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Abstract
Progress Toward the Total Synthesis of Terpenoid Natural Products:
the Neomangicols and the Yohimbine Alkaloids
by
Jessica Louise Wood
Doctor of Philosophy in Chemistry
University of California, Berkeley
Professor Richmond Sarpong, Chair
Progress has been made toward the total synthesis of a diverse array of natural products. Chapter
1 begins by introducing the isolation, bioactivity, and biosynthesis of the neomangicol and
mangicol sesterterpenoids. Subsequent to that introduction, a summary of previous synthetic
approaches to these natural products is presented. In the third section, our synthetic approaches
are detailed, beginning with a first generation synthesis of the ABD tricycle, followed by a
description of our revised route to the neomangicol tetracyclic core and our work toward the
rearrangement of that core to the mangicol spirocyclic core. This chapter concludes with a
summary of our accomplishments in this natural product area and outlines several strategies to
achieve the desired rearrangement. The last section also includes our initial studies into the
formation of the mangicol core. Preliminary work toward the synthesis of the ABD tricycle was
performed by Dr. Brian Pujanauski.
Chapter 2 details our work in the area of the yohimbine alkaloids. It begins with an introduction
to these pentacyclic indole-containing natural products, discussing their isolation, proposed
biosynthesis and giving a brief overview of the rich bioactivity that has been ascertained for
these molecules. Closely related synthetic approaches are also described. Finally, our divergent
approach to the synthesis of several yohimbine alkaloids, as well as strategic analogs, is
delineated. Our proposal for rendering this route enantioselective is also detailed. This work
was
done
in
collaboration
with
Dr.
Terry
Lebold
and
Josh
Deitch.
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Chapter 1 Synthetic Progress Toward the Neomangicol and Mangicol Natural Products
1.1 Isolation and Bioactivity of the Mangicols and Neomangicols
Neomangicols A and B are highly unusual rearranged sesterterpenoids that are
characterized by a [5,6,5,6] tetracyclic core, nine stereocenters, and a vinyl halide (chloride or
bromide) moiety (1.1 and 1.2, Figure 1.1). The structural identities of neomangicols A-C were
reported by Fenical and coworkers in 1998.1 It was reported that purified neomangicol A or B
will spontaneously lose HX and aromatize to give neomangicol C (1.3). Studies were
undertaken to determine the cause of this transformation, and the authors reported that under a
variety of controlled conditions (acid, base, air, light) conversion from neomangicol A to
neomangicol C was not observed. As such, the reason for this aromatization is unknown, but it
was suggested that neomangicol C is merely an isolation artifact. These natural products are
produced as secondary metabolites by a marine fungus (Fusarium heterosporum), which was
found in a mangrove habitat near Sweetings Cay, Bahamas.
The connectivity and
stereochemistry of these metabolites was determined by extensive NMR studies of the parent
compounds as well as Mosher ester derivatives. In a screen against the National Cancer
Institute’s 60-cell line panel, it was found that neomangicol A displays activity against HCT-116
and CACO-2 (IC50 = 5.7 µM) colon cancer cells, as well as against MCF-7 (IC50 = 4.9 µM)
breast cancer cells. Neomangicol B, although significantly less potent toward any specific
cancer cell lines, showed very promising antibacterial activity against the gram-positive
bacterium Bacillus subtilus (10 mm growth inhibition zone at 50 µg administration). The
isolation artifact, neomangicol C, had no specific activity in the bioassays which were carried
out.

Figure 1.1. Neomangicols A-C.
A subsequent report from the Fenical group detailed the isolation of the biosynthetically
related mangicols A-G (1.4–1.10, Figure 1.2).2 The structural characterization of these
molecules was carried out primarily by NMR analysis, as well as extrapolation from the
information obtained about the neomangicols (vide supra). The mangicol sesterterpenoids
display variable bioactivity, but are universally cytotoxic with no specificity for any particular
cell line. Mangicols A and C display significant anti-inflammatory activity, and perform
comparably to a commercially available anti-inflammatory agent, indomethacin, in a phorbol
myristate acetate-induced edema model. Indomethacin is a non-steroidal anti-inflammatory drug
(NSAID) that is used in the treatment of various inflammatory diseases such as rheumatoid
arthritis and gout.
1

Figure 1.2. Mangicols A-G.
1.2 Biosynthesis of the Mangicols and Neomangicols
There are two proposed pathways for the synthesis of terpenoid natural products, the
mevalonate pathway and the mevalonate-independent pathway. The latter is the predominant
route for the synthesis of secondary metabolites in fungi.3–5 The mevalonate pathway takes place
in the cytosol, producing cytosolic secondary metabolites. In this pathway (Scheme 1.1), 3hydroxy-3-methylglutaryl-CoA (HMG-CoA) synthase catalyzes the condensation of enzyme-Sbound acetyl-CoA (1.11) and acetoacetyl-CoA to afford 3-hydroxy-3-methylglutaryl-CoA
(1.13), which undergoes reductive deacylation mediated by HMG-CoA reductase to give
mevalonate (1.14). Two ATP-dependent phosphorylation events take place by the action of
mevalonate kinase and phosphomevalonate kinase, ultimately leading to isopentenyl diphosphate
(IPP, 1.17), which is converted to dimethallyl diphosphate (DMAPP, 1.18) by isopentenyl
diphosphate:dimethylallyl diphosphate isomerase.

Scheme 1.1. Mevalonate pathway for terpenoid synthesis.
2

The alternative method for terpenoid biosynthesis comes from a mevalonate independent
route, the deoxyxylulose phosphate (DXP) path. This path leads to secondary metabolites
produced in the organismal plastids, although there may be some communication between the
mevalonate and deoxyxylulose pathways.4,6,7 In the first step (Scheme 1.2), union of pyruvate
(1.19) and D-glyceraldehyde-3-phosphate (1.22) takes place with catalytic thyamine diphosphate
(1.20) to give 1-deoxy-D-xylulose-5-phosphate (DXP, 1.23).
An intramolecular
rearrangement/reduction proceeds to give 2-C-methyl-3-erythritol-4-phosphate (1.24), which is
conjugated to cytidine triphosphate (CTP) to give 4-diphosphocytidyl-2-C-methyl-D-erythritol
(1.25). Phosphorylation and cyclization of 1.25 leads to the last known intermediate on the
pathway, 2-C-methyl-D-erythritol 2,4-cyclodiphosphate (1.27). A series of eliminations,
dehydrations, and reductions leads to IPP. There is evidence that the isomerization which takes
place in the mevalonate pathway to give dimethylallyl diphosphate does not take place in the
DXP pathway, which yields IPP instead.

Scheme 1.2. Deoxyxylulose phosphate (DXP) pathway for terpenoid synthesis.
Whether the isoprenyl units are derived from the mevalonate path or the DXP path, the
union of DMAPP and IPP is catalyzed by polyprenyl diphosphate synthases (prenyltransferases)
to give geranyl diphosphate (1.29, Scheme 1.3). This takes place via an ionization event of
DMAPP to form a cation-phosphate ion pair, which is intercepted by IPP, generating a tertiary
carbocation (1.28) in the process of creating the new C-C bond.5 The intermediate carbocation
then undergoes deprotonation to give geranyl diphosphate (1.29). Sequential additions of IPP in
3

a similar manner gives rise to farnesyl diphosphate, geranylgeranyl diphosphate, and finally,
geranylfarnesyl diphosphate (1.30).

Scheme 1.3. Biosynthesis of geranyl diphosphate.
Fenical proposes that geranylfarnesyl diphosphate (1.30) undergoes cyclization in a
similar fashion to that in the humulene synthesis to give an initial 11-membered ring (1.31,
Scheme 1.4).2 This cyclization is likely mediated by a terpene cyclase. A 1,2-alkyl shift gives a
secondary carbocation (1.32), followed by another 1,2-alkyl shift to give another cyclopentane
(1.33). Macrocycle 1.33 undergoes a Prins-type cyclization, 1,2-hydride shift, another Prins-type
cyclization and deprotonation to give the mangicol core (1.36).

4

Scheme 1.4. Proposed biosynthesis of the mangicol core.
On the basis of labeling studies, the mangicols were proposed to give rise to the
neomangicols.2 When the isolated fungus, which makes the natural products, was fed with 13Clabeled acetate, the site incorporation of enriched acetate fragments in the final isolated natural
products was determined. From this, Fenical proposes that an ionization event at C(7) on the
mangicol core initiates a 1,2-alkyl migration to afford the ring-expanded neomangicol
framework (1.40).

Scheme 1.5. Ring expansion of the mangicol core to the neomangicol core.
While the 13C acetate studies gave strong support for the proposed mechanism for the
biosynthesis of both the mangicols and neomangicols, the method of incorporation of the
neomangicol vinyl halide moiety at C(23) is not addressed (see 1.1 and 1.2, Figure 1.1). There
are two general methods for the introduction of halogens into natural products, either through
haloperoxidases or halogenases.8 Haloperoxidases proceed via two electron oxidation of the
halogen using a metal-oxo species or molecular oxygen with a flavin cofactor. For example, a
heme-dependent Fe haloperoxidase was isolated and found to chlorinate activated methylene
5

compounds (Scheme 1.6). The resting state of the enzyme is a peroxy iron species 1.41, which
undergoes oxidation at the metal center to give an Fe(IV) oxo (1.42). Attack of chloride on the
oxo gives a hypochlorite (1.43), which either serves as an electrophilic chlorinating reagent
toward nucleophilic substrates, or releases hypochlorous acid which can act as the chlorinating
agent. There are also haloperoxidases known with vanadium in the active site, although the
metal center is not redox active in that variant of haloperoxidase.9 This vanadium
haloperoxidase has been isolated from a number of marine organisms and fungi.10

Scheme 1.6. Iron-heme complex for the chlorination of nucleophilic carbon atoms.
Alternatively, halogenases halogenate unactived carbons through either a halogen atom
or a nucleophilic halide, using molecular oxygen as the terminal oxidant. One known halogenase
is a non-heme Fe species, which forms an iron oxo (1.45) which abstracts a hydrogen atom from
the substrate (Figure 1.3).8 Recombination with a chlorine atom gives the halogenated product
and regenerates the Fe(II) active catalyst (1.44).

Figure 1.3. Radical chlorination through a non-heme Fe halogenase.
Perhaps the most intuitive mechanism for biosynthetic halogenation is through
nucleophilic attack of the halide anion onto an electrophilic carbon center. Enzymatic methods
for this halogenation are known, where the enzyme active site is a hydrophobic pocket to
desolvate the anion and facilitate nucleophilic addition to the substrate.8,11,12 Additionally, the
6

enzyme-bound halide is not associated with any positively charged amino acids, which would
presumably deactivate the halide for nucleophilic attack, but has been shown to interact in a sideon manner with phenylalanine residues and backbone amide bond N-Hs.12 As an alternative to
the enzyme-bound mechanism, nucleophilic chlorination or bromination could proceed via an
addition of a halide nucleophile to an electrophilic substrate independent of any enzymatic
intervention, though the stereo- and regioselectivity of this type of halogenation is likely to be
modest.
Ultimately, it is still unknown how Fusarium heterosporum introduces the halogen
moiety into the neomangicols A and B, but the introduction of the vinyl halide could occur via a
radical halogenase-mediated double halogenation of the methyl group, followed by elimination
of HX to give the vinyl halide present in neomangicols A and B. Since the methyl group is not
especially nucleophilic, it seems less likely that a haloperoxidase mechanism is operational for
the installation of the vinyl halide. Currently, the method for halogenation of the neomangicols
A and B is an interesting and unsolved problem, and further studies in this area are required.
1.3 Approaches to the Mangicol Natural Products
1.3.1 Uemura’s Transannular Diels-Alder Approach to Mangicol A
The report by Uemura and coworkers on their approach to the total synthesis of mangicol
A featured an elegant use of a transannular cycloaddition reaction to give the spirotetracyclic
core of these terpenoid natural products.13 Enantioenriched alcohol 1.49 served as the starting
point for both coupling partners 1.53 and 1.59 (Scheme 1.9). Tosylation and cyanide
displacement led to the formation of a nitrile, which was reduced with DIBAL-H to give
aldehyde 1.50. Aldehyde 1.50 was the divergence point, where first, ethynyl magnesium
bromide addition was effected, followed by a MnO2 oxidation to give ketone 1.51.
Enantioselective reduction and benzylation of the resultant alcohol afforded 1.52. Subsequent
bromination and hydrostannylation of the alkyne moiety led to vinyl stannane 1.53.

Scheme 1.7. Vinyl stannane synthesis.
For the synthesis of the other coupling partner, reduction and silylation of aldehyde 1.50
led to TBDPS-protected alcohol 1.54 (Scheme 1.8). Removal of the trityl protecting group,
sulfurization with diphenyldisulfide, and oxidation to the sulfone led to intermediate 1.55.
Deprotonation, addition to aldehyde 1.50, cleavage of the trityl protecting group, and oxidation
to the aldehyde gave key aldehyde sulfone 1.56. A SmI2 mediated condensation gave
7

functionalized cyclopentenone 1.57, to which thiophenol was added in a conjugate fashion,
yielding thioether 1.58.

Scheme 1.8. Cyclopentenone synthesis.
Uemura found that treatment of cyclopentanone sulfide 1.58 with trichloroisocyanuric
acid at low temperature gave very clean conversion to the β-chlorocyclopentenone 1.59 (Scheme
1.9). A Stille cross coupling with the previously formed vinyl stannane 1.53 proceeded in good
yield. The trityl protecting group was then cleaved, the resultant alcohol oxidized, and a Takai
olefination with iodoform was effected to yield vinyl iodide 1.61. The remaining hydroxyl was
revealed by cleavage of the silyl group and was then oxidized with DMP. Subjecting the vinyl
iodide to Nozaki-Hiyama-Kishi macrocyclization conditions gave macrocyclic triene 1.62 as a
mixture of diastereomers.

Scheme 1.9. Uemura’s macrocyclic transannular Diels Alder precursor.
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It was found that each diastereomer (about C(3)) successfully underwent the transannular
Diels Alder cycloaddition to give the mangicol spirotetracyclic core (e.g., 1.63, Scheme 1.10).
However, the stereochemical outcome of the newly formed spirocycle depended upon the
relative stereochemistry at the carbinol center, where the 3-(S) diastereomer (1.62) underwent
cyclization in quantitative yield to give the correct stereochemical configuration about the newly
formed quaternary stereocenter (top, Scheme 1.10). The 3-(R) diastereomer (1.62, Scheme 1.10,
bottom) was also competent in the cycloaddition, but gave a 1:1 mixture of diastereomers (1.64
to 1.65) about the newly set stereocenter. The authors rationalized this stereochemical outcome
by proposing transition states for each cycloaddition, finding the energetic barriers to each
diastereomer (1.64 and 1.65) to be significantly closer for 3-(R)-1.62 than for 3-(S)-1.62.

Scheme 1.10. Key cycloaddition to form the mangicol core.
While Uemura’s elegant trans-annular Diels-Alder approach to the mangicol
spirotetracyclic core is an appealing method for the assembly of the framework, the subsequent
transformation of the core (1.63) to the natural products has not been reported. Furthermore, the
angular methyl group at the A/B ring fusion was not introduced in this approach, and would
likely make the transannular Diels-Alder reaction more challenging.
1.3.2 Paquette’s First Generation Approach to Mangicol A
In 2006, Paquette reported two related synthetic plans to access mangicol A.14,15 The first
report was a full account on the progress toward a functionalized tricycle (1.68, Scheme 1.11)
using a Diels-Alder approach. Retrosynthetically, the authors proposed that the tetraol side chain
present in the natural products could be appended at a late stage to an appropriately
functionalized tetracyclic core (1.66). That core could be derived from a fragmentation of the
highly strained pentacylic skeleton 1.67, which would introduce the olefin group in the
cyclohexene B-ring of the mangicol core. The strained pentacyclic core could be derived from a
[2+2] cycloaddition of a pendant olefin and tricyclic enone 1.68, which would arise from a DielsAlder cycloaddition.
9

Scheme 1.11. Paquette’s approach to mangicol A.
In the forward direction, the authors attempted a number of different methods to
synthesize the appropriately functionalized tricycle. In the first approach, Paquette details the
synthesis of enantioenriched carboxylic acid 1.73 (Scheme 1.12).14 An enzymatic resolution of
alkylated β-ketoester 1.69 with pig liver esterase leads to enantioenriched cyclohexanone (S)1.69. Reduction of the ketone, dehydration, and saponification led to acid 1.70. Reduction of
the acid, silylation, then ozonolysis and concomitant aldol condensation gave cyclopentenal 1.72.
Finally, a Pinnick oxidation gave the desired enantioenriched acid 1.73.

Scheme 1.12. Synthesis of enantioenriched A-ring.
For the C-ring synthesis, 1,8-octanediol (1.74) was elaborated over seven steps to allyl
iodide 1.75 (Scheme 1.13). A diastereoselective alkylation of oxazolidinone 1.76 followed by
reductive cleavage of the chiral auxiliary led to enantioenriched alcohol 1.77. Protection of the
resulting alcohol, ozonolysis, and aldol condensation gave cyclohexenenone 1.78.
10

Scheme 1.13. Enantioselective cyclohexenone synthesis.
Enone 1.78 was elaborated over nine steps to give the highly functionalized
enantioenriched cyclopentenol 1.79 (Scheme 1.14). An EDC-mediated coupling of acid 1.73 and
alcohol 1.79 afforded ester 1.80. At this point, a number of conditions were investigated to
access diene 1.81 in order to enable an intramolecular Diels-Alder reaction, but all reactions
employed were ineffective in realizing the preparation of the desired cycloaddition substrate.

Scheme 1.14. Intramolecular Diels-Alder substrate.
To set the stage for an intermolecular Diels-Alder reaction, an alternative route to diene
1.88 was developed (Scheme 1.15). Elaboration of diacetonide 1.82 (derived from ascorbic acid)
over seven steps gave allylic acetate 1.83, which underwent an Ireland-Claisen rearrangement to
transfer the chirality to the adjacent center. Saponification of the acid and esterification gave
ester 1.84, which was converted to aldehyde 1.85 over two steps. It was found that addition of
alkynyl nucleophiles proceeded with very little diastereocontrol, but oxidation of the propargylic
alcohol and (R)-CBS reduction gave the requisite propargylic alcohol in excellent yield and with
modest diastereoselectivity. Protection as the methylene methoxy ether gave alkyne 1.86. The
internal alkene was converted to terminal alkene 1.87 in a two-step sequence, and then the key
enyne cycloisomerization was effected to give the desired diene (1.88).

11

Scheme 1.15. Diene synthesis.
After silyl ether cleavage, the diene (1.89) and dieneophile 1.73 were coupled through a
DCC-mediated process (Scheme 1.16), but subsequent efforts to effect an intramolecular DielsAlder cycloaddition were unsuccessful under a variety of classical conditions. Efforts to increase
the reactivity by raising the energy of the HOMO of the diene component (e.g., by forming silyl
enol ether 1.92) were also unproductive, as were alternative strategies such as lowering the
LUMO by formation of β-keto enoate 1.93.

12

Scheme 1.16. Intramolecular Diels-Alder attempts.
1.3.3 Paquette’s Second Generation Approach to Mangicol A
In Paquette’s revised approach to the mangicols, a number of conjugate addition routes
were investigated.15 Enantioenriched homoallylic iodide 1.94 was synthesized in eleven steps
utilizing a chiral oxazolidinone to introduce the stereocenter (Scheme 1.17). Iodide 1.94 was
added in a conjugate manner to the previously reported 1.93 with good diastereoselectivity,
guided by the steric hindrance of the bulky TBDPS group, to give cyclopentanone 1.95.
Elaboration over ten steps gave key tricycle 1.96, which could be further functionalized to give
enone 1.97. Unfortunately, this substrate was reported to be base-sensitive, and incorporation of
the alkyl chain at the γ-position was not realized. Attempts to incorporate the side chain at an
earlier stage via alkylation along the synthetic route were also unfruitful.

13

Scheme 1.17. Paquette’s tricycle synthesis.
A final route to tricycle 1.98 was examined, where a conjugate addition of the enolate of
1.100 to enoate 1.93 would give 1.101 (Scheme 1.18). Starting from (S)-(-)-citronellol,
conversion in ten steps afforded ketone 1.100. At this point, enolate generation and addition to
enoate 1.93 gave the conjugate addition product 1.101 as a single diastereomer. Unfortunately,
all attempts to convert this product to the desired tricycle (1.102) through a series of aldol
condensations led to undesired products.

Scheme 1.18. Enolate addition approach.
Although unable to form the desired tricycle for the synthesis of the mangicol core,
Paquette et al. reported a very nice approach to the enantioselective formation of the tetraol side
chain (Scheme 1.19). Prenyl alcohol was converted to allylic acetate 1.103 in two steps, after
which acetate cleavage and benzylation gave the precursor for a Sharpless asymmetric
dihydroxylation. This was elaborated to protected aldehyde 1.106 over three steps.
14

Scheme 1.19. Enantioenriched aldehyde synthesis.
The three examples by Uemura and Paquette described here constitute the previous
synthetic work toward the mangicol natural products. While there has been substantial progress
made toward their preparation, a total synthesis of any of the mangicols has yet to be realized.
With that in mind, we sought to develop a sequence which would allow us to access these
complex molecules. Because there has been no previous work toward the neomangicols
reported, we also pursued the total synthesis of these structurally related sesterterpenoids through
a common intermediate.
1.4 Our First Generation Route to the Tetracyclic Neomangicol Core
1.4.1 Introduction
Synthetically, we sought to target both the neomangicol and mangicol natural products
through a common precursor. Inspired by the proposed biosynthetic relationship between the two
skeletons (see section 1.2.1), we postulated that the synthesis of the neomangicol tetracycle could
also lead to the synthesis of the spirotetracyclic core of the mangicols (i.e., 1.107→1.109, Figure
1.4). We proposed that epoxidation of the tetrasubstituted double bond of the neomangicol core
(1.108), followed by treatment with a Lewis acid could induce a ring-contraction via a WagnerMeerwein shift16 to provide a synthetic link between the neomangicol and mangicol cores. To
this end, we first targeted the total synthesis of the neomangicol tetracyclic core to investigate
this bio-inspired ring-contractive rearrangement.

Figure 1.4. Bio-inspired synthetic link between tetracyclic cores.
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1.4.2 Synthetic Plan
Retrosynthetically, we imagined that the total synthesis of neomangicols A and B (1.1
and 1.2) could be realized using a convergent strategy, where both the vinyl halide moiety and
the tetraol side chain would be incorporated at a relatively late stage in the synthetic sequence
(Scheme 1.20). The appropriately functionalized tetracyclic core (1.111) could come from
manipulation of tetracycle 1.112. It was proposed that this tetracycle could be derived from Cring construction onto tricyclic substrate 1.113, where in the forward direction it was envisioned
that an alkylation/Friedel-Crafts sequence would give the desired framework. The tricycle could
in turn arise from an elaboration of β-ketoester 1.114 and arene 1.115.

Scheme 1.20. First generation retrosynthetic plan.
1.4.3 Forward Synthesis
Our synthesis commenced with the alkylation of ethyl-2-oxo-cyclopentanecarboxylate
(1.116) using MeI (Scheme 1.21). This could be accomplished via deprotonation with sodium
hydride and quenching the resulting anion with MeI. Subsequent experimentation led to an
operationally simple route, where the β-ketoester was alkylated in the presence of K2CO3.
Enantioenriched cyclopentenone (S)-1.114 is known and can be prepared by either a kinetic
resolution or a phase transfer asymmetric alkylation, thus providing an opportunity to render the
synthesis asymmetric.17,18
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Scheme 1.21. Synthesis of neomangicol tricycle.
Formation of the Grignard reagent derived from 4-bromoanisole,19 followed by addition
to ketone 1.114 and acid-catalyzed dehydration gave styrene 1.115 (Scheme 1.21).
Saponification of ester 1.115, acid chloride formation, and treatment with diazomethane yielded
the α-diazoketone (1.116). A Wolff rearrangement using 310 nm light provided the homologated
acid, which underwent a Friedel-Crafts acylation to give 1.117. Addition of a number of
different nucleophiles to ketone 1.117 was challenging, although 2-lithiopropene could be added
in the presence of CeCl3. Unfortunately, all attempts to realize the construction of the C-ring of
the neomangicols from this adduct were ineffective. On the basis of several unwanted
byproducts, it was postulated that the strain induced by the A-ring double bond was problematic
in the tetracycle formation, so we explored methods for removing this unsaturation.
Stereoselective hydrogenation of alkene 1.115 afforded cyclopentane 1.119 (Scheme
1.22), where the major product results from hydrogen delivery syn to the methyl group. The
diastereocontrol for this heterogeneous reaction can be rationalized by a model (Figure 1.5).
From this model, it is apparent that when the double bond and arene are in the same plane, the
ethyl ester directly blocks the approach of the hydrogenation catalyst, whereas the face with the
methyl substituent appears to be sterically more accessible.

Figure 1.5. Hydrogenation selectivity.
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The ethyl ester was saponified and the α-diazoketone formed in an analogous sequence to
that reported for 1.116 (Scheme 1.23). Subjecting the diazo ketone to a variety of carbenoid
forming conditions (e.g., Rh(OAc)4,20 hν,21 Ag(OBz)22) was unsuccessful in forming the new CC bond, but treatment with BF3·OEt2 effected a formal C-H insertion to give tricycle 1.120.23–25
Mechanistically, this reaction could proceed via activation of the carbonyl, followed by addition
of the arene to give a zwitterionic species (1.123, Scheme 1.23). An aryl migration could lead to
loss of dinitrogen, and a proton transfer event would afford the tricyclic product (1.120). The
tricycle proved to be relatively sensitive to oxidation, similarly to other known homobenzylic
ketones.26 In fact, tricycle 1.120 converted to dione 1.121 even upon storage in the freezer under
N2, presumably due to the presence of adventitious oxygen. Alternatively, the dione could also
be accessed by oxidation with PCC.

Scheme 1.22. Alternative tricycle synthesis.

Scheme 1.23. Proposed mechanism for BF3•OEt2 mediated tricycle formation.
Tricycle 1.120 underwent O-acylation after deprotonation and addition to allyl
chloroformate, affording enol carbonate 1.126 in 75% yield (Scheme 1.24). Subsequent
treatment with Pd(PPh3)4 gave allyl ketone 1.127 as a 1:1 mixture of diastereomers.27
Dihydroxylation and oxidative cleavage led to a complex reaction mixture containing some
aldehyde (1.128), along with unidentified byproducts likely derived from lactol formation. It is
probable that the oxidative sensitivity of the homobenzylic ketone posed a challenge under the
oxidation conditions. Due to the low yield and oxidative sensitivity of 1.127, this route was not
pursued further.
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Scheme 1.24. Pd-mediated C-C bond formation.
Alternatively, alkylation of the tricycle by deprotonation with KHMDS and addition to tbutyl bromoacetate gave a mixture of C-alkylated diastereomers (1.129, Scheme 1.24). The
reaction gave a somewhat improved yield using t-butyl iodoacetate, albeit also as a mixture of
diastereomers. Epimerization of the newly formed stereocenter to obtain a single diastereomer
under a variety of conditions (DBU, KOt-Bu, NaOMe, and K2CO3) were unsuccessful, but the tbutyl ester could be hydrolyzed by treatment with HCl/THF or TFA/DCM to afford acid 1.130.
Friedel-Crafts acylation was then attempted to form the C-ring. Toward this goal, acid 1.130
was converted to the acid chloride, followed by treatment with AlCl3, which gave a complex
mixture, from which butenolide 1.131 was isolated as a mixture of diastereomers. Direct
treatment of t-butyl ester 1.129 with PPA at elevated temperature also gave 1.131 as the major
product.
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Scheme 1.25. Alkylation approach to tetracycle.
An aldol condensation of 1.120 in the presence of LDA with freshly distilled ethyl
glyoxalate afforded an enoate product in 71% yield as a 1:1.5 mixture of double bond isomers
(Scheme 1.26). Use of KOH or KHMDS as the base gave much lower yields of the desired
condensation product. The ethyl ester (1.133) was saponified to afford a carboxylic acid. In an
effort to improve the selectivity of the condensation, t-butyl glyoxalate28 was used in the
condensation, giving a 1:2 mixture of E/Z stereoisomers (1.132 and 1.133) in 83% yield. The
double bond isomers were separable by column chromatography. The alkene geometry of the
major stereoisomer was determined to be (Z), as suggested by an observed nOe. Attempts to
photochemically or thermally isomerize the olefin were unsuccessful, and only a mixture of
double bond isomers or decomposition was observed.

Scheme 1.26. Aldol condensation approach to tetracycle.
It was found that enoate 1.133 could be manipulated using other transformations (Scheme
1.27). Hydrolysis of the t-butyl ester with TFA/DCM or HCl in EtOAc afforded α,β-unsaturated
acid 1.134 (Scheme 1.27).
Hydrogenation with Crabtree’s catalyst gave a mixture of
diastereomers (1.129), while Pearlman’s catalyst led to an initial 2.4:1 d.r., which epimerized
upon silica gel purification to a thermodynamic 1:1 ratio. For the installation of the methyl
group on the C-ring, a conjugate addition of methyl cuprate gave a complex mixture of
diastereomers at C(9) and C(10) (1.135) in low yield and was not pursued further.
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Scheme 1.27. Functionalization of enoate 1.133.
We briefly investigated the manipulation of the arene moiety (Scheme 1.28). Cleavage
of the methyl ether with BBr3 led to the formation of phenol 1.136, which was silylated to give
TIPS ether 1.138 or triflated with Tf2O, affording aryl triflate 1.137. Tosylation was also
successful to form the aryl tosylate. Upon treatment of phenol 1.136 with PIDA in MeOH, a
complex mixture of products was observed.

Scheme 1.28. Methyl ether manipulation.
Because the nucleophilicity of the carbonyl moiety was problematic when generating the
acylium ion for the Friedel-Crafts reaction (see Scheme 1.25), a substrate without the
troublesome carbonyl group would potentially allow access to the tetracyclic core. Reduction of
the homobenzylic ketone with NaBH4 or K-Selectride gave a complex mixture of diasteromers
(Scheme 1.29), which upon treatment with MsCl and purification on silica gel gave alkene 1.140.
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Scheme 1.29. Benzylic alkene synthesis.
While not pursued further, this substrate (1.140) could undergo an acylation reaction to
give the tetracyclic core 1.143 by treatment with PPA, or alternatively, synthesis of acid 1.141
could also lead to the tetracycle formation (Scheme 1.30).

Scheme 1.30. Potential tetracycle formation.
While this route had the potential to allow access to the tetracyclic neomangicol core,
several ensuing synthetic challenges were anticipated to be troublesome. First, the necessity to
remove the olefinic functional handle present on the neomangicol A-ring was problematic, since
appending the tetraol side chain and quaternary stereocenter is required to complete the total
synthesis of the natural products. Second, the obstructions in accessing a single stereoisomer
made characterization of intermediates difficult. Third, the oxidative sensitivity of the tricycle
made it very problematic to carry material through the synthetic sequence. Finally, the synthetic
route was a linear path to the tetracyclic core, and we thought that perhaps a more convergent
approach could be taken to construct a similar framework in fewer manipulations. These
considerations led us to redesign our synthetic route to the tetracyclic core of the neomangicols.
This progress will be discussed in the next section.
1.5 Second Generation Approach to the Neomangicol Tetracyclic Core
1.5.1 Revised Retrosynthesis
In light of the difficulties posed by attachment of the neomangicol C-ring onto a tricyclic
precursor, we proposed that introduction of the necessary carbon atoms at an earlier stage in the
synthesis would allow access to the desired tetracyclic core. Retrosynthetically, we still
envisioned (see section 1.4.2) that the most effective approach would append the tetraol side
chain at a late stage, facilitating a convergent route to the natural products (Scheme 1.31). The
union of the side chain and tetracyclic core 1.111 could be imagined from an addition of a
nucleophilic carbanion to aldehyde 1.110. We hypothesized that tetracycle 1.111 could arise by
functional group manipulation of arene 1.144, which in turn could be derived from indenyl ester
1.145. In the key step, deprotonation of the indene followed by addition to the electrophilic ester
would forge the requisite B-ring of the neomangicol natural products. The indenyl ester 1.145
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could be obtained from a cross-coupling of vinyl coupling partner 1.146 and an appropriately
functionalized indanol such as 1.147. Ultimately, the indanol could be derived from manisaldehyde (1.148).

Scheme 1.31. Second generation retrosynthetic analysis.
1.5.2 Synthesis of A-Ring Coupling Partner
The synthesis of conjugate addition substrates such as 1.150 was pursued, where it was
envisioned that either a Rh or Cu-mediated addition of an aryl nucleophile could be effected in a
diastereoselective manner to give the correct stereochemical relationship between C(1) and
C(12) (Scheme 1.32).29–32 Presumably, a free hydroxyl moiety could direct the approach of the
nucleophile to the same face of the cyclopentenone, analogous to literature reports.30,31 The
advantage afforded by this substrate was that the carbonyl moiety on the A-ring would provide a
functional handle to install the tetraol side chain at a later stage. Moreover, the enolate resulting
from the conjugate addition could be methylated directly to simplify differentiation and facilitate
the construction of the A-ring all carbon quaternary stereocenter (see 1.111).

