

picrinine (4) and with it, the potential to synthesize nareline (5).   

 

While the remaining transformations needed to deliver 4, and the proposed synthesis of 5 

thereafter, are daunting challenges, efforts such as these are a necessity in natural product 

synthesis, not just to reach the end goal of concise and elegant syntheses but as a means to 

broaden chemical knowledge, inform future prospects and inspire others in the field.  
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4.15 Experimental Section 

General Procedures. All reactions were carried out under an argon atmosphere with dry 

solvents under anhydrous conditions, unless otherwise noted. Dry tetrahydrofuran (THF), 

toluene, diethyl ether (Et2O), dichloromethane (CH2Cl2), and acetonitrile (CH3CN) were 

obtained by passing commercially available pre-dried, oxygen-free formulations through 

activated alumina columns. Yields refer to chromatographically and spectroscopically (1H and 

13C NMR) homogeneous materials, unless otherwise stated. Reagents were purchased at the 

highest commercial quality and used without further purification, unless otherwise stated. 

Reactions were magnetically stirred and monitored by thin-layer chromatography (TLC) 

carried out on 0.25 mm E. Merck silica gel plates (60F-254) using UV light as visualizing 

agent, and an ethanolic solution of phosphomolybdic acid and cerium sulfate or a solution of 

KMnO4 in aq. NaHCO3 and heat as developing agents. SiliCycle silica gel (60, academic grade, 

particle size 0.040–0.063 mm) was used for flash column chromatography. Preparative thin-

layer chromatography separations were carried out on 0.50 mm E. Merck silica gel plates (60F-

254). NMR spectra were recorded on Bruker 400 and 500 MHz instruments and calibrated 

using residual undeuterated solvent as an internal reference. The following abbreviations were 

used to explain the multiplicities: s = singlet, d = doublet, t = triplet, q = quartet, br = broad, 

app = apparent. IR spectra were recorded on a Perkin-Elmer 1000 series FT-IR spectrometer. 

High- resolution mass spectra (HRMS) were recorded on Agilent 6244 Tof-MS using ESI 

(Electrospray Ionization) at the University of Chicago Mass Spectroscopy Core Facility. All 

ee values were determined by HPLC on Daicel Chiralcel or Chiralpak columns.  

 

Formamide 96. To a solution of the tryptophanol (600.0 mg, 3.15 mmol, 1.0 equiv.), in CH2Cl2 

(30 mL) at 0 °C was added HCO2H (0.3 mL, 7.56 mmol, 2.4 equiv.), EDC (1.57 g, 8.19 mmol, 

2.6 equiv.) and DMAP (76.9 mg, 0.63 mmol, 0.2 equiv.) successively. The mixture was 
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warmed to 23 °C and stirred for 12 h. Upon completion the reaction was diluted with CH2Cl2 

(15 mL), washed with 1M HCl (2 ´ 15 mL), saturated aq. NaHCO3 (2 ´ 15 mL) and brine (2 ´ 

15 mL). The organic layer was dried over Na2SO4 and concentrated in vacuo. The crude residue 

was further purified by flash column chromatography (silica gel, hexane/EtOAc, 1:1) to afford 

the desired formamide 96 (325 mg, 43% yield) as a pale yellow foam. 96: 1H NMR (500 MHz, 

CDCl3) δ 8.18 (d, J = 1.2 Hz, 1 H), 8.13 (d, J = 0.9 Hz, 1 H), 7.65 (dp, J = 7.9, 0.8 Hz, 1 H), 

7.39 (dt, J = 8.1, 0.9 Hz, 1 H), 7.22 (ddd, J = 8.2, 7.0, 1.2 Hz, 1 H), 7.15 (ddd, J = 8.0, 7.0, 1.1 

Hz, 1 H), 7.07 (d, J = 2.4 Hz, 1 H), 5.71 (d, J = 8.7 Hz, 1 H), 5.30 (s, 2 H), 4.69 (h, J = 5.4 Hz, 

1 H), 4.29 – 4.24 (m, 1 H), 4.23 – 4.18 (m, 1 H), 3.14 – 3.08 (m, 1 H), 3.03 (dd, J = 14.7, 7.6 

Hz, 1 H). 

 

Aminoalcohol 100. To a suspension of formamide 96 (500.0 mg, 2.03 mmol, 1.0 equiv.) in 

MeCN (4 mL) at 0 °C was added POCl3 (0.4 mL, 4.06 mmol 2.0 equiv.) in MeCN (2 mL) over 

1 h. Once the addition was complete, the reaction mixture was stirred for an additional 3 h at 0 

°C. Upon completion the reaction poured directly into 1 M HCl. The aqueous layer was 

neutralized with solid NaHCO3 until pH 7 was reached. The aqueous layer was then extracted 

with CH2Cl2 (3 ´ 10 mL) and the combined layers dried over Na2SO4 and concentrated in 

vacuo. The crude residue (326 mg) was transferred to a flame-dried flask and dissolved in THF 

(10 mL). To this was added 98 (0.5 mL, 2.45 mmol, 1.5 equiv.) and the reaction stirred at 23 

°C for 12 h. Upon consumption of the starting material, the reaction mixture was concentrated 

directly and redissolved in MeOH (15 mL). The solution was cooled to 0 °C and NaBH4 (154.2 

mg, 4.08 mmol, 2.5 equiv.) was added portion-wise. The reaction was warmed to 23 °C and 

stirred for 3 h, after which it was concentrated, diluted with CH2Cl2 (15 mL) and washed with 

H2O (2 ´ 10 mL), saturated aq. NaHCO3 (2 ´ 10 mL) and brine (2 ´ 10 mL). The organic layer 

was dried over Na2SO4 and concentrated in vacuo to afford the desired aminoalcohol 100 (330 
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mg, 68% yield over 3 steps). 100: 1H NMR (500 MHz, CDCl3) δ 8.48 (s, 1 H), 7.50 – 7.45 (m, 

1 H), 7.35 (dt, J = 8.2, 0.9 Hz, 1 H), 7.18 (ddd, J = 8.1, 7.1, 1.3 Hz, 1 H), 7.10 (ddd, J = 8.0, 

7.1, 1.0 Hz, 1 H), 4.34 (dq, J = 6.7, 2.3 Hz, 1 H), 3.89 (dd, J = 10.7, 3.7 Hz, 1 H), 3.62 (dd, J 

= 10.7, 8.6 Hz, 1 H), 3.21 (ddt, J = 10.9, 8.1, 3.9 Hz, 1 H), 2.75 (dddd, J = 13.8, 9.2, 4.3, 2.2 

Hz, 2 H), 2.60 (ddd, J = 16.5, 8.9, 2.7 Hz, 1 H), 2.47 (ddd, J = 15.0, 10.9, 2.4 Hz, 1 H), 2.26 (t, 

J = 2.7 Hz, 1 H). 