Scheme 1.32. Proposed conjugate addition for C-C bond formation.
Our initial plan for the formation of an appropriately substituted cyclopentenone was to
exploit a Nazarov cyclization. The sequence commenced with the addition of a vinyl
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nucleophile derived from vinyl iodide 1.15433 to Weinreb amide 1.153 (derived from methacrylic
acid). However, the addition of nucleophiles to amide 1.153 resulted in complex product
mixtures, including various over-addition products as well as products resulting from the
addition of N,O-dimethylhydroxyamide into the initial reaction product (i.e., 1.155). As such,
the Nazarov cyclization was not investigated to access highly functionalized cyclopentenone
1.156.

Scheme 1.33. Nazarov approach to cyclopentenone.
A structurally related cyclopentenone (1.160) is known in the literature, albeit in racemic
form. An oxidative dearomatization of m-cresol with phenyliodobenzene diacetate in the
presence of methanol gives p-quinone dimethyl acetal 1.158, which undergoes transketalization
with ethylene glycol to give ethylene ketal 1.159 (Scheme 1.34).34 A di-π-methane
rearrangement under photochemical conditions yields cyclopentenone 1.160 as the minor
product.35 While this was a concise approach to the cyclopentenone, the low-yielding
photochemical rearrangement was troublesome, as was the separation of the desired product
1.160 from unwanted byproducts.
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Scheme 1.34. Di-π-methane approach to cyclopentenone 1.160.
In order to investigate a metal-mediated approach, a variety of cross-coupling partners
were prepared. Synthesis of cross coupling partner 1.146 was first initiated through the
formation of a vinyl halide. Hydrazone formation from 1.114 followed by addition of iodine
gave a mixture of the desired vinyl iodide (1.162) and pyrazolone 1.163 (Scheme 1.35).36,37 A
known reduction and dehydration over phosphorous pentoxide of the β-keto ester gave olefin
1.161, which could be used in a Heck coupling, although regioisomeric issues were a concern
with this cross-coupling substrate.38
Treatment of ketone 1.114 with bromine and
triphenylphosphite gave vinyl bromide 1.164, but purification of the product was problematic.
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Scheme 1.35. Potential cross coupling partners.
As an alternative to the aforementioned coupling partners, we also considered vinyl
triflate cross coupling partner 1.165. Our investigations into the synthesis of 1.165 are shown in
Table 1.1. Hard enolization of the ketone moiety (entries 1–4) was explored, with the addition of
electrophiles such as phenyl triflimide, triflic anhydride, and Comins’ reagent.39 While the
reaction worked well in the case of phenyl triflimide (entry 1), the purification of the resultant
vinyl triflate was difficult due to co-elution of the triflimide byproduct, leading to reduced yields.
Unfortunately, the use of Comins’ reagent did not significantly simplify the purification (entries
3 and 4). However, soft enolization using 2,6-di-t-butyl-4-methylpyridine in the presence of
triflic anhydride (entry 5) allowed for simple purification by precipitation of the pyridinium salt
and filtration to isolate vinyl triflate 1.165. Intrigued about whether the substitution on the
pyridine had an effect on the reaction, we screened several other bases (entries 6–8). It appears
that the 4-methyl group is not essential for reactivity (compare entries 5 and 6), but the 2,6-di-tbutyl groups are critical for the successful conversion of 1.114 to 1.165 (entries 5 versus 7).
Additionally, use of a less costly base, proton sponge (1,8-bis(dimethylamino)naphthalene), was
also unproductive in the vinyl triflate formation (entry 8), although the reaction mixture was not
heated to 80 °C in that trial.
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Table 1.1. Vinyl triflate synthesis.

With the conditions from entry 5 identified as optimal, we found that the high price
($19/g)40 of the pyridine base could be offset by recycling, which involved washing the 2,6-di-tbutyl-4-methylpyridinium triflate salt with aqueous sodium bicarbonate and reusing in
subsequent vinyl triflate formations. Now that a method for the synthesis of an A-ring crosscoupling partner had been developed, we turned our attention to the synthesis of an indanonederived coupling partner such as 1.147 (Scheme 1.31) for the preparation of the C/D ring system
of the neomangicol tetracycle.
1.5.3 Synthesis of C/D Ring Coupling Partners
En route to the synthesis of indanol 1.147, we first investigated the synthesis of
brominated dihydrocinnamic acid derivative 1.168. Knoevenagel condensation of malonic acid
with m-anisaldehyde in the presence of pyridine and piperidine gave the cinnamic acid derivative
1.166 in excellent yield (Scheme 1.36).41 Hydrogenation with Pearlman’s catalyst gave
dihydrocinnamic acid 1.167. Bromination of this substrate was troublesome in our hands, and
gave a complex mixture of over-brominated products.42 This problem, however, could be
overcome by changing the order of synthetic events.
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Scheme 1.36. Bromination of propionic acid derivative.
This was achieved by initial bromination of m-anisaldehyde with bromine in DCM at
room temperature (Scheme 1.37).43 It was found that this reaction proceeded very cleanly in
higher yields (94% versus 85%) when run under biphasic conditions in the presence of sodium
bicarbonate. A Knoevenagel condensation with malonic acid in the presence of piperidine and
pyridine at elevated temperature led to the formation of cinnamic acid derivative 1.170. A
variety of hydrogenation catalysts were screened to reduce the double bond in 1.170 but leaving
the aryl bromide intact. Adams’ catalyst gave a mixture of the desired product and starting
material in EtOAc, while in MeOH, hydrogenolysis of the aryl bromide was observed.
Hydrogenation with Pt on alumina in MeOH gave a mixture of product and des-bromo propionic
acid, while Pt/C in EtOAc at elevated hydrogen pressure gave a 92% yield of the desired product
(1.168), along with a small amount of des-bromo product. Careful monitoring of this reaction
was required, as once hydrobromic acid was produced, it catalyzed a transesterification reaction
with the solvent to lead to an ethyl propionate byproduct.

Scheme 1.37. Brominated propionic acid synthesis.
With the desired acid in hand, a Friedel-Crafts reaction could be performed with PPA at
60 °C, or in a more procedurally simple method, through formation of the acid chloride and
treatment with AlCl3 (Scheme 1.38). This latter procedure was more practical on large scale, due
to the high viscosity of PPA. Reduction of the indanone with NaBH4 and protection as the
methylene methoxy ether gave protected indanol 1.172.

Scheme 1.38. Protected indanol formation.
27

Since both the neomangicols and mangicol natural products bear a methyl group on the
C-ring, it was advantageous to prepare an indanone which already possessed a methyl group to
maximize synthetic convergency.
Typically, α-alkylation of a ketone is a relatively
straightforward process, however, in the case of 1-indanone (1.173), the reaction efficiency is
reduced.44 This can be attributed to the elevated acidity of the α-position, as well as the
formation of an indenyl enolate, which is also relatively acidic at the β-position (Figure 1.5).

Figure 1.5. Deprotonation of 1-indanone.
While a direct alkylation of 1-indanone is challenging, there have been methods
developed to circumvent the overalkylation issues that often present themselves. For example,
formation of a β-keto ester, alkylation, and subsequent decarboxylation allowed for the isolation
of a monoalkylated indanone (1.175→1.177, Scheme 1.39).45

Scheme 1.39. Method for mono-alkylation of substituted 1-indanone.
Even though direct alkylation of the previously synthesized indanone (1.171) was
possible, we desired a more direct route and were drawn to several reports from Fillion et al. for
the preparation of 2-substituted-1-indanones using Meldrum’s acid as an acylating agent.46–50
Examining literature precedented conditions for the condensation of aryl aldehydes with
Meldrum’s acid, such as catalytic pyrrolidinium acetate in either benzene or ethanol, we
observed low and quite variable yields.46 This was primarily due to formation of double addition
product 1.179, which was highly insoluble under the reaction conditions, thus driving the
equilibrium toward its formation. Use of catalytic K3PO4 in EtOH was also ineffective in the
condensation.51 However, it was found that slow addition of the freshly prepared sodium salt of
Meldrum’s acid in methanol to aldehyde 1.148 gave benzylidene 1.178 (Scheme 1.40), which
could be purified through recrystallization.52 It is proposed that methoxide adds in a conjugate
fashion to 1.178, acting as an in situ protecting group for the reactive benzylidene. Upon acidic
workup, the desired product 1.178 is re-formed by elimination of methanol.
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Scheme 1.40. Benzylidene synthesis.
A conjugate reduction with sodium triacetoxyborohydride, followed by alkylation with
methyl iodide gave the desired dioxanedione 1.180 in excellent yield (Scheme 1.41). Use of
AlCl3 to effect a Friedel-Crafts acylation resulted in clean cyclization, but required heating,
which led to cleavage of the methyl ether to give phenol 1.182. It is known that changing the
solvent for the Friedel-Crafts cyclization can attenuate the reactivity of the AlCl3, and so we
screened solvents to try to effect the cyclization but avoid methyl ether cleavage.53,54 However,
the use of acetonitrile, toluene, benzene, DCM or DCE gave no improvement in the yields of the
desired methoxy-substituted indanone. Scandium triflate led to formation of acid 1.183, and
TMSOTf gave a trace amount of the desired product in addition to extensive decomposition.
Gratifyingly, treatment of 1.180 with PPA at 60 °C gave indanone 1.181 in moderate yield along
with some acid 1.183, which results from water trapping the formed acylium ion. The use of cosolvents such as DCE in the acylation resulted in incomplete conversion and decomposition.

Scheme 1.41. Indanone synthesis.
In an attempt to shorten the indanone synthesis further, we investigated the procedure of
Feringa et al., which proceeds in one step from cheap, commercially available starting
materials.55 Treating a mixture of methacrylic acid (1.184) with 4-bromoanisole (1.115) and PPA
under heating conditions led to a Friedel-Crafts acylation followed by a Nazarov cyclization to
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give the same indanone 1.181 in a single step (Scheme 1.42). However, the reaction is lowyielding (24%), so for the transformation to be synthetically useful, it was necessary to optimize
the reaction conditions. Varying the acid (Eaton’s reagent, acid chloride formation/AlCl3 or
InCl3), portion-wise addition of methacrylic acid to the heated PPA/anisole mixture, and
deoxygenation of the reaction were all ineffective in enhancing the yield. A two-step route,
where the acylation product (1.185) could be formed using acid chloride formation/AlCl3
(Scheme 1.42), and then subjected to Nazarov conditions (Sc(OTf)3, TFA, Eaton’s reagent,
AlCl3, or TMSOTf), was pursued, but none of these variants led to an improvement of the
reaction yield. Because this route didn’t provide access to large quantitites of 1.181, it was
essential to continue with the four-step sequence outlined previously (Scheme 1.41).

Scheme 1.42. Shortened methylated indanone synthesis.
With methylated indanone 1.181 in hand, reduction could be achieved to give a mixture
of diastereomers with a variety of reducing agents (Scheme 1.43). We briefly investigated the
diastereoselectivity of the reduction by the use of different hydride sources (NaBH4, KSelectride, DIBAl-H, REDAl-H, Li(t-BuO)3AlH) to simplify characterization, but none provided
good diastereocontrol. As both stereocenters are inconsequential, the 1:1 mixture derived from
reduction with NaBH4 was carried forward. Protection of indanol with MOMCl under standard
conditions gave 1.186. Lithium-halogen exchange with t-BuLi followed by a quench with
trimethyl borate, then treatment with ammonium chloride gave an aryl boronic acid. As this acid
was prone to protodeborylation, in addition to being difficult to handle, the pinacol boronic ester
was preferred. This was readily formed by addition of the aryllithium species to isopropoxyl
pinacol boronate, and as expected, the pinacol boronic ester 1.188 was much easier to handle. It
was later found that n-BuLi was equally competent in the lithium-halogen exchange to form the
aryl lithium species. To simplify downstream characterization, the des-methyl analog (1.172)
was also carried forward in this sequence to give pinacol boronic ester 1.187.
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Scheme 1.43. Aryl boronic ester synthesis.
1.5.4 Indene Acylation Substrate
At this juncture, the stage was set for the union of the coupling partners using a Suzuki
cross coupling (initially pursued with the α-methylated indanol 1.188), which proceeded
smoothly in the presence of Pd(II) precatalyst Pd2Cl2(PPh3)2 to give the styrene in good yield as
a mixture of diastereomers (Scheme 1.44). An acid-catalyzed elimination of the methylene
methoxy ether afforded indenyl ester 1.190. In addition to the cross-coupling of boronic ester
1.188, it was also possible to couple boronic ester 1.187 to form the des-methyl tricycle. By
removing this C-ring stereocenter, characterization was simplified.

Scheme 1.44. Formation of indenyl ester.
With key tricycle 1.190 in hand, we next set forth to forge the B-ring of the neomangicols
through a deprotonation of the indene and intramolecular acylation. Toward this goal, subjecting
indene 1.190 to a variety of basic conditions (Table 1.2) led to either decomposition, indene
isomerization, or returned starting material.56 While it was apparent that deprotonation was
taking place on the basis of the indene double bond isomerizing, we postulated that the strain in
the product (1.191) was too great, and as such, the starting material was favored
thermodynamically. On the basis of a previous observation that tricycle formation was
challenging with the double bond installed on the A-ring (see section 1.3.3), we investigated the
synthesis of a reduced acylation precursor (1.193, Scheme 1.45), where there is more flexibility
in the substrate and product, thus potentially making the tetracycle formation more energetically
favorable.
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Table 1.2. Indenyl acylation attempts.

It was found that hydrogenation with catalytic Pd/C gave tricycle 1.192, which underwent
acid-catalyzed dehydration to give the reduced indene acylation substrate 1.193 (Scheme 1.45).
A variety of basic conditions were again screened, including LiTMP, LDA, and DBU, but the
desired tetracycle 1.194 was not isolated in any of these cases.

Scheme 1.45. Hydrogenated A-ring for indene acylation.
1.5.5 Alternative Indene Alkylation Substrates
Due to our suspicion that the equilibrium for tetracycle formation (see 1.194) heavily
favors starting ester 1.193, we investigated a direct alkylation approach to forge the B-ring of the
tetracyclic neomangicol core. While reduction of the ester group in the presence of indene 1.190
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proved problematic, reduction of esters 1.195 and 1.189 proceeded smoothly with LAH or
DIBAL-H to give alcohols 1.196 and 1.197, respectively (Scheme 1.46). Interestingly, after
liberating alcohol 1.196/1.197, the elimination of the MOM ether under acidic conditions
suffered from highly variable yields. Two major byproducts were isolated from the reaction
mixture, tetrasubstituted alkene 1.200, and the MOM-transferred product 1.201. Presumably,
protonation of the trisubstituted double bond of 1.199 initiates a deformylation reaction (Scheme
1.46, bottom left). The reaction temperature was simply reduced to 80 °C from 120 °C, and the
tetrasubstituted double bond byproduct 1.200 was no longer produced. The second reaction
byproduct was most likely formed by neopentyl alcohol 1.198 trapping the formaldehyde that
was produced during the MOM elimination reaction. We hypothesized that this formaldehyde
could be trapped by a better nucleophile than the neopentyl alcohol present in the substrate.
Interestingly, we observed incorporation of an isopropoxy (1.202) or methylene benzyloxy ether
(1.103) into the substrate upon the addition of the corresponding alcohol. However, upon
addition of propylene glycol, the formaldehyde is effectively sequestered and the reaction
rendered reproducible.

Scheme 1.46. Formation of indenyl alcohol.
To form the alkylation substrate, the neopentyl alcohol was activated for displacement by
formation of either an acetate or a mesylate (Scheme 1.47), followed by elimination of the MOM
ether to give indenyl mesylate (1.204) or acetate (1.205). Synthesis of the alkyl iodide through a
Finkelstein reaction was also pursued, but was unsuccessful, likely due to the steric hindrance
around the neopentyl alcohol. Formation of the alkyl chloride with POCl3 in the presence of
pyridine gave a complex mixture of products, and alkyl triflate formation with triflic anhydride
in the presence of triethylamine generated several triflated products (primarily double bond
isomers). With the activated substrates in hand, the desired ring closure was next attempted.
Unfortunately, subjecting mesylate 1.204, acetate 1.205, and the analogous triflate to basic
conditions was unproductive in forming desired tetracycle 1.206.
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Scheme 1.47. Alkylation substrate synthesis.
At this point, with the knowledge that 1) the indenyl anion was generated and 2) it was
unlikely that a reaction reversibility problem existed for the alkylation reaction, we considered
the possibility that perhaps the neopentyl site was not electrophilic enough to be competent in the
cyclization reaction. Therefore, in an attempt to increase the electrophilicity, aldehydes 1.207
and 1.208 were targeted (Scheme 1.48). Oxidation of indenyl alcohols 1.198 and 1.199 under a
variety of conditions were fraught with difficulties. Parikh-Doering57 or Swern58 oxidation gave
a mixture of products, likely due to the presence of triethylamine. It was found that treatment of
aldehyde 1.198 with base led to decomposition through an undetermined path. Oxidation of
1.198 with IBX in ethyl acetate at elevated temperature gave aldehyde 1.207 in highly variable
yields (0%–47%), with multiple byproducts observed.59 This is unsurprising, considering the
propensity of indenyl aldehydes 1.198 and 1.199 to undergo decomposition, even when stored in
a benzene matrix under N2 (over time). PCC oxidation gave very clean aldehyde (1.207/1.208)
product, but led to low mass recovery (27% yield). We were pleased to find that oxidation with
Dess-Martin periodinane (DMP) buffered with solid sodium bicarbonate gave the desired
aldehyde in good yield.

Scheme 1.48. Indenyl aldehyde formation.
With a route to the desired aldehyde developed, the stage was set to carry out the ring
formation. For the key C-C bond-forming reaction (see 1.208→1.209, Table 1.3), a variety of
conditions were examined. We found that treatment of indenyl aldehyde 1.208 with t-BuLi
(entry 1) led to polymerization, whereas KOt-Bu at elevated temperatures led to decomposition.
Conditions precedented by Birman et al. for indanone dianion formation/condensation (entries 3
and 4) gave isomerized starting material, along with a byproduct which was later determined to
be the dehydrated tetracycle (1.211).56 However, on the basis of a report on the alkylation of
indenes from Sprinzak et al., we examined Triton B (benzyltrimethylammonium hydroxide) as
the base, and found that allylic alcohol formation was very fast in DMSO, but decomposition
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ensued within seconds (entry 5).60,61 Optimization of the reaction conditions by a solvent
exchange (DMF for DMSO) and cooling to –60 °C (entry 6) allowed for isolation of the
tetracyclic allylic alcohol, which could be oxidized with DMP to give enone 1.210. Oxidation of
the crude allylic alcohol was performed to simplify characterization. Alternative oxidants such
as MnO2, TPAP/NMO, and IBX either returned starting material or led to decomposition.
Table 1.3. Tetracycle construction.

1.5.6 Tetracycle Functionalization
Enone 1.210 proved to be sensitive to a variety of conditions, and decomposed in the
presence of triethylamine, silica gel, and/or oxygen. The high sensitivity of this tetracycle is
perhaps unsurprising in hindsight, as it is very strained. It possesses eleven cross-conjugated sp2
centers, in addition to the highly activated methylene on the C-ring, which is not only contained
in an indene fragment, but also constitutes the γ-position of an enone. We attempted to install
oxygenation on the neomangicol A-ring through an allylic oxidation with TBHP/Mn(OAc)3, but
we were unable to introduce an additional sp2 center into the molecule.62 Attempts to effect a
selective reduction (Scheme 1.49) were unsuccessful with K-Selectride, TESH/Wilkinson’s
catalyst, or hydrogen with a variety of catalysts, such as Lindlar’s catalyst and Rh on alumina.
Hydrogenation in the presence of catalytic Rh/C or Pd/C gave global reduction of the double
bonds, whereas nickel boride gave relatively clean conversion to the 1,2-reduction product (i.e.,
allylic alcohol 1.209). A conjugate reduction with Stryker’s reagent gave a mixture of products,
which are likely diastereomers at C(9) and/or C(10).63,64
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Scheme 1.49. Conjugate reduction approach.
Allylic alcohol 1.209 also decomposed quite readily under a variety of conditions. We
envisioned a major decomposition pathway to be as shown in Scheme 1.50, where two
sequential 1,5-hydride shifts transpose the double bond to give indenyl alcohol 1.213, which can
undergo a fragmentation of the B-ring to give indenyl aldehyde 1.208, which is sensitive to
decomposition, as previously mentioned (see section 1.4.5).

Scheme 1.50. Proposed decomposition pathway for allylic alcohol 1.209.
We examined the manipulation of allylic alcohol 1.214 with the intention of obtaining a
more stable intermediate by removing some of the sp2 centers and subsequently, ring strain.
While hydrogenation with Crabtree’s catalyst and Wilkinson’s catalyst gave either starting
material or decomposition, hydrogenation with Adams’ catalyst gave a globally reduced product,
which was a complex mixture of diastereomers (Scheme 1.51, C(1) and C(10), as well as C(11),
from the alkylation step). Oxidation of 1.215 with DMP gave a 1:1 mixture of diastereomers,
which were separable by column chromatography, although the stereochemistry of these isomers
was not established. Attempts to epimerize 1.215 to a single diastereomer were ineffective.
Interestingly, if Pd/C was employed in the reduction, a mixture of products was obtained, which
upon DMP oxidation gave a single diastereomer (not rigorously characterized) as the major
product in 25% yield.

Scheme 1.51. Conversion of allylic alcohol 1.214 to ketone 1.216.
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A variety of conditions were investigated to functionalize allylic alcohol 1.214 in some
manner. Attempts to isomerize the allylic alcohol to a ketone with Wilkinson’s catalyst led to
degradation of the starting material.65 Hydroboration/oxidation of the allylic alcohol gave
decomposition, as did allylic oxidation attempts with TBHP/Mn(OAc)3.62 An effort to cleave the
methyl ether group in allylic alcohol 1.214 was equally unsuccessful. Functionalization of the
hydroxyl as the xanthate or thiocarbonate was somewhat challenging due to the steric hindrance
about the alcohol center. Treatment of the allylic alcohol with DIBAl-H, to accomplish a
selective reduction of the allylic alcohol functionality, gave a mixture of products. Attempted
global reduction by subjecting the allylic alcohol to acid and Pd/C under hydrogen led to a
mixture of reduced products.
Closer inspection of the mass balance of tetracycle formation reaction see Table 1.3
revealed that a byproduct arising from dehydration of allylic alcohol 1.214/1.209 was being
formed (Table 1.4). Examination of a range of conditions indicated that changing the
counterion, solvent, and temperature allowed us to favor the formation of the triene 1.217 (or
1.211, with the C-ring methyl group installed) in 63% yield. This was useful from a synthetic
standpoint, as the complex mixtures of diastereomers which were obtained in the aforementioned
sequences were problematic for characterization.
Table 1.4. Allylic alcohol versus triene formation.
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While the direct conversion of aldehyde 1.207 to triene 1.217 could be accomplished, it
was still relatively low-yielding, so we investigated the dehydration of allylic alcohol 1.214 to
arrive at the same product in a two-step sequence (Table 1.5). Unfortunately, it was found that
the reaction was quite challenging and suffered from highly variable yields under a plethora of
conditions. One major problem was the instability of starting allylic alcohol 1.214. In addition,
the triene product (1.217) was also relatively sensitive to decomposition due to its highly strained
nature. Ultimately, the dehydration of the allylic alcohol was unreliable and so we opted to use
the route previously established, where direct condensation of indenyl aldehyde 1.214 gave
triene 1.217 in the presence of tetramethyl ammonium hydroxide in MeOH/THF at room
temperature (entry 13, Table 1.4).
Table 1.5. Allylic alcohol dehydration to give triene 1.217.

Epoxidation of the A-ring double bond or allylic oxidation of triene 1.217 ended in
annihilation of the tetracycle, but triene 1.217 could be hydrogenated with Pd/C in a greater than
10:1 d.r. to give fully reduced tetracycle 1.218, the stereochemical relationship of which was
determined by X-ray crystallographic analysis (Scheme 1.52). The methylated triene (1.211)
could also be reduced under identical conditions to give 1.219 in an analogous manner. Other
catalysts such as Rh/C and Pt/C gave mixtures of partial reduction products and diastereomers.
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Scheme 1.52. Triene reduction.
We initially investigated a Birch reduction of arene 1.218, but had little success in
reducing the electron-rich arene directly (Scheme 1.53). We also prepared arenes 1.221 and
1.222 through Pd-mediated cyanation66,67 or carbonylation,68 bearing electron-withdrawing
substituents to facilitate the reduction, but isolated none of the desired reduced arene products.
This is likely due to the arene substitution pattern, as it is known that 1,2,3-substituted electronrich arenes are difficult to reduce under dissolving metal conditions.69

Scheme 1.53. Proposed Birch route to rearrangement substrates.
In another direction, we investigated an oxidative dearomatization route to the
rearrangement substrate (i.e., 1.225). Cleavage of the methyl ether group of 1.218 was relatively
slow with sodium ethanethiolate, but BBr3 gave free phenol 1.223 (Scheme 1.54). Treatment of
1.223 with PIDA gave p-quinol 1.224 in good yield in greater than 10:1 d.r. Irradiation of the
quinol to induce a photochemical rearrangement was unfruitful. Efforts to epoxidize 1.224 using
Weitz-Scheffer conditions70 (H2O2, NaOH) were also unsuccessful, likely due to the steric
congestion. However, treatment with m-CPBA gave clean conversion to keto-epoxide 1.225 in
greater than 10:1 d.r. The regioselectivity for this reaction can be attributed to the relatively
enhanced nucleophilicity of the tetrasubstituted double bond (compared to the disubstituted
double bond). The diastereoselectivity may be attributed to both the directing effect of the
hydroxyl as well as the cupped nature of the tetracycle.
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Scheme 1.54. Epoxy ketone synthesis.
Rearrangements of epoxy ketones with migration of the acyl group are precedented in the
literature, and extensive mechanistic studies have been undertaken by Bach and coworkers.71–73
Bach and Klix demonstrated that spirocyclic epoxy ketones such as 1.226 undergo acyl
migration upon treatment with BF3•OEt2 to give dicarbonyl species such as 1.227 (Scheme 1.55,
top).71 More recently, Chen et al. utilized a similar rearrangement to form the [5,5,7] skeleton of
echinopines A and B (1.228→1.229, Scheme 1.55).74

Scheme 1.55. Literature examples of epoxy ketone rearrangements.71,74
With this in mind, we examined various conditions to effect the acyl migration of epoxy
ketone 1.225 (Table 1.6). A variety of Lewis (entries 1-4) and protic (entries 5 and 6) acids
were employed, however the desired cyclopentenone (1.230) was not formed, with either
decomposition or returned starting material being obtained.
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Table 1.6. Ring-contractive rearrangement to mangicol core.
Me

H

OH

H

Me
Conditions

O

OH

H

O
O

H
O
1.225

1.230

Entry

Reagent

Solvent

Temp.

Result

1
2
3

BF3 OEt2

THF

BF3 OEt2

DCM

rt
40 C

TiCl4

DCM

-78 °C rt

SM
decomp.
SM

4
5
6

TiCl4

DCE
DCM
THF

0 °C rt
rt

TFA
H2SO4

rt

SM
SM
decomp.

In light of our lack of success in effecting the desired ring-contractive rearrangement, we
considered two possible factors responsible for the difficulties in realizing the transformation of
1.225 to 1.226: 1) modest orbital overlap between the empty p-orbital on C(6) (upon ionization)
and the filled C(5)-C(7) σ-orbital, and 2) the trans A/B ring fusion may lead to a twisted
conformation, which upon rearrangement to the mangicol core would result in a significant steric
interaction between the angular methyl group at C(12) and the newly formed cyclopentenone
ring in 1.226 (see Figure 1.6).

Figure 1.6. Cis vs. trans A/B ring fusion and their impact on molecular conformation.
1.5.7 Cis A/B Ring Tetracycle
With these concerns in mind, we began exploring a route to a tetracycle bearing a cis A/B
ring fusion, which is present in the naturally occurring neomangicols and mangicols (such as 1.1,
Figure 1.1). Based upon previous observations that hydrogenation immediately following the
cross-coupling (or Grignard addition/elimination, 1.115→1.119, Scheme 1.22) set the
stereochemical relationship at the A/B ring fusion correctly, we reduced tricycle 1.195 with Pd/C
to give cyclopentane 1.228 (Scheme 1.56). In analogy to our previous work, reduction of the
ester and elimination of the methylene methoxy ether gave the indene (not shown). Oxidation to
the aldehyde and alkylation gave allylic alcohol 1.229. Hydrogenation with Pd/C and cleavage
of the methyl ether gave phenol 1.230. This substrate was useful, as it retained functionality on
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the B-ring (in the form of the hydroxyl). Preliminary attempts to perform a B-ring dehydration
on the methyl ether precursor (TFAA, Ms2O, POCl3, SOCl2) resulted in complex reaction
mixtures. Upon subjecting phenol 1.230 to acidic oxidative dearomatization conditions, the Bring hydroxyl added to the para position to give the bridged tetrahydrofuran (1.231). Treatment
with m-CPBA gave a product that is either the Baeyer-Villiger oxidation product (1.232) or
epoxide 1.233. A cursory examination of the crude 1H NMR spectrum, while inconclusive,
seems to support formation of epoxide 1.233. This is proposed based on a 0.3 ppm upfield shift
of both vinyl protons from that of the starting material.

Scheme 1.56. Cis-A/B ring-fused substrate.
1.5.8 Conclusions and Future Directions
In the future, several alternative routes are envisioned for the realization of the ring
contraction of the neomangicol core to the mangicol core. One option is to treat epoxy ketone
1.233 with a base (Scheme 1.57). If deprotonation takes place at C(11), two avenues are
possible. In Path A, deprotonation should lead to a fragmentation of the tetrahydrofuran ring,
leading to alkene 1.234. Upon treatment with acid, this substrate is more likely to undergo an
ionization event, as the carbocation formed is stabilized by the adjacent π-system as well as the
neighboring hydroxyl group. At this point, a Wagner-Meerwein shift could take place to afford
the mangicol spirocycle, similarly to that proposed in Figure 1.4. Alternatively, if the
deprotonation at C(11) were to open the epoxide, the alkoxide formed (1.235) could feasibly
force a 1,2 alkyl migration to fragment the strained dihydrofuran, leading to the same mangicol
core. Depending upon the stereochemical relationship between the C(11) methine and the
tetrahydrofuran and epoxide, one pathway should be favored over the other. Therefore, the first
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priority will be to determine the stereochemical relationships between C(11), C(12), and C(6) in
1.233, and investigate further rearrangement chemistry from that point.

Scheme 1.57. Proposed anionic rearrangement of the neomangicol to mangicol core.
If treatment of pentacycle 1.231 with m-CPBA instead gives the Baeyer-Villiger product
(1.232), access to the mangicol core may still be attainable (Scheme 1.58). Cleavage of the
lactone could lead to acrylic acid 1.237, which after several reductions should lead to keto
aldehyde 1.238. Subsequent aldol condensation would give the mangicol core 1.239. However,
the stereochemistry is again of concern in this synthetic proposal. The stereochemistry could,
however, be controlled in the hydrogenation sequence.

Scheme 1.58. Proposed spirocycle synthesis from ε-lactone 1.232.
1.6 Proposed Direct Approach to Mangicol A
As well as considering the bio-inspired ring-contractive rearrangement to achieve the
synthesis of the neomangicol and mangicol tetracycles, we also considered approaching the
synthesis of the mangicol core first, which could undergo a biomimetic ring expansion to give
the neomangicol tetracyclic core (see 1.37→1.40, Scheme 1.5). This would again allow access
to both natural product classes from a common intermediate. Additionally, we envisaged
elaborating the core to the natural products as previously outlined.
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1.6.1 Introduction
Retrosynthetically, we proposed that mangicol A could be derived from a late-stage
introduction of the tetraol side chain onto an appropriately functionalized spirotetracyclic core
such as 1.240 (Scheme 1.59). The alkene 1.240 could be accessed from ketone 1.241 through
various functional group manipulations, which in turn could arise from tri-ester 1.242. In the
forward direction, we thought that this precursor could undergo a double-Dieckmann cascade
reaction to form both the B and C rings of the mangicol core. The tri-ester could in turn come
from enone 1.243 and cyclopentene 1.244, where an asymmetric conjugate addition (or cross
coupling/asymmetric hydrogenation) could give the linked dicyclopentane product 1.242.

Scheme 1.59. Double-Dieckmann cascade approach to the mangicol core.
1.6.2 Preliminary Studies
We attempted a variety of methods for the synthesis of coupling partners 1.244, which
were met with little success. Toward the synthesis of cyclopentenyl substrate 1.244, a variety of
substituted β-ketoesters were prepared (1.245–1.249, Figure 1.7) by alkylation of commercially
available ethyl-2-oxocyclopentane carboxylate.75–77

Figure 1.7. Cyclopentanone substrates.
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The corresponding vinyl triflates could be formed from the ketone precursors under hard
enolization conditions followed by treatment with phenyl triflimide (Scheme 1.60). Preparation
of vinyl triflate 1.165 is detailed in section 1.4.2, and subsequent Miyaura borylation78 gave vinyl
boronic ester 1.255 (Scheme 1.61). Unfortunately, under a variety of Pd-catalyzed conditions,
none of the desired dicyclopentene products were formed, and in most cases starting material
was isolated from the reaction mixture even after prolonged heating.

Scheme 1.60. Vinyl triflate synthesis.

Scheme 1.61. Cross-coupling approach to linked cyclopentenes.
In considering what might lead to the difficulties in obtaining the desired product, we
thought that perhaps the steric congestion for the cross-coupling reaction was insurmountable,
and prevented the desired C-C bond forming event from taking place. With that in mind, we
postulated that a coupling with a less hindered partner would prove more efficient. This was
indeed found to be the case, as Heck cross-coupling68,79 of vinyl triflate 1.165 and commercially
available enoate 1.256 gave the desired product in 44% yield. Selective hydrogenation of the
enoate double bond with Adams’ catalyst then gave adduct 1.258, but preliminary attempts to
allylate under a variety of conditions were unsuccessful.
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Scheme 1.62. Heck coupling approach.
While we are encouraged by these preliminary results and the possibility of this doubleDieckmann cascade as a rapid entry to the mangicol core, several issues must still be considered.
For example, the complication in constructing the linked dicyclopentene moiety with both
quaternary stereocenters in place reduces the convergency of the synthetic route. Additionally,
the recalcitrance of ester 1.258 to undergo reaction with electrophiles is problematic, although
more work is necessary to determine the synthetic feasibility of this transformation.
Additionally, the issue of stereocontrol has been completely unexplored. In spite of these
concerns, we anticipate that this approach to the mangicol core presents an opportunity to
quickly access the natural product, in the event that a method for the synthesis of key tri-ester
(1.242) is developed.
1.7 Conclusions
In summary, we have established a convergent route to the tetracyclic core of the
neomangicol natural products and investigated a bio-inspired ring contraction to form the
spirocyclic core of the mangicol natural products. In the process of developing this route, the
synthesis of a number of different cyclopentanes and cyclopentenones was pursued, as well as
the preparation of several indanone derivatives. An intramolecular indene alkylation was
successful in forging the tetracyclic core of the neomangicol natural products, and a number of
different tetracyclic intermediates were investigated en route to a ring-contractive substrate.
Efforts toward realizing this synthetic link between the neomangicols and mangicols are
ongoing. We anticipate that these bio-inspired approaches will lend support to the proposed
relationship between the two families of natural products and enable the first total synthesis of
these molecules. Prelimary investigations of the ring-expansion approach for the preparation of
the neomangicols from the mangicol core have also been presented, and it is expected that this
biomimetic route to the natural products should allow rapid entry into the complex
sesterterpenoid framework.
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1.9 Experimental Methods
Materials & Methods
All reactions were performed in flame-dried glassware fitted with rubber septa under a
nitrogen atmosphere unless otherwise specified. Liquid reagents and solvents were transferred
via syringe under nitrogen. Tetrahydrofuran (THF), diethyl ether, benzene, toluene, and
triethylamine were dried over alumina under a nitrogen atmosphere in a GlassContour solvent
system. Dichloromethane (DCM) was distilled over calcium hydride. All other solvents and
reagents were used as received unless otherwise noted. Reaction temperatures above 23 °C were
controlled by an IKA® temperature modulator. Reactions were monitored by thin layer
chromatography using SiliCycle silica gel 60 F254 precoated plates (0.25 mm) which were
visualized using UV light, p-anisaldehyde stain or CAM stain. Sorbent silica gel (particle size
40-63 µm) was used for flash chromatography. 1H and 13C NMR were recorded on Bruker
AVB-400, AV-500, or AV-600 MHz spectrometers with 13C operating frequencies of 100, 125,
and 150 MHz, respectively, in CDCl3 at 23 °C. Chemical shifts (δ) are reported in ppm relative
to the residual solvent signal (δ = 7.26 for 1H NMR and δ = 77.0 for 13C NMR). Data for 1H
NMR are reported as follows: chemical shift (multiplicity, coupling constant, number of
hydrogens). Multiplicity is abbreviated as follows: s (singlet), d (doublet), t (triplet), q (quartet),
m (multiplet). IR spectra were recorded on a Nicolet MAGNA-IR 850 spectrometer and are
reported in frequency of absorption (cm-1). Mass spectral data were obtained from the Mass
Spectral Facility at the University of California, Berkeley.
A round-bottomed flask was charged with freshly activated Mg (497 mg,
20.7 mmol, washed with 1N HCl, water, THF, then Et2O) and THF (15 mL),
and 1 drop of Br2 was added. When the color disappeared, 4-bromoanisole
(1.8 mL, 14 mmol) was added dropwise over 5 min. A mild exotherm
began, after which the flask was placed in a room temperature water bath.
Upon disappearance of most of the Mg metal, the reaction flask was cooled
to –78 °C in a dry ice/acetone bath. The alkylated β-keto ester 1.1141 (2.20 g, 13.0 mmol) in
THF (15 mL) was added dropwise over 5 min. After stirring for 45 min at –78 °C, the reaction
flask was allowed to warm to rt. Upon complete consumption of starting material, the reaction
mixture was poured onto a half saturated solution of NH4Cl (50 mL), extracted with Et2O (3 X
50 mL), washed with brine (50 mL) and dried over MgSO4. The crude alcohol was concentrated,
then added to a Schlenk flask. KHSO4 (196 mg, 1.44 mmol) and PhMe (7 mL) were added, the
flask was sealed and heated at 120 °C for 4h. Upon cooling to room temperature, the reaction
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mixture was filtered through a plug of Celite and concentrated. The crude reaction mixture was
purified by column chromatography on silica gel (9% EtOAc/hexanes) to yield styrene 1.115
(2.12 g, 67% over 2 steps) as a white solid: Rf = 0.47 (20% EtOAc/hexanes); 1H NMR (500
MHz, CDCl3) δ 7.24 (d, J = 8.7 Hz, 2H), 6.82 (d, J = 8.7 Hz, 2H), 6.07 (t, J = 2.6 Hz, 1H), 4.21 –
4.07 (m, 2H), 3.79 (s, 3H), 2.65 – 2.38 (m, 3H), 1.95 (ddd, J = 12.6, 8.2, 5.5 Hz, 1H), 1.42 (s,
3H), 1.16 (t, J = 7.1 Hz, 3H); IR (thin film) νmax 3054, 2932, 1717, 1608, 1040, 824, 738 cm-1;
HRMS (EI+) calc’d for [C16H20O3]+: m/z 260.1412, found 260.1419.
A Parr hydrogenation bomb was charged with styrene 1.115 (7.1 g, 29
mmol),
Pd/C (10 wt %, 0.76 g), and MeOH (40 mL). The bomb was purged
CO2Et
with H2 (3X), then pressurized to 100 psi and sealed. After stirring the
reaction
mixture vigorously for 24 h, the pressure was released. The crude
H
reaction mixture was filtered through a pad of Celite and concentrated. The
OMe
crude reaction mixture was purified by column chromatography on silica gel
(9% EtOAc/hexanes) to yield cyclopentane 1.119 (7.1 g, 99%) as a colorless
1.119
oil: Rf = 0.55 (20% EtOAc/hexanes); 1H NMR (400 MHz, CDCl3) δ 7.09
(d, J = 8.1 Hz, 2H), 6.79 (d, J = 8.0 Hz, 2H), 3.82 – 3.64 (m, 5H), 2.87 (dd, J = 10.5, 7.3 Hz,
1H), 2.45 – 2.37 (m, 1H), 2.17 (dt, J = 20.8, 9.8 Hz, 1H), 2.08 – 1.96 (m, 2H), 1.72 (m, 1H), 1.67
– 1.57 (m, 1H), 1.32 (s, 3H), 0.95 (t, J = 6.9 Hz, 3H); 13C NMR (150 MHz, CDCl3) δ 176.3,
158.3, 133.3, 128.9, 113.2, 59.9, 56.9, 55.2, 54.2, 37.4, 37.3, 32.0, 24.9, 23.5, 13.8; IR (thin
film) νmax 2960, 2872, 1719, 1612, 1514, 1464, 1249, 1037, 831 cm-1; HRMS (EI+) calc’d for
[C16H22O3]+: m/z 262.1569, found 262.1575.
Me

A Schlenk flask was charged with ethyl ester 1.119 (10.0 g, 41 mmol), KOH
(6.72 g, 122 mmol), and 5:1 MeOH/H2O (56 mL). The flask was sealed and
CO2H
heated a 65 °C for 48 h. Upon complete consumption of starting material,
the reaction mixture was diluted with 1M NaOH (20 mL), and extracted
H
with, EtOAc (1 X 30 mL). The aqueous layer was acidified to pH 1 with 1 N
OMe
HCl, then extracted with EtOAc (3 X 30 mL). The combined organic layers
were washed with brine, dried over MgSO4 and concentrated to give crude
S1.1
acid S1.1 (5.56 g, 59%) as a white solid: Rf = 0.10 (20% EtOAc/hexanes);
1
H NMR (500 MHz, CDCl3) δ 7.14 (d, J = 8.7 Hz, 2H), 6.80 (d, J = 8.7 Hz, 2H), 3.77 (s, 3H),
2.90 (dd, J = 11.0, 7.1 Hz, 1H), 2.44 – 2.34 (m, 1H), 2.29 – 2.14 (m, 1H), 2.11 – 1.96 (m, 2H),
1.86 – 1.72 (m, 1H), 1.65 (ddd, J = 13.9, 9.8, 4.6 Hz, 1H), 1.33 (s, 3H); 13C NMR (150 MHz,
CDCl3) δ 183.0, 158.3, 132.2, 129.0, 113.4, 57.2, 55.0, 54.1, 37.4, 31.6, 24.1, 23.1; IR (thin film)
νmax 2969, 1692, 1604, 1514, 1249, 1179, 1036, 830 cm-1; HRMS (EI+) calcd for [C14H18O3]+:
m/z 234.1256, found 234.1260.
Me

The acid S1.1 (1.32 g, 5.69 mmol) was dissolved in DCM (27 mL), then
oxalyl chloride (0.7 mL, 8 mmol) was added, followed by one drop of DMF.
The reaction flask was fitted with an oil bubbler, and upon cessation of gas
evolution, the reaction mixture was concentrated, followed by azeotroping
H
with benzene (2 X 2.5 mL). The crude acid chloride was taken up in fresh
OMe
DCM (10 mL) and added dropwise over 15 min at 0 °C to a solution of
freshly prepared diazomethane in Et2O (0.2 M, 17 mmol) and Et3N (2.6 mL,
1.120
19 mmol). The reaction mixture was stirred for 2 h, after which it was
quenched by the addition of AcOH (0.7 mL) and filtered through a short plug of silica. The
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crude yellow oil (α-diazoketone) was taken up in DCM (57 mL), charged to a round bottomed
flask, and cooled to –78 °C in a dry ice/acetone bath. BF3•OEt2 (1.7 mL, 14 mmol) was added
dropwise to the reaction mixture. After stirring for 10 min, the reaction mixture was allowed to
warm to rt and quenched with saturated aq. NaHCO3 (150 mL). The aqueous layer was extracted
with DCM (2 X 50 mL), dried over MgSO4, and concentrated. The crude oil was purified by
column chromatography on silica gel (3% EtOAc/hexanes, 1% Et3N) to yield tricycle 1.120 (980
mg, 75%) as a light yellow oil: Rf = 0.37 (20% EtOAc/hexanes); 1H NMR (500 MHz, CDCl3) δ
7.01 (d, J = 8.5 Hz, 1H), 6.81 – 6.73 (m, 2H), 3.80 (s, 3H), 3.65 – 3.51 (m, 2H), 2.98 (dd, J =
11.3, 7.8 Hz, 1H), 2.51 – 2.40 (m, 1H), 2.15 (ddt, J = 13.4, 7.8, 5.7 Hz, 1H), 1.77 – 1.62 (m, 2H),
1.57 – 1.40 (m, 2H), 1.17 (s, 3H).
A round-bottomed flask was charged with tricycle 1.120 (389 mg, 1.69
mmol) and THF (17 mL), then cooled to –78 °C in a dry ice/acetone bath.
A 0.5 M solution of KHMDS (4.1 mL, 2.0 mmol) was added dropwise
over 2 min. After stirring the reaction mixture for 30 min, t-butyl
iodoacetate (0.573 g, 2.36 mmol) was added dropwise over 3 min. The
dark orange solution turned bright yellow. After stirring for 2 h, the
reaction mixture was allowed to warm to rt, then poured onto saturated
NH4Cl (50 mL). The aqueous layer was extracted with EtOAc (2 X 40 mL). The combined
organic layers were washed with brine (20 mL), dried over MgSO4, and concentrated. The
crude reaction mixture was purified by column chromatography on silica gel (3%
EtOAc/hexanes, 1% Et3N) to yield alkylated tricycle 1.129 (467 mg, 80%) as a colorless oil: Rf
= 0.45 (20% EtOAc/hexanes); Key 1H NMR resonances (500 MHz, CDCl3) δ 7.07 (d, J = 8.3
Hz, 1H), 6.95 (d, J = 7.1 Hz, 1H), 6.81 – 6.66 (m, 4H), 3.86 – 3.71 (m, 6H), 1.53 – 1.32 (m,
18H); IR (thin film) νmax 2958, 1731, 1611, 1504, 1143, 1040, 846 cm-1; HRMS (EI+) calcd for
[C21H28O4]+: m/z 344.1988, found 344.1982.
Me

O
CO2H

H
OMe
1.130

O

A round-bottomed flask was charged with ester 1.129 (220 mg, 0.64 mmol),
DCM (5 mL), and TFA (10 mL). After stirring at room temperature for 7 h,
the reaction mixture was diluted with 1M NaOH (10 mL), and extracted
with EtOAc (1 X 10 mL). The aqueous layer was acidified to pH 1 with 1
N HCl, then extracted with EtOAc (3 X 10 mL). The combined organic
layers were washed with brine, dried over MgSO4 and concentrated to give
crude acid 1.130 (132 mg, 72%) as a brown solid: Rf = 0.14 (20%
EtOAc/hexanes); HRMS (EI+) calc’d for [C17H19O4]+ : m/z 287.1289, found
287.1292.

The acid 1.130 (10 mg, 0.03 mmol) was dissolved in PPA (0.3 g), then
heated from 65→90 °C. The reaction mixture went from light yellow to dark
brown-orange, after which the reaction was quenched by addition of ice
water (4 mL). The aqueous layer was extracted with EtOAc (3 X 4 mL),
H
OMe washed with NaHCO3 (4 mL), brine (4 mL), dried over MgSO4 and
concentrated. The crude reaction mixture was purified by column
1.131
chromatography on silica gel (3% EtOAc/hexanes, 1% Et3N) to yield
butenolide 1.131 (8 mg, quant.) as a mixture of diastereomers: Rf = 0.18, 0.33 (20%
EtOAc/hexanes); 1H NMR (500 MHz, CDCl3) δ 7.56 (d, J = 8.6 Hz, 1H), 7.47 (d, J = 8.6 Hz,
1H), 6.84 (m, 2H), 6.79 – 6.76 (m, 1H), 6.72 (d, J = 2.6 Hz, 1H), 6.09 (d, J = 1.8 Hz, 1H), 6.03
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(d, J = 1.9 Hz, 1H), 5.05 (d, J = 1.9 Hz, 1H), 5.01 (d, J = 1.8 Hz, 1H), 3.87 (s, 6H), 3.13 (dd, J =
8.3, 2.0 Hz, 1H), 3.01 (dd, J = 11.4, 9.3 Hz, 1H), 2.48 – 2.22 (m, 4H), 2.11 – 1.87 (m, 2H), 1.89
– 1.80 (m, 1H), 1.81 – 1.54 (m, 3H), 1.39 (s, 3H), 0.90 (s, 3H); IR (thin film) νmax 2958, 2927,
2872, 1744, 1647, 1605, 1493, 1462, 1270, 1156, 1049 cm-1; HRMS (ESI+) calcd for
[C17H19O3]+: m/z 271.1329, found 271.1330.
A round-bottomed flask was charged with tricycle 1.120 (80.0 mg, 0.35
mmol) and THF (3.5 mL), then cooled to –78 °C in a dry ice/acetone bath.
A 0.5 M solution of KHMDS (0.9 mL, 0.45 mmol) was added dropwise
over 2 min. After stirring the reaction mixture for 35 minutes, t-butyl
H
glyoxalate (92 mg, 0.7 mmol) in THF (0.5 mL) was added dropwise. The
OMe
bright yellow solution became pale yellow, and after stirring the reaction
1.133
mixture for 1.5 h, it was warmed to rt and quenched by addition to saturated
NH4Cl (10 mL). The aqueous layer was extracted with EtOAc (3 X 15 mL), washed with brine,
dried over MgSO4, and concentrated. The crude reaction mixture was purified by column
chromatography on silica gel (9% EtOAc/hexanes) to yield enoates 1.133/1.132 (99 mg, 82%) as
a 2:1 mixture of E/Z isomers: Rf = 0.35 (20% EtOAc/hexanes); 1H NMR (400 MHz, CDCl3) δ
7.42 (d, J = 8.8 Hz, 1H), 6.80 (dd, J = 8.7, 2.5 Hz, 1H), 6.69 (d, J = 2.4 Hz, 1H), 6.18 (s, 1H),
3.82 (s, 3H), 3.09 (dd, J = 10.4, 7.9 Hz, 1H), 2.58 (ddd, J = 13.9, 8.4, 6.3 Hz, 1H), 2.22 – 2.13
(m, 1H), 1.83 – 1.67 (m, 2H), 1.56 – 1.40 (m, 11H), 1.32 (s, 3H); 13C NMR (100 MHz, CDCl3) δ
204.8, 166.0, 161.0, 144.0, 140.9, 126.2, 124.6, 119.7, 113.7, 113.6, 81.4, 55.7, 55.3, 54.2, 36.6,
35.0, 27.96, 23.5, 23.0; IR (thin film) νmax 2966, 2871, 1701, 1601, 1498, 1458, 1259, 1155,
1040, 821, 737 cm-1; HRMS (EI+) calcd for [C21H26O4]+: m/z 342.1831, found 342.1832.
Me

O

CO2t-Bu

Rf = 0.46 (20% EtOAc/hexanes); 1H NMR (500 MHz, CDCl3) δ 7.54
(d, J = 8.4 Hz, 1H), 6.84 – 6.75 (m, 2H), 6.51 (s, 1H), 3.84 (s, 3H), 2.87
(dd, J = 11.2, 7.9 Hz, 1H), 2.43 (td, J = 6.2, 1.9 Hz, 1H), 1.81 – 1.59 (m,
3H), 1.48 (s, 9H), 1.30 – 1.21 (m, 2 H), 1.11 (s, 3H); HRMS (ESI+)
calcd for [C21H27O4]+: m/z 343.1904, found 343.1906.

A 4 mL vial was charged with ketone 1.129 (10 mg, 3 µmol) and EtOH
(0.3 mL), then cooled to 0 °C, after which NaBH4 (0.5 mg, 10 µmol) was
added in one portion. The reaction mixture was allowed to warm to rt, at
which point it was quenched by addition to saturated NH4Cl (4 mL). The
aqueous layer was extracted with EtOAc (3 X 4 mL). The combined
organic layers were washed with brine, dried over MgSO4 and
concentrated. The crude reaction mixture was charged to a 4 mL vial
with DCM (0.3 mL) and Et3N (12 µL, 80 µmol). Methanesulfonyl chloride (6 µL, 80 µmol) was
added at 0 °C, and the reaction mixture was allowed to warm to room temperature overnight.
The reaction mixture was then diluted with DCM (6 mL), washed with water (2 mL), 1M HCl (2
mL), saturated sodium bicarbonate (2 mL), and brine, then dried over MgSO4 and concentrated.
The crude reaction mixture was purified by column chromatography on silica gel (3%
EtOAc/hexanes) to yield styrene 1.140 (1.5 mg, 16%) as a colorless oil (contaminated with a
mesylate intermediate): Rf = 0.62 (20% EtOAc/hexanes); Key 1H NMR (500 MHz, CDCl3)
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resonances δ 7.14 (d, J = 8.5 Hz, 1H), 6.98 (s, 1H), 6.90 – 6.69 (m, 1H), 5.90 (s, 1H), 3.81 (s,
3H), 3.12 – 2.99 (m, 1H), 1.40 (s, 9H).
A Schlenk flask was charged with keto-ester 1.1141 (4.5 g, 26 mmol), 2,6-di-tbutyl-4-methylpyridine (8.4 g, 41 mmol), and 1,2-DCE (100 mL). The reaction
flask was cooled to 0 °C in an ice bath, then triflic anhydride (4.5 mL, 27 mmol)
was added dropwise over 2 min. A small gas evolution was observed. After
stirring the colorless reaction mixture for 10 min at 0 °C, the flask was removed
from the ice bath and warmed to rt, then heated to 80 °C. After heating for 6 h, the reaction
mixture was cooled to rt, and the dark brown solution was diluted with diethyl ether (400 mL).
The heterogeneous mixture was filtered through a Buchner funnel, and the filtrate was
concentrated to give crude vinyl triflate 1.165. The white precipitate was collected and recycled
by dilution with 1N NaOH and extraction with diethyl ether. The crude vinyl triflate was
purified by column chromatography (3% EtOAc/hexanes) to afford 6.6 g (84%) of vinyl triflate
1.165 as a colorless oil. Rf 0.55 (33% EtOAc/hexanes); 1H NMR (600 MHz, CDCl3) δ 5.76 (s,
1H), 4.17 (q, J = 7.09, 2H), 2.56-2.45 (m, 2H), 2.45-2.38 (m, 1H), 1.95-1.84 (m, 1H), 1.40 (d, J
= 20.6 Hz, 3H), 1.26 (t, J = 7.14 Hz, 3H); 13C NMR (150 MHz, CDCl3) δ 173.4, 149.8, 118.4
(q, 1JC-F = 320 Hz), 117.1, 61.5, 53.4, 35.1, 26.0, 21.4, 13.9; IR (film) νmax 2984, 1737, 1657,
1424, 1214, 1141, 1056 cm-1.
A 250 mL Schlenk flask was charged with aldehyde 1.1692 (23.7 g, 111
CO2H mmol), malonic acid (23.2 g, 223 mmol), piperidine (2 mL) and pyridine (52
mL). The flask was left unsealed, and heated to 50 °C. After all solids
dissolved, the flask was heated incrementally by 10 °C every 10 minutes to 80
°C. The reaction mixture was heated at 80 °C for 5 h, at which point it was
OMe
cooled to rt, poured onto 500 mL water, and acidified to pH 1 with 4 M HCl.
1.170
The product precipitated out as a white solid, which was isolated by filtration
and dried under high vacuum to afford analytically pure cinnamic acid 1.170 (28.3 g, quant.) as a
white solid. Rf 0.0 (33% EtOAc/hexanes); 1H NMR (500 MHz, CDCl3) 8.11 (d, J = 15.9 Hz,
1H), 7.51 (d, J = 8.8 Hz, 1H), 7.14 (d, J = 3.0 Hz, 1H), 6.84 (dd, J = 8.8, 3.0 Hz, 1H), 6.39 (d, J
= 15.9 Hz, 1H), 3.83 (s, 3H); HRMS (EI+) calcd for [C10H9BrO3]+: m/z 255.9735, found
255.9734.
Br

Br
CO2H

OMe
1.168

A Parr hydrogenation bomb was charged with styrene 1.170 (28.3 g, 111
mmol), Pt/C (5 wt %, 1.40 g), and EtOAc (550 mL). The bomb was purged
with H2 (3X), then pressurized to 100 psi and sealed. After stirring the
reaction mixture vigorously for 14 h, the pressure was released. The crude
reaction mixture was filtered through a pad of Celite and concentrated. The
crude propionic acid 1.168 was used directly in the next reaction (26 g, 93%)
as a light orange-white solid: data matches that of the literature.3
To a solution of 2,2-dimethyl-1,3-dioxane-4,6-dione (2.50 g, 17.4 mmol) in
MeOH (35 mL) was added sodium methoxide (1.12 g, 20.7 mmol) in one
portion. The reaction mixture was stirred at room temperature for 30 min.
2-Bromo-5-methoxybenzaldehyde (1.169) (7.23 g, 33.8 mmol) was
dissolved in MeOH (100 mL) in a separate reaction flask. The prepared
solution of sodium 2,2-dimethyl-4,6-dioxo-1,3-dioxan-5-ide was added
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dropwise to the solution of aldehyde through an addition funnel. The resulting solution was
stirred at room temperature for 1.5 h, gradually becoming bright yellow. The reaction mixture
was concentrated via rotary evaporation, diluted with methylene chloride (50 mL) and acidified
with 1 N HCl (to pH 1). The aqueous layer was extracted with methylene chloride (2 X 50 mL).
The combined organic layers were washed with brine (50 mL), dried (MgSO4), and concentrated.
The crude product was recrystallized from MeOH to give 5.01 g (85%) of 1.178 as bright yellow
needles. Rf 0.41 (33% EtOAc/hexanes); 1H NMR (400 MHz, CDCl3) δ 8.58 (s, 1H), 7.53 (d, J
= 8.8 Hz, 1H), 7.39 (d, J = 3.0 Hz, 1H), 6.91 (dd, J = 8.8, 3.0 Hz, 1H), 3.82 (s, 3H), 1.82 (s,
6H); 13C NMR (150 MHz, CDCl3) δ 162.1, 158.8, 158.2, 156.3, 133.4, 133.2, 119.4, 117.9,
116.8, 115.6, 105.0, 55.7, 27.8; IR (film) νmax 3384, 1738, 1594, 1485, 1193 cm-1; m.p. 123.5125 °C.
A solution of 5-(2-bromo-5-methoxybenzylidene)-2,2-dimethyl-1,3dioxane-4,6-dione (1.178) (3.80 g, 11.2 mmol) in EtOH (112 mL) was
cooled to 0 °C in an ice bath. Sodium triacetoxyborohydride (4.74 g, 22.4
mmol) was added in one portion. The ice bath was allowed to warm to
room temperature overnight. The reaction mixture was quenched with 1 N
HCl (15 mL), concentrated via rotary evaporation, then diluted with 150
mL water and extracted with methylene chloride (3 X 50 mL). The combined organic layers
were washed with brine (50 mL), dried (MgSO4), and concentrated to yield 3.82 g of a whitish
yellow solid that was used without further purification. Rf = 0.41 (33% EtOAc/hexanes); 1H
NMR (600 MHz, CDCl3) δ 7.41 (d, J = 8.8 Hz, 1H), 7.11 (d, J = 3.0 Hz, 1H), 6.70 (dd, J = 8.8,
3.0 Hz, 1H), 4.03 (t, J = 5.8 Hz, 1H), 3.80 (s, 3H), 3.45 (d, J = 5.8 Hz, 2H), 1.81 (s, 3H), 1.79 (s,
3H); 13C NMR (150 MHz, CDCl3) δ 164.6, 158.8, 138.0, 133.2, 118.5, 114.7, 114.3, 105.1,
55.5, 46.8, 32.2, 28.7, 26.1; IR (film) νmax 3381, 1787, 1754, 1469, 1302, 1085 cm-1; HRMS
(EI+) calcd for [C14H16BrO5]+: m/z 343.0176, found 343.0177.
A 500 mL round-bottomed flask was charged with 5-(2-bromo-5methoxybenzyl)-2,2-dimethyl-1,3-dioxane-4,6-dione (S1.2) (3.82 g, 11.2
O
mmol),
K2CO3 (1.70 g, 12.3 mmol), and acetone (120 mL). Iodomethane
Me
O
O
Me (2.10 mL, 33.7 mmol) was added and the reaction mixture was stirred at
room temperature for 24 h. The reaction mixture was diluted with
OMe
1.180
saturated aq. NaHCO3 (75 mL), and the acetone was removed by rotary
evaporation. The aqueous layer was extracted with methylene chloride (3 X 50 mL). The
combined organic layers were washed with saturated aq. NaHCO3 (50 mL), brine (50 mL), dried
(MgSO4), and concentrated to give 3.73 g of a brownish white solid which was used without
further purification. Rf 0.43 (33% EtOAc/hexanes); 1H NMR (500 MHz, CDCl3) δ 7.43 (d, J =
8.8 Hz, 1H), 6.78 (d, J = 3.0 Hz, 1H), 6.7 (dd, J = 8.8, 3.0 Hz, 1H), 3.76 (s, 3H), 3.51 (s, 2H),
1.75 (s, 3H), 1.67 (s, 3H), 1.36 (s, 3H); 13C NMR (150 MHz, CDCl3) δ 169.3, 158.8, 135.4,
134.0, 116.6, 115.8, 115.5, 105.3, 55.5, 50.1, 44.2, 29.8, 28.2, 24.5; IR (film) νmax 2941, 1743,
1597, 1572, 1475, 1286 cm-1; HRMS (EI+) calcd for [C15H17BrO5]+: m/z 356.0259, found
356.0262.
Br

Me

O
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Polyphosphoric acid (37.3 g) was preheated in a 125 mL Erlenmeyer flask to 80
°C in an oil bath. 5-(2-Bromo-5-methoxybenzyl)-2,2,5-trimethyl-1,3-dioxaneMe 4,6-dione (1.180) (3.73 g, 10.5 mmol) was added as a fine powder to the
preheated PPA. Gas evolved and the light yellow mixture became dark orangeOMe O
brown. The reaction mixture was stirred for 45 min, then cooled to room
1.181
temperature and diluted with ice water (200 mL). The aqueous layer was
extracted with methylene chloride (3 X 100 mL). The combined organic layers were washed
with saturated aq. NaHCO3 (100 mL) and brine (100 mL), dried (MgSO4), and concentrated.
The crude product was purified by flash column chromatography (9% EtOAc/hexanes) to afford
2.14 g (80%) of 1.181 as a slightly off-white solid. Rf 0.37 (33% EtOAc/hexanes); 1H NMR
(500 MHz, CDCl3) δ 7.67 (d, J = 8.7 Hz, 1H), 6.75 (d, J = 8.7 Hz, 1H), 3.96 (s, 3H), 3.29 (dd, J
= 17.7, 7.4 Hz, 1H), 2.73 (m, 1H), 2.62 (dd, J = 17.7, 3.8 Hz, 1H), 1.33 (d, J = 7.4 Hz, 3H); 13C
NMR (150 MHz, CDCl3) δ 206.5, 157.4, 155.0, 138.6, 126.2, 111.7, 111.2, 56.0, 42.1, 35.9,
16.6; IR (film) νmax 1711, 1586, 1474, 1286 cm-1; HRMS (ESI+) calcd for [C11H11BrO2]+: m/z
255.0015, found 255.0014.
Br