  

Carbamate 101. To a suspension of 100 (80.0 mg, 0.33 mmol, 1.0 equiv.) in THF (1.5 mL) 

was added CDI (160.5 mg, 0.99 mmol, 3.0 equiv.) and the reaction mixture stirred for 5 h. 

Following this, the reaction mixture was concentrated and neutralized with NaOH (10% w/v, 

3.5 mL) and stirred for an additional 1 h. The mixture was subsequently brought to pH 6 using 

1 M HCl and the aqueous solution extracted with EtOAc (3 ´ 5 mL). The combined organic 

layers were dried over Na2SO4 and concentrated in vacuo to give a crude residue which was 

further purified by flash column chromatography (silica gel, hexanes/EtOAc, 4:1), affording 

101 (65.8 mg, 75% yield). 101: 1H NMR (500 MHz, CDCl3) δ 8.62 (s, 1 H), 7.50 (d, J = 7.6 

Hz, 1 H), 7.39 (dd, J = 8.2, 2.7 Hz, 1 H), 7.23 (ddd, J = 8.2, 6.9, 1.3 Hz, 1 H), 7.17 – 7.13 (m, 

1 H), 4.91 – 4.82 (m, 1 H), 4.60 – 4.52 (m, 1 H), 4.15 – 4.06 (m, 2 H), 3.77 (dt, J = 16.5, 2.9 

Hz, 1 H), 3.15 – 3.06 (m, 1 H), 2.82 – 2.71 (m, 1 H), 2.66 (ddd, J = 16.4, 9.2, 2.6 Hz, 1 H), 

2.21 (t, J = 2.7 Hz, 1 H).  

 

Ynoate 102. To a flame-dried 500 mL flask was added Pd(OAc)2 (10.0 mg, 0.045 mmol, 0.3 

equiv.) and Ph3P (23.6 mg, 0.09 mmol, 0.6 equiv.) and the solids suspended in MeOH (0.9 mL) 

and DMF (1.6 mL) under Ar. 101 (40.0 mg, 0.15 mmol, 1.0 equiv.) was then added to this 

mixture and the reaction placed under an atmosphere of CO/O2 (~1:1) and stirred at 23 °C for 

16 h. Once complete, the reaction was quenched by the addition of H2O (5 mL) and the contents 
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transferred to a separatory funnel, diluting with Et2O (10 mL) and H2O (5 mL). The layers were 

separated, and the aqueous layer was further extracted with Et2O (5 ´ 5 mL). The combined 

organic layers were washed with H2O (3 ´ 5 mL), brine (5 mL), dried over Na2SO4 and 

concentrated in vacuo. The resultant crude product was further purified by flash column 

chromatography (silica gel, Hexanes/EtOAc, 4:1) to give ynoate 102 (20.8 mg, 52% yield) as 

a pale-yellow oil. 102: 1H NMR (500 MHz, CDCl3) δ 8.52 (s, 1H), 7.50 (d, J = 8.1 Hz, 1 H), 

7.42 – 7.35 (m, 1 H), 7.25 – 7.21 (m, 1 H), 7.15 (tdd, J = 7.4, 3.5, 1.8 Hz, 1 H), 4.97 – 4.90 (m, 

1H), 4.57 (t, J = 2.6 Hz, 1 H), 4.12 (ddt, J = 9.4, 7.2, 3.0 Hz, 2 H), 3.77 (s, 3 H), 3.64 (dq, J = 

17.2, 2.8 Hz, 1 H), 3.19 – 3.02 (m, 2 H), 2.86 – 2.73 (m, 1 H). 

 

Indolenine 103. To a 4 mL scintillation vial containing Ph3PAuCl (2.5 mg, 0.0046 mmol, 0.1 

equiv.) was added 1,2-DCE (0.2 mL) followed by AgSbF6 (15.8 mg, 0.046 mmol, 1.0 equiv.). 

This mixture was stirred for 15 min after which 102 (15.0 mg, 0.046 mmol, 1.0 equiv.) was 

added as a solution in 1,2-DCE (0.5 mL). The reaction was stirred for 16 h at 23 °C, after which 

it was quenched by the addition of saturated aq. NaHCO3 (1 mL) and stirred for 30 min. The 

mixture was then diluted with CH2Cl2 (3 mL) and H2O (3 mL). The layers were separated and 

the aqueous layer was further extracted with CH2Cl2 (3 ´ 2 mL). The combined organic layers 

were dried over Na2SO4 and concentrated in vacuo to afford a crude residue which was further 

purified flash column chromatography (silica gel, hexanes/EtOAc, 2:1) to afford 103 (9.0 mg, 

60% yield). 103: 1H NMR (500 MHz, CDCl3) δ 7.91 (d, J = 7.6 Hz, 1 H), 7.61 (d, J = 7.6 Hz, 

1H), 7.39 (t, J = 7.5 Hz, 1 H), 7.28 (d, J = 8.1 Hz, 1 H), 6.82 (dd, J = 5.1, 2.3 Hz, 1 H), 4.99 (s, 

1 H), 4.49 (t, J = 8.3 Hz, 1 H), 3.88 (t, J = 9.1 Hz, 1 H), 3.80 (s, 3 H), 3.73 (d, J = 12.9 Hz, 1 

H), 3.67 – 3.55 (m, 1 H), 2.81 – 2.70 (m, 2 H), 2.44 (dd, J = 13.6, 6.0 Hz, 1 H). 
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Carboline 106. To a 1L flask was added tryptophan methyl ester hydrochloride salt (40.0 g, 