A round-bottomed flask was charged with indanone 1.1713 (5.14 g, 21.4 mmol) and
MeOH (200 mL), then cooled to 0 °C. NaBH4 (1.01 g, 26.6 mmol) was added in
portions over 10 min. The reaction mixture was warmed to room temperature and
stirred for 24 h, then quenched with saturated NH4Cl (100 mL). Most of the MeOH
was concentrated off, then the aqueous layer was extracted with DCM (3 X 100
mL). The combined organic layers were washed with brine (100 mL), dried over
MgSO4, and concentrated. The crude product (5.03 g, 97% yield) was used directly
in the next step. Rf 0.68 (33% EtOAc/hexanes); 1H NMR (400 MHz, CDCl3) δ 7.36 (d, J = 8.5
Hz, 1H), 6.62 (d, J = 8.6 Hz, 1H), 5.53 (dd, J = 7.4, 4.6 Hz, 1H), 3.85 (s, 3H), 3.08 (ddd, J =
16.9, 9.1, 5.1 Hz, 1H), 2.81 (ddd, J = 16.7, 8.8, 5.9 Hz, 1H), 2.57 (s, 1H), 2.47 (dddd, J = 13.9,
8.8, 7.3, 5.0 Hz, 1H), 2.04 (dddd, J = 13.7, 9.1, 5.9, 4.5 Hz, 1H); 13C NMR (100 MHz, CDCl3) δ
155.6, 145.3, 133.7, 132.4, 110.8, 110.28, 75.3, 55.4, 32.9, 32.0; IR (film) νmax 34043, 2938,
2837, 1581, 1474, 1264, 1074, 960, 801 cm-1; HRMS (EI+) calcd for [C10H1179BrO2]+: m/z
241.9942, found 241.9938; calcd for [C10H1181BrO2]+: m/z 243.9922, found 243.9917.
A round-bottomed flask was charged with indanol S1.3 (5.03 g, 20.8 mmol) in
methylene chloride (100 mL), and cooled to 0 °C. Diisopropylethylamine (14.5
mL, 83.4 mmol) was added, followed by dropwise addition of MOMCl (6.5 M in
MeOAc, 6.4 mL, 42 mmol) over 10 min at 0 °C. The reaction mixture was
OMOM
allowed to warm to room temperature and stirred for 24 h. The solution was
OMe
diluted with water (100 mL) and extracted with methylene chloride (3 X 100
1.172
mL). The combined organic layers were washed with brine (100 mL), dried
(MgSO4), and concentrated. The crude product was purified by filtration through a dry plug of
silica, eluting with ethyl acetate to afford 5.76 g (97%) of protected indanol 1.172 as a light
yellow oil which solidified upon refrigeration. Rf 0.21 (10% EtOAc/hexanes X 3); 1H NMR
(600 MHz, CDCl3) δ 7.37 (dd, J = 8.6, 1.9 Hz, 1H), 6.62 (d, J = 8.6 Hz, 1H), 5.37 (d, J = 6.4 Hz,
1H), 4.84 (d, J = 6.7 Hz, 1H), 4.71 (d, J = 6.7 Hz, 1H), 3.83 (s, 3H), 3.44 (s, 3H), 3.15 – 3.06 (m,
1H), 2.88 – 2.80 (m, 1H), 2.29 – 2.16 (m, 2H); 13C NMR (150 MHz, CDCl3) δ 156.0, 146.8,
132.8, 132.0, 110.56, 110.55, 95.4, 78.6, 55.41, 55.35, 32.4, 31.5; IR (film) νmax 2938, 2837,
Br
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1581, 1475, 1265, 1146, 1028 cm-1; HRMS (ESI+) calcd for [C12H15O3BrNa]+: m/z 309.0097,
found 309.0096.
To a 250 mL round-bottomed flask containing indanone 1.181 (1.08 g, 4.25
mmol) in toluene (40 mL) was added a solution of diisobutylaluminum hydride
(1M in hexanes, 7.6 mL, 7.6 mmol) dropwise over 7 min at 0 °C. The reaction
Me
mixture was warmed to room temperature and stirred for 4 h, then quenched
with MeOH (10 mL), diluted with Et2O (15 mL), and MgSO4 was added. The
OMe OMOM
heterogeneous mixture was stirred at room temperature for 1 h, then filtered
1.186
through a plug of Celite and concentrated to give 4-bromo-7-methoxy-2-methyl2,3-dihydro-1H-inden-1-ol as a 3:1 mixture of diastereomers which was used immediately
without further purification. Rf 0.39 (33% EtOAc/hexanes). To a 250 mL round-bottomed flask
containing 4-bromo-7-methoxy-2-methyl-2,3-dihydro-1H-inden-1-ol (1.07 g, 4.18 mmol) in
methylene chloride (40 mL) was added diisopropylethylamine (5.9 mL, 34 mmol), followed by
dropwise addition of MOMCl (6.5 M in MeOAc, 2.6 mL, 17 mmol) over 4 min at 0 °C. The
reaction mixture was allowed to warm to room temperature and stirred for 24 h. The solution
was diluted with water (50 mL) and extracted with methylene chloride (3 X 50 mL). The
combined organic layers were washed with brine (50 mL), dried (MgSO4), and concentrated.
The crude product was purified by filtration through a dry plug of silica, eluting with ethyl
acetate to afford 1.14 g (89% yield over two steps) of 1.186 as a light yellow oil which solidified
upon refrigeration. Rf 0.55 (33% EtOAc/hexanes); 1H NMR (600 MHz, CDCl3) major
diastereomer: δ 7.34 (d, J = 8.6 Hz, 1H) 6.62 (d, J = 8.5 Hz, 1H), 5.10 (d, J = 5.7 Hz, 1H), 4.95
(d, J = 6.6 Hz, 1H), 4.60 (d, J = 6.6 Hz, 1H), 3.82 (s, 3H), 3.42 (s, 3H), 2.93 (dd, J = 16.0, 7.5
Hz, 1H), 2.73 (dd, J = 16.0, 9.6 Hz, 1H), 2.47 (m, 1H), 1.25 (d, J = 6.9 Hz, 3H); 1H NMR (600
MHz, CDCl3) minor diastereomer: δ 7.37 (d, J = 8.6 Hz, 1H), 6.63 (d, J = 8.6 Hz, 1H), 4.92 (d,
J = 1.6 Hz, 1H), 4.85 (d, J = 6.8 Hz, 1H), 4.72 (d, J = 6.8 Hz, 1H), 3.82 (s, 3H), 3.45 (s, 3H),
3.29 (dd, J = 16.5, 7.7 Hz, 1H), 2.58-2.52 (m, 1H), 2.47 (m, 1H), 1.07 (d, J = 7.3 Hz, 3H); 13C
NMR (150 MHz, CDCl3) δ 156.5, 155.6, 146.8, 145.9, 133.2, 132.7, 132.4, 128.3, 110.9, 110.54,
110.50, 110.47, 95.9, 95.6, 85.7, 79.4, 55.6, 55.4, 55.34, 55.32, 40.2, 40.1, 39.1, 38.9, 19.3, 14.0;
IR (film) νmax 2933, 1579, 1474, 1439, 1300, 1092, 1033 cm-1; HRMS (EI+) calcd for
[C13H17BrO3]+: m/z 300.0361, found 300.0360.
Br

To a flask containing dihydroindene 1.172 (5.76 g, 20.1 mmol) in THF
(180 mL), was added n-BuLi (2.43 M in hexanes, 9.1 mL, 22.1 mmol)
dropwise over 5 min at –78 °C. After stirring the resulting bright yellow
solution
for
30
min,
2-isopropoxy-4,4,5,5-tetramethyl-1,3,2OMe
1.187
dioxaborolane (7.4 mL, 37 mmol) was added dropwise over 6 min. The
reaction mixture was allowed to warm to room temperature and stirred for 12 h. The reaction
mixture was quenched with water (120 mL), then extracted with DCM (3 X 100 mL). The
combined organic layers were washed with brine (100 mL), dried (MgSO4) and concentrated to
yield 6.6 g (98%) of boronic ester 1.187 as a colorless oil which solidified upon refrigeration. Rf
0.09 (10% EtOAc/hexanes); 1H NMR (600 MHz, CDCl3) 7.74 (d, J = 8.2 Hz, 1H), 6.71 (d, J =
8.2 Hz, 1H), 5.30 (t, J = 4.1 Hz, 1H), 4.84 (d, J = 6.7 Hz, 1H), 4.72 (d, J = 6.7 Hz, 1H), 3.86 (s,
3H), 3.45 (s, 3H), 3.31 – 3.20 (m, 1H), 3.18 – 3.06 (m, 1H), 2.24 – 2.14 (m, 2H), 1.31 (s, 12H);
13
C NMR (150 MHz, CDCl3) δ 159.1, 154.5, 138.4, 129.6, 107.6, 95.3, 83.1, 82.7, 77.5, 55.2,
55.0, 32.0, 31.9, 26.1, 25.4, 24.8, 24.8, 24.7; IR (film) νmax 2976, 2838, 1600, 1359, 1310, 1270,
pinB
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1146, 1121, 1029, 974, 859, 684 cm-1; HRMS (EI+) calcd for [C18H27O5B]+: m/z 333.1988,
found 333.1985.
To a flask containing 1.186 (940 mg, 3.1 mmol) in THF (30 mL), was added tBuLi (1.6 M in pentane, 4.5 mL, 7.2 mmol) dropwise over 6 min at –78 °C.
Me After stirring the resulting bright yellow solution for 20 min, 2-isopropoxy4,4,5,5-tetramethyl-1,3,2-dioxaborolane (2.0 mL, 9.8 mmol) was added
OMe OMOM
dropwise over 3 min. The reaction mixture was stirred for 2.5 h at –78 °C, then
1.188
allowed to warm to room temperature and stirred for 3 h. The reaction mixture
was quenched with saturated aq. NH4Cl (50 mL), then extracted with Et2O (3 X 80 mL). The
combined organic layers were washed with brine (50 mL), dried (MgSO4) and concentrated to
yield 1.0 g (93%) of boronic ester 1.188 as a colorless oil which solidified upon refrigeration. Rf
0.55 (33% EtOAc/hexanes); 1H NMR (600 MHz, CDCl3) major diastereomer: δ 7.72 (d, J = 8.2
Hz, 1H), 6.71 (d, J = 8.2 Hz, 1H), 5.03 (d, J = 5.7 Hz, 1H), 4.96 (d, J = 6.5 Hz, 1H), 4.61 (d, J =
6.5 Hz, 1H), 3.85 (s, 3H), 3.42 (s, 3H), 3.23 (dd, J = 16.5, 7.4 Hz, 1H), 2.84 (dd, J = 16.5, 9.8
Hz, 1H), 2.46-2.36 (m, 1H), 1.31 (m, 12H), 1.27 (d, J = 6.9 Hz, 3H); 1H NMR (600 MHz,
CDCl3) minor diastereomer: δ 7.74 (d, J = 8.2 Hz, 1H), 6.71 (d, J = 8.1 Hz, 1H), 4.87 (s, 1H),
4.86 (s, 1H), 4.74 (d, J = 6.7 Hz, 1H), 3.85 (s, 3H), 3.50-3.44 (m, 4H), 2.69 (dd, J = 17.1, 2.7
Hz, 1H), 2.52 (m, 1H), 1.31 (m, 12H), 1.06 (d, J = 7.3 Hz, 3H); 13C NMR (150 MHz, CDCl3) δ
159.7, 158.7, 154.6, 153.7, 138.5, 138.0, 131.0, 128.7, 107.7, 107.6, 95.8, 95.6, 84.9, 83.1, 78.3,
55.5, 55.3, 55.02, 54.98, 40.0, 39.8, 39.5, 39.2, 24.93, 24.89, 24.8, 19.5, 14.2; IR (film) νmax
2976, 2839, 1301, 1582, 1360, 1119, 1092, 1035 cm-1; HRMS (ESI+) calcd for [C19H29O5BNa]+:
m/z 371.2000, found 371.2001.
Bpin

A Schlenk flask was charged with THF (30 mL), vinyl triflate 1.165
(1.25 g, 4.14 mmol), boronic ester 1.187 (1.34 g, 4.02 mmol), K2CO3
(1.83 g, 13.3 mmol), and Pd(PPh3)4 (230 mg, 0.2 mmol). The flask was
briefly evacuated and backfilled with N2 (3X), then sealed and heated at
80 °C for 11 h. After cooling the reaction mixture to room temperature,
it was filtered through a short plug of silica, rinsed with DCM (20 mL)
and concentrated. The crude product was purified by flash column
chromatography (9%→33% EtOAc/hexanes) to afford 994 mg (72%) of a mixture of
diastereomers as a light yellow oil. Rf 0.48, 0.47 (10% EtOAc/hexanes X 3); 1H NMR (500
MHz, CDCl3) δ 7.02 (d, J = 8.4 Hz, 1H), 6.96 (d, J = 8.5 Hz, 1H), 6.66 (dd, J = 8.5, 4.7 Hz, 2H),
5.91 (t, J = 2.6 Hz, 1H), 5.86 (t, J = 2.4 Hz, 1H), 5.34 – 5.27 (m, 2H), 4.86 (d, J = 3.8 Hz, 2H),
4.85 – 4.70 (m, 2H), 4.23 – 4.00 (m, 4H), 3.83 (s, 3H), 3.83 (s, 3H), 3.45 (s, 3H), 3.45 (s, 3H),
3.18 (dt, J = 16.4, 8.2 Hz, 1H), 3.08 (dt, J = 16.1, 8.0 Hz, 1H), 2.85 (dt, J = 16.3, 5.6 Hz, 1H),
2.77 (ddd, J = 16.2, 8.4, 2.0 Hz, 1H), 2.69 – 2.56 (m, 2H), 2.70 – 2.37 (m, 4H), 2.25 – 2.02 (m,
4H), 1.95 – 1.84 (m, 2H), 1.39 (s, 3H), 1.29 (s, 3H), 1.22 (t, J = 7.1 Hz, 3H), 1.12 (t, J = 7.1 Hz,
3H); IR (film) νmax 2938, 2841, 1724, 1601, 1496, 1463, 1274, 1146, 1094, 1028, 917, 807 cm-1;
HRMS (EI+) calcd for [C21H28O5]+: m/z 360.1937, found 360.1945.
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A solution of 1:1 i-PrOH/2 M Na2CO3 (10 mL) in a Schlenk flask was
deoxygenated with N2 for 15 min prior to use. The flask was then
OMOM charged with boronic ester 1.188 (150 mg, 0.43 mmol), vinyl triflate
1.165 (120 mg, 0.41 mmol), and PdCl2(PPh3)2 (39 mg, 0.055 mmol).
OMe
The flask was briefly evacuated and backfilled with N2 (3X), then sealed
1.195
and heated at 75 °C for 12 h. The reaction mixture was diluted with
water (25 mL) and extracted with EtOAc (3 X 50 mL). The combined organic layers were
washed with brine (50 mL), dried (MgSO4), filtered through a pad of celite and concentrated.
The crude product was purified by flash column chromatography (9% EtOAc/hexanes) to afford
117 mg (80%) of a mixture of diastereomers as a colorless oil. Rf 0.52, 0.51 (33%
EtOAc/hexanes); HRMS (ESI+) calcd for [C22H30O5Na]+: m/z 397.1985, found 397.1970.
Me CO Et
2

Me

A Schlenk tube was charged with protected indanol 1.195 (15 mg, 0.042
mmol), KHSO4 (0.7 mg, 0.005 mmol), and PhMe (0.5 mL). The tube was
briefly evacuated and backfilled with N2 (3X), then sealed and heated at 120
°C for 13 h. After the reaction mixture was cooled to room temperature, it
was filtered through a plug of silica, rinsed with EtOAc (2 mL), and
concentrated.
The crude reaction mixture was purified by column
chromatography on silica gel (7% EtOAc/hexanes) to yield indene S1.4 (12
mg, quant.) as a colorless oil: Rf = 0.62 (33% EtOAc/hexanes); 1H NMR (400 MHz, CDCl3) δ
7.04 (d, J = 5.7 Hz, 1H), 6.91 (d, J = 8.4 Hz, 1H), 6.73 (d, J = 8.4 Hz, 1H), 6.46 (d, J = 5.6 Hz,
1H), 6.07 (s, 1H), 4.21 – 4.01 (m, 2H), 3.88 (s, 3H), 3.42 (q, J = 23.4 Hz, 2H), 2.72 – 2.62 (m,
1H), 2.61 – 2.51 (m, 1H), 2.52 – 2.41 (m, 1H), 1.99 – 1.87 (m, 1H), 1.38 (s, 3H), 1.15 (t, J = 7.1
Hz, 3H); 13C NMR (150 MHz, CDCl3) δ 177.4, 152.1, 145.0, 144.4, 133.6, 132.3, 130.6, 128.0,
125.1, 124.6, 108.2, 60.6, 57.4, 55.4, 40.6, 39.2, 31.3, 22.9, 14.1; IR (thin film) νmax 2936, 1722,
1493, 1269, 1174, 803, 701 cm-1; HRMS (EI+) calcd for [C19H22O3]+: m/z 298.1569, found
298.1575.
A 4 mL vial was charged with alkene 1.189 (8 mg, 0.02 mmol), Pd/C
(10 wt %, 1 mg), and EtOAc (0.3 mL). The reaction flask was briefly
OMOM evacuated and backfilled with H2 (3X). The reaction mixture was stirred
at room temperature for 21 h, after which the reaction mixture was
H
filtered through a short pad of silica, rinsed with EtOAc (2 mL), and
OMe
concentrated to yield cyclopentane 1.192 (7 mg, 94 %) as a colorless oil.
1.192
1
H NMR (500 MHz, CDCl3) δ 7.14 – 6.96 (m, 2H), 6.71 – 6.56 (m,2H),
5.07 – 4.93 (m, 4H), 4.59 (d, J = 6.6 Hz, 1H), 4.55 (d, J = 6.4 Hz, 1H), 3.89 – 3.75 (m, 6H), 3.47
– 3.39 (m, 6H), 3.11 – 2.88 (m, 5H), 2.87 – 2.61 (m, 2H), 2.58 – 2.32 (m, 4H), 2.14 – 1.94 (m,
8H), 1.87 – 1.69 (m, 2H), 1.64 – 1.55 (m,2H), 1.33 – 1.14 (m, 18H), 1.06 (dd, J = 13.9, 7.2 Hz,
2H), 1.02 – 0.89 (m, 9H).
Me CO Et
2

Me

A Schlenk tube was charged with protected indanol 1.192 (7 mg, 0.02
mmol), KHSO4 (8 mg, 0.06 mmol), and PhMe (0.3 mL). The tube was
briefly evacuated and backfilled with N2 (3X), then sealed and heated at 120
°C for 10 h. After the reaction mixture was cooled to room temperature, it
was filtered through a plug of silica, rinsed with EtOAc (2 mL), and
concentrated.
The crude reaction mixture was purified by column
chromatography on silica gel (7% EtOAc/hexanes) to yield indene 1.193 (5.5
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mg, 87%) as a colorless oil. 1H NMR (500 MHz, CDCl3) δ 6.87 (d, J = 8.5 Hz, 1H), 6.70 (d, J =
8.5 Hz, 1H), 6.63 (s, 1H), 3.89 – 3.70 (m, 4H), 3.69 – 3.58 (m, 1H), 3.38 – 3.25 (m, 2H), 3.16 (t,
J = 8.4 Hz, 1H), 2.56 – 2.44 (m, 1H), 2.18 – 2.00 (m, 6H), 1.91 – 1.75 (m, 1H), 1.74 – 1.60 (m,
1H), 1.39 – 1.17 (m, 3H), 0.87 (t, J = 7.2 Hz, 3H).
A round-bottomed flask was charged with aryl ester 1.195 (563 mg, 1.63
mmol) and THF (12 mL), then cooled to 0 °C. Lithium aluminum
hydride (215 mg, 5.66 mmol) was added portionwise over 2 min. The
OMOM reaction mixture was allowed to warm to rt and stirred for 12 h, then
cooled to 0 °C, after which the mixture was diluted with Et2O (10 mL),
OMe
and quenched by sequential addition of water (0.2 mL), 1M NaOH (0.2
1.196
mL), and water (0.6 mL). MgSO4 was added, and the slurry was stirred
vigorously and allowed to warm to rt. The slurry was filtered through a pad of Celite, rinsing
with DCM (10 mL). The solvent was concentrated to yield a colorless oil (401 mg, 96%): Rf
0.21–.07 (streaks) (33% EtOAc/hexanes); 1H NMR (500 MHz, CDCl3)
mixture of
diastereomers δ 7.08 – 7.05 (m, 2H), 6.69 (d, J = 8.3 Hz, 2H), 5.72 – 5.68 (m, 2H), 5.35 – 5.25
(m, 2H), 4.87 – 4.83 (m, 2H), 4.73 – 4.69 (m, 2H), 3.84 (s, 6H), 3.57 – 3.34 (m, 10H), 3.07 (dp, J
= 16.5, 8.2 Hz, 2H), 2.85 – 2.69 (m, 2H), 2.48 – 2.37 (m, 4H), 2.23 – 2.09 (m, 6H), 1.81 – 1.64
(m, 2H), 1.56 – 1.50 (m, 1H), 1.45 – 1.37 (m, 1H), 1.09 (s, 3H), 1.00 (s, 3H); IR (film) νmax
3425, 2936, 1601, 1494, 1274, 1145, 1079, 1038 cm-1; HRMS (EI+) calcd for [C19H26O4]+: m/z
318.1831, found 318.1838.
Me

OH

A Schlenk flask was charged with indanol 1.196 (329 mg, 1.00 mmol),
benzene (10.5 mL), propylene glycol (0.21 mL, 2.9 mmol), and KHSO4 (587
mg, 4.32 mmol). The flask was sealed and heated at 80 °C for 3 h. After
cooling to rt, the crude reaction mixture was concentrated and purified by
flash column chromatography (33% EtOAc/hexanes) to afford 219 mg (86%)
OMe of alcohol 1.198 as a white solid. Rf 0.56 (33% EtOAc/hexanes); 1H NMR
1.198
(500 MHz, CDCl3) δ 7.04 (dt, J = 5.6, 1.9 Hz, 1H), 6.98 (d, J = 8.3 Hz, 1H),
6.77 (d, J = 8.3 Hz, 1H), 6.44 (dt, J = 5.6, 2.0 Hz, 1H), 5.84 (t, J = 2.4 Hz, 1H), 3.89 (s, 3H),
3.56 (d, J = 10.7 Hz, 1H), 3.45 (d, J = 10.7 Hz, 1H), 3.38 (dt, J = 3.7, 1.9 Hz, 2H), 2.47 (td, J =
7.2, 2.4 Hz, 2H), 2.20 (dt, J = 12.8, 7.1 Hz, 1H), 1.85 – 1.76 (m, 1H), 1.09 (s, 3H); 13C NMR
(150 MHz, CDCl3) δ 152.1, 145.9, 145.1, 133.3, 132.4, 131.2, 128.2, 126.2, 125.4, 108.2, 69.2,
55.4, 53.8, 39.9, 35.4, 30.3, 22.8; IR (film) νmax 3404, 3046, 2953, 1604, 1494, 1361, 1266,
1108, 1070, 807, 737, 701 cm-1; HRMS (ESI+) calcd for [C17H21O2]+: m/z 257.1536, found
257.1537.
Me

OH

1

H NMR (400 MHz, CDCl3) δ 7.03 (dt, J = 5.7, 1.9 Hz, 1H), 6.99
(d, J = 8.3 Hz, 1H), 6.75 (d, J = 8.3 Hz, 1H), 6.43 (dt, J = 5.7, 2.0
Hz, 1H), 5.75 (t, J = 2.4 Hz, 1H), 4.74 – 4.59 (m, 2H), 3.89 (s, 3H),
3.78 (p, J = 6.2 Hz, 1H), 3.45 (d, J = 9.3 Hz, 1H), 3.49 – 3.23 (m,
3H), 2.52 – 2.39 (m, 2H), 2.25 (dt, J = 12.6, 7.5 Hz, 1H), 1.81 – 1.67
(m, 1H), 1.22 – 0.97 (m, 9H); 13C NMR (125 MHz, CDCl3) δ 152.0,
146.9, 145.4, 133.1, 132.4, 130.1, 128.2, 126.7, 125.5, 108.0, 93.5,
74.0, 68.6, 55.4, 52.4, 40.0, 35.7, 30.0, 25.0, 22.48, 22.36.
59

To a solution of aryl ester 1.189 (105 mg, 0.30 mmol) in methylene chloride
(3 mL) was added diisobutylaluminum hydride (1M in hexanes, 1.6 mL, 1.6
mmol) dropwise over 2 min at 0 °C. The reaction mixture was allowed to
warm to room temperature and stirred for 5 h, then quenched with aq.
Rochelle salt (1.2 M, 5 mL) and stirred until no emulsions remained. The
reaction mixture was extracted with EtOAc (3 X 15 mL), washed with brine
(15 mL), dried (MgSO4), and concentrated to yield crude alcohol which was
used without further purification. Rf 0.20-0.30 (33% EtOAc/hexanes). A 20 mL vial was
charged with crude alcohol, t-BuOH (7.5 mL), and pyridinium p-toluenesulfonate (105 mg, 0.42
mmol). The reaction vial was capped and heated at 60 °C for 3 h. The reaction solution was
cooled to room temperature and filtered through a plug of silica (rinsed with 15 mL EtOAc), and
concentrated. The crude product was purified by flash column chromatography (6%
EtOAc/hexanes) to afford 68 mg (84% yield over two steps) of alcohol 1.199 as a white solid.
Rf 0.60 (33% EtOAc/hexanes); 1H NMR (600 MHz, CDCl3) δ 6.88 (d, J = 8.3 Hz, 2H), 6.73 (d,
J = 8.3 Hz, 1H), 6.63 (s, 1H), 5.81 (s, 1H), 3.86 (s, 3H), 3.61-3.40 (m, 2H), 3.34-3.20 (m, 2H),
2.46 (t, J = 7.04 Hz, 2H), 2.23-2.14 (m, 1H), 2.13 (s, 3H), 1.84-1.74 (m, 1H), 1.10 (s, 3H); 13C
NMR (100 MHz, CDCl3) δ 151.1, 146.1, 144.5, 144.4, 134.2, 131.1, 126.0, 124.3, 123.2, 108.5,
69.4, 55.4, 53.8, 43.5, 35.5, 30.3, 22.9, 16.7; IR (film) νmax 3400, 2930, 1494, 1268, 1075 cm-1;
HRMS (ESI+) calcd for [C18H23O2]+: m/z 271.1693, found 271.1688.
A 4 mL vial was charged with dihydroindene 1.197 (3.0 mg, 9 µmol),
toluene (0.3 mL), and KHSO4 (10 mg, 70 µmol), then briefly evacuated and
backfilled with N2 (3X). The vial was capped and heated at 120 °C for 17 h.
The reaction mixture was filtered through a plug of silica and concentrated.
The crude product was purified by flash column chromatography (3%
EtOAc/hexanes) to afford 2 mg (95% yield) of 1.200 as a colorless oil. Rf
0.81 (33% EtOAc/hexanes); 1H NMR (600 MHz, CDCl3) δ 6.87 (d, J = 8.2 Hz, 1H), 6.75 (d, J
= 8.3 Hz, 1H), 6.64 (s, 1H), 3.87 (s, 3H), 3.19 (s, 2H), 2.76-2.60 (m, 2H), 2.45 (t, J = 7.3 Hz,
2H), 2.13 (s, 3H), 1.92 (m, 2H), 1.64 (s, 3H); IR (film) νmax 2924, 2853, 1732, 1603, 1496, 1463,
1268, 1076 cm-1; HRMS (EI+) calcd for [C17H20O]+: m/z 240.1514, found 240.1508.
A 4 mL vial was charged with alcohol 1.196 (45 mg, 0.14 mmol), methylene
chloride (0.8 mL), Et3N (0.06 mL, 0.43 mmol), DMAP (2.3 mg, 0.019
mmol), and Ac2O (0.03 mL, 0.32 mmol). The vial was capped and the
reaction mixture was stirred at room temperature for 5 h. The reaction was
quenched with 1 N HCl (3 mL), and the aqueous layer was extracted with
OMe methylene chloride (3 X 4 mL). The combined organic layers were washed
1.205
with brine (5 mL), dried (MgSO4), and concentrated to afford an intermediate
acetate (40 mg, 80% yield). The crude compound (10 mg) was then charged to a 4 mL vial with
benzene (0.3 mL) and KHSO4 (20.0 mg, 0.14 mmol). The vial was sealed and heated at 80 °C
for 48 h. After cooling to rt, the mixture was filtered through a short pad of silica, rinsed with
DCM (2 mL) and concentrated to afford 1.205 as a colorless oil (8 mg, 89%): Rf 0.74 (33%
EtOAc/hexanes); 1H NMR (500 MHz, CDCl3) δ 6.93 (dt, J = 5.6, 1.9 Hz, 1H), 6.82 (d, J = 8.3
Hz, 1H), 6.66 (d, J = 8.3 Hz, 1H), 6.33 (dt, J = 5.6, 2.0 Hz, 1H), 5.67 (t, J = 2.4 Hz, 1H), 3.93 (d,
J = 10.8 Hz, 1H), 3.80 (d, J = 14.1 Hz, 1H), 3.78 (s, 3H), 3.25 (d, J = 2.0 Hz, 2H), 2.35 (td, J =
7.1, 2.4 Hz, 2H), 2.01 (dt, J = 12.7, 6.9 Hz, 1H), 1.90 (s, 3H), 1.74 – 1.63 (m, 1H), 1.05 (s, 3H);
Me
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C NMR (150 MHz, CDCl3) δ 171.2, 152.1, 146.1, 145.3, 133.2, 132.3, 130.7, 128.2, 126.2,
125.5, 108.2, 70.0, 55.4, 51.5, 39.8, 35.9, 30.0, 23.1, 20.9; IR (film) νmax 2956, 2849, 1740,
1605, 1492, 1464, 1370, 1269, 1070, 1041, 805, 700 cm-1; HRMS (ESI+) calcd for
[C19H22O3Na]+: m/z 321.1461, found 321.1462.

A 20 mL vial was charged with alcohol 1.198 (41 mg, 0.16 mmol), methylene
chloride (2 mL), NaHCO3 (81 mg, 0.96 mmol), and Dess-Martin periodinane
(115 mg, 0.271 mmol). The vial was capped and the reaction mixture was
stirred at room temperature for 3 h. The reaction was quenched with 1:1
saturated aq. Na2SO3/NaHCO3 (5 mL), and the aqueous layer was extracted
with methylene chloride (3 X 5 mL). The combined organic layers were
washed with saturated aq. NaHCO3 (5 mL), brine (5 mL), dried (MgSO4), and
concentrated. The crude compound was typically used directly in the next
step, but could be purified by column chromatography (3% EtOAc/hexanes) to afford 19 mg
(95%) of aldehyde 1.207 as a white solid. Rf 0.78 (33% EtOAc/hexanes); 1H NMR (500 MHz,
CDCl3) δ 9.69 (s, 1H), 7.04 (dt, J = 5.6, 1.9 Hz, 1H), 6.83 (d, J = 8.4 Hz, 1H), 6.73 (d, J = 8.4
Hz, 1H), 6.48 (dt, J = 5.6, 2.0 Hz, 1H), 6.22 (t, J = 2.5 Hz, 1H), 3.87 (s, 3H), 3.52 – 3.32 (m,
2H), 2.64 (td, J = 7.3, 2.5 Hz, 2H), 2.38 (dt, J = 13.6, 6.9 Hz, 1H), 1.86 (dt, J = 13.2, 7.6 Hz,
1H), 1.29 (s, 3H); 13C NMR (100 MHz, CDCl3) δ 203.5, 152.4, 144.2, 143.1, 133.8, 132.5,
132.3, 128.1, 125.0, 124.5, 108.3, 62.8, 55.4, 40.7, 34.8, 31.1, 18.7; IR (film) νmax 2934, 1720,
1604, 1494, 1270, 1071, 1045, 803, 701 cm-1; HRMS (EI+) calcd for [C17H18O2]+: m/z
254.1307, found 254.1313.
A 20 mL vial was charged with alcohol 1.199 (30 mg, 0.11 mmol),
methylene chloride (5 mL), NaHCO3 (45 mg, 0.54 mmol), and Dess-Martin
periodinane (140 mg, 0.34 mmol). The vial was capped and the reaction
mixture was stirred at room temperature for 2 h. The reaction was quenched
with 1:1 saturated aq. Na2SO3/NaHCO3 (9 mL), and the aqueous layer was
extracted with methylene chloride (3 X 5 mL). The combined organic layers
were washed with saturated aq. NaHCO3 (5 mL), dried (MgSO4), and
concentrated. The crude compound was purified by flash column chromatography (3%
EtOAc/hexanes, 1% Et3N) to afford 21 mg (72%) of aldehyde 1.208 as a white solid. Rf 0.66
(33% EtOAc/hexanes); 1H NMR (600 MHz, CDCl3) δ 9.68 (s, 1H), 6.73 (d, J = 8.4 Hz, 1H),
6.69 (d, J = 8.4 Hz, 1H), 6.63 (dd, J = 2.8, 1.4 Hz, 1H), 6.18 (t, J = 2.5 Hz, 1H), 3.85 (s, 3H),
3.34 (d, J = 22.4 Hz, 1H), 3.26 (d, J = 22.5 Hz, 1H), 2.63 (dt, J = 7.32, 2.49 Hz, 2H), 2.37 (td, J
= 13.52, 6.86, 1H), 2.14 (s, 3H), 1.84 (td, J = 13.29, 7.66 Hz, 1H), 1.28 (s, 3H); 13C NMR (150
MHz, CDCl3) δ 203.5, 151.4, 144.2, 143.6, 143.3, 134.7, 132.3, 124.3, 123.9, 123.2, 108.6, 62.8,
55.4, 44.4, 34.8, 31.1, 18.8, 16.6; IR (film) νmax 2928, 2700, 1721, 1617, 1592, 1580, 1496,
1271, 1076 cm-1.
A solution of aldehyde 1.207 (120 mg, 0.047 mmol) in DMF (5 mL) was
cooled to –60 °C. A solution of Triton B (40% in MeOH, 0.24 mL, 0.53
mmol) was added dropwise over 2 min. The light yellow solution became
deep yellow. After stirring for 40 min, the reaction mixture was diluted with
water (10 mL). The aqueous layer was extracted with Et2O (3 X 10 mL),
washed with water (10 mL), brine (10 mL), dried (Na2SO4), and
concentrated to yield a yellow oil. The crude compound was purified by flash column
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chromatography (33% EtOAc/hexanes) to afford 74 mg (62% isolated yield, 83% brsm) of
allylic alcohol 1.214 as a mixture of diastereomers. Starting aldehyde 1.207 was also recovered
(31 mg, 26%). Rf 0.50 (33% EtOAc/hexanes); Key 1H NMR resonances (600 MHz, CDCl3) δ
6.37 (t, J = 1.9 Hz, 1H), 6.25 (q, J = 2.1 Hz, 1H), 5.98 (t, J = 2.6 Hz, 1H), 5.87 (t, J = 2.6 Hz,
1H), 5.80 (dd, J = 3.5, 2.0 Hz, 1H), 4.50 (q, J = 3.2 Hz, 1H), 4.28 (s,1H), 0.81 (d, J = 4.3 Hz,
6H); HRMS (EI+) calcd for [C17H18O2]+: m/z 254.1307, found 254.1306.
A solution of Triton B (40% in MeOH, 8 µL, 0.02 mmol) in DMF (0.3 mL)
was cooled to -60 °C. A solution of aldehyde 1.208 (5.5 mg, 0.02 mmol) in
DMF (0.2 mL) was added dropwise over 4 min. The solution was stirred for
40 min, then diluted with water (3 mL). The aqueous layer was extracted
with Et2O (3 X 4 mL), dried (MgSO4), and concentrated to yield a yellow
oil, which could be purified by column chromatography (20%
EtOAc/hexanes) for characterization purposes.
Rf 0.30-0.46 (33%
1
EtOAc/hexanes); H NMR (500 MHz, CDCl3) major diastereomer: δ 7.42 – 7.32 (d, J = 8.3 Hz,
1H), 6.73 – 6.63 (d, J = 8.3 Hz, 1H), 6.11 – 5.90 (t, J = 2.4 Hz, 1H), 4.47 – 4.35 (d, J = 7.2 Hz,
1H), 3.93 – 3.85 (s, 3H), 3.46 – 3.33 (s, 2H), 2.62 – 2.47 (m, 3H), 2.23 – 2.15 (s, 3H), 1.69 –
1.60 (ddd, J = 11.3, 5.0, 2.9 Hz, 1H); 1H NMR (500 MHz, CDCl3) minor diastereomer: δ 7.34 –
7.27 (d, J = 8.3 Hz, 1H), 6.69 – 6.55 (d, J = 8.4 Hz, 1H), 5.97 – 5.87 (t, J = 2.7 Hz, 1H), 4.78 –
4.59 (m, 1H), 3.94 – 3.80 (s, 3H), 3.44 – 3.21 (m, 2H), 2.67 – 2.52 (m, 2H), 2.34 – 2.27 (d, J =
2.0 Hz, 3H), 1.96 – 1.78 (m, 1H), 1.76 – 1.65 (m, 1H), 1.00 – 0.92 (s, 3H).
The crude allylic alcohol mixture was taken up in DCM (0.8 mL) then
NaHCO3 (14 mg, 0.17 mmol) and Dess-Martin periodinane (25 mg, 0.06
mmol) were added. The vial was capped and the reaction mixture was
stirred at room temperature for 2.5 h, then quenched with a 1:1 solution of
saturated aq. Na2SO3/NaHCO3 (5 mL). The aqueous layer was extracted
with methylene chloride (3 X 4 mL). The combined organic layers were
washed with saturated aq. NaHCO3 (4 mL), dried (MgSO4), and concentrated. The crude
compound was purified by flash column chromatography (3% EtOAc/hexanes, 1% Et3N) to
afford 4.9 mg (92% yield over two steps) of enone 1.210 as a white solid. Rf 0.62 (33%
EtOAc/hexanes); 1H NMR (600 MHz, CDCl3) δ 7.40 (d, J = 8.3 Hz, 1H), 6.74 (d, J = 8.3 Hz,
1H), 5.92-5.86 (m, 1H), 3.90 (s, 3H), 3.62-3.47 (m, 2H), 2.61-2.45 (m, 5H), 2.27 (m, 1H), 2.071.94 (m, 1H), 1.22 (s, 3H); 13C NMR (150 MHz, CDCl3) δ 201.4, 156.0, 154.8, 145.2, 144.5,
131.9, 125.2, 123.7, 121.1, 118.5, 108.8, 61.5, 55.5, 43.3, 32.4, 30.1, 24.6, 16.0; IR (film) νmax
2925, 1722, 1683, 1609, 1497, 1277, 1098 cm-1; HRMS (EI+) calcd for [C18H18O2]+: m/z
266.1307, found 266.1305.
A 4 mL vial was charged with allylic alcohol 1.214 (17 mg, 0.068 mmol),
Pd/C (10 wt %, 2 mg), and EtOAc (1 mL). The reaction flask was placed in
a Parr hydrogenation bomb and pressurized to 250 psi with H2. The reaction
mixture was stirred at room temperature for 24 h, after which the reaction
mixture was filtered through a short pad of Celite, rinsed with EtOAc (3
OMe
mL), and concentrated to yield the crude allylic alcohol. The crude product
1.216
was taken up in DCM (1 mL), then NaHCO3 (32 mg, 0.38 mmol) and DessMartin periodinane (45 mg, 0.11 mmol) were added. The vial was capped and the reaction
mixture was stirred at room temperature for 5 h, then quenched with a 1:1 solution of saturated
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aq. Na2SO3/NaHCO3 (3 mL). The aqueous layer was extracted with methylene chloride (3 X 3
mL). The combined organic layers were washed with saturated aq. NaHCO3 (3 mL), dried
(MgSO4), and concentrated. The crude compound was purified by flash column chromatography
(9% EtOAc/hexanes) to afford 4.5 mg (26% yield over two steps) of ketone 1.216 as a white
solid. Rf = 0.64 (33% EtOAc/hexanes); 1H NMR (500 MHz, CDCl3) δ 6.94 (d, J = 8.0 Hz,
1H), 6.68 (d, J = 8.0 Hz, 1H), 3.84 (s, 3H), 3.72 (t, J = 9.6 Hz, 1H), 3.25 (dd, J = 12.0, 7.4 Hz,
1H), 3.03 (dd, J = 15.8, 8.9 Hz, 1H), 2.98 – 2.85 (m, 1H), 2.71 – 2.61 (m, 1H), 2.17 – 2.07 (m,
1H), 1.99 – 1.71 (m, 6H), 0.49 (s, 3H).
Allylic alcohol 1.214 (2.5 mg, 9.8 µmol) was charged to a 4 mL vial with
DCE (0.3 mL), TFAA (10 µL, 70 µmol), DMAP (0.1 mg, 0.8 µmol), and
Et3N (0.1 mL, 0.72 mmol), in that order. The reaction mixture went from
light brown to bright yellow to orange. The reaction was stirred at rt for 12
h, then poured onto water (2 mL), and extracted with Et2O (3 X 2 mL). The
combined organic layers were washed with brine (2 mL), dried (Na2SO4),
and concentrated. The crude reaction mixture was purified by column
chromatography on silica gel (0→2% EtOAc/hexanes) to yield triene 1.217 (2.1 mg, 88%) as a
bright yellow solid. Rf = 0.68 (33% EtOAc/hexanes); 1H NMR (500 MHz, CDCl3) δ 7.29 (d, J
= 8.3 Hz, 1H), 7.06 (d, J = 5.4 Hz, 1H), 6.77 (d, J = 8.3 Hz, 1H), 6.54 (s, 1H), 6.45 (d, J = 5.4
Hz, 1H), 5.98 – 5.93 (m, 1H), 3.92 (s, 3H), 2.55 – 2.36 (m, 2H), 2.12 – 2.00 (m, 2H), 1.12 (s,
3H); 13C NMR (150 MHz, CDCl3) 152.2, 145.0, 139.6, 137.3, 135.5, 130.3, 126.5, 124.6, 122.9,
122.1, 120.5, 111.7, 55.9, 51.8, 38.6, 28.7, 25.4; IR (thin film) νmax 2926, 2854, 1725, 1600,
1496, 1462, 1262, 1056, 736 cm-1; HRMS (EI+) calcd for [C17H16O]+: m/z 236.1201, found
236.1202.
The triene 1.211 was isolated as a byproduct from the formation of 1.209.
Rf = 0.46 (9% EtOAc/hexanes); 1H NMR (500 MHz, CDCl3) δ 7.09 (d, J =
8.2 Hz, 1H), 6.62 (d, J = 8.3 Hz, 1H), 6.59 (q, J = 1.6 Hz, 1H), 6.34 (s, 1H),
5.86 – 5.79 (m, 1H), 3.78 (s, 3H), 2.44 – 2.31 (m, 1H), 2.33 – 2.25 (m, 1H),
2.05 (d, J = 1.6 Hz, 3H), 1.97 – 1.89 (m, 2H), 1.00 (s, 3H); 13C NMR (150
MHz, CDCl3) δ 151.4, 145.2, 138.5, 136.5, 135.8, 134.8, 126.6, 126.4,
125.5, 122.7, 121.1, 120.2, 112.2, 56.1, 38.7, 30.3, 29.7, 28.7, 25.4; IR (thin film) νmax 2926,
1603, 1495, 1261 cm-1.
A 4 mL vial was charged with triene 1.217 (19 mg, 0.08 mmol), Pd/C (10
wt %, 4 mg), and EtOAc (1 mL). The reaction flask was briefly evacuated
and backfilled with H2 (3X). The reaction mixture was stirred at room
temperature for 1 h, after which the reaction mixture was filtered through a
H
OMe short pad of Celite, rinsed with EtOAc (2 mL), and concentrated to yield
tricycle 1.218 (19 mg, quant.) as a white solid. Rf = 0.70 (33%
1.218
EtOAc/hexanes); 1H NMR (500 MHz, CDCl3) δ 6.84 (d, J = 8.0 Hz, 1H),
6.61 (d, J = 7.8 Hz, 1H), 3.82 (s, 3H), 3.18 (tdd, J = 10.3, 6.5, 3.0 Hz, 1H), 2.93 (dd, J = 15.5,
8.2 Hz, 1H), 2.82 – 2.70 (m, 1H), 2.61 (dd, J = 11.8, 7.7 Hz, 1H), 2.43 (dt, J = 11.7, 6.9 Hz, 1H),
2.08 – 1.97 (m, 2H), 1.93 – 1.79 (m, 2H), 1.75 – 1.60 (m, 2H), 1.60 – 1.51 (m, 1H), 1.49 – 1.37
(m, 2H), 0.25 (s, 3H); 13C NMR (150 MHz, CDCl3) δ 154.1, 147.3, 131.1, 129.0, 122.3, 107.6,
55.4, 48.1, 45.1, 41.1, 39.7, 39.6, 37.7, 29.5, 23.3, 22.2, 21.0; IR (thin film) νmax 2954, 1727,
1616, 1497, 1464, 1259, 1094, 802 cm-1.
63
Me

H

A 4 mL vial was charged with triene 1.211 (4.5 mg, 0.018 mmol), Pd/C (10
wt %, 1 mg), and EtOAc (1 mL). The reaction flask was briefly evacuated
and backfilled with H2 (3X). The reaction mixture was stirred at room
temperature for 2 h, after which the reaction mixture was filtered through a
H
OMe short pad of Celite, rinsed with EtOAc (2 mL), and concentrated to yield
1.219
tricycle 1.219 (3.7 mg, 82%) as a white solid. Rf = 0.69 (33%
1
EtOAc/hexanes); H NMR (500 MHz, CDCl3) δ 6.84 (d, J = 8.0 Hz, 1H), 6.61 (d, J = 8.0 Hz,
1H), 3.82 (s, 3H), 3.38 – 3.27 (m, 1H), 3.00 (dd, J = 15.5, 6.6 Hz, 1H), 2.70 – 2.54 (m, 3H), 2.11
– 1.98 (m, 1H), 1.94 – 1.58 (m, 5H), 1.55 (s, 1H), 1.42 (q, J = 10.3 Hz, 1H), 0.80 (d, J = 7.2 Hz,
3H), 0.28 (s, 3H); 13C NMR (150 MHz, CDCl3) δ 154.7, 145.4, 131.5, 127.3, 122.5, 107.5, 55.3,
48.2, 44.0, 42.6, 39.9, 38.1, 37.8, 35.2, 23.3, 22.2, 20.44, 16.2; IR (thin film) νmax 2954, 1727,
1616, 1497, 1464, 1259, 1094, 802 cm-1; HRMS (EI+) calcd for [C18H24O]+: m/z 256.1827,
found 256.1833.
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A 4 mL vial was charged with methyl ether 1.218 (5 mg, 0.02 mmol) and
DCM (0.5 mL). The reaction mixture was cooled to 0 °C, then BBr3 (1 M in
DCM, 60 µL, 60 µmol) was added dropwise to the colorless solution, which
H
turned bright pink. The reaction was allowed to warm to rt gradually, and
OH after stirring for 4 h was quenched with saturated NH4Cl (3 mL). The
aqueous layer was extracted with DCM (3 X 3 mL), and the combined
1.223
organic layers were washed with brine (3 mL), dried (Na2SO4), and
concentrated.
The crude product was purified by flash column chromatography (33%
EtOAc/hexanes) to afford 4 mg (87%) of phenol 1.223 as a white solid. Rf = 0.62 (33%
EtOAc/hexanes); 1H NMR (500 MHz, CDCl3) δ 6.77 (d, J = 7.9 Hz, 1H), 6.57 (d, J = 7.9 Hz,
1H), 4.44 (s, 1H), 3.18 (tdd, J = 11.0, 6.9, 3.3 Hz, 1H), 2.88 (dd, J = 15.0, 8.2 Hz, 1H), 2.83 –
2.66 (m, 1H), 2.59 (dd, J = 12.0, 7.8 Hz, 1H), 2.46 (dt, J = 11.7, 6.9 Hz, 1H), 2.10 – 1.95 (m,
2H), 1.93 –1.80 (m, 2H), 1.75 – 1.53 (m, 3H), 1.50 – 1.34 (m, 2H), 0.25 (s, 3H); 13C NMR (100
MHz, CDCl3) δ 149.8, 147.6, 131.1, 126.7, 122.9, 112.1, 48.1, 45.0, 40.9, 39.62, 39.60, 37.7,
28.8, 23.2, 22.2, 20.9; IR (film) νmax 3359, 2950, 2857, 1606, 1494, 1456, 1281, 812 cm-1;
HRMS (EI+) calcd for [C16H20O]+: m/z 228.1514, found 228.1514.
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A 4 mL vial was charged with phenol 1.223 (5.7 mg, 0.025 mmol), MeCN (0.7
mL), water (0.7 mL), NaHCO3 (24 mg, 0.29 mmol), and PIDA (27 mg, 0.084
OH
mmol).
The colorless solution became bright yellow, then cloudy
orange/yellow. The reaction mixture was stirred at room temperature for 24 h,
H
O then quenched with water (3 mL). The aqueous layer was extracted with DCM
1.224
(3 X 3 mL), and the combined organic layers were washed with brine (3 mL),
dried (Na2SO4) and concentrated. The crude product was purified by flash
column chromatography (33% EtOAc/hexanes) to afford 4 mg (66%) of p-quinol 1.224 as a
white solid. Rf 0.27 (33% EtOAc/hexanes); 1H NMR (500 MHz, CDCl3) δ 6.94 (d, J = 9.8 Hz,
1H), 6.12 (d, J = 9.9 Hz, 1H), 3.52 – 3.41 (m, 1H), 2.68 – 2.62 (m, 2H), 2.42 – 2.26 (m, 1H),
2.22 (dd, J = 12.9, 7.6 Hz, 1H), 2.14 – 1.96 (m, 3H), 1.73 (tdd, J = 11.3, 5.6, 3.6 Hz, 2H), 1.69 –
1.51 (m, 2H), 1.51 – 1.40 (m, 2H), 1.34 – 1.19 (m, 1H), 0.58 (s, 3H); 13C NMR (150 MHz,
CDCl3) δ 184.8, 165.7, 149.0, 136.8, 129.2, 67.9, 56.5, 44.8, 41.8, 40.9, 40.2, 32.2, 28.7, 22.6,
21.0, 20.0; IR (film) νmax 3380, 2924, 1738, 1666, 1636, 1456, 1377, 990 cm-1; HRMS (EI+)
calcd for [C16H20O2]+: m/z 244.1463, found 244.1467.
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A 4 mL vial was charged with p-quinol 1.224 (1.8 mg, 7.4 µmol), DCM (0.4
mL), NaHCO3 (9.8 mg, 0.12 mmol), and m-CPBA (2.8 mg, 11 µmol). The
OH O
reaction mixture was stirred at room temperature for 48 h, then quenched by
the addition of water (3 mL). The aqueous layer was extracted with DCM (3 X
H
O 3 mL), then washed with brine (3 mL), dried (Na2SO4), and concentrated.
The crude reaction mixture was purified by column chromatography on silica
1.225
gel (33% EtOAc/hexanes) to yield epoxide 1.225 (1.3 mg, 72%) as a white
solid. Rf = 0.44 (33% EtOAc/hexanes); 1H NMR (600 MHz, CDCl3) δ 6.50 (d, J = 10.4 Hz,
1H), 5.88 (d, J = 10.3 Hz, 1H), 2.80 (dt, J = 11.6, 6.8 Hz, 1H), 2.32 – 2.22 (m, 3H), 2.10 (dd, J =
14.3, 11.6 Hz, 1H), 2.04 – 1.90 (m, 2H), 1.79 – 1.50 (m, 4H), 1.42 – 1.25 (m, 4H), 0.61 (s, 3H);
13
C NMR (150 MHz, CDCl3) δ 194.3, 147.6, 125.6, 73.6, 70.2, 68.3, 53.8, 42.7, 42.0, 39.9,
32.4, 27.8, 22.8, 22.2, 22.0, 21.1; IR (thin film) νmax 3437, 2927, 2856, 1770, 1687, 1427, 1216,
1018, 733 cm-1; HRMS (EI+) calc’d for [C16H20O3]+: 260.1412, found 260.1416.
Me

H

Cyclopentane 1.228 was prepared in an analogous manner to 1.192. A
round-bottomed flask was charged with aryl ester 1.228 (97 mg, 0.28 mmol)
and THF (3 mL), then cooled to 0 °C. Lithium aluminum hydride (33 mg,
0.86 mmol) was added in one portion. The reaction mixture was allowed to
H
warm to room temperature and stirred for 8 h, then cooled to 0 °C, after
OMe which the mixture was diluted with Et O (2 mL), and quenched by sequential
2
S1.5
addition of water (0.03 mL), 1M NaOH (0.03 mL), and water (0.06 mL).
MgSO4 was added, and the slurry was stirred vigorously and allowed to
warm to rt. The slurry was filtered through a pad of Celite, rinsing with DCM (5 mL). The
solvent was concentrated to yield a colorless oil (89 mg, 97% over two steps): Rf 0.28, 0.11
(33% EtOAc/hexanes), HRMS (ESI+) calcd for [C19H28O4Na]+: m/z 343.1880, found 343.1880.
A Schlenk flask was charged with the indanol (57 mg, 0.17 mmol), benzene (1 mL), propylene
glycol (0.04 mL, 0.54 mmol), and KHSO4 (98 mg, 0.72 mmol). The flask was sealed and heated
at 80 °C for 3 h. After cooling to room temperature, the crude reaction mixture was concentrated
and purified by flash column chromatography (33% EtOAc/hexanes) to afford 32 mg (73%) of
alcohol S1.5 as a colorless oil which solidified upon refrigeration. Rf = 0.59 (33%
EtOAc/hexanes); 1H NMR (600 MHz, CDCl3) δ 7.11 (d, J = 8.4 Hz, 1H), 7.04 (dt, J = 5.6, 1.9
Hz, 1H), 6.81 (d, J = 8.4 Hz, 1H), 6.46 (dt, J = 5.6, 2.0 Hz, 1H), 3.88 (s, 3H), 3.51 – 3.34 (m,
3H), 3.27 (d, J = 11.2 Hz, 1H), 3.03 (dd, J = 10.2, 7.9 Hz, 1H), 2.12 – 1.95 (m, 3H), 1.91 – 1.64
(m, 3H), 1.54 – 1.50 (m, 1H), 1.16 (s, 3H); 13C NMR (100 MHz, CDCl3) δ 151.6, 145.1, 133.1,
132.1, 130.0, 128.4, 124.0, 108.9, 68.2, 55.3, 50.9, 47.8, 39.3, 36.9, 32.7, 25.5, 23.1; IR (film)
νmax 3409, 2952, 2866, 1604, 1493, 1268, 1070, 806, 700 cm-1; HRMS (EI+) calcd for
[C17H22O2]+: m/z 258.1620, found 258.1627.
Me

OH

A 20 mL vial was charged with alcohol S1.5 (12 mg, 0.046 mmol),
methylene chloride (2 mL), NaHCO3 (26 mg, 0.31 mmol), and Dess-Martin
periodinane (23 mg, 0.053 mmol). The vial was capped and the reaction
mixture was stirred at room temperature for 3.5 h. The reaction was
quenched with 1:1 saturated aq. Na2SO3/NaHCO3 (5 mL), and the aqueous
layer was extracted with methylene chloride (3 X 5 mL). The combined
organic layers were washed with saturated aq. NaHCO3 (5 mL), dried
(MgSO4), and concentrated. The crude compound was purified by flash column chromatography
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to afford (11 mg, 94%) of alcohol S1.6 as a white solid. Rf = 0.77 (33% EtOAc/hexanes); 1H
NMR (500 MHz, CDCl3) δ 9.28 (s, 1H), 7.04 (dt, J = 5.6, 1.9 Hz, 1H), 6.92 (d, J = 8.4 Hz, 1H),
6.76 (d, J = 8.4 Hz, 1H), 6.46 (dt, J = 5.7, 2.0 Hz, 1H), 3.87 (s, 3H), 3.39 (q, J = 2.2 Hz, 2H),
3.20 (dd, J = 9.5, 7.4 Hz, 1H), 2.41 – 2.28 (m, 1H), 2.20 – 1.98 (m, 4H), 1.94 – 1.80 (m, 1H),
1.57 – 1.48 (m, 1H), 1.25 (s, 3H); 13C NMR (100 MHz, CDCl3) δ 206.7, 151.9, 144.8, 133.3,
132.0, 128.6, 127.5, 124.7, 109.0, 56.9, 55.5, 53.0, 39.2, 33.8, 32.9, 23.6, 23.5, 22.2; IR (film)
νmax 2956, 1718, 1495, 1269, 1064, 809, 700 cm-1; HRMS (EI+) calcd for [C17H20O2]+: m/z
256.1463, found 256.1469.
A solution of aldehyde S1.6 (180 mg, 0.70 mmol) in DMF (10 mL) was
cooled to –60 °C. A solution of Triton B (40% in MeOH, 0.9 mL, 2 mmol)
was added dropwise over 4 min. After stirring for 6 h, the reaction mixture
was diluted with water (5 mL). The aqueous layer was extracted with Et2O
(3 X 5 mL), washed with brine (2 X 5 mL), dried (Na2SO4), and
concentrated to yield a yellow oil. The crude compound was purified by
flash column chromatography (9→33% EtOAc/hexanes) to afford 63 mg
(35% isolated yield, 40% brsm) of allylic alcohol 1.229 as mixture of diastereomers. Starting
aldehyde S1.6 was also recovered (21 mg, 12%). Rf = 0.34 (33% EtOAc/hexanes); Major
diastereomer: 1H NMR (600 MHz, CDCl3) δ 7.10 (d, J = 8.2 Hz, 1H), 6.75 (d, J = 8.2 Hz, 1H),
6.39 (d, J = 2.0 Hz, 1H), 4.63 (q, J = 2.7 Hz, 1H), 3.89 (s, 3H), 3.86 – 3.83 (m, 1H), 3.42 (q, J =
1.8 Hz, 2H), 3.00 (dd, J = 7.1, 3.3 Hz, 1H), 2.33 – 2.15 (m, 2H), 1.84 (ddd, J = 15.7, 9.1, 6.2 Hz,
1H), 1.76 – 1.55 (m, 2H), 1.54 –1.49 (m, 3H), 1.21 (s, 3H); Select minor diastereomer peaks: 1H
NMR (600 MHz, CDCl3) δ 7.06 (d, J = 8.0 Hz, 1H), 6.71 (d, J = 8.2 Hz, 1H), 6.35 (q, J = 2.2
Hz, 1H), 4.60 (q, J = 3.1 Hz, 1H), 0.89 (s, 3H); 13C NMR (150 MHz, CDCl3) δ 153.6, 143.2,
142.6, 128.0, 126.60, 126.58, 125.91, 125.87, 109.0, 74.1, 70.1, 55.4, 51.3, 49.4, 48.8, 48.61,
48.59, 36.9, 36.6, 35.1, 33.4, 31.5, 30.7, 24.8, 21.8, 21.5, 21.5, 19.0; IR (film) νmax 3437, 3054,
2959, 2872, 1708, 1496, 1265, 1080, 1020, 738 cm-1; HRMS (EI+) calcd for [C17H20O2]+: m/z
256.1463, found 256.1461.
A 4 mL vial was charged with alcohol 1.229 (4 mg, 0.02 mmol), Pt/C (10 wt
%, 0.4 mg), and EtOAc (0.5 mL). The reaction flask was briefly evacuated
and backfilled with H2 (3X). The reaction mixture was stirred at room
temperature for 24 h, after which the reaction mixture was filtered through a
H
short pad of Celite, rinsed with EtOAc (2 mL), and concentrated. The crude
OMe
reaction mixture was used directly in the next step. Rf = 0.78, 0.68, 0.54
S1.7
(33% EtOAc/hexanes); 1H NMR (500 MHz, CDCl3) δ 6.89 (d, J = 8.2 Hz,
1H), 6.68 (d, J = 8.2 Hz, 1H), 3.81 (s, 3H), 3.34 (d, J = 10.4 Hz, 1H), 3.05 (td, J = 10.2, 6.7 Hz,
1H), 2.99 – 2.74 (m, 3H), 2.56 – 2.42 (m, 1H), 2.34 – 2.12 (m, 1H), 1.98 – 1.85 (m, 1H), 1.82 –
1.45 (m, 4H), 1.44 – 1.28 (m, 1H), 1.23 (s, 3H); IR (thin film) νmax 3419, 2954, 1709, 1590,
1497, 1268, 1079, 736 cm-1; HRMS (EI+) calcd for [C17H22O2]+: m/z 258.1620, found
258.1627.
Me

OH
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A 4 mL vial was charged with methyl ether S1.7 (3 mg, 0.01 mmol) and
DCM (0.5 mL). The reaction mixture was cooled to 0 °C, then BBr3 (1 M in
DCM, 30 µL, 30 µmol) was added dropwise. The reaction was allowed to
warm to rt gradually, and after stirring for 5 h was quenched with saturated
H
NaHCO3 (2 mL). The aqueous layer was extracted with DCM (3 X 2 mL),
OH and the combined organic layers were washed with brine (2 mL), dried
1.230
(Na2SO4), and concentrated. The crude product was purified by flash column
chromatography (33% EtOAc/hexanes) to afford 1 mg (33%) of phenol 1.230. Rf 0.62, 0.56
(33% EtOAc/hexanes); Select major diastereomer peaks 1H NMR (500 MHz, CDCl3) δ 6.81 (d,
J = 8.1 Hz, 1H), 6.64 (dd, J = 8.1, 0.9 Hz, 1H), 3.85 (d, J = 11.5 Hz, 1H), 3.46 (td, J = 10.8, 6.5
Hz, 1H), 3.35 – 3.24 (m, 1H), 3.02 – 2.91 (m, 2H), 1.32 (s, 3H).
Me

OH

A 4 mL vial was charged with phenol 1.230 (3 mg, 12 µmol), MeCN (0.5 mL),
water (0.5 mL), NaHCO3 (13 mg, 0.15 mmol), and PIDA (11 mg, 34 µmol).
O
The reaction mixture was stirred at room temperature for 46 h, then quenched
with water (2 mL). The aqueous layer was extracted with DCM (3 X 2 mL),
H
O and the combined organic layers were washed with brine (2 mL), dried
(Na2SO4) and concentrated. The crude product (2 mg) was purified by flash
1.231
column chromatography (33% EtOAc/hexanes).
Rf 0.42, 0.35 (33%
1
EtOAc/hexanes); Key H NMR resonances for the major diastereomer (600 MHz, CDCl3) δ 6.75
(d, J = 9.8 Hz, 1H), 6.04 (d, J = 9.7 Hz, 1H), 4.58 (d, J = 12.8 Hz, 1H), 1.40 (s, 3H); HRMS
(EI+) calcd for [C16H18O2]+: m/z 242.1307, found 242.1313.
Me

A 4 mL vial was charged with p-quinol 1.231 (2 mg, 8 µmol),
DCM (1 mL), NaHCO3 (5.8 mg, 0.069 mmol), and m-CPBA
O O
(3.8 mg, 15 µmol). The reaction mixture was stirred at rt for 1
week, then quenched by the addition of water (3 mL). The
H
O
aqueous layer was extracted with DCM (3 X 3 mL), then
washed with brine (3 mL), dried (Na2SO4), and concentrated.
1.233
The crude reaction mixture was purified by column
chromatography on silica gel (33% EtOAc/hexanes). Rf = 0.37, 0.6 (33% EtOAc/hexanes);
selected 1H NMR (500 MHz, CDCl3) signals δ 6.38 (d, J = 10.1 Hz, 1H), 5.85 (d, J = 10.1 Hz,
1H), 4.53 – 4.48 (m, 2H), 3.91 – 3.87 (m, 2H); HRMS (EI+) calc’d for [C16H19O3]+: m/z
259.1334, found 259.1331.
Me

A flame dried Schlenk tube was charged with PdCl2(PPh3)2 (46 mg, 0.066 mmol),
PPh3 (30 mg, 0.11 mmol), KOPh (393 mg, 3.0 mmol), B2(pin)2 (446 mg, 1.8
mmol), vinyl triflate 1.165 (500 mg, 1.7 mmol), and PhMe (1.6 mL). The tube was
evacuated and backfilled with N2 (3X), then sealed and heated at 50 °C for 15 h.
The reaction mixture was cooled to rt, filtered through a plug of silica gel, rinsed
with EtOAc (20 mL) and concentrated. The crude reaction mixture was purified
by column chromatography on silica gel (9% EtOAc/hexanes, 1% Et3N) to yield boronic ester
1.255 (320 mg, 69%) as a colorless oil. Rf = 0.67 (33% EtOAc/hexanes); 1H NMR (600 MHz,
CDCl3) δ 6.52 (t, J = 2.5 Hz, 1H), 4.11 (q, J = 7.1 Hz, 2H), 2.47 (ddd, J = 9.5, 6.4, 2.7 Hz, 2H),
2.23 (dt, J = 12.8, 7.8 Hz, 1H), 1.79 (ddd, J = 12.7, 7.4, 5.4 Hz, 1H), 1.33 (s, 3H), 1.23 (dd, J =
10.2, 6.3 Hz, 15H); 13C NMR (150 MHz, CDCl3) δ 177.6, 146.9, 83.0, 60.2, 57.4, 37.6, 33.2,
24.7, 24.6, 23.2, 14.2; IR (thin film) νmax 2978, 2934, 1731, 1621, 1463, 1447, 1367, 1320,
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1145, 1028, 855, 697 cm-1; HRMS (EI+) calc’d for [C15H25O4B]+:
280.1850.

m/z 280.1846, found

A flame dried Schlenk tube was charged with Pd(OAc)2 (1.8 mg, 8.0 µmol),
DABCO (2.1 mg, 19 µmol), TBAB (53 mg, 0.16 mmol), K2CO3 (71 mg, 0.51
mmol), vinyl triflate 1.165 (50 mg, 0.16 mmol), enoate 1.256 (30 µL, 0.2 mmol)
and DMF (1.6 mL). The tube was evacuated and backfilled with N2 (3X), then
sealed and heated at 80 °C for 20 h. The reaction mixture was cooled to room
MeO2C
temperature, diluted with water (5 mL) and extracted with EtOAc (3 X 5 mL).
1.257
The combined organic layers were washed with brine (5 mL), then dried over
MgSO4 and concentrated. The crude reaction mixture was purified by column chromatography
on silica gel (3% EtOAc/hexanes) to yield dicyclopentene 1.257 (19 mg, 44%) as a colorless oil.
Rf = 0.22 (9% EtOAc/hexanes); 1H NMR (600 MHz, CDCl3) δ 6.86 (s, 1H), 5.30 (s, 1H), 4.21
– 4.03 (m, 2H), 3.68 (s, 3H), 3.56 (d, J = 9.3 Hz, 1H), 2.58 – 2.21 (m, 6H), 2.16 – 2.00 (m, 2H),
1.97 – 1.82 (m, 1H), 1.79 – 1.70 (m, 1H), 1.70 – 1.61 (m, 1H), 1.37 (s, 4H), 1.32 – 1.15 (m, 6H);
13
C NMR (150 MHz, CDCl3) δ 176.9, 165.2, 149.4, 144.2, 139.2, 125.4, 60.5, 56.6, 51.2, 41.7,
37.1, 32.0, 31.7, 29.9, 22.4, 14.2.
Me

CO2Et

1.10 X-ray crystallographic data for 1.218:
A colorless plate 0.15 x 0.10 x 0.04 mm in size was mounted on a Cryoloop with Paratone
oil. Data were collected in a nitrogen gas stream at 100(2) K using phi and omega scans.
Crystal-to-detector distance was 60 mm and exposure time was 10 seconds per frame using
a scan width of 1.0°. Data collection was 96.0% complete to 67.00° in θ. A total of 17284
H
reflections were collected covering the indices, -18<=h<=18, -6<=k<=7, -16<=l<=16. 2301
OMe reflections were found to be symmetry independent, with an Rint of 0.0307. Indexing and
unit cell refinement indicated a primitive, monoclinic lattice. The space group was found to
1.218
be P2(1)/c (No. 14). The data were integrated using the Bruker SAINT software program
and scaled using the SADABS software program. Solution by direct methods (SIR-2004) produced a complete
heavy-atom phasing model consistent with the proposed structure. All non-hydrogen atoms were refined
anisotropically by full-matrix least-squares (SHELXL-97). All hydrogen atoms were placed using a riding model.
Their positions were constrained relative to their parent atom using the appropriate HFIX command in SHELXL-97.
Me

H

Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group
Unit cell dimensions

Volume
Z
Density (calculated)
Absorption coefficient
F(000)
Crystal size
Crystal color/habit

C17 H22 O
242.35
100(2) K
1.54178 Å
Monoclinic
P2(1)/c
a = 15.2989(11) Å
b = 6.3829(4) Å
c = 13.7078(9) Å
1326.07(15) Å3
4
1.214 Mg/m3
0.557 mm-1
528
0.15 x 0.10 x 0.04 mm3
colorless plate

α= 90°.
β= 97.840(5)°
γ = 90°
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Theta range for data collection
Index ranges
Reflections collected
Independent reflections
Completeness to theta = 67.00°
Absorption correction
Max. and min. transmission
Refinement method
Data / restraints / parameters
Goodness-of-fit on F2
Final R indices [I>2sigma(I)]
R indices (all data)
Largest diff. peak and hole

2.92 to 67.75°.
-18<=h<=18, -6<=k<=7, -16<=l<=16
17284
2301 [R(int) = 0.0307]
96.0 %
Semi-empirical from equivalents
0.9781 and 0.9211
Full-matrix least-squares on F2
2301 / 0 / 165
1.019
R1 = 0.0432, wR2 = 0.1156
R1 = 0.0527, wR2 = 0.1257
0.279 and -0.161 e.Å-3