157.0 mmol, 1.0 equiv.), MeOH (200 mL) and TFA (40 mL) and the resulting suspension 

stirred for 30 min. Following this, 1,1,3,3-tetramethoxypropane (32.0 mL, 196.9 mmol, 1.25 

equiv.) was added and the mixture heated to 80 °C for 16 h. The reaction mixture was then 

concentrated in vacuo to give a deep red oil that was carried forward without further 

purification. The crude product was dissolved in THF/H2O (1:1 v/v, 320 mL) and K2CO3 (86.8 

g, 628.0 mmol, 4.0 equiv.) and Boc2O (41.1 g, 188.4 mmol, 1.2 equiv.) were added (caution: 

vigorous effervescence upon the addition of K2CO3). After 20 h the layers were separated and 

the aqueous layer was extracted with EtOAc (3 ´ 100 mL). The combined organic layers were 

then washed with brine (100 mL), dried over Na2SO4 and concentrated in vacuo to give the 

crude product as a 1.86:1 mixture of diastereomers, which was further purified by flash column 

chromatography (silica gel, Hexanes/Acetone, 9:1) to give the desired Boc-protected dihydro-

b-carboline 106 (19.75 g, 30% yield) as pale-yellow amorphous solid. 106: 1H NMR (400 

MHz, CDCl3) δ 8.46 (s, 1 H), 7.49 (d, J = 7.7 Hz, 1 H), 7.33 (dt, J = 8.1, 0.9 Hz, 1 H), 7.16 (td, 

J = 7.6, 1.3 Hz, 1 H), 7.14 – 7.06 (m, 1 H), 5.17 (s, 1 H), 4.85 – 4.50 (m, 2 H), 3.62 (s, 3 H), 

3.43 (s, 3 H), 3.39 (s, 3 H), 3.14 – 3.05 (m, 1 H), 2.51 (ddd, J = 14.0, 5.9, 4.5 Hz, 1 H), 1.90 

(d, J = 17.2 Hz, 1 H), 1.61 – 1.39 (m, 9 H), 1.28 (q, J = 5.6 Hz, 1 H). 

 

Alkyne 108. To a 2L flask containing 106 (18.20 g, 43.4 mmol, 1.0 equiv.) was added acetone 

(900 mL) and H2O (90 mL). To the resulting solution was added p-TsOH·H2O (4.12 g, 21.7 

mmol, 0.5 equiv.) and the reaction mixture heated to 60 °C for 1 h. The contents of the flask 

were then concentrated to ~ 200 mL, quenched with saturated aq. NaHCO3 (150 mL) and 

transferred to a separatory funnel. The aqueous layer was then extracted with EtOAc (3 ´ 150 

mL) and the combined organic layers dried over Na2SO4 and concentrated in vacuo to provide 

the desired aldehyde 106, which was carried forward without any further purification.  
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To a flame dried flask containing 107 (7.92 g, 41.3 mmol, 1.5 equiv.) in MeOH (200 

mL) at 0 °C was added K2CO3 (7.60 g, 55.0 mmol, 2.0 equiv.). This mixture was stirred for 30 

min after which a portion of aldehyde (10.22 g, 27.5 mmol, 1.0 equiv.) was added as a solution 

in MeOH (70 mL) dropwise. After 1 h the reaction was warmed to 23 °C and stirred for 16 h. 

Upon completion the reaction mixture was filtered over celite and concentrated in vacuo. The 

crude material was dissolved in EtOAc (150 mL) and washed with H2O (100 mL). The aqueous 

layer was then extracted with EtOAc (2 ´ 100 mL). The organic layers were combined, washed 

with brine, dried over Na2SO4 and concentrated in vacuo. The resultant crude mixture was 

further purified by flash column chromatography (silica gel, Hexanes/Acetone, 7:1 ® 5:1) to 

give 108 as a cream-colored crystalline solid (5.96 g, 59% yield). 108: 1H NMR (400 MHz, 

CDCl3) δ 8.20 (s, 1H), 7.51 (d, J = 7.8 Hz, 1 H), 7.39 – 7.31 (m, 1 H), 7.18 (ddd, J = 8.2, 7.1, 

1.3 Hz, 1 H), 7.12 (ddd, J = 8.1, 7.1, 1.1 Hz, 1 H), 5.21 (s, 1 H), 5.04 – 4.80 (m, 1 H), 3.57 (s, 

3 H), 3.38 (d, J = 15.4 Hz, 1 H), 3.16 (d, J = 16.5 Hz, 2 H), 2.58 (s, 1 H), 2.10 (s, 1 H), 1.47 (s, 

9 H). 

 

Ynoate 109. To a flame-dried 500 mL flask was added Pd(OAc)2 (1.09 g, 4.85 mmol, 0.3 

equiv.) and Ph3P (2.55 g, 9.72 mmol, 0.6 equiv.) and the solids suspended in MeOH (80 mL) 

and DMF (160 mL) under Ar. 108 (5.96 g, 16.2 mmol, 1.0 equiv.) was then added to this 

mixture and the reaction placed under an atmosphere of CO/O2 (~1:1) and stirred at 23 °C for 

48 h. Once complete, the reaction was quenched by the addition of H2O (150 mL) and the 

contents transferred to a separatory funnel, diluting with Et2O (200 mL) and H2O (50 mL). The 

layers were separated, and the aqueous layer was further extracted with Et2O (5 ´ 100 mL). 

The combined organic layers were washed with H2O (3 ´ 100 mL), brine (100 mL), dried over 

Na2SO4 and concentrated in vacuo. The resultant crude product was further purified by flash 

column chromatography (silica gel, Hexanes/EtOAc, 4:1) to give the desired ynoate 109 (4.55 
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g, 66% yield) as a pale-yellow oil. 109: 1H NMR (400 MHz, CDCl3) δ 8.17 (s, 1 H), 7.51 (d, J 

= 7.8 Hz, 1 H), 7.41 – 7.28 (m, 1 H), 7.19 (ddd, J = 8.2, 7.1, 1.3 Hz, 1 H), 7.12 (td, J = 7.5, 1.1 

Hz, 1 H), 5.38 – 5.16 (m, 1 H), 5.11 – 4.84 (m, 1H), 3.76 (s, 3 H), 3.56 (s, 3 H), 3.40 (d, J = 

15.4 Hz, 1 H), 3.22 (d, J = 17.2 Hz, 2 H), 2.90 (dd, J = 16.9, 7.9 Hz, 1 H), 1.47 (s, 9 H). 

 

Indolenine 111. To a solution of ynoate 109 (2.5 g, 5.86 mmol, 1.0 equiv.) in CH2Cl2 (270 

mL) at 0 °C was added TFA (30 mL) dropwise. The reaction mixture was then warmed to 23 

°C and stirred for 1 h after which the reaction contents were directly concentrated. The resultant 

crude TFA salt was dissolved in 1,2-DCE (45 mL) and MsOH (0.8 mL, 11.72 mmol, 2.0 equiv.) 

was added at 23 °C. In a separate flame-dried flask a solution of Ph3PAuCl (0.15 mg, 0.293 

mmol, 0.05 equiv.) in 1,2-DCE (15 mL) was prepared. AgSbF6 (2.0 g, 5.86 mmol, 1.0 equiv.) 

was added and the resultant suspension stirred at 23 °C for 15 min, after which the previously 

prepared solution of the TFA salt was added and the reaction mixture stirred for 18 h at 23 °C. 