1.11 Selected Spectra
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Chapter 2 A Unified Approach to the Yohimbine Alkaloids
2.1 Isolation and Biosynthesis of the Yohimbinoid Alkaloids
The yohimbine natural products are a class of pentacyclic indole alkaloids which possess
five or six stereogenic centers, four (or five) of which are contiguous, and are located about the
periphery of the E-ring cyclohexane (Figure 2.1). There are multiple deviations in the absolute
and relative configuration of the members of this alkaloid genre. The yohimbinoid alkaloids are
divided into four main classes (normal, pseudo, allo and epiallo, Figure 2.1) that are determined
by the stereochemical configuration at C(3) and C(20).1

Figure 2.1. Yohimbinoid labeling and classification.
To highlight these stereochemical relationships, for example, rauwolscine (2.2) and
yohimbine (2.3) are epimeric at C(3), C(15), and C(17) (Figure 2.2). This C(15) diastereomeric
relationship translates to a cis D/E ring junction for rauwolscine, whereas yohimbine possesses a
trans junction. Additionally, the C(3) stereochemical configuration is of great consequence, as it
dramatically impacts the three dimensional conformation of these molecules. It is known that
the stereochemistry at C(3) is critical for the bioactivity of the alkaloids, and in fact, venenatine
(2.10) and 16-epi-alstovenine (2.8) induce opposing activity in several studies, which will be
discussed later in this section. Interestingly, 3-dehydro alstovenine chloride (2.11) is inactive in
mammalian bioassays that have been performed.2 It is also known that various yohimbine
alkaloids are epimeric to one another at a single center (e.g., 16-epi-alstovenine and alstovenine).
In addition to the variations in stereochemistry, this natural product class is also represented by a
number of analogs that are different on the basis of the substitution about the indole nucleus. For
instance, the aforementioned rauwolscine and yohimbine bear indole rings which are
unsubstituted, whereas alstovenine and venenatine are derived from 4-methoxy-substituted
tryptamines, and reserpine (2.1) arises from a 6-methoxy-substituted tryptamine. There are
additional natural products in this class which come from a 7-methoxy substituent on the
tryptamine (not shown), while the berbane alkaloids (2.6) are des-pyrrolo analogs of the
yohimbinoids, typified by an electron-rich arene as shown in Figure 2.2.
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Figure 2.2. Select yohimbine alkaloids.
The various yohimbine alkaloids are isolated from a wide variety of plant sources, such
as Rauwolfia serpentine (reserpine, rauwolscine), Aspidosperma quebracho, (yohimbine), and
Alstonia venenata (alstovenine, venenatine).1,3–8 The isolation of both venenatine (4.0 g from 5
kg plant material) and isovenenatine (0.15 g from 5 kg plant material) was reported in 1964, with
a subsequent report of the characterization data in 1965.6,7 At the same time, Chatterjee et al.
reported the isolation of a pentacyclic indole alkaloid alstovenine, which had identical
characterization data to isovenenatine.4
These natural products are iridoid monoterpenoids which arise from the enzymatic
coupling of secologanin (2.17, Scheme 2.1) and tryptamine (2.19, Scheme 2.2).9 Secologanin is
derived from elaboration of geranyl diphosphate (2.12), and there is strong evidence in the
literature that the geranyl diphosphate used in the biosynthesis arises via the DXP pathway (see
Chapter 1, Scheme 1.2).10,11 Elaboration of geranyl diphosphate to 7-deoxyloganin (2.15) takes
place via a number of intermediates, including the formation of 10-oxogeraniol (2.13) and
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iridodial (2.14) The (S) configuration at C(15) of the yohimbinoid alkaloids is established in this
transformation (see 2.14 for label), and is the only stereocenter conserved among all
yohimbinoid alkaloids.10
Hydroxylation of 7-deoxyloganin (2.15) is mediated by 7deoxyloganin-7-hydroxylase to give loganin (2.16). Secologanin synthase catalyzes the
oxidative cleavage of the cyclopentane ring to give secologanin (2.17).12

Scheme 2.1. Enzymatic elaboration of geranyl diphosphate to secologanin.
Tryptophan (2.18) is converted to tryptamine (2.19) via tryptophan decarboxylase
(Scheme 2.2), then strictosidine synthase catalyzes the union of tryptamine with secologanin
(2.17). Strictosidine synthase is known as a stereospecific Pictet-Spengler-‘ase’. Strictosidine is
a common biosynthetic intermediate for a plethora of indole-containing natural products, such as
the ajmalan, strychnos, aspidosperma, iboga, and cinchona alkaloids.13

Scheme 2.2. Enzymatic linking of secologanin and tryptamine.
The method for conversion of strictosidine to yohimbine and other yohimbinoid alkaloids
is not known, but it is proposed that 4,21-dehydrogeissoschizine (2.24, Scheme 2.3) could be
converted to yohimbine (2.3).13 Strictosidine deglucosidase catalyzes the hydrolysis of the
glucose moiety, leading to hemiacetal 2.21, which can undergo further hydrolysis to give
dialdehyde 2.22. Condensation of the piperidine nitrogen onto the aldehyde leads to iminium ion
2.23, and isomerization affords 4,21-dehydrogeissoschizine (2.24). Tautomerization of the
iminium ion gives dienamine (2.25) which can add in a 1,4-manner to afford the pentacyclic
yohimbine skeleton (2.26). Two reduction steps would then give yohimbine (2.3). The
biosynthesis of the other yohimbine alkaloids could be envisioned to proceed in a similar
manner.
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Scheme 2.3. Proposed yohimbine biosynthesis.13
With this biosynthetic proposal in mind, the extraordinary diversity of stereoisomers is
perhaps unsurprising, based upon the feasible epimerization of biosynthetic intermediates.
Interestingly, however, the seemingly subtle difference in relative stereochemistry for a number
of these molecules leads to a dramatic modification in their bioactivity. For example, the
deviation in C(3)/C(16) stereochemistry (alstovenine (2.7) vs venenatine (2.10)) leads to a
complete reversal of the CNS effects observed for these molecules. Alstovenine behaves as a
CNS stimulant in mice (1 mg/kg) and significantly enhances the analgesic effects of morphine,
which combined with other experimental results indicate that it is a potent monoamine oxidase
inhibitor in vivo.2 In contrast, venenatine displays activity analogous to reserpine (50 mg/kg in
mice) and induces sedation and a decrease in motor activity. Furthermore, it inhibits the
analgesic effects of morphine. Venenatine has been shown to be a relatively effective inhibitor
for the growth of plant pathogenic fungi,3 as has 3-dehydro alstovenine chloride (2.11), which
has no activity in mammalian cells.5 Reserpine (2.1) has been used in the treatment of
hypertension,14 schizophrenia,15 and investigated (but not approved) for the treatment of autism
and cocaine withdrawal. Structurally related rauwolscine (2.2) is a known blocker of presynaptic α2-adrenoceptors, and used as a standard for measuring the activity of novel
adrenoceptor activity.16–19 Due to their potent and multifarious bioactivity, the yohimbinoid
alkaloids are among some of the most studied natural products.
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2.2 Synthetic Background
The total synthesis of reserpine (2.1) by R. B. Woodward and coworkers is recognized as
a milestone event that ushered in the modern era of diastereoselective reactions by exploiting
conformational analysis.20 This historic approach by Woodward was elegant in its solution to the
various stereochemical challenges presented by reserpine. Most notably, a significant challenge
was overcome regarding the C(3) stereochemistry (Scheme 2.4), which was remedied through a
lactonization/epimerization sequence (see 2.28→2.30).

Scheme 2.4. Woodward approach to reserpine.
Because many subsequent syntheses of reserpine and related yohimbinoid natural
products adopt a strategy that is similar to the Woodward approach, they are also plagued with a
stereoselectivity problem (or in some cases, a regioselectivity issue) in installing the C(3) center,
which must be corrected to obtain the desired diastereomer.1 Therefore, a general solution that
accomplishes a highly diastereoselective installation of the C(3) stereogenic center of the
yohimbinoid alkaloids (of which reserpine is a member) has been sought for a long time. In
2005, Stork reported an inventive solution to the reserpine C(3) problem, which took advantage
of the ionization of an intermediate aminonitrile (Scheme 2.5). Elaboration of vinylogous ester
2.31 to key aldehyde tosylate 2.37 proceeded in eleven steps.
Treatment with 6methoxytryptamine gave a mixture of C(3) epimers, but it was found that the addition of cyanide
to the reaction formed aminonitrile intermediate 2.38. Treatment of the aminonitrile with acid
effected a Pictet-Spengler cyclization to give the desired β-C(3) diastereomer (2.39), which was
elaborated to reserpine (2.1).
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Scheme 2.5. Stork approach to reserpine.
While this was a beautiful solution to access the β-C(3) diastereomer, an entirely
unaddressed challenge pertaining to the installation of the C(3) stereocenter of the yohimbinoid
alkaloids is to invent tactics that would achieve the exclusive formation of either C(3) epimer
with a variety of aryl nucleophiles. A solution to this challenge would yield a unified strategy
for the preparation of the yohimbinoid alkaloids, given that several members of this family are
epimeric at C(3) (e.g., 16-epi-alstovenine and venenatine).
Additionally, because these alkaloids display such interesting and contrasting activity, we
proposed that a unified, concise and high-yielding synthesis would facilitate more detailed
studies regarding the mode of action of these molecules, as well serve as a platform to identify
analogs for the treatment of CNS disorders. Moreover, the indication that alstovenine is a MAO
inhibitor increases its potential as an anti-depressant or for the treatment of Parkinson’s or
Alzheimer’s disease, provided a derivative that possesses an improved selectivity profile could
be identified. In addition to these natural products, Vizi et al. reported that the replacement of
the indole moiety with an electron-rich arene resulted in analogs (called the berbanes) that were
equipotent to the yohimbinoid natural products.19 With the subtle differences in structure and
associated change in function in mind, we embarked upon a unified approach to both the
yohimbine and berbane alkaloids. We envisioned that this approach, wherein selective access to
either C(3) or C(16) diastereomer was feasible, would be a useful starting point to learn about the
biochemistry of these molecules. As an added bonus, we envisioned facile access to a variety of
structural analogs to further interrogate their biological activity. A key aspect of this approach
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would be to develop tactics to access either C(3) epimer and thus provide a general solution to
the “C(3) problem” that has plagued many syntheses of these compounds.
Retrosynthetically, we sought to access both the yohimbine and berbane cores from a
common aldehyde (2.42, Scheme 2.6). Inspired by Stork’s elegant solution to the installation of
the C(3) stereocenter, we anticipated that this aldehyde could give rise to either C(3)
diastereomer through a sagacious choice of reaction conditions, and thus establish a divergent
synthesis of both the venenatine and alstovenine derivatives. We envisioned that aldehyde
diester 2.42 could be derived from oxidative cleavage of hydrindanone 2.43, which in turn could
arise from a Diels-Alder reaction between enoate 2.45 and diene 2.44. This cycloaddition would
set four contiguous stereocenters, leaving only the C(3) stereocenter to be set at a later stage.

Scheme 2.6. Retrosynthetic plan.
2.3 Model Studies for the Synthesis of the Pentacyclic Core
Our dienophile synthesis was relatively straightforward, and began with keto-ester 2.45
(Scheme 2.7). The keto-ester is prepared from α-selenation of β-ketoester 2.46, then oxidation
with hydrogen peroxide to form the enoate 2.45.21,22

Scheme 2.7. Dienophile synthesis.
The first generation synthetic route to the appropriately substituted diene 2.52 was
closely based upon literature precedent.23,24 Double alkylation of butynediol (2.48, Scheme 2.8)
with dimethyl sulfate gave bis-methyl ether 2.49 in high yield on large (90 g) scale.
Isomerization of the alkyne with sodium amide in ammonia afforded enyne 2.50. Deprotonation
and addition of the resultant acetylide to paraformaldehyde led to the formation of an
intermediate propargylic alcohol, which was treated in the same pot with LAH to yield the (E)allylic alcohol 2.51. The free alcohol was then protected as the silyl ether to give 2.52. This
synthetic route was advantageous in that it allowed access to large quantities of the diene (> 60
g).
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Scheme 2.8. Diene synthesis.
Heating diene 2.52 and dieneophile 2.45 in toluene gave the Diels-Alder adduct as a 10:1
ratio of endo:exo isomers, which were separable by column chromatography (Scheme 2.9). The
endo adduct (2.53) could then be hydrogenated to give hydrindanone 2.54. At this juncture, αhydroxylation was effected by enolate formation followed by addition to Davis oxaziridine to
give hydroxy ketone 2.55.

Scheme 2.9. Hydroxylation of hydrindanone.
It was found that hydroxy ketone 2.55 could be treated with lead tetraacetate in the
presence of methanol to give ester aldehyde 2.56 in good yield (Scheme 2.10). Preliminary
treatment of aldehyde 2.56 with tryptamine was inconclusive, but did not lead to clean
conversion to piperidine 2.57.
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Scheme 2.10. Attempted piperidine formation.
As an alternative to the piperidine formation/N-alkylation approach to the pentacyclic
core, a one-step cascade sequence was sought. We envisioned this proceeding in a manner
similar to that precedented by Stork.25 To that end, silyl ether cleavage and sulfonation of the
resulting alcohol gave tosylate 2.59 (Scheme 2.11).

Scheme 2.11. Synthesis of tosylate.
At this point, α-hydroxylation was pursued, but it was found that the yields were highly
variable, primarily attributed to the amount of base and subtle temperature fluctuations during
the reaction (Scheme 2.12). Despite the difficulties in forming the α-hydroxy ketone (2.60), it
could be carried forward through the oxidative cleavage reaction to afford aldehyde tosylate
2.61. The substrate (2.61) was then subjected to Pictet-Spengler conditions in the presence of
tryptamine, but it was found that the direct cyclization gave a complex mixture of products,
including 2.62 as a mixture of C(3) epimers. This was in agreement with the observation of
Stork in his synthesis of reserpine.25

Scheme 2.12. Pentacycle formation.
Alternatively, the iminium ion intermediate was intercepted by the addition of cyanide to
the reaction mixture, allowing for the isolation of an aminonitrile intermediate (2.63). The
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aminonitrile was then treated with acidic THF to afford pentacycle 2.64 as a single diastereomer
as evidenced by 1H and 13C NMR. The thermal cyclization of aminonitrile (2.63) was also
pursued, by heating in refluxing acetonitrile for several days, but no cyclization was observed.25

Scheme 2.13. Stereoselective pentacycle formation.
At this point, all that was left for proof of concept that this route would allow access to
the yohimbine alkaloids was to remove one methyl ester and cleave the methyl ether. However,
the β-alkoxy group was problematic in this transformation, and in fact, the decarboxylation of a
malonate on a cyclohexane ring with a β-alkoxy substituent has not been reported in the
literature. As expected, this proved to be rather challenging under a variety of Krapcho26 and
Lewis acidic conditions (Table 2.1). Presumably, the more favored ester to undergo
saponification should be the axial ester, which, if it undergoes decarboxylation will be set up for
an elimination to give enoate 2.66 (Scheme 2.14).
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Table 2.1. Krapcho decarboxylation.

Scheme 2.14. Krapcho-induced β-methoxy elimination.
Because of the limited success in effecting the demethylation/decarboxylation of
malonate 2.64, a substrate which would enable a more mild cleavage method was sought. With
that in mind, we pursued a differentiated malonate, which would be derived from the oxidative
cleavage reaction (i.e., Scheme 2.12). Additionally, we anticipated that the removal of the
methyl ether to unveil the free hydroxyl of the natural products would be challenging, so an
alternative diene was utilized. We envisioned that a benzyl group would be relatively
straightforward to remove at a late stage through a hydrogenolysis sequence, and as such chose
to synthesize benzyl protected diene 2.72 (Scheme 2.15).
The necessary diene (2.72) was prepared in six steps from ethyl propiolate (2.68).22,27–29
A 1,4-addition of benzyl alcohol to ethyl propiolate followed by DIBAl-H reduction of the ester
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gave known allylic alcohol 2.69. Ley oxidation and Wittig olefination led to the formation of
diene 2.71. Subsequent reduction of the ester and protection as the silyl ether gave diene 2.72.

Scheme 2.15. Diene synthesis.
Heating diene 2.72 and dieneophile 2.45 in toluene (Scheme 2.16) gave cyclohexene 2.73
in 85% yield as a 10:1 ratio of endo:exo adducts, which were separable by column
chromatography. Alkene 2.73 could be selectively hydrogenated, and with careful monitoring
there was no competing hydrogenolysis of the benzyl ether. Subsequent silyl ether cleavage and
sulfonation of the resulting alcohol gave tosylate 2.74 in 82% over three steps.

Scheme 2.16. Synthesis of key hydrindanone.
At this juncture, the stage was set to perform an α-hydroxylation to give α-keto alcohol
2.77 (Scheme 2.17). Deprotonation of hydrindanone 2.74 with LHMDS or KHMDS gave an
enolate, which was added to Davis oxaziridine30 to form the desired alcohol. Under these
conditions, however, the reaction suffered from highly variable yields, between 20 and 94%.
One major problem was that the reaction was highly sensitive to the amount of base in the
reaction pot. Excess base had a deleterious effect on reaction yield, but too little base and the
reaction did not go to completion. Additionally, the Davis oxaziridine byproducts were very
challenging to separate from the reaction product. It was found that the use of a
benzenesulfonate in place of the tosylate led to fewer side products related to the amount of base,
however it still suffered from variable yields (Scheme 2.17). Use of a different oxidant, such as
MoOPD31 gave a very clean reaction, but as a mixture of product and starting material.
Increasing the equivalents of MoOPD did not result in an improved yield. As another method to
access the desired alcohol, we investigated a Rubottom sequence.32 Formation of the TMS silyl
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enol ether was followed by treatment with m-CPBA or in situ prepared DMDO,33 then acid to
hydrolyze the silyl ether. We found that under these conditions, the desired product (2.77) was
formed cleanly as a 1:2 mixture with starting material. Alternatively, formation of the TBS silyl
enol ether, which was less hydrolytically sensitive, gave an excellent yield of the desired αhydroxyketone under an analogous sequence. However under hard enolization conditions, an
intramolecular displacement of the benzenesulfonate was a major side-reaction, leading to
formation of a tentatively assigned constrained tricycle (2.80, Scheme 2.18). This could be
alleviated by moving to soft enolization conditions (Scheme 2.17). It was also important to
closely monitor the reaction and maintain careful temperature control to avoid cleavage of the
benzyl ether and benzenesulfonyl group. Upon oxidative cleavage of 2.77 with lead tetraacetate,
an aldehyde was unveiled. It was found that a number of different nucleophiles could be used in
this oxidative cleavage reaction, and so mixed malonates 2.78 and 2.79 were both prepared.
Interestingly, the use of allyl alcohol or benzyl alcohol in the oxidative cleavage reaction is not
precedented in the literature.

Scheme 2.17. Aldehyde sulfonate synthesis.

Scheme 2.18. Base-induced side reaction.
2.4 Synthesis of the Aminonitrile Intermediates
Treatment of aldehyde 2.79 with potassium cyanide in the presence of 4methoxytryptamine furnished aminonitrile 2.82 as a single diastereomer in 81% yield. The
relative configuration of 2.82 was established through X-ray crystallographic analysis. To
complete the synthesis of a variety of yohimbine natural products, a number of different
tryptamines were used (Scheme 2.19), varying substitution about the indole nucleus from 4-OMe
to 6-OMe to an unsubstituted tryptamine. Additionally, the berbane alkaloids could conceivably
be accessed by use of phenethylamine 2.84. Intrigued by the role the nucleophile plays in both
the rate of reaction and stereoselectivity, a number of conditions to forge the final C-ring of the
yohimbine alkaloids were examined. We envisaged perturbing the reaction conditions to give
either the C(3) α or β diastereomer, selectively.
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Scheme 2.19. Aminonitrile synthesis.
2.5 Synthesis of β-C(3) Natural Products
Consistent with the studies of Stork in his synthesis of reserpine, treatment of
aminonitriles 2.81–2.84 with acid resulted in exclusive formation of the β-C(3) diastereomer for
all substrates (Scheme 2.20). This would conceivably lead to the total synthesis of the epiallo
series of natural products.
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2.85: Ar = indole, 84%
2.86: Ar = 4-(OMe)-indole, 81%
2.87: Ar = 6-(OMe)-indole, 96%
2.88: Ar = 3,5-(OMe)-C6H3, 83%

Scheme 2.20. Synthesis of C(3)-β diastereomers.
The corresponding benzyl ester aminonitrile could also be subjected to Pictet-Spengler
conditions as previously outlined (Scheme 2.20) to give pentacycle 2.89, and hydrogenolysis
gave acid 2.90 albeit in variable yields. Ideally, it was envisioned that under the reaction
conditions, both the benzyl ester and benzyl ether could be removed. We investigated the
addition of acid to combat catalyst poisoning, as well as the use of different catalysts and precatalysts. However, under the conditions investigated, only the acid was obtained. From the free
acid, decarboxylation was problematic and led to extensive elimination of the β-alkoxy group
under a variety of thermal and acidic conditions. Hydrogenolysis of the benzyl ether could not
be accomplished under any of the conditions employed.
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Scheme 2.20. Decarboxylation from benzyl ester.
Even though the methyl and benzyl esters did not smoothly undergo the desired
decarboxylation, the allyl ester proved promising. Differentiated malonate 2.86 was subjected to
a plethora of deallylation/decarboxylation conditions (Table 2.2). We screened a number of
catalysts and pre-catalysts such as Ni, Rh, and Pd(0) and Pd(II) complexes, which indicated that
Pd seemed to be the more promising lead for effecting a one-pot deallylation/decarboxylation.
While several of the conditions (entries 2 and 4) gave the corresponding acid cleanly, based upon
our earlier work with the benzyl ester (e.g., Scheme 2.20) it was recognized that it was also
necessary to induce the decarboxylation under the reaction conditions.
Table 2.2. Deallylation/decarboxylation of allyl ester 2.86.
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With the decarboxylation in mind, we screened a variety of Pd-catalyzed conditions,
examining the effect of nucleophile, ligand on the metal center, solvent and temperature (Table
2.3). Ultimately, it was found that treatment with a Pd(II) precatalyst under neutral conditions at
elevated temperature gave minimal benzyloxy elimination and clean conversion to the desired
monoester (2.92) as a single diastereomer (entry 5). Importantly, in the absence of base, no
epimerization of the C(16) center was observed, and under the protic conditions,
protodemetallation was favored over β-alkoxy elimination. Using acidic or basic conditions led
to C(16) epimerization and elimination of the benzyl ether.
Polymer-supported
triphenylphosphine simplified purification, while using additives such as silver or copper to
promote loss of carbon dioxide was unavailing.
Table 2.3. Further deallylation/decarboxylation attempts.

On the basis of the observation that a direct decarboxylation of the acid led to complex
product mixtures, it was proposed that the decarboxylation was actually being promoted by the
metal complex (Scheme 2.21). Mechanistically, we envisioned that the methyl ester could
coordinate to the Pd-center as in 2.95, which can then undergo a loss of CO2 to give palladacycle
2.96. A protodemetallation leads to the monoester 2.92 in a stereospecific manner.
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Scheme 2.21. Proposed Pd-catalyzed decarboxylation.
With the optimized deallylation/decarboxylation conditions in hand (Table 2.3, entry 5),
cleavage of the benzyl ether was the only synthetic transformation left to accomplish. In the
original synthetic proposal, we envisaged a hydrogenolysis of the benzyl ether would lead to the
natural product. Unfortunately, this again proved quite troublesome. Using palladium on carbon
and hydrogen (1 atm), the reproducibility of the benzyl ether cleavage was variable, as was use
of a variety of different hydrogenolysis catalysts. However, we were pleased to find that
treatment of 2.92 with BBr3 at low temperature selectively cleaved the benzyl ether, leaving both
the methyl ester and indole methyl ether intact, affording 16-epi-venenatine (2.9) in 56% yield
(Scheme 2.22). This also constitutes a formal total synthesis of venenatine (2.10).4

Scheme 2.22. Synthesis of 16-epi-venenatine and venenatine.
2.6 Synthesis of α-C(3) Natural Products
With the total synthesis of one of the C(3) β-series of natural products completed, we
sought to develop a route to the C(3) α-epimers. To access the allo series of yohimbine
alkaloids, we imagined that aminonitrile 2.82 would be a viable intermediate. Stork has reported
that aminonitrile 2.38 cyclizes in refluxing acetonitrile after several days to favor the αdiastereomer. However, we observed that cyclization of analogous 2.82 was much more
recalcitrant, and required heating to 160 °C. In addition, it was found that the inherent
diastereoselectivity of the thermal Pictet-Spengler cyclization was greatly influenced by the
nucleophilicity of the aryl fragment (Table 2.4). For example, while tryptamine-derived
aminonitrile (entry 2) cyclized with heating in acetonitrile to afford a 3:1 (α:β) mixture of
diastereomers, 6-methoxytryptamine substrate (entry 3) cyclized to give a 8:1 (α:β) mixture of
diastereomers. We initially attributed this outcome to a formation of the kinetic product (α)
under essentially irreversible thermal conditions, while under equilibrating conditions (acid, rt)
the thermodynamic product (β) is formed in good yield. To further investigate this, we subjected
a mixture of the diastereomers to each cyclization condition, and found that neither heating
137

pentacycle 2.86 at 160 °C for 3h nor stirring pentacycle 2.98 in HCl/THF gave isomerization of
C(3).
Table 2.4. Nucleophile impact on stereoselectivity.

While the diastereoselectivity of the thermal Pictet-Spengler was satisfactory in the case
of 6-methoxytryptamine substrate 2.83, the less nucleophilic indoles 2.81 and 2.82 led to poor
diastereomeric ratios, and so we embarked upon an optimization of the diastereoselectivity of
this cyclization reaction for the 4-methoxytryptamine case. In a related system that involves a 6methoxyindolyl nucleophile, Stork proposes the formation of a tight ion pair between the
departing cyanide and iminium ion under thermal conditions, which leads to attack from the αface. With that in mind, we anticipated that a solvent with a lower dielectric constant would lead
to tighter ion pairing and further enhance the diastereoselectivity of this reaction. Interestingly, in
our initial solvent screen, only acetonitrile and isopropanol provided the desired diastereomer as
the major product, suggesting a more intimate role of the solvent.
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Table 2.5. Thermal Pictet-Spengler investigation for 4-methoxy derivative.

We postulated that perhaps a solvent molecule was replacing the cyanide, which was in turn
displaced by the indole moeity in a direct SN2-type process. As a probe for this mechanistic
possibility, we investigated the addition of DMAP and imidazole. To our delight, heating the
aminonitrile to 160 °C in the presence of DMAP in toluene, we observed a complete reversal of
stereoselectivity, favoring the α diastereomer (2:1 d.r.). In acetonitrile we observed an
enhancement of the diastereoselectivity to give a ~3:1 d.r., and upon addition of a stronger
nucleophile in the form of NaI, we observed a greater than 10:1 d.r. in favor of the α
diastereomer at C(3). Interestingly, use of NaBr tracked well with the nucleophilicity/leaving
group ability and led to a 7:1 d.r. favoring the α-diastereomer. Lithium or ammonium salts
weren’t as effective in inducing stereoselectivity of the reaction.
The stereochemical outcome of the NaI cyclization conditions could be rationalized via the
three dimensional representations shown in Scheme 2.23. The top case is the acid-catalyzed
cyclization, where the cyanide ion is completely dissociated. This leads to a late transition state,
and the indolyl nucleophile can engage from the favored axial trajectory to give the β-C(3)
diastereomer (2.86). In the case where NaI is added, the aminoiodide is a more reactive
electrophile than the aminonitrile, and thus the transition state is earlier under these conditions.
The iodide is therefore more closely associated with the iminium ion, thus blocking the axial
attack and forcing the indolyl nucleophile to attack from the β-face, forming the α-C(3)
diastereomer (2.98).
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Scheme 2.23. Stereochemical rationale.
With the ability to access the α-C(3) stereoisomers, we next turned our attention to the
completion of the total synthesis of 16-epi-alstovenine and alstovenine. Deallylation and
decarboxylation, followed by BBr3 promoted cleavage of the benzyl ether afforded alstovenine
(2.7). Efforts to realize an epimerization of the C(16) center to give 16-epi-alstovenine (2.8)
have not been successful to date.

Scheme 2.24. Synthesis of alstovenine.
2.7 Summary & Future Directions
In summary, we have developed a concise and stereodivergent synthesis of several
yohimbine natural products. Electron-rich benzene derivatives were also found to be competent
nucleophiles in the acid-catalyzed Pictet-Spengler cyclization, providing access to berbane
derivatives. We anticipate that this divergent approach will provide a method to synthesize a
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variety of structural analogs and examine their biological properties. Key highlights from this
study are: 1) hydrindanone intermediate 2.75 allows rapid access to the stereoselective synthesis
of the yohimbinoid skeleton, 2) the addition of an external anionic nucleophile (NaI) leads to the
complete reversal of the C(3) diastereoselectivity, and 3) the nucleophilicity of the arene plays a
role in the inherent diastereoselectivity of the reaction.
What remains to be pursued is the complete screening for biological activity of these
molecules, to fully examine and elucidate the impact that each stereocenter has on the
corresponding bioactivity. Ultimately, the knowledge of the role each group plays could lead to
a greater understanding of CNS disorders and translate to the development of a successful
treatment.
Synthetically, it would be useful to develop an asymmetric route to the key hydrindanone
intermediate to render the synthesis enantioselective. This could be realized using an
enantioselective Diels-Alder reaction (Scheme 2.25) following literature precedent.34,35
Additionally, a cycloaddition between dieneophile 2.102 and diene 2.72 could conceivably lead
to hydrindanone 2.103, which would allow access to the normal and pseudo classes of
yohimbinoid alkaloids. This further highlights the utility of the approach that we’ve chosen to
access the entire family of yohimbinoid natural products.