Upon consumption of starting ammonium salt, the reaction mixture was cooled to 0 °C and 

pyridine (4.7 mL, 58.6 mmol, 10.0 equiv.) was added dropwise followed by the addition of 

AllocCl (1.25 mL, 11.72 mmol, 2.0 equiv.). The reaction flask was then warmed to 23 °C and 

stirred at this temperature for 24 h. Upon completion, the reaction was quenched by the addition 

of saturated aq. NaHCO3 (50 mL), the layers separated, and the aqueous layer extracted with 

CH2Cl2 (3 ´ 25 mL). The combined organic layers were dried over Na2SO4 and concentrated 

in vacuo. The crude residue was then further purified by flash column chromatography (silica 

gel, hexanes/EtOAc, 3:2) to give the desired enoate 111 (1.56 g, 65% yield) as yellow 

amorphous solid. 111: 1H NMR (500 MHz, CDCl3) δ 7.91 (d, J = 7.6 Hz, 1 H), 7.65 (d, J = 7.7 

Hz, 1 H), 7.43 – 7.36 (m, 1 H), 7.29 – 7.22 (m, 1 H), 6.97 – 6.92 (m, 1 H), 6.06 – 5.80 (m, 1 

H), 5.44 – 5.21 (m, 3 H), 4.69 (s, 2 H), 4.53 – 4.34 (m, 1 H), 3.82 (s, 3 H), 3.60 (s, 1 H), 3.28 

(dd, J = 13.6, 6.1 Hz, 1 H), 3.08 – 3.00 (m, 1 H), 2.84 – 2.67 (m, 1 H). 
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Vinyl iodide 116. To a solution of amine 111 (10.0 mg, 0.031 mmol, 1.0 equiv.) in MeCN (0.3 

mL) was added K2CO3 (28.0 mg, 0.202 mmol, 6.5 equiv.) and 40 (24.0 mg, 0.092 mmol, 3.0 

equiv.) and the mixture heated to 80 °C for 1 h. Upon completion the reaction mixture was 

concentrated and directly purified by flash column chromatography (silica gel, hexanes/EtOAc, 

2:1) to afford desired vinyl iodide 116 as an orange oil (10.0 mg, 63% yield). 116: 1H NMR 

(400 MHz, CDCl3) δ 7.89 (d, J = 7.5 Hz, 1 H), 7.66 (d, J = 7.7 Hz, 1 H), 7.39 (td, J = 7.6, 1.3 

Hz, 1 H), 7.23 (dd, J = 7.5, 1.1 Hz, 1 H), 7.03 (t, J = 3.5 Hz, 1 H), 6.00 (q, J = 6.4 Hz, 1 H), 

4.15 (d, J = 1.4 Hz, 1 H), 3.97 (dd, J = 11.5, 3.3 Hz, 1 H), 3.77 (s, 3 H), 3.70 (s, 3 H), 3.32 (q, 

J = 1.3 Hz, 2 H), 3.06 – 2.95 (m, 2 H), 2.81 – 2.71 (m, 1 H), 1.81 (dt, J = 6.4, 1.2 Hz, 3 H), 

1.79 – 1.74 (m, 1 H). 

 

Amine 118. (Reaction performed in a glovebox) To a 4 mL scintillation vial containing 116 

(12.5 mg, 0.025 mmol, 1.0 equiv.) was added MeCN (1.25 mL). Et3N (0.014 mL, 0.10 mmol, 

4.0 equiv.) and Ni(COD)2 (13.7 mg, 0.05 mmol, 2.0 equiv.) were added in succession. The 

reaction mixture was stirred for 20 min, after which Et3SiH (0.008 mL, 0.05 mmol, 2.0 equiv.) 

was added and the contents stirred for an additional 1 h. Once complete, the reaction was 

quenched with saturated aq. NaHCO3 (2 mL) and diluted with CH2Cl2 (2 mL). The layers were 

separated and the aqueous layer was further extracted with CH2Cl2 (2 ´ 3 mL). The combined 

organic layers were dried over Na2SO4 and concentrated in vacuo. The crude reside was further 

purified by preparative thin layer chromatography (silica gel, CH2Cl2/MeOH, 9:1) to afford the 

5-exo-trig product 118 and deiodinated product 119. 118: 1H NMR (400 MHz, CDCl3) δ 7.25 

(d, J = 1.3 Hz, 1 H), 7.06 (td, J = 7.6, 1.3 Hz, 1 H), 6.89 (t, J = 3.7 Hz, 1 H), 6.74 (td, J = 7.5, 

1.0 Hz, 1 H), 6.65 (d, J = 7.8 Hz, 1 H), 5.34 – 5.25 (m, 1 H), 3.86 – 3.78 (m, 1 H), 3.76 (s, 3 

H), 3.69 – 3.60 (m, 1 H), 3.55 (s, 3 H), 3.50 (d, J = 7.0 Hz, 1 H), 3.38 (d, J = 15.9 Hz, 1 H), 
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2.96 – 2.82 (m, 2 H), 2.79 – 2.69 (m, 1 H), 2.36 (t, J = 12.6 Hz, 1 H), 1.03 (dt, J = 7.5, 1.9 Hz, 

3 H). 

 

Pyrroloindole 124. To a solution of indolenine 111 (10.0 mg, 0.024 mmol, 1.0 equiv.) in THF 

(1.0 mL) was added 1 M LiOH (1.2 mL, 1.2 mmol, 50.0 equiv.). After 1 h the reaction mixture 

was partitioned between EtOAc (3 mL) and H2O (3 mL), the layers separated and the aqueous 

layer extracted with EtOAc (2 ´ 2 mL). The combined organic layers were dried over Na2SO4 

and concentrated in vacuo to afford the rearranged product 124 (9.8 mg, 98% yield). 124: 1H 

NMR (500 MHz, CDCl3) δ 7.53 (dd, J = 7.7, 1.3 Hz, 1 H), 7.02 (td, J = 7.6, 1.3 Hz, 1 H), 6.88 

(dd, J = 6.0, 0.8 Hz, 1 H), 6.76 (d, J = 9.7 Hz, 1 H), 6.68 (td, J = 7.5, 1.1 Hz, 1 H), 6.63 (d, J = 

7.7 Hz, 1 H), 6.03 (dt, J = 9.7, 5.6 Hz, 1 H), 5.82 (ddt, J = 17.2, 10.8, 5.5 Hz, 1 H), 5.74 (s, 1 

H), 5.21 (dd, J = 17.2, 1.5 Hz, 1 H), 5.15 (dd, J = 10.5, 1.3 Hz, 1 H), 4.60 (ddt, J = 13.4, 5.4, 

1.5 Hz, 1 H), 4.54 (ddt, J = 13.3, 5.6, 1.5 Hz, 1 H), 4.41 (d, J = 9.0 Hz, 1 H), 3.74 (s, 3 H), 3.55 

(d, J = 13.4 Hz, 1 H), 3.18 (s, 3 H), 2.48 (dd, J = 13.3, 9.1 Hz, 1 H). 

 

 

Carboxylic Acid 125. To a solution of 111 (0.900 g, 2.27 mmol, 1.0 equiv.) in 1,2-DCE (12 

mL) was added Me3SnOH (1.25 g, 6.82 mmol, 3.0 equiv.), the reaction flask was fitted with a 

reflux condenser and the reaction contents heated to 90 °C. After 16 h an additional portion of 

Me3SnOH (1.25 g, 6.82 mmol, 3.0 equiv.) was added and the reaction temperature maintained 

for 16 h. Upon completion the contents of the reaction flask were loaded directly onto a silica 

plug and eluted with CH2Cl2/MeOH (9:1). The material was taken forward without further 

purification.  
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Aminonitrile 130. To a solution of carboxylic acid 125 (52.0 mg, 0.129 mmol, 1.0 equiv.) in 

DMF (2.5 mL) was added EDC (61.9 mg, 0.323 mmol, 2.5 equiv.) and HOBt (43.6 mg, 0.323 

mmol, 2.5 equiv.). Following this, aq. NH4OH (30% v/v, 0.25 mL) was added dropwise and 

the reaction was allowed to stir for 2 h. Upon completion the reaction was diluted with H2O (5 

mL) and EtOAc (5 mL) and the aqueous layer extracted with EtOAc (3 ́  5 mL). The combined 

organic layers were dried over Na2SO4 and concentrated in vacuo to provide a crude residue 

which was carried forward without further purification.  

 To a flame-dried flask was added the crude primary amide, and THF (1.0 mL), followed 

by Et3N (0.03 mL, 0.212 mmol, 2.0 equiv.). The mixture was then cooled to 0 °C and TFAA 

(0.015 mL, 0.106 mmol, 1.0 equiv.) dropwise. The reaction was warmed to 23 °C and stirred 

for 30 min, after which it was quenched by the addition of saturated aq. NaHCO3 (2 mL). The 

layers were separated and the aqueous layer extracted with CH2Cl2 (2 ´ 2 mL). The combined 

organic layers were dried over Na2SO4 and concentrated in vacuo. The crude reside was then 

further purified by flash column chromatography (silica gel, hexanes/EtOAc, 3:2) to afford the 

desired aminonitrile 130 (41.6 mg, 80% yield) as a pale yellow oil. 130: 1H NMR (500 MHz, 

CDCl3) δ 7.90 (d, J = 7.6 Hz, 1 H), 7.70 (d, J = 7.7 Hz, 1 H), 7.43 (td, J = 7.6, 1.2 Hz, 1 H), 

7.29 (td, J = 7.6, 1.1 Hz, 1 H), 6.89 (dd, J = 5.3, 2.3 Hz, 1 H), 5.98 (ddt, J = 16.4, 10.4, 5.8 Hz, 

1 H), 5.40 (dt, J = 17.2, 1.4 Hz, 1 H), 5.32 (dq, J = 7.0, 3.8 Hz, 2 H), 4.84 – 4.69 (m, 3 H), 3.81 

(s, 3 H), 3.44 – 3.36 (m, 1 H), 3.26 – 3.12 (m, 1 H), 2.83 – 2.74 (m, 1 H), 2.08 (dd, J = 14.2, 

7.2 Hz, 1 H). 

 

Furoindole 131. To a flame dried flask containing 125 (400.0 mg, 1.01 mmol, 1.0 equiv.), 

EDC (287.5 mg, 1.5 mmol, 1.5 equiv.), DMAP (183.2 mg, 1.5 mmol, 1.5 equiv.) and 2-

mercaptopyridine N-oxide (256.3 mg, 2.0 mmol, 2.0 equiv.) was added toluene (30 mL) and 



 392 

CH2Cl2 (5 mL). The reaction mixture was placed under Ar and stirred at 23 °C for 16 h after 

which the contents were warmed to 80 °C and continuously sparged with O2. Upon completion 

the reaction was cooled to 23 °C, t-BuSH (2.25 mL, 20 mmol, 20 equiv.) was added, and the 

reaction mixture stirred for 1 h. Saturated aq. NH4Cl (30 mL) was added, and the mixture 

transferred to a separatory funnel. The layers were separated, and the aqueous layer extracted 

with EtOAc (3 ´ 20 mL). The combined organic layers were washed with brine (20 mL), dried 

over Na2SO4 and concentrated in vacuo. The crude residue was further purified by flash column 

chromatography (silica gel, hexanes/EtOAc, 4:1) to afford 131 (110.5 mg, 30% yield) and the 

epimer 135 (92.0 mg, 25% yield) as a pale yellow amorphous solid. 131:  1H NMR (400 MHz, 

CDCl3) δ 7.58 (d, J = 7.6 Hz, 1 H), 7.12 (td, J = 7.7, 1.3 Hz, 1 H), 6.86 (t, J = 7.6 Hz, 1 H), 

6.74 (d, J = 7.8 Hz, 1 H), 6.71 – 6.64 (m, 1 H), 5.93 (ddt, J = 16.3, 10.8, 5.6 Hz, 1 H), 5.82 – 

5.58 (m, 1 H), 5.31 (d, J = 17.2 Hz, 1 H), 5.24 (d, J = 10.5 Hz, 1 H), 4.61 (s, 2H), 4.06 (s, 1 H), 