Scheme 2.25. Enantioselective approach and proposed route to normal and pseudo yohimbine
alkaloids.
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2.9 Experimental Methods
Materials & Methods
All reactions were performed in flame-dried glassware fitted with rubber septa under a
nitrogen atmosphere unless otherwise specified. Liquid reagents and solvents were transferred
via syringe under nitrogen. Tetrahydrofuran (THF), diethyl ether, benzene, toluene, and
triethylamine were dried over alumina under a nitrogen atmosphere in a GlassContour solvent
system. DCM (DCM) was distilled over calcium hydride. All other solvents and reagents were
used as received unless otherwise noted. Reaction temperatures above 23 °C were controlled by
an IKA® temperature modulator. Reactions were monitored by thin layer chromatography using
SiliCycle silica gel 60 F254 precoated plates (0.25 mm) which were visualized using UV light,
p-anisaldehyde stain or CAM stain. Sorbent silica gel (particle size 40-63 µm) was used for flash
chromatography. 1H and 13C NMR were recorded on Bruker AVB-400, AV-500, or AV-600
MHz spectrometers with 13C operating frequencies of 100, 125, and 150 MHz, respectively, in
CDCl3 or)at 23 °C. Chemical shifts (δ) are reported in ppm relative to the residual solvent
signal (CDCl3 δ = 7.26 for 1H NMR and δ = 77.0 for 13C NMR, C6D6 δ = 7.16 ppm for 1H NMR
and δ = 128.06 for 13C NMR). Data for 1H NMR are reported as follows: chemical shift
(multiplicity, coupling constant, number of hydrogens). Multiplicity is abbreviated as follows: s
(singlet), d (doublet), t (triplet), q (quartet), m (multiplet). IR spectra were recorded on a Nicolet
MAGNA-IR 850 spectrometer and are reported in frequency of absorption (cm-1). Mass spectral
data were obtained from the Mass Spectral Facility at the University of California, Berkeley.
A round bottomed flask was charged with enyne 2.501 (45.6 g, 566 mmol)
and THF (500 mL). The reaction mixture was cooled to –78 °C in a dry
ice/acetone bath, then n-BuLi (2.5 M, 226 mL, 566 mmol) was added
dropwise over 30 min. The reaction mixture was warmed to rt and allowed
to stir for 30 min, after which it was recooled to –78 °C and
paraformaldehyde (21.2 g, 707 mmol) was added in one portion. The reaction mixture was
allowed to warm to rt overnight. The reaction mixture was then cooled to 0 °C, and lithium
aluminum hydride (25.8 g, 679 mmol) was added portionwise over 30 min. After stirring for an
additional 30 min, the reaction mixture was warmed to rt and stirred for 6 h. After this time, the
reaction mixture was cooled to 0 °C and quenched (CAREFULLY!) by sequential addition of
water (26 mL), aqueous NaOH (15%, 26 mL), and water (78 mL). The reaction mixture was
then filtered through a pad of Celite, rinsed with Et2O, and concentrated. The crude alcohol was
then diluted with DCM and dried over MgSO4, then filtered and concentrated to afford alcohol
2.51 (50 g, 77%) as a colorless oil. Rf = 0.18 (33% EtOAc/hexanes); 1H NMR (400 MHz,
CDCl3) δ 6.57 (d, J = 12.5 Hz, 1H), 6.08 (dd, J = 15.1, 10.7 Hz, 1H), 5.61 (dt, J = 15.2, 6.2 Hz,
1H), 5.49 (dd, J = 12.5, 10.7 Hz, 1H), 4.08 (dd, J = 6.3, 1.4 Hz, 2H), 3.56 (s, 3H), 2.15 (m, 1H);
13
C NMR (100 MHz, CDCl3) δ 151.6, 128.4, 126.3, 104.7, 63.5, 56.3; IR (thin film) νmax 3355,
2936, 2836, 1657, 1622, 1461, 1213, 1162, 974, 640 cm-1.
A round bottomed flask was charged with crude alcohol 2.51 (25 g, 219
mmol) and DCM (500 mL), after which imidazole (30 g, 440 mmol) was
added in one portion. The reaction flask was cooled to 0 ° in an ice bath,
then TBSCl (36 g, 240 mmol) was added in portions over 20 min. The
reaction mixture was allowed to stir at 0 °C for 1 h, after which the
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reaction mixture transferred to a separatory funnel and washed with saturated NaHCO3 (300
mL), dried over MgSO4, and concentrated. The crude product was purified by column
chromatography on silica gel (4% EtOAc/hexanes) to afford silyl ether 2.52 (38 g, 93%). Rf =
0.79 (33% EtOAc/hexanes); 1H NMR (400 MHz, CDCl3) δ 6.58 (d, J = 12.5 Hz, 1H), 6.14 –
6.02 (m, 1H), 5.62 – 5.47 (m, 2H), 4.18 (dd, J = 5.7, 1.5 Hz, 2H), 3.58 (s, 3H), 0.91 (s, 9H), 0.09
(s, 6H); 13C NMR (100 MHz, CDCl3) δ 151.1, 126.9, 126.6, 104.9, 64.0, 56.2, 25.9, -5.2; IR
(thin film) νmax 2962, 2929, 2893, 2856, 1659, 1622, 1458, 1238, 1111, 1058, 976, 833 cm-1.
Diene 2.52 (2.06 g, 9.0 mmol) and enone 2.45 (842 mg, 6.0 mmol) were dissolved
in toluene (10 mL) and the mixture heated to 100 °C. After 20 hours NMR analysis
showed complete consumption of the diene. The reaction mixture was concentrated
under reduced pressure to give a crude mixture that was purified by column
H
chromatography on silica gel (5→20% EtOAc/hexanes) to yield endo adduct 2.53
OTBS
(1.61 g, 73%) and exo adduct 2.53-exo (240 mg, 11%) as viscous pale yellow oils.
2.53
Rf = 0.28 (10% EtOAc/hexanes); 1H NMR (600 MHz, CDCl3) δ 5.99 (dt, J = 10.4,
3.5 Hz, 1H), 5.71 (d, J = 10.4 Hz, 1H), 4.35 (br s, 1H), 3.73 (s, 3H), 3.68 – 3.56 (m, 2H), 3.31 (s,
3H), 2.99 (dt, J = 13.0, 6.5 Hz, 1H), 2.48 (d, J = 7.3 Hz, 1H), 2.42 – 2.31 (m, 1H), 2.29 – 2.17
(m, 1H), 1.98 – 1.83 (m, 1H), 0.89 (s, 9H), 0.10 (s, 6H); 13C NMR (150 MHz, CDCl3) δ 211.9,
171.0, 123.0, 124.3, 73.7, 63.8, 63.3, 58.7, 52.7, 39.4, 38.6, 36.7, 25.8, 20.6, 18.2, -5.41, -5.44;
IR (thin film) νmax 2954, 2930, 2857, 1757, 1730, 1253, 1109, 1085, 838, 777 cm-1; HRMS
(ESI+) calc’d for [C19H32O5NaSi]+: m/z 391.1911, found 391.1914.
MeO CO2Me
O

Rf = 0.17 (10% EtOAc/hexanes); 1H NMR (600 MHz, CDCl3) δ 5.99 – 5.83 (m,
2H), 4.28 (d, J = 4.3 Hz, 1H), 3.74 (s, 3H), 3.71 (dd, J = 9.6, 6.1 Hz, 1H), 3.56 (dd,
J = 9.6, 7.3 Hz, 1H), 3.30 (s, 3H), 2.77 (t, J = 6.1 Hz, 1H), 2.36 – 2.27 (m, 1H),
2.22 – 2.09 (m, 2H), 1.97 – 1.85 (m, 1H), 0.89 (s, 9H), 0.09 (s, 6H); 13C NMR (150
H
MHz, CDCl3) δ 210.2, 167.7, 132.4, 124.0, 72.6, 66.8, 66.2, 56.5, 52.7, 40.4, 35.5,
OTBS
33.9, 26.1, 25.9, 18.3, -5.4; IR (thin film) νmax 2954, 2930, 2895, 2857, 1736, 1471,
2.53-exo
1250, 1088, 838 cm-1; HRMS (ESI+) calc’d for [C19H32O5NaSi]+: m/z 391.1911,
found 391.1912.
MeO CO2Me
O

A round bottomed flask was charged with alkene 2.53 (878 mg, 2.38 mmol), Pd/C
(10 %, 146 mg), and EtOAc (30 mL). The reaction flask was briefly evacuated and
backfilled with H2 (3X), then stirred vigorously at room temperature. Upon
complete consumption of starting material as observed by TLC, the reaction
H
mixture was filtered through a plug of Celite (rinsed with EtOAc, 30 mL) and
OTBS
concentrated to yield hydrindanone 2.54 (851 mg, 97%) as a colorless oil. Rf =
2.54
0.66 (30% EtOAc/hexanes); 1H NMR (500 MHz, CDCl3) δ 4.06 (s, 1H), 3.68 (s,
3H), 3.56 – 3.46 (m, 2H), 3.15 (m, 3H), 3.01 (dt, J = 12.8, 6.2 Hz, 1H), 2.41 – 2.32 (m, 1H), 2.28
– 2.17 (m, 1H), 2.07 – 1.96 (m, 2H), 1.82 – 1.71 (m, 2H), 1.45 – 1.33 (m, 3H), 0.87 (s, 9H), 0.0
(s, 6H); 13C NMR (150 MHz, CDCl3) δ 214.7, 170.9, 78.7, 65.6, 63.1, 57.2, 52.5, 41.2, 39.2,
38.2, 25.9, 25.4, 20.4, 18.2, 17.1, -5.36, -5.42; IR (thin film) νmax 2953, 2930, 2857, 1754, 1728,
1463, 1252, 1092, 837, 776 cm-1; HRMS (ESI+) calc’d for [C19H34O5NaSi]+: m/z 393.2068,
found 393.2070.
MeO CO2Me
O
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A round bottomed flask was charged with hydrindanone 2.54 (144 mg, 0.389
mmol) and THF (8 mL), then cooled to –78 °C in a dry ice/acetone bath.
KHMDS (0.5 M, 1.01 mL, 0.505 mmol) was added dropwise over 1 min. After
stirring the reaction mixture for 15 min, Davis oxaziridine (153 mg, 0.584
mmol) in THF (3 mL) was added to the bright yellow solution. Upon complete
consumption of starting material by TLC analysis, the reaction mixture was
quenched with saturated NH4Cl (5 mL) and extracted with EtOAc (3 X 5 mL).
The combined organic layer was washed with brine, dried over MgSO4, and concentrated. The
crude reaction mixture was purified by column chromatography on silica gel (20%
EtOAc/hexanes) to yield keto-alcohol 2.55 (121 mg, 80%) as a colorless oil. Rf = 0.53 (30%
EtOAc/ hexanes); 1H NMR (400 MHz, CDCl3) δ 4.17 – 4.02 (m, 2H), 3.73 (s, 3H), 3.52 (ddd, J
= 29.5, 9.9, 6.9 Hz, 2H), 3.36 – 3.24 (m, 1H), 3.17 (s, 3H), 2.36 – 2.25 (m, 1H), 2.19 – 2.14 (s,
1H), 1.84 – 1.79 (m, 1H), 1.73 (dd, J = 13.5, 8.0 Hz, 1H), 1.48 – 1.36 (m, 3H), 0.89 (s, 9H), 0.05
(s, 6H).
Alcohol 2.55 (121 mg, 0.313 mmol) was dissolved in benzene (2 mL) and MeOH
CO2Me (12 mL). NaHCO3 (500 mg, 5.95 mmol) was added, and the reaction mixture
O was cooled to 0 °C in an ice bath. Pb(OAc)4 (278 mg, 0.626 mmol) was then
added in one portion. The reaction was allowed to stir until TLC showed
H
complete consumption of the starting material. The reaction was quenched with
OTBS
water (5 mL), then the aqueous layer was extracted with EtOAc (3 X 10 mL).
2.56
The combined organic layers were washed with brine, dried over MgSO4, and
concentrated to give aldehyde 2.56 as a colorless oil (127 mg, 98%). Rf = 0.67 (30%
EtOAc/hexanes); 1H NMR (400 MHz, CDCl3) δ 9.70 (s, 1H), 4.21 – 4.17 (m, 1H), 3.72 (d, J =
3.2 Hz, 6H), 3.52 – 3.46 (m, 1H), 3.42 – 3.34 (m, 2H), 3.25 (s, 3H), 2.86 (ddd, J = 18.7, 3.6, 1.5
Hz, 1H), 2.32 (ddd, J = 18.8, 5.9, 2.6 Hz, 1H), 2.02 – 1.94 (m, 1H), 1.78 – 1.68 (m, 1H), 1.65 –
1.54 (m, 1H), 1.31 – 1.20 (m, 2H), 0.87 (s, 9H), 0.03 (s, 6H).
MeO CO2Me

Silyl ether 2.54 (336 mg, 0.902 mmol) was dissolved in 1% HCl/MeOH (7 mL)
and stirred for 30 minutes after which TLC showed complete consumption of the
starting material. The reaction was poured into saturated NaHCO3 solution and
extracted with EtOAc (4 X 5 mL). The combined organics were washed with
brine, dried with MgSO4 and the solvent was removed under reduced pressure to
produce crude alcohol S2.1 as a light yellow oil which was carried on without
purification. Rf = 0.33 (50% EtOAc/hexanes); 1H NMR (400 MHz, CDCl3) 4.04
(br s, 1H), 3.66 (s, 3H), 3.62 – 3.47 (m, 2H), 3.13 (s, 3H), 3.02 (dt, J = 11.4, 5.7 Hz, 1H), 2.43 –
2.30 (m, 1H), 2.30 – 2.15 (m, 1H), 2.09 – 1.92 (m, 3H), 1.88 – 1.71 (m, 2H), 1.48 – 1.32 (m,
3H); 13C NMR (100 MHz, CDCl3) δ 214.5, 170.8, 78.5, 65.2, 62.9, 57.1, 52.5, 40.8, 39.0, 38.0,
25.2, 20.2, 17.0; IR (thin film) νmax 3446, 2934, 1750, 1724, 1255, 1164, 1087, 1038, 808 cm-1;
HRMS (ESI+) calc’d for [C13H20O5Na]+: m/z 279.1203, found 279.1207.
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A round bottomed flask was charged with crude alcohol S2.1 (110 mg, 0.43 mmol)
and pyridine (2 mL), then cooled to 0 °C in an ice bath. TsCl (205 mg, 1.08
mmol) was then added in one portion. The reaction was allowed to stir for 24 h
after which TLC showed complete consumption of the starting material. The
reaction was poured into 5% HCl and extracted with DCM (4 X 10 mL). The
combined organics were dried with MgSO4 and the solvent was removed under
reduced pressure to give a crude mixture that was purified by column
chromatography (30% EtOAc/hexanes) on silica gel to give (136 mg, 78%) of 2.59. Rf = 0.39
(30% EtOAc/hexanes); 1H NMR (400 MHz, CDCl3) δ 7.80 (d, J = 8.3 Hz, 2H), 7.36 (d, J = 8.3
Hz, 2H), 4.10 – 4.01 (m, 1H), 3.99 – 3.89 (m, 2H), 3.70 (s, 3H), 3.14 (s, 3H), 2.99 (dt, J = 12.6,
6.2 Hz, 1H), 2.46 (s, 3H), 2.42 – 2.31 (m, 1H), 2.28 – 2.12 (m, 1H), 2.08 – 1.87 (m, 3H), 1.69 –
1.56 (m, 1H), 1.52 – 1.23 (m, 3H); 13C NMR (100 MHz, CDCl3) δ 213.4, 170.4, 144.9, 132.8,
129.9, 127.9, 78.1, 72.1, 62.7, 57.2, 52.7, 40.2, 38.8, 35.1, 25.0, 21.6, 20.2, 16.7; IR (thin film)
νmax 2952, 1753, 1725, 1360, 1255, 1176, 1112, 960, 832 cm-1; HRMS (ESI+) calc’d for
[C20H26O7NaS]+ : m/z 433.1291, found 433.1291.
A round bottomed flask was charged with hydrindanone 2.59 (174 mg, 0.424
mmol) and THF (7 mL), then cooled to –78 °C in a dry ice/acetone bath.
OH KHMDS (0.5 M, 1.19 mL, 0.594 mmol) was added dropwise over 1 min. After
stirring the reaction mixture for 30 min, Davis oxaziridine (166 mg, 0.636
H
mmol) in THF (2 mL) was added to the bright yellow solution. Upon complete
OTs
consumption of starting material by TLC analysis, the reaction mixture was
2.60
quenched with saturated NH4Cl (10 mL) and extracted with EtOAc (3 X 10
mL). The combined organic layer was washed with brine, dried over MgSO4, and concentrated.
The crude reaction mixture was purified by column chromatography on silica gel (33%
EtOAc/hexanes) to yield keto-alcohol 2.60 (107 mg, 59%) as a colorless oil. Rf = 0.14 (30%
EtOAc/hexanes); 1H NMR (400 MHz, CDCl3) δ 7.79 (d, J = 8.3 Hz, 2H), 7.36 (d, J = 8.4 Hz,
2H), 4.09 – 4.05 (m, 1H), 4.02 (d, J = 7.4 Hz, 1H), 3.96 – 3.85 (m, 2H), 3.73 (s, 3H), 3.29 – 3.19
(m, 1H), 3.14 (s, 3H), 2.46 (s, 3H), 2.22 (td, J = 13.3, 7.4 Hz, 1H), 2.09 – 1.98 (m, 3H), 1.59 –
1.52 (dd, J = 13.4, 7.9 Hz, 1H), 1.47 – 1.34 (m, 3H); 13C NMR (100 MHz, CDCl3) δ 212.6,
169.8, 144.9, 132.7, 129.9, 127.9, 77.7, 73.2, 72.0, 63.1, 57.1, 52.9, 37.2, 34.8, 28.8, 24.5, 21.6,
16.2; IR (thin film) νmax 3503, 2950, 1758, 1726, 1598, 1358, 1256, 1176, 1086, 954, 816 cm-1;
HRMS (ESI+) calc’d for [C20H26O8S]+: m/z 427.1421, found 427.1432.
MeO CO2Me
O

Alcohol 2.60 (159 mg, 0.373 mmol) was dissolved in MeOH (15 mL), then the
CO2Me reaction mixture was cooled to 0 °C in an ice bath. Pb(OAc)4 (331 mg, 0.746
O mmol) was then added in one portion. The reaction was allowed to stir until
TLC showed complete consumption of the starting material. The reaction was
H
quenched with water (5 mL), and the aqueous layer was extracted with EtOAc (3
OTs
X 10 mL). The combined organic layers were washed with brine, dried over
2.61
MgSO4, and concentrated to give aldehyde 2.61 as a colorless oil (155 mg, 91%).
Rf = 0.29 (40% EtOAc/hexanes); 1H NMR (500 MHz, CDCl3) δ 9.60 (s, 1H), 7.74 (d, J = 8.0
Hz, 2H), 7.34 (d, J = 7.9 Hz, 2H), 4.17 (s, 1H), 3.78 (ddd, J = 10.2, 7.0, 2.7 Hz, 2H), 3.73 (s,
3H), 3.69 (s, 3H), 3.45 – 3.36 (m, 1H), 3.25 (s, 3H), 2.98 (d, J = 19.3 Hz, 1H), 2.45 (s, 3H), 2.24
(dd, J = 19.5, 5.5 Hz, 1H), 2.01 – 1.93 (m, 1H), 1.91 – 1.80 (m, 1H), 1.67 (t, J = 13.2 Hz, 1H),
1.45 – 1.36 (m, 1H), 1.36 – 1.22 (m, 1H); 13C NMR (125 MHz, CDCl3) δ 202.0, 169.1, 169.0,
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144.9, 132.7, 129.9, 127.9, 78.0, 71.7, 62.6, 57.3, 53.2, 52.6, 40.9, 37.4, 31.5, 23.9, 21.6, 17.7;
IR (thin film) νmax 2954, 1734, 1359, 1211, 1189, 1095, 963, 666 cm-1; HRMS (ESI+) calc’d for
[C21H29O9S]+: m/z 457.1527, found 457.1540.
Aldehyde 2.61 (26 mg, 0.057 mmol) was dissolved in acetonitrile (4 mL).
KCN (20.0 mg, 0.31 mmol) and MgSO4 (35 mg) were then added and
mixture stirred for 10 minutes after which tryptamine (20.0 mg, 0.12
mmol) was added. Upon complete consumption of the starting material by
TLC analysis the reaction mixture was filtered through a sintered glass
funnel and the solids washed with EtOAc (5 mL). The solvent was
removed under reduced pressure to produce a crude oil that was purified by
column chromatography on silica gel (25% EtOAc/hexanes) to yield nitrile
2.63 (21 mg, 81%) as a yellow film. Rf = 0.46 (33% EtOAc/hexanes); 1H NMR (500 MHz,
CDCl3) δ 8.01 (br s, 1H), 7.60 (d, J = 7.8 Hz, 1H), 7.36 (d, J = 8.1 Hz, 1H), 7.19 (t, J = 7.6 Hz,
1H), 7.12 (t, J = 7.5 Hz, 1H), 7.04 (d, J = 2.6 Hz, 1H), 4.16 (s, 1H), 3.99 (s, 1H), 3.74 (s, 3H),
3.73 (s, 3H), 3.31 (s, 3H), 2.95 – 2.85 (m, 3H), 2.80 – 2.71 (m, 3H), 2.66 – 2.54 (m, 2H), 2.18 –
2.12 (m, 1H), 2.11 – 1.97 (m, 2H), 1.74 – 1.66 (m, 1H), 1.28 – 1.18 (m, 2H); HRMS (ESI+)
calc’d for [C25H32O5N3]+: m/z 454.2336, found 454.2346.
Nitrile 2.63 (65 mg, 0.14 mmol) was dissolved in 10% 1N HCl/THF (5
mL) and the reaction stirred until TLC showed complete consumption of
the starting material. The reaction was quenched with saturated NaHCO3.
Brine solution was added and mixture extracted with DCM (4 X 5 mL).
The solvent was removed under reduced pressure to produce a crude oil
that was purified by column chromatography on silica gel (EtOAc→10%
MeOH/CHCl3) to yield amine 2.64 (45 mg, 74%) as a colorless film. Rf =
0.40 (10% MeOH/DCM); 1H NMR (500 MHz, CDCl3) δ 8.19 (s, 1H),
7.49 (d, J = 7.7 Hz, 1H), 7.44 (d, J = 8.0 Hz, 1H), 7.23 – 7.16 (m, 1H), 7.15
– 7.07 (m, 1H), 4.50 (s, 1H), 4.15 (s, 1H), 3.80 (s, 3H), 3.57 (s, 3H), 3.30 (s, 3H), 3.27 – 3.16 (m,
1H), 3.04 – 2.92 (m, 2H), 2.74 (td, J = 14.0, 5.1 Hz, 1H), 2.65 – 2.47 (m, 3H), 2.40 – 2.34 (m,
1H), 2.34 – 2.23 (m, 2H), 2.11 – 2.04 (m, 1H), 1.79 – 1.70 (m, 1H), 1.34 – 1.28 (d, J = 12.0 Hz,
1H), 0.93 – 0.79 (m, 1H).
Alcohol 2.69 was prepared according to the procedure of Tellam, Kociok-Köhn, and
Carbery.2 Characterization data is provided in CDCl3 to supplement existing
literature. Rf = 0.23 (30% EtOAc/hexanes); 1H NMR (400 MHz, CDCl3) δ 7.407.30 (m, 5H), 6.61 (d, J = 12.0 Hz, 1H), 5.16 (dt, J = 12.0, 8.0 Hz, 1H), 4.78 (s, 2H),
4.06 (d, J = 8.0 Hz, 2H), 1.32 (s(br), 1H); 13C NMR (100 MHz, CDCl3) δ 149.9,
136.6, 128.5, 128.0, 127.6, 103.6, 71.2, 60.6; IR (thin film) νmax 3355, 3063, 3032,
2868, 1657, 1453, 1381, 1215, 1177, 995, 935, 736 cm-1; HRMS calc’d for [C10H12O2]+: m/z
164.0837, found 164.0834.
Alcohol 2.69 (1.672 g, 10.18 mmol) and NMO (2.386 g, 20.37 mmol) were
dissolved in DCM (40 mL). Finely powdered 4 Å molecular sieves (7.67 g) were
then added followed by TPAP (179 mg, 0.509 mmol). Upon complete consumption
of the starting material by TLC analysis, the reaction mixture was filtered through a
short pad of silica, rinsed with DCM (40 mL) and concentrated. The crude reaction
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mixture was purified by column chromatography on silica gel (20→50% EtOAc/hexanes) to
yield aldehyde 2.70 (1.087 g, 66%) as a colorless oil. Rf = 0.33 (30% EtOAc/hexanes); 1H
NMR (400 MHz, CDCl3) δ 9.38 (d, J = 8.0 Hz, 1H), 7.45 (d, J = 12.0 Hz, 1H), 7.44-7.35 (m,
5H), 5.72 (dd, J = 12.0, 8.0 Hz, 1H), 4.99 (s, 2H); 13C NMR (100 MHz, CDCl3) δ = 191.1,
169.8, 134.5, 128.88, 128.86, 127.8, 110.9, 73.5; IR (thin film) νmax 3034, 2831, 2753, 1680,
1635, 1615, 1456, 1375, 1331, 1217, 1143, 956, 823, 741, 698 cm-1; HRMS (ESI+) calc’d for
[C10H10O2]+: m/z 162.0681, found 162.0682.
Aldehyde 2.70 (4.165 g, 25.68 mmol) was dissolved in THF (50 mL). Methyl
(triphenylphosphoranylidene)acetate (17.174 g, 51.366 mmol) was then added
and the mixture brought to reflux for 16 hours after which NMR analysis
showed complete consumption of the starting material. The reaction mixture
was allowed to cool to room temperature, diluted with ether (50 mL) and the
resulting solids filtered off. The filter cake was washed with ether (50 mL) and
the solvent removed under reduced pressure to give a crude mixture that was purified by column
chromatography on silica gel (5→20% EtOAc/hexanes) to yield trans-diene 2.71 (3.982 g, 18.24
mmol, 71%) and cis-diene (0.574 g, 2.63 mmol, 10%) as a waxy cream colored solid. Rf = 0.57
(30% EtOAc/hexanes); 1H NMR (500 MHz, C6D6) δ 7.40 (dd, J = 15.0, 12.0 Hz, 1H), 7.12-7.01
(m, 5H), 6.36 (d, J = 12.0 Hz, 1H), 5.86 (d, J = 15.0 Hz, 1H), 5.84 (dd, J = 12.0, 12.0 Hz, 1H),
4.22 (s, 2H), 3.50 (s, 3H); 13C NMR (125 MHz, C6D6) δ 167.5, 157.4, 143.2, 136.4, 128.7,
128.4, 127.7, 116.3, 106.1, 72.4, 50.9; IR (thin film) νmax 2951, 1723, 1631, 1435, 1311, 1257,
1134, 993, 739 cm-1.
Diene 2.71 (840.0 mg, 3.85 mmol) was dissolved ether (50 mL) and the
solution cooled to 0 °C. LiAlH4 (146 mg, 3.85 mmol) was then added in one
portion and the reaction mixture was stirred for 45 min, after which TLC
analysis showed complete consumption of the starting material. The reaction
was carefully quenched by the sequential dropwise addition of H2O (0.15 mL),
15% KOH solution (0.15 mL), and H2O (0.30 mL). After 15 min MgSO4 was
added and the mixture was stirred vigorously. After an additional 15 min the
heterogeneous mixture was filtered through a sintered glass funnel to remove all solids. The filter
cake was washed with DCM (50 mL) and the combined organics concentrated under reduced
pressure to give a crude alcohol S2.2 as a pale yellow sticky solid. The crude alcohol was
dissolved in DCM (15 mL) and the solution cooled to 0 oC. Imidazole (524 mg, 7.70 mmol) was
then added followed TBSCl (738 mg, 4.90 mmol) and the mixture was stirred for 1.5 hours, after
which TLC analysis showed complete consumption of the starting material. The reaction mixture
was poured into saturated NaHCO3 solution and extracted with DCM (3 X 20 mL). The
combined organics were dried with MgSO4 and the solvent was removed under reduced pressure
to give a crude mixture that was purified by column chromatography on silica gel (3→5%
EtOAc/hexanes) to yield diene 2.72 (813 mg, 69% over two steps) as a colorless viscous oil. Rf
= 0.80 (30% EtOAc/hexanes); 1H NMR (500 MHz, C6D6) δ 7.14-7.05 (m, 5H), 6.45 (d, J = 15.0
Hz, 1H), 6.07 (dd, J = 15.0, 10.0 Hz, 1H), 5.61 (dd, J = 12.4, 10.8 Hz, 1H), 5.54 (dt, J = 15.2, 5.5
Hz, 1H), 4.42 (s, 2H), 4.13 (d, J = 10.0 Hz, 2H), 0.96 (s, 9H), 0.07 (s, 6H); 13C NMR (125
MHz, C6D6) δ 150.3, 137.3, 128.69, 128.65, 127.7, 127.6, 126.9, 107.3, 71.6, 64.2, 26.3, 18.6, 4.9; IR (thin film) νmax 3089, 3065, 3031, 2956, 2929, 2885, 2857, 1657, 1620, 1497, 1472,
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1463, 1455, 1377, 1254, 1207, 1097, 1070, 1028, 1006, 972, 838, 776, 729, 695, 667 cm-1;
HRMS calc’d for [C18H28O2Si]+: m/z 304.1859, found 304.1852.
Rf = 0.27 (30% EtOAc/hexanes); 1H NMR (400 MHz, C6D6) δ 7.28 – 7.04 (m,
5H), 6.48 (d, J = 12.4 Hz, 1H), 6.04 – 5.92 (m, 1H), 5.67 (dd, J = 12.4, 10.8 Hz,
1H), 5.55 (dt, J = 15.2, 6.0 Hz, 1H), 4.45 (s, 2H), 3.96 (d, J = 5.8 Hz, 1H), 1.06 (s,
1H); 13C NMR (100 MHz, C6D6) δ 150.7, 137.3, 128.7, 128.1, 127.71, 127.69,
OH 107.3, 71.8, 63.7 (note: 1 sp2 carbon is missing presumably due to overlap with
solvent); IR (thin film) νmax 3362, 3062, 3032, 2927, 2868, 1656, 1619, 1497,
S2.2
1454, 1382, 1313, 1214, 1164, 1082, 974, 912, 842, 738, 698, 669 cm-1; HRMS
calc’d for [C12H14O2]+: m/z 190.0994, found 190.0996.
BnO

Diene 2.72 (2.060 g, 6.765 mmol) and enone 2.45 (1.375 g, 9.812 mmol) were
dissolved in toluene (45 mL) and the mixture heated to 100 °C. After 16 h NMR
analysis showed complete consumption of the diene. The reaction mixture was
concentrated under reduced pressure to give a crude mixture that was purified by
column chromatography on silica gel (hexanes→5% EtOAc/hexanes) to yield endo
adduct 2.73 (2.553 g, 85%) and exo adduct 2.73-exo (117 mg, 0.263 mmol, 4%) as
viscous pale yellow oils. Rf = 0.47 (10% EtOAc/hexanes X 2); 1H NMR (500
MHz, CDCl3) δ 7.37 – 7.24 (m, 5H), 5.90 (dq, J = 7.0, 2.7, 2.2 Hz, 1H), 5.70 (d, J = 10.4 Hz,
1H), 4.69 – 4.63 (m, 1H), 4.56 – 4.51 (m, 2H), 3.75 (s, 3H), 3.71 – 3.60 (m, 2H), 3.02 (dt, J =
12.9, 6.4 Hz, 1H), 2.55 – 2.46 (m, 1H), 2.43 – 2.34 (m, 1H), 2.33 – 2.23 (m, 1H), 2.09 – 2.00 (m,
1H), 1.94 – 1.84 (m, 1H), 0.90 (s, 9H), 0.10 (s, 6H); 13C NMR (150 MHz, CDCl3) δ 212.0,
171.0, 137.9, 128.3, 128.0, 127.9, 127.6, 124.9, 73.2, 71.8, 63.8, 63.4, 54.7, 39.4, 38.7, 36.7,
25.8, 20.6, 18.2, -5.43, -5.46; IR (thin film) νmax 3031, 2953, 2859, 1753, 1727, 1598, 1497,
1455, 1360, 1254, 1213, 1189, 1111, 1088, 1069, 960, 835, 775, 737, 698, 667 cm-1; HRMS
calc’d for [C25H36O5SiLi]+: m/z 451.2492, found 451.2487.
Rf = 0.55 (20% EtOAc/hexanes); 1H NMR (500 MHz, CDCl3) δ 7.36 – 7.21 (m,
5H), 5.96 – 5.88 (m, 2H), 4.60 – 4.52 (m, 1H), 4.55 – 4.44 (m, 2H), 3.72 (dd, J =
9.6, 6.1 Hz, 1H), 3.67 (s, 3H), 3.58 (dd, J = 9.5, 7.4 Hz, 1H), 2.89 – 2.81 (m, 1H),
2.37 – 2.25 (m, 1H), 2.22 – 2.11 (m, 2H), 2.00 – 1.91 (m, 1H), 1.93 – 1.84 (m,
H
1H), 0.89 (s, 9H), 0.05 (s, 6H); 13C NMR (100 MHz, CDCl3) δ 210.3, 167.6,
OTBS
138.3, 132.5, 128.2, 127.6, 127.5, 124.6, 71.3, 70.8, 66.8, 66.4, 52.7, 40.6, 35.5,
2.73-exo
34.0, 26.3, 25.9, 18.3, -5.38, -5.42; IR (thin film) νmax 3031, 2953, 2929, 2894,
2857, 1755, 1738, 1730, 1462, 1433, 1399, 1249, 1211, 1101, 1061, 938, 837, 777, 735, 698 cm1
.
BnO CO2Me
O