3.73 (s, 3 H), 3.28 – 3.12 (m, 1 H), 3.08 (s, 1 H), 2.57 (q, J = 11.9 Hz, 2 H). 135: 1H NMR (400 

MHz, CDCl3) δ 7.86 (dd, J = 7.7, 1.3 Hz, 1 H), 7.66 (d, J = 7.7 Hz, 1 H), 7.39 (td, J = 7.6, 1.3 

Hz, 1 H), 7.23 (td, J = 7.6, 1.2 Hz, 1 H), 6.98 – 6.93 (m, 1 H), 5.93 (s, 1 H), 5.46 (s, 1 H), 5.35 

(d, J = 16.8 Hz, 1 H), 5.25 (d, J = 10.5 Hz, 1 H), 4.83 (dd, J = 10.0, 6.9 Hz, 1 H), 4.66 (s, 2 H), 

3.82 (s, 3 H), 3.41 (s, 1 H), 2.86 – 2.68 (m, 2 H), 1.48 (dd, J = 13.7, 10.1 Hz, 1 H). 

 

Furoindole 131. To a solution of 135 (92.0 mg, 0.25 mmol, 1.0 equiv.) in CH2Cl2/H2O (9:1, 

1.25 mL) at 23 °C was added PPTS (3.0 equiv.) and the mixture stirred at this temperature for 

24 h. After, the reaction was quenched by the addition of saturated aq. NaHCO3 (2 mL), diluted 

with CH2Cl2 (2 mL) and transferred to a separatory funnel. The layers were separated, and the 

aqueous layer was further extracted with CH2Cl2 (3 ´ 2 mL). The combined organic layers 

were dried over Na2SO4 and concentrated in vacuo to give a crude residue which was further 

purified by flash column chromatography (silica gel, hexanes/EtOAc, 3:2). This afforded the 
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desired carbinolamine 131 (51.6 mg, 56% yield) as a pale yellow amorphous solid whose 1H 

NMR spectrum matched that obtained via the Barton decarboxylation/oxidation sequence.  

 

Aldimine 136. To a solution of 131 (3.0 mg, 0.008 mmol, 1.0 equiv.) in THF (0.1 mL) was 

added Pd(PPh3)4 (4.7 mg, 0.004 mmol, 0.5 equiv.) and morpholine (0.007 mL, 0.08 mmol, 10.0 

equiv.) sequentially. After 15 min the reaction was diluted with saturated NH4Cl (2 mL) and 

EtOAc (2 mL). The aqueous layer was extracted with EtOAc (2 ´ 2 mL) and the organic layers 

were combined, dried over Na2SO4 and concentrated in vacuo. The crude residue was further 

purified by flash column chromatography (silica gel, CH2Cl2/MeOH, 19:1) to afford aldimine 

136 as a yellow oil. 136: 1H NMR (500 MHz, CDCl3) δ 7.95 (dt, J = 7.5, 1.1 Hz, 1 H), 7.83 (d, 

J = 2.5 Hz, 1 H), 7.71 – 7.67 (m, 1 H), 7.40 (td, J = 7.6, 1.3 Hz, 1 H), 7.24 (dd, J = 7.5, 1.2 Hz, 

1 H), 6.82 (dd, J = 5.0, 2.3 Hz, 1 H), 5.15 – 5.07 (m, 1 H), 3.98 – 3.89 (m, 1 H), 3.80 (s, 3 H), 

3.13 – 3.03 (m, 1 H), 2.99 – 2.90 (m, 2 H), 2.33 – 2.24 (m, 1 H). 

 

Sulfonamide 145. Pyridine (2.5 mL) was added to a flame-dried flask containing 131 (85.0 

mg, 0.23 mmol, 1.0 equiv.) and the solution cooled to 0 °C. Ts2O (113.0 mg, 0.346 mmol, 1.5 

equiv.) was added in one portion and the reaction contents stirred at 0 °C for 30 min. The 

reaction was then warmed to 23 °C and stirred at this temperature for 2 h, after which the 

reaction was quenched by the slow addition of saturated aq. NaHCO3 (5 mL). The mixture was 

transferred to a separatory funnel and diluted with EtOAc (5 mL). The layers were separated, 

and the aqueous layer was extracted with EtOAc (3 ´ 5 mL). The combined organic layers 

were dried over Na2SO4 and concentrated in vacuo, the residue was then diluted with toluene 

(10 mL) and concentrated once more in order to remove residual pyridine. The crude product 

was further purified by flash column chromatography (silica gel, hexanes/EtOAc, 4:1) to 

provide the desired sulfonamide 145 (91.4 mg, 76% yield) as a pale-yellow amorphous solid. 
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145: 1H NMR (500 MHz, CDCl3) δ 7.97 (d, J = 8.1 Hz, 2 H), 7.59 (d, J = 7.7 Hz, 1 H), 7.45 

(d, J = 8.2 Hz, 1 H), 7.28 (s, 1 H), 7.17 (t, J = 7.8 Hz, 1 H), 6.99 (t, J = 7.6 Hz, 1 H), 6.73 (dd, 

J = 5.7, 2.3 Hz, 1 H), 5.96 (s, 1 H), 5.83 – 5.64 (m, 1 H), 5.33 (d, J = 17.6 Hz, 1 H), 5.27 (s, 1 

H), 5.07 (s, 1 H), 4.63 (s, 2 H), 3.71 (s, 3 H), 3.34 – 3.06 (m, 1 H), 3.00 – 2.85 (m, 1 H), 2.56 

(d, J = 12.2 Hz, 1 H), 2.48 (dd, J = 12.4, 2.8 Hz, 1 H), 2.39 (s, 3 H). 

 

Vinyl iodide 138. To a solution of amine 137 (11.8 mg, 0.027 mmol, 1.0 equiv.) in MeCN (0.3 

mL) was added K2CO3 (24.2 mg, 0.176 mmol, 6.5 equiv.) and 40 (21.1 mg, 0.081 mmol, 3.0 

equiv.) and the mixture heated to 80 °C for 1 h. Upon completion the reaction mixture was 

concentrated and directly purified by flash column chromatography (silica gel, hexanes/EtOAc, 

2:1) to afford desired vinyl iodide 138 as an orange oil (10.2 mg, 62% yield). 138: 1H NMR 

(400 MHz, CDCl3) δ 7.99 (d, J = 8.4 Hz, 2 H), 7.58 (dd, J = 7.7, 1.4 Hz, 1 H), 7.39 (d, J = 8.2 

Hz, 1 H), 7.28 (dd, J = 8.7, 0.7 Hz, 2 H), 7.16 – 7.10 (m, 1 H), 6.96 (td, J = 7.6, 1.1 Hz, 1 H), 

6.75 – 6.73 (m, 1 H), 5.95 (q, J = 6.4 Hz, 1 H), 4.68 (d, J = 3.2 Hz, 1 H), 4.06 (d, J = 3.9 Hz, 1 

H), 3.71 (s, 3 H), 3.69 – 3.63 (m, 1 H), 3.48 (dt, J = 14.0, 1.5 Hz, 1 H), 2.84 – 2.72 (m, 1 H), 

2.65 – 2.56 (m, 1 H), 2.48 (d, J = 11.5 Hz, 1 H), 2.39 (s, 3 H), 2.38 – 2.33 (m, 1 H), 1.81 (d, J 

= 6.4 Hz, 3 H). 

 

Aminoketone 143. To a 4 mL scintillation vial containing 137 (10.0 mg, 0.023 mmol, 1.0 

equiv.) in MeOH (0.5 mL) was added Et3N (0.005 mL, 0.034 mmol, 1.5 equiv.) and methyl 

vinyl ketone (0.002 mL, 0.024 mmol, 1.1 equiv.) and the reaction stirred at 23 °C for 16 h. 

Upon completion the contents of the vial were concentrated and purified directly by column to 

afford the desired aminoketone 143 as a yellow oil. 143: 1H NMR (500 MHz, CDCl3) δ 8.00 – 

7.95 (m, 2 H), 7.56 (dd, J = 7.7, 1.4 Hz, 1 H), 7.42 (d, J = 8.4 Hz, 1 H), 7.27 (d, J = 8.9 Hz, 2 

H), 7.13 (ddd, J = 8.4, 7.5, 1.4 Hz, 1 H), 6.96 (td, J = 7.6, 1.0 Hz, 1 H), 6.74 – 6.69 (m, 1 H), 
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4.69 (t, J = 1.8 Hz, 1 H), 4.03 – 4.00 (m, 1 H), 3.68 (s, 3 H), 3.64 (t, J = 6.2 Hz, 1 H), 3.12 

(ddd, J = 12.6, 8.2, 5.7 Hz, 1 H), 3.02 (ddd, J = 12.7, 8.3, 6.7 Hz, 1 H), 2.91 – 2.82 (m, 1 H), 

2.65 – 2.56 (m, 2 H), 2.38 (s, 3 H), 2.35 (d, J = 1.9 Hz, 2 H), 2.17 (s, 3 H). 

 

Nitrile 149. A solution of 145 (100.0 mg, 0.191 mmol, 1.0 equiv.) in DMSO (2 mL) in a flame-

dried flask was heated to 50 °C. To this reaction was added acetone cyanohydrin (65.0 mg, 

0.764 mmol, 4.0 equiv.) and KCN (12.5 mg, 0.191 mmol, 1.0 equiv.) sequentially. The reaction 

contents were cooled to 30 °C and stirred at this temperature for 16 h. Upon completion the 

reaction was quenched by the addition of saturated aq. NH4Cl (2 mL) and transferred to a 

separatory funnel, diluting with EtOAc (3 mL). The aqueous layer was extracted with EtOAc 

(3 ´ 3 mL), dried over Na2SO4 and concentrated in vacuo. The crude residue was purified by 

flash column chromatography (silica gel, hexane/EtOAc, 4:1) to afford the desired nitrile 149 

(76.7 mg, 72% yield, 10:1 dr) as a yellow oil. 149 (major): 1H NMR (400 MHz, CDCl3) δ 7.94 

(d, J = 8.4 Hz, 2 H), 7.52 (d, J = 2.6 Hz, 1 H), 7.39 (dd, J = 7.6, 1.4 Hz, 1 H), 7.29 (d, J = 8.0 

Hz, 2 H), 7.25 – 7.17 (m, 1 H), 7.02 (td, J = 7.6, 1.0 Hz, 1 H), 5.98 (ddd, J = 16.2, 11.1, 5.7 

Hz, 1 H), 5.90 – 5.62 (m, 1 H), 5.49 – 5.18 (m, 2 H), 5.07 (s, 1 H), 4.70 (s, 2 H), 3.77 (s, 3 H), 

3.42 (s, 1 H), 3.21 (d, J = 13.7 Hz, 1 H), 3.14 – 2.90 (m, 1 H), 2.64 (d, J = 5.7 Hz, 1 H), 2.48 

(d, J = 13.3 Hz, 1 H), 2.39 (s, 3 H), 2.29 – 2.16 (m, 1 H). 150 (minor): 1H NMR (500 MHz, 

CDCl3) δ 7.92 (d, J = 8.4 Hz, 2 H), 7.55 (d, J = 8.3 Hz, 1 H), 7.38 (dd, J = 9.5, 6.2 Hz, 1 H), 

7.28 (d, J = 8.3 Hz, 2 H), 7.07 – 7.00 (m, 1 H), 6.90 (dd, J = 7.6, 1.3 Hz, 1 H), 5.98 (ddt, J = 

16.3, 11.1, 5.8 Hz, 1 H), 5.76 (s, 2 H), 5.37 (d, J = 17.3 Hz, 1 H), 5.34 – 5.29 (m, 1 H), 5.07 (d, 

J = 3.4 Hz, 1 H), 4.69 (d, J = 6.3 Hz, 2 H), 3.74 (s, 3 H), 3.07 (s, 2 H), 2.84 (d, J = 13.3 Hz, 1 

H), 2.60 (d, J = 12.2 Hz, 1 H), 2.43 (d, J = 5.3 Hz, 1 H), 2.39 (s, 3 H), 2.22 (dd, J = 13.3, 3.4 

Hz, 1 H). 
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Aldehyde 151. To a solution of 150 (5.0 mg, 0.01 mmol, 1.0 equiv.) in CH2Cl2 (0.1 mL) was 

added Schwartz’ reagent (6.7 mg, 0.026 mmol, 2.5 equiv.). After 30 min, the solution was 

loaded onto a TLC plate and the compound extracted from the silica with EtOAc (3 ´ 3 mL). 

The filtrate was concentrated in vacuo to afford the desired aldehyde 151 as a yellow oil (4.8 

mg, 83% yield). 151: 1H NMR (500 MHz, CDCl3) δ 9.64 (d, J = 1.2 Hz, 1 H), 7.94 (dd, J = 

9.3, 2.9 Hz, 2 H), 7.54 (d, J = 8.4 Hz, 1 H), 7.29 (s, 2 H), 7.22 (d, J = 8.0 Hz, 1 H), 7.02 (t, J 

= 7.4 Hz, 1 H), 6.93 (d, J = 7.5 Hz, 1 H), 5.99 (ddt, J = 16.3, 10.7, 5.7 Hz, 1 H), 5.37 (d, J = 

17.5 Hz, 1 H), 5.31 (d, J = 8.2 Hz, 1 H), 5.14 (s, 1 H), 4.69 (d, J = 7.1 Hz, 2 H), 3.66 (s, 3 H), 

2.96 (s, 1 H), 2.78 (d, J = 13.1 Hz, 1 H), 2.52 (d, J = 11.7 Hz, 1 H), 2.38 (s, 3 H), 2.24 – 2.17 

(m, 1 H), 2.02 (s, 1 H), 1.92 – 1.80 (m, 1 H). 

 

a-Chloroketone 154. A solution of 149 (5.5 mg, 0.01 mmol, 1.0 equiv.) in THF (0.2 mL) was 

cooled to –78 °C and LiHMDS (1.0 M in THF, 0.015 mL, 1.5 equiv.) added dropwise. After 

stirring for 1 h, chloroacetyl chloride (0.001 mL, 0.012 mmol, 1.0 equiv.). The reaction was 

slowly warmed to –40 °C after which the reaction was stirred for 1 h. Upon consumption of 

the starting material the reaction was quenched by the addition of saturated aq. NH4Cl (1 mL). 

The reaction was diluted with EtOAc (1 mL) and the layers separated. The aqueous layer was 

further extracted with EtOAc (2 ´ 2 mL), the organic layers combined, dried over Na2SO4 and 

concentrated in vacuo. The crude reside was further purified by flash column chromatography 

(silica gel, hexanes/EtOAc, 2:1) to afford the desired product as a yellow oil (5.5 mg, 87% 

yield, ~2:1 dr). 154: 1H NMR (400 MHz, CDCl3) δ 7.93 (d, J = 7.7 Hz, 2 H), 7.57 (s, 1 H), 

7.30 (d, J = 8.2 Hz, 2 H), 7.04 (t, J = 7.5 Hz, 1 H), 7.00 – 6.90 (m, 1 H), 6.10 – 5.91 (m, 1 H), 

5.87 – 5.59 (m, 1 H), 5.32 (d, J = 14.9 Hz, 2 H), 5.21 – 5.08 (m, 1H), 4.71 (s, 2 H), 4.10 – 4.01 

(m, 2 H), 3.74 (s, 3 H), 3.70 – 3.55 (m, 1 H), 2.91 – 2.73 (m, 1 H), 2.40 (s, 3 H), 2.26 (dd, J = 

12.7, 9.2 Hz, 1 H). 
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Aminoester 157-1. To a solution of 156 (15.0 mg, 0.032 mmol, 1.0 equiv.) in MeCN (0.5 mL) 

was added Hünig’s base (0.02 mL, 0.096 mmol, 3.0 equiv.) and bromoethyl acetate (0.006 mL, 

0.048 mmol, 1.5 equiv.). The solution was heated to 60 °C and stirred for 12 h, after which it 

was cooled to 23 °C, concentrated in vacuo and purified directly by flash column 

chromatography (silica gel, hexanes/EtOAc, 3:1), to afford the desired aminoester as a pale 

yellow amorphous solid. 157-1: 1H NMR (500 MHz, CDCl3) δ 7.98 (d, J = 8.4 Hz, 2 H), 7.49 

(d, J = 8.2 Hz, 1 H), 7.37 (dd, J = 7.6, 1.3 Hz, 1 H), 7.29 (d, J = 8.2 Hz, 2 H), 7.18 (td, J = 7.9, 

1.4 Hz, 1 H), 7.05 – 6.96 (m, 1 H), 4.22 (q, J = 7.1 Hz, 2 H), 4.16 (dd, J = 4.0, 1.8 Hz, 1 H), 

3.76 (s, 3 H), 3.66 (d, J = 16.4 Hz, 1 H), 3.53 (d, J = 16.4 Hz, 1 H), 3.45 – 3.39 (m, 1 H), 3.21 

– 3.15 (m, 1 H), 2.67 – 2.59 (m, 2 H), 2.39 (s, 3 H), 2.38 – 2.34 (m, 1 H), 2.16 – 2.12 (m, 1 H). 

 

Allylic Bromide 157-2. To a solution of 156 (5.7 mg, 0.012 mmol, 1.0 equiv.) in MeCN (0.25 

mL) was added Hünig’s base (0.0065 mL, 0.036 mmol, 3.0 equiv.) and 1,4-dibromo-trans-2-

butene (3.9 mL, 0.018 mmol, 1.5 equiv.). The solution was heated to 60 °C and stirred for 1 h, 

after which it was cooled to 23 °C, concentrated in vacuo and purified directly by flash column 

chromatography (silica gel, hexanes/EtOAc, 3:1),  to afford the desired allylic bromide as a 

pale yellow amorphous solid. 157-2: 1H NMR (500 MHz, CDCl3) δ 7.96 (d, J = 8.2 Hz, 2 H), 

7.49 (d, J = 8.1 Hz, 1 H), 7.36 (d, J = 7.4 Hz, 1 H), 7.30 (d, J = 8.1 Hz, 2 H), 7.18 (t, J = 7.6 

Hz, 1 H), 6.99 (dd, J = 7.9, 6.9 Hz, 1 H), 6.05 – 5.91 (m, 2 H), 4.71 (d, J = 3.6 Hz, 1 H), 4.02 

(d, J = 2.4 Hz, 1 H), 3.99 (d, J = 7.1 Hz, 2 H), 3.76 (s, 3 H), 3.49 (dd, J = 13.8, 6.1 Hz, 1 H), 

3.43 – 3.33 (m, 2 H), 3.09 (d, J = 13.0 Hz, 1 H), 2.60 (d, J = 5.6 Hz, 1 H), 2.40 (s, 3 H), 2.36 

(s, 1 H), 2.34 (dd, J = 13.1, 3.7 Hz, 1 H), 2.19 – 2.11 (m, 1 H). 
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