Alkene 2.73 (1.248 g, 2.807 mmol) was dissolved in EtOAc (30 mL). 10% Pd/C
(325 mg) was then added and the reaction flask was evacuated and backfilled with
H2 (3X). Upon completion by NMR analysis (indicated by disappearance of
olefinic protons) the reaction mixture was filtered through Celite, the filter cake
washed with EtOAc, and the solvent removed under reduced pressure to produce
crude alkane S2.3 as a colorless oil which was carried on without purification. Rf
= 0.51 (10% EtOAc/hexanes X 2); 1H NMR (500 MHz, CDCl3) δ 7.37 – 7.23 (m,
5H), 4.46 (d, J = 11.2 Hz, 1H), 4.40 (s, 1H), 4.30 (d, J = 11.1 Hz, 1H), 3.72 (s, 3H), 3.54 (ddd, J
= 21.7, 10.0, 7.2 Hz, 2H), 3.14 – 3.05 (m, 1H), 2.44 – 2.35 (m, 1H), 2.34 – 2.25 (m, 1H), 2.18 –
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2.04 (m, 2H), 1.91 – 1.84 (m, 1H), 1.87 – 1.76 (m, 1H), 1.66 – 1.62 (m, 1H), 1.50 – 1.41 (m,
1H), 0.92 (s, 9H), 0.07 (s, 6H); 13C NMR (100 MHz, CDCl3) δ 214.7, 170.9, 138.2, 128.2,
127.4, 127.3, 77.4, 71.9, 65.5, 63.1, 52.6, 41.1, 39.3, 38.1, 26.1, 25.9, 20.4, 18.2, 17.3, -5.43, 5.36; IR (thin film) νmax 2953, 2929, 2857, 1753, 1728, 1471, 1401, 1361, 1252, 1214, 1169,
1092, 1068, 1082, 1007, 837, 776, 734, 697 cm-1; HRMS calc’d for [C25H38O5SiNa]+: m/z
469.2386, found 469.2381.
Alkane S2.3 was dissolved in 1% HCl/MeOH (25 mL) and stirred for 30 minutes
after which TLC showed complete consumption of the starting material. The
reaction was poured into saturated NaHCO3 solution and extracted with DCM (4 X
10 mL). The combined organics were dried with MgSO4 and the solvent was
removed under reduced pressure to produce crude alcohol S2.4 as a light yellow
oil which was carried on without purification. Rf = 0.19 (40% EtOAc/hexanes);
1
H NMR (400 MHz, CDCl3) δ 7.34 – 7.27 (m, 3H), 7.25 – 7.19 (m, 2H), 4.46 (d, J
= 11.1 Hz, 1H), 4.42 (s, 1H), 4.31 (d, J = 11.1 Hz, 1H), 3.73 (s, 3H), 3.61 (dd, J = 7.2, 2.2 Hz,
2H), 3.10 (dt, J = 12.5, 6.2 Hz, 1H), 2.44 – 2.21 (m, 2H), 2.18 – 1.99 (m, 2H), 1.96 – 1.86 (m,
1H), 1.86 – 1.75 (m, 1H), 1.64 – 1.39 (m, 4H); 13C NMR (150 MHz, CDCl3) δ 214.4, 170.8,
138.1, 128.2, 127.5, 127.3, 72.0, 65.4, 63.0, 52.6, 40.9, 39.2, 38.1, 26.1, 20.4, 17.3; IR (thin
film) νmax 3434, 2950, 2865, 1749, 1724, 1455, 1436, 1399, 1254, 1198, 1165, 1088, 1069, 1046,
736, 698 cm-1; HRMS (ESI+) calc’d for [C19H24O5Li]+: m/z 339.1784, found 339.1778.
Alkene 2.73 (294 mg, 0.661 mmol) was dissolved in EtOAc (15 mL). 10% Pd/C
(30 mg) was then added and the reaction mixture put under an atmosphere of H2.
Upon completion by NMR analysis (indicated by disappearance of olefinic
protons) the reaction mixture was filtered through Celite, the filter cake washed
with EtOAc, and the solvent removed under reduced pressure to produce crude
alkane S2.3 as a colorless oil (293 mg) which was carried on without purification.
Alkane S2.3 was dissolved in 1% HCl/MeOH (10 mL) and stirred for 1.5 h after
which TLC showed complete consumption of the starting material. The reaction was poured into
saturated NaHCO3 solution and extracted with DCM (4 X 10 mL). The combined organics were
dried with MgSO4 and the solvent was removed under reduced pressure to produce crude alcohol
S2.4 (233 mg) as a colorless oil which was carried on without purification Alcohol S2.4 was
dissolved in DCM (3 mL) and pyridine (3 mL). TsCl (1.0 g, 5.2 mmol) was then added dropwise
along with DMAP (10 mg). The reaction was allowed to stir for 7 h after which TLC showed
complete consumption of the starting material. The reaction was poured into 5% HCl and
extracted with DCM (4 X 10 mL). The combined organics were dried with MgSO4 and the
solvent was removed under reduced pressure to give a crude mixture that was purified by column
chromatography (20→50% EtOAc/hexanes) on silica gel to give (295 mg, 91%) of 2.74. Rf =
0.66 (50% EtOAc/hexanes); 1H NMR (400 MHz, CDCl3) δ 7.79 (d, J = 8.3 Hz, 2H), 7.35 (d, J =
8.5 Hz, 2H), 7.32 – 7.24 (m, 3H), 7.21 – 7.16 (m, 2H), 4.40 (d, J = 11.1 Hz, 1H), 4.37 (s, 1H),
4.31 – 4.22 (m, 1H), 3.93 (d, J = 7.3 Hz, 2H), 3.72 (s, 3H), 3.02 (dt, J = 12.6, 6.1 Hz, 1H), 2.45
(s, 3H), 2.43 – 2.13 (m, 2H), 2.15 – 1.91 (m, 3H), 1.67 – 1.32 (m, 4H); 13C NMR (125 MHz,
CDCl3) δ 213.3, 170.2, 144.8, 137.8, 132.6, 129.8, 128.2, 127.8, 127.5, 127.3, 72.0, 62.6, 52.7,
40.1, 38.8, 34.9, 25.7, 21.6, 20.1, 16.8; IR (thin film) νmax 3032, 2952, 1752, 1725, 1360, 1255,
1176, 1096, 1070, 962, 667 cm-1; HRMS (ESI+) calc’d for [C26H30O7NaS]+: 509.1604, found
509.1609.
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Crude alcohol S2.4 was dissolved in DCM (15 mL) and pyridine (2 mL). BsCl
(1.43 mL, 11.2 mmol) was then added dropwise along with a few crystals of
DMAP. The reaction was allowed to stir for 17 h after which TLC showed complete
consumption of the starting material. The reaction was poured into 5% HCl and
H
extracted with DCM (4 X 10 mL). The combined organics were dried with MgSO4
OBs
and the solvent was removed under reduced pressure to give a crude mixture that
was purified by column chromatography on silica gel (20→30% EtOAc/hexanes) to
2.75
yield sulfonate 2.75 (1.106 g, 83% over three steps) as a colorless viscous oil. Rf =
0.52 (40% EtOAc/hexanes); 1H NMR (600 MHz, CDCl3) δ 7.91 (dd, J = 8.3, 1.3 Hz, 2H), 7.69 –
7.64 (m, 1H), 7.56 (t, J = 7.8 Hz, 2H), 7.32 – 7.27 (m, 2H), 7.27 – 7.22 (m, 1H), 7.18 (dd, J =
8.0, 1.5 Hz, 2H), 4.40 (d, J = 11.1 Hz, 1H), 4.37 (s, 1H), 4.26 (d, J = 11.1 Hz, 1H), 3.98 – 3.92
(m, 1H), 3.71 (s, 2H), 3.06 – 2.99 (m, 1H), 2.40 – 2.29 (m, 1H), 2.25 – 2.16 (m, 1H), 2.12 – 1.93
(m, 2H), 1.60 (dt, J = 11.3, 7.9 Hz, 1H), 1.56 – 1.42 (m, 1H), 1.35 (dd, J = 12.7, 3.6 Hz, 1H); 13C
NMR (150 MHz, CDCl3) δ 213.1, 170.2, 137.8, 135.8, 133.8, 129.2, 128.2, 127.8, 127.5, 127.3,
76.8, 72.2, 72.0, 62.6, 52.7, 40.1, 38.8, 35.0, 25.8, 20.1, 16.9; IR (thin film) νmax 2952, 1752,
1725, 1449, 1361, 1255, 1216, 1188, 1112, 1095, 1071, 1049, 1028, 958, 896, 827, 756, 736,
719, 689 cm-1; HRMS calc’d for [C25H28O7SNa]+: m/z 495.1453, found 495.1454.
BnO CO2Me
O

Ketone 2.75 (425 mg, 0.899 mmol) was dissolved in THF (15 mL) and cooled to
–78 °C. KHMDS (3.6 mL, 1.8 mmol, 0.5M in toluene) was then added dropwise
to produce a light yellow solution. After 15 minutes TBSCl (426 mg, 2.83 mmol)
and NEt3 (0.5 mL, 3.6 mmol) were added. The reaction mixture was allowed to
H
stir for an additional 5 minutes and then removed from the cold bath, at which
OBs
point the reaction turned cloudy. After 1 hour TLC showed complete
consumption of the starting material and the reaction was quenched with
2.76
saturated NaHCO3 solution (5 mL). The solution was diluted with H2O and
extracted with Et2O (3 X 10 mL). The combined organics were washed with brine, dried with
MgSO4, filtered and concentrated to produce crude silyl enol ether 2.76 as a yellow oil. Silyl
enol ether 2.76 was dissolved in a 1:1:1 mixture of DCM/acetone/H2O (39 mL). 18-C-6 (110
mg, 0.42 mmol) and NaHCO3 (5.51 g, 65.6 mmol) were then added. Oxone (4.97 g, 8.09 mmol)
was then added in portions over 5 minutes with vigorous stirring .After 40 minutes TLC showed
complete consumption of the starting material and the reaction was quenched with H2O and
extracted with EtOAc (4 X 10 mL). The combined organics were washed with H2O and brine
and concentrated to produce an oil which was redissolved in 1% HCl/MeOH (20 mL). After 30
minutes the reaction was quenched with saturated NaHCO3. Brine was then added and the
reaction extracted with EtOAc (4 X 15 mL). The combined organics were washed with brine and
dried with MgSO4. Solvent was then removed to produce a cloudy oil which was absorbed on
silica and purified by column chromatography (30→50% EtOAc/hexanes). Alcohol 2.77 (210
mg, 46%) and 2.80 (62 mg, 22%) were obtained as colorless viscous oils. Rf = 0.68 (40%
EtOAc/hexanes); 1H NMR (600 MHz, CDCl3) δ 7.91 (d, J = 7.3 Hz, 1H), 7.68 – 7.63 (m, 1H),
7.58 – 7.52 (m, 2H), 7.31 – 7.20 (m, 5H), 4.73 (s, 1H), 4.53 – 4.44 (m, 2H), 4.17 (s, 1H), 3.88 (d,
J = 7.4 Hz, 2H), 3.68 (s, 3H), 2.98 – 2.90 (m, 1H), 2.16 (t, J = 11.0 Hz, 1H), 2.03 – 1.91 (m, 2H),
1.87 – 1.81 (m, 1H), 1.52 – 1.38 (m, 2H), 1.32 – 1.26 (m, 1H), 0.86 (s, 9H), 0.10 (d, J = 15.6 Hz,
6H); 13C NMR (150 MHz, CDCl3) δ 173.8, 153.3, 139.4, 136.0, 133.7, 129.2, 128.1, 127.9,
127.0, 126.8, 102.9, 74.4, 73.2, 71.9, 61.1, 52.0, 41.1, 35.6, 27.5, 26.8, 25.4, 17.82, 17.75, -4.7, BnO CO2Me
OTBS
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5.6; IR (thin film) νmax 3047, 3030, 2951, 2931, 2893, 2857, 1727, 1649, 1462, 1449, 1365,
1300, 1238, 1188, 1176, 1096, 1066, 1028, 961, 887, 841, 789, 734, 719, 689 cm-1.
Rf = 0.28 (20% EtOAc/hexanes); 1H NMR (400 MHz, CDCl3) δ 7.36 – 7.21
(m, 5H), 4.63 (d, J= 12.6 Hz, 1H), 4.52 (d, J= 12.6 Hz, 1H), 3.80 (dd, J = 12.0,
4.4 Hz, 1H), 3.68 (s, 3H), 2.69 (d, J = 4.4 Hz, 1H), 2.57 (dd, J = 4.1, 1.9 Hz,
1H), 2.35 – 2.23 (m, 1H), 1.97 (ddd, J = 13.2, 11.8, 4.8 Hz, 1H), 1.91 – 1.80 (m,
2H) 1.76 – 1.48 (m, 4H), 1.38 – 1.20 (m, 4H); 13C NMR (100 MHz, CDCl3) δ
211.3, 171.6, 138.5, 128.1, 127.7, 127.4, 78.3, 71.4, 64.8, 52.5, 51.7, 47.7, 36.1,
32.0, 29.5, 25.5, 22.2; IR (thin film) νmax 2951, 2874, 1751, 1727, 1454, 1357, 1244, 1108, 1063,
698 cm-1; HRMS calc’d for [C19H23O4]+: 315.1591, found 315.1591.
Ketone 2.75 (468 mg, 0.990 mmol) was dissolved in DCM (15 mL) and cooled
to –30 °C. NEt3 (0.69 mL, 5.0 mmol) was then added followed by the dropwise
OH addition of TBSOTf (0.27 mL, 1.2 mmol). The reaction was then allowed to
warm to –10 °C. After 90 min TLC indicated that starting material remained so
H
additional portions of NEt3 (1 mL, 7 mmol) and TBSOTf (0.27 mL, 1.2 mmol)
OBs
was added. After 60 min TLC showed complete consumption of the starting
material and the reaction was quenched with saturated NaHCO3 solution (5
2.77
mL). The solution was diluted with H2O and extracted with DCM (4 X 10 mL).
The combined organics were concentrated to produce crude silyl enol ether 2.76 as a light yellow
oil. Silyl enol ether 2.76 was dissolved in a 1:1:1 mixture of DCM/acetone/H2O (39 mL). 18-C-6
(100.0 mg, 0.378 mmol) and NaHCO3 (6.07 g, 72.3 mmol) were then added. Oxone (5.48 g, 8.
91 mmol) was then added in portions over 5 minutes with vigorous stirring. After 60 min TLC
indicated that starting material remained, so additional Oxone (2.0 g, 3.2 mmol) was added.
After 30 minutes TLC showed complete consumption of the starting material and the reaction
was quenched with H2O and extracted with EtOAc (4 X 10 mL). The combined organics were
washed with H2O and brine and concentrated to produce a light yellow oil which was redissolved
in 1% HCl/MeOH (10 mL). After 60 min a small amount of solid NaHCO3 was added. Solvent
was then removed to produce the crude alcohol 2.77 which was absorbed on silica and purified
by column chromatography (30→50% EtOAc/hexanes). Alcohol 2.77 (412 mg, 85%) was
obtained as colorless viscous oil. Rf = 0.26 (40% EtOAc/hexanes); 1H NMR (500 MHz, CDCl3)
δ 7.92 (d, J = 7.1 Hz, 2H), 7.70 – 7.65 (m, 1H), 7.57 (t, J = 7.8 Hz, 2H), 7.34 – 7.26 (m, 3H),
7.16 (d, J = 6.2 Hz, 2H), 4.42 (d, J = 11.0 Hz, 1H), 4.39 (s, 1H), 4.22 (d, J = 11.0 Hz, 1H), 4.00 –
3.90 (m, 3H), 3.75 (s, 3H), 3.32 – 3.23 (m, 1H), 2.24 (td, J = 13.3, 7.4 Hz, 1H), 2.14 – 2.02 (m,
3H), 1.62 – 1.39 (m, 5H); 13C NMR (150 MHz, CDCl3) δ = 212.5, 169.7, 137.3, 135.8, 133.9,
129.3, 128.4, 127.89, 127.87, 127.6, 76.5, 73.2, 72.12, 72.06, 63.1, 53.0, 37.3, 34.8, 28.8, 25.4,
16.4; IR (thin film) νmax 3430, 2951, 1758, 1726, 1622, 1448, 1404, 1361, 1256, 1187, 1095,
1070, 1047, 955, 826, 755, 689 cm-1; HRMS (ESI+) calc’d for [C25H28O8SNa]+: m/z 511.1403,
found 511.1397.
BnO CO2Me
O
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Alcohol 2.77 (517 mg, 1.06 mmol) was dissolved in DCM (20 mL) and allyl
alcohol (3 mL). Pb(OAc)4 (704 mg, 1.59 mmol) was then added in one portion
to produce a bright orange solution. The reaction was allowed to stir for one
hour after which TLC showed complete consumption of the stating material.
The reaction was quenched with saturated NaHCO3 solution and water. The
mixture was then filtered through a pad of Celite and washed with DCM (20
mL). The layers were then separated and the aqueous layer extracted with DCM
(2 X 20 mL). The combined organics were dried with MgSO4 and the solvent
was removed under reduced pressure to give a crude mixture that was purified by column
chromatography on silica gel (30% EtOAc/hexanes) to yield aldehyde 2.79 (472 mg, 82%) as a
colorless viscous oil. Rf = 0.29 (33% EtOAc/hexanes); 1H NMR (600 MHz, CDCl3) δ 9.62 (s,
1H), 7.84 (dd, J = 8.3, 1.3 Hz, 2H), 7.65 – 7.61 (m, 2H), 7.55 – 7.52 (m, 2H), 7.31 – 7.28 (m,
2H), 7.26 – 7.24 (m, 1H), 7.21 – 7.17 (m, 2H), 5.75 (ddt, J = 17.2, 10.4, 5.8 Hz, 1H), 5.26 – 5.08
(m, 2H), 4.61 – 4.54 (m, 1H), 4.52 (d, J = 11.4 Hz, 1H), 4.48 – 4.44 (m, 1H), 4.38 (d, J = 11.3
Hz, 1H), 3.84 – 3.75 (m, 2H), 3.72 (s, 3H), 3.45 (dt, J = 6.6, 3.4 Hz, 1H), 3.07 – 3.02 (m, 1H),
2.30 (ddd, J = 19.3, 6.3, 1.8 Hz, 1H), 2.02 – 1.97 (m, 1H), 1.93 – 1.85 (m, 1H), 1.79 – 1.70 (m,
1H), 1.46 – 1.30 (m, 2H); 13C NMR (150 MHz, CDCl3) δ 201.9, 169.0, 168.1, 138.2, 135.8,
133.8, 131.2, 129.3, 128.4, 127.8, 127.6, 127.2, 119.2, 76.7, 72.2, 72.0, 66.2, 62.9, 53.3, 41.3,
37.5, 31.2, 24.8, 17.8; IR (thin film) νmax 3065, 2952, 2726, 1737, 1727, 1449, 1359, 1254, 1204,
1187, 1126, 1095, 1067, 1028, 963, 813, 755, 689 cm-1; HRMS (ESI+) calc’d for
[C28H32O9SLi]+: m/z 551.1922, found 551.1927.
Aldehyde 2.79 (57 mg, 0.10 mmol) was dissolved in acetonitrile (4 mL).
KCN (34 mg, 0.52 mmol) and MgSO4 (210 mg) were then added and
mixture stirred for 10 minutes after which tryptamine (25 mg, 0.16 mmol)
was added. Upon complete consumption of the starting material by TLC
CN
H
H
analysis the reaction mixture was filtered through a sintered glass funnel
N
N
and the solids washed with EtOAc. The solvent was removed under
reduced pressure to produce a crude oil that was purified by column
chromatography on silica gel (50% EtOAc/hexanes) to yield nitrile 2.81
2.81
(52 mg, 90%) as a colorless film. Rf = 0.95 (5% MeOH/DCM); 1H NMR
(500 MHz, CDCl3) δ 7.90 (s, 1H), 7.59 (d, J = 7.9 Hz, 1H), 7.39 – 7.25 (m, 5H), 7.18 (t, J = 7.0
Hz, 1H), 7.10 (t, J = 8.0 Hz, 1H), 7.02 (d, J = 2.4 Hz, 1H), 5.83 (m, 1H), 5.29 (dd, J = 17.2, 1.5
Hz, 1H), 5.19 (dd, J = 10.4, 1.3 Hz, 1H), 4.69 – 4.45 (m, 5H), 3.96 (s, 1H), 3.74 (s, 3H), 2.98 –
2.82 (m, 3H), 2.81 – 2.60 (m, 5H), 2.27 (d, J = 14.0 Hz, 1H), 2.14 (qd, J = 13.8, 13.1, 4.2 Hz,
1H), 2.07 – 1.99 (m, 1H), 1.81 – 1.68 (m, 2H), 1.29 – 1.21 (m, 2H); 13C NMR (100 MHz,
CDCl3) δ 169.5, 167.7, 138.8, 136.1, 131.4, 128.2, 127.4, 127.3, 127.1, 121.9, 121.6, 119.2,
118.72, 118.68, 116.5, 113.7, 111.0, 76.6, 72.3, 65.8, 62.4, 56.2, 54.6, 53.7, 53.1, 35.1, 33.5,
26.1, 25.4, 23.1, 20.0; IR (thin film) νmax 3414, 3059, 3031, 2950, 2930, 2867, 1734, 1497, 1456,
1434, 1341, 1252, 1206, 1252, 1206, 1116, 1092, 1066, 1016, 943, 911, 740, 698 cm-1; HRMS
(ESI+) calc’d for [C34H38N3O5]+: 556.2811, found 556.2813.
BnO

CO2Me
CO2allyl
H
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Aldehyde 2.79 (50 mg, 0.09 mmol) was dissolved in acetonitrile (4 mL).
KCN (30 mg, 0.5 mmol) and MgSO4 (200 mg) were then added and
mixture stirred for 10 minutes after which 4-OMe-tryptamine (26 mg, 0.14
mmol) was added. Upon complete consumption of the starting material by
CN
H
H
TLC analysis the reaction mixture was filtered through a sintered glass
N
N
funnel and the solids washed with EtOAc (10 mL). The solvent was
removed under reduced pressure to produce a crude oil that was purified by
column chromatography on silica gel (30% EtOAc/hexanes) to yield nitrile
MeO
2.82 (52 mg, quant.) as a colorless foam. Rf = 0.28 (33% EtOAc/hexanes);
1
2.82
H NMR (500 MHz, CDCl3) δ 7.84 (s, 1H), 7.36 – 7.31 (m, 2H), 7.30 –
7.24 (m, 3H), 7.07 (t, J = 8.0 Hz, 1H), 6.93 (d, J = 8.1 Hz, 1H), 6.86 (s, 1H), 6.46 (d, J = 7.7 Hz,
1H), 5.83 (ddt, J = 17.3, 10.5, 5.7 Hz, 1H), 5.28 (dd, J = 17.3, 1.5 Hz, 1H), 5.18 (dd, J = 10.4,
1.3 Hz, 1H), 4.68 – 4.58 (m, 2H), 4.56 – 4.43 (m, 3H), 3.97 (s, 1H), 3.91 (s, 3H), 3.74 (s, 3H),
3.06 – 2.89 (m, 3H), 2.80 – 2.56 (m, 5H), 2.26 (d, J = 14.2 Hz, 1H), 2.19 – 2.09 (m, 1H), 2.07 –
2.00 (m, 1H), 1.73 (dd, J = 35.4, 14.3 Hz, 2H), 1.29 – 1.20 (m, 1H); 13C NMR (100 MHz,
CDCl3) δ 169.5, 167.8, 154.7, 138.8, 137.9, 131.4, 128.2, 127.3, 127.1, 122.7, 120.5, 118.7,
117.3, 116.8, 114.2, 104.3, 99.3, 76.6, 72.3, 65.8, 62.4, 57.6, 55.0, 54.7, 53.6, 53.0, 35.2, 33.6,
26.2, 25.4, 24.9, 20.0 (note: 1 sp2 carbon is missing presumably due to overlap); IR (thin film)
νmax 3409, 2951, 2837, 2252, 2220, 1735, 1616, 1587, 1548, 1507, 1455, 1436, 1362, 1255,
1207, 1118, 1066, 1028, 1017, 943, 911, 777, 734, 699 cm-1; HRMS (ESI+) calc’d for
[C34H40N3O6]+: m/z 586.2912, found 586.2928.
BnO

CO2Me
CO2allyl
H

Aldehyde 2.79 (43 mg, 0.079 mmol) was dissolved in acetonitrile
(4 mL). KCN (103 mg, 1.58 mmol) and MgSO4 (150 mg) were
then added and mixture stirred for 10 minutes after which 6-OMetryptamine (30 mg, 0.16 mmol) in acetonitrile (1.5 mL) was added.
Upon complete consumption of the starting material by TLC
analysis the reaction mixture was filtered through a sintered glass
funnel and the solids washed with EtOAc (10 mL). The solvent
was removed under reduced pressure to produce a crude oil that
was purified by column chromatography on silica gel (33%
EtOAc/hexanes) to yield nitrile 2.83 (40 mg, 87%) as a colorless film. Rf = 0.51 (33%
EtOAc/hexanes); 1H NMR (500 MHz, CDCl3) δ 7.80 (s, 1H), 7.45 (d, J = 8.6 Hz, 1H), 7.37 –
7.16 (m, 5H), 6.90 (d, J = 2.2 Hz, 1H), 6.83 (d, J = 2.2 Hz, 1H), 6.78 (dd, J = 8.6, 2.3 Hz, 1H),
5.89 – 5.75 (m, 1H), 5.29 (dd, J = 17.2, 1.5 Hz, 1H), 5.19 (dd, J = 10.4, 1.4 Hz, 1H), 4.69 – 4.45
(m, 5H), 3.96 (s, 1H), 3.84 (s, 3H), 3.74 (s, 3H), 3.00 – 2.60 (m, 8H), 2.27 (d, J = 14.1 Hz, 1H),
2.14 (qd, J = 13.6, 4.1 Hz, 1H), 2.07 – 1.97 (m, 1H), 1.81 – 1.69 (m, 2H), 1.30 – 1.19 (m, 1H);
13
C NMR (100 MHz, CDCl3) δ 169.5, 167.7, 156.5, 138.8, 136.8, 131.4, 128.2, 127.3, 127.1,
121.8, 120.3, 119.3, 118.7, 116.5, 113.7, 109.2, 94.7, 76.6, 72.3, 65.8, 62.4, 56.2, 55.7, 54.6,
53.7, 53.1, 35.1, 33.5, 26.1, 25.4, 23.2, 20.1; IR (thin film) νmax 3414, 2950, 1737, 1730, 1630,
1453, 1346, 1305, 1257, 1200, 1160, 1117, 1090, 1066, 1028, 943, 802, 745 cm-1; HRMS
(ESI+) calc’d for [C34H40N3O6]+: m/z 586.2912, found 586.2922.
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Aldehyde 2.79 (38 mg, 0.070 mmol) was dissolved in acetonitrile (5
mL). KCN (45 mg, 0.69 mmol) and MgSO4 (80 mg) were then added and
mixture
stirred
for
10
minutes
after
which
2-(3,5dimethoxyphenyl)ethanamine (25 mg, 0.14 mmol) in acetonitrile (1 mL)
CN OMe
H
was added. Upon complete consumption of the starting material by TLC
N
analysis the reaction mixture was filtered through a sintered glass funnel
OMe and the solids washed with EtOAc. The solvent was removed under
reduced pressure to produce a crude oil that was purified by column
2.84
chromatography on silica gel (30% EtOAc/hexanes) to yield nitrile 2.84
(31 mg, 78%) as a colorless film. Rf = 0.53 (50% EtOAc/hexanes); 1H NMR (600 MHz,
CDCl3) δ 7.35 – 7.22 (m, 5H), 6.35 (d, J = 2.3 Hz, 2H), 6.30 (t, J = 2.3 Hz, 1H), 5.88 – 5.78 (m,
1H), 5.28 (dd, J = 17.2, 1.5 Hz, 1H), 5.18 (dd, J = 10.4, 1.3 Hz, 1H), 4.68 – 4.44 (m, 6H), 3.91
(s, 1H), 3.74 (s, 9H), 2.92 (d, J = 13.1 Hz, 1H), 2.70 – 2.57 (m, 7H), 2.27 (d, J = 13.9 Hz, 1H),
2.17 – 2.06 (m, 1H), 2.01 (d, J = 14.1 Hz, 1H), 1.79 – 1.73 (m, 1H), 1.69 (d, J = 13.0 Hz, 1H),
1.23 (d, J = 13.7 Hz, 1H); 13C NMR (100 MHz, CDCl3) δ 169.4, 167.7, 160.7, 142.1, 138.7,
131.4, 128.2, 127.3, 127.1, 118.7, 116.4, 106.7, 98.3, 76.6, 72.4, 65.8, 62.4, 57.3, 55.2, 54.5,
53.9, 53.0, 35.1, 34.0, 33.5, 26.0, 25.3, 20.0; IR (thin film) νmax 3001, 2951, 2838, 1735,1596,
1458, 1431, 1350, 1326, 1253, 1205, 1152, 1116, 1066, 1028, 993, 941, 834, 738, 698 cm-1;
HRMS calc’d for [C33H41O7N2]+: m/z 577.2908, found 577.2917.
BnO

CO2Me
CO2allyl
H

Nitrile 2.81 (26 mg, 0.047 mmol) was dissolved in 10% 1N HCl/THF (9
mL) and the reaction stirred until TLC showed complete consumption of
the starting material. The reaction was quenched with saturated NaHCO3.
Brine solution was added and mixture extracted with DCM (4 X 10 mL).
The solvent was removed under reduced pressure to produce a crude oil
that was purified by column chromatography on silica gel (EtOAc→5%
MeOH/DCM) to yield amine 2.85 (21 mg, 84%) as a colorless film. Rf =
0.18 (5% MeOH/DCM); 1H NMR (400 MHz, CDCl3) δ 8.11 (s, 1H), 7.49
(d, J = 7.6 Hz, 1H), 7.41 (d, J = 7.9 Hz, 1H), 7.36 – 7.26 (m, 5H), 7.21 –
7.10 (m, 2H), 5.92 (m, 1H), 5.41 – 5.23 (m, 2H), 4.76 – 4.54 (m, 3H), 4.52
– 4.40 (m, 3H), 3.59 (s, 3H), 3.33 – 3.16 (m, 2H), 3.07 – 2.93 (m, 2H), 2.83 (td, J = 14.3, 4.5 Hz,
1H), 2.62 – 2.31 (m, 5H), 2.15 – 2.00 (m, 1H), 1.81 (m, 1H), 1.51 (d, J = 13.2 Hz, 1H), 1.34 (d, J
= 13.9 Hz, 1H); 13C NMR (100 MHz, CDCl3) δ 169.7, 168.6, 138.7, 135.9, 133.2, 131.7, 128.2,
127.9, 127.3, 127.2, 121.1, 119.2, 119.1, 117.8, 111.3, 107.6, 72.2, 65.9, 62.7, 61.0, 54.6, 52.9,
51.0, 50.5, 33.9, 27.8, 25.5, 24.1, 19.7, 16.7; IR (thin film) νmax 3412, 3032, 2926, 2855, 1737,
1728, 1462, 1451, 1352, 1330, 1330, 1311, 1286, 1253, 1199, 1144, 1091, 1067, 1017, 910, 737,
697 cm-1; HRMS calc’d for [C32H37N2O5]+: 529.2697, found 529.2690.
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Aminonitrile 2.82 (67 mg, 0.11 mmol) was dissolved in a solution of 10%
1N HCl in THF (10 mL). The reaction was allowed to stir for 28 hours
after which TLC analysis showed complete consumption of the starting
material. The reaction was then carefully neutralized with saturated
NaHCO3 solution and the mixture extracted with DCM (3 X 10 mL). The
combined organics were dried with MgSO4 and the solvent was removed
under reduced pressure. The crude mixture was purified by column
chromatography on silica gel (2% MeOH/DCM) to yield pentacycle 2.86
(52 mg, 0.093 mmol, 81%) as a light yellow solid. Rf = 0.37 (5%
MeOH/DCM); 1H NMR (400 MHz, CDCl3) δ 8.06 (s, 1H), 7.38 – 7.26 (m,
5H), 7.09 – 6.97 (m, 2H), 6.48 (dd, J = 7.1, 1.6 Hz, 1H), 5.90 (ddt, J = 16.6, 10.3, 5.9 Hz, 1H),
5.38 – 5.22 (m, 2H), 4.73 – 4.52 (m, 3H), 4.49 – 4.37 (m, 3H), 3.89 (s, 3H), 3.58 (s, 3H), 3.28 –
3.09 (m, 3H), 3.02 (d, J = 11.0 Hz, 1H), 2.85 (d, J = 16.3 Hz, 2H), 2.53 (d, J = 11.3 Hz, 1H), 2.43
– 2.37 (m, 3H), 2.08 (d, J = 15.1 Hz, 1H), 1.86 – 1.74 (m, 1H), 1.51 (d, J = 12.9 Hz, 1H), 1.33 (d,
J = 13.7 Hz, 1H); 13C NMR (150 MHz, CDCl3) δ 169.6, 168.6, 154.2, 138.7, 137.2, 131.7,
130.9, 128.2, 127.3, 127.2, 121.7, 119.1, 117.9, 107.5, 104.8, 99.5, 76.7, 72.2, 65.9, 62.7, 55.2,
54.7, 52.9, 51.3, 50.4, 33.84, 33.75, 25.5, 24.1, 19.7, 18.8; IR (thin film) νmax 3450, 2929, 1737,
1727, 1590, 1504, 1452, 1353, 1330, 1353, 1330, 1251, 1198, 1145, 1105, 1066, 1016, 910, 734,
697 cm-1; HRMS (ESI+) calc’d for [C33H38N2O6]+: m/z 559.2803, found 559.2808.
Nitrile 2.83 (24 mg, 0.041 mmol) was dissolved in 10% 1N HCl/THF
(9 mL) and the reaction stirred until TLC showed complete
consumption of the starting material. The reaction was quenched with
saturated NaHCO3. Brine solution was added and mixture extracted
with DCM (4 X 10 mL). The solvent was removed under reduced
pressure to produce a crude oil that was purified by column
chromatography on silica gel (5% MeOH/DCM) to yield amine 2.87
(22 mg, 96%) as a light yellow film. Rf = 0.52 (10% MeOH/DCM);
1
H NMR (500 MHz, CDCl3) δ 8.05 (s, 1H), 7.39 – 7.22 (m, 6H), 6.94
(d, J = 2.2 Hz, 1H), 6.79 (dd, J = 8.6, 2.3 Hz, 1H), 5.97 – 5.82 (m, 1H), 5.40 – 5.21 (m, 2H), 4.74
– 4.40 (m, 6H), 3.86 (s, 3H), 3.60 (s, 3H), 3.39 – 3.20 (m, 2H), 3.08 – 2.80 (m, 3H), 2.68 – 2.55
(m, 2H), 2.52 – 2.31 (m, 3H), 2.15 – 2.03 (m, 1H), 1.89 – 1.71 (m, 2H), 1.56 (d, J = 13.3 Hz,
1H), 1.36 (d, J = 13.8 Hz, 1H); 13C NMR (100 MHz, CDCl3) δ 169.5, 168.7, 156.2, 138.6,
136.8, 131.6, 130.6, 128.3, 127.3, 127.2, 122.1, 119.1, 118.3, 109.0, 107.1, 95.5, 76.5, 72.2, 66.0,
62.6, 55.8, 54.6, 53.0, 50.6, 50.0, 33.6, 33.5, 25.4, 23.8, 19.5, 16.6; IR (thin film) νmax 3398,
2929, 2854, 1732, 1628, 1570, 1498, 1456, 1360, 1330, 1258, 1233, 1200, 1159, 1147, 1091,
1066, 1030, 943, 817, 738, 699 cm-1; HRMS calc’d for [C33H39N2O6]+: m/z 559.2803, found
559.2796.
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A 20 mL vial was charged with nitrile 2.84 (10 mg, 0.02 mmol) and 10%
1N HCl/THF (1 mL), purged with N2 for 5 min, and then sealed and
heated to 50 °C in a heating block. Upon complete consumption of the
starting material by TLC, the reaction was quenched with saturated
OMe
H
H
NaHCO3 (4 mL). Brine solution was added and the mixture was extracted
N
with DCM (3 X 5 mL). The solvent was removed under reduced pressure
OMe to produce a crude oil that was purified by preparative TLC on silica gel
(2% MeOH/DCM) to yield amine 2.88 (7.7 mg, 83%) as a light yellow
2.88
film. Rf = 0.36 (5% MeOH/DCM); 1H NMR (600 MHz, CDCl3) δ 7.39
– 7.30 (m, 5H), 6.28 (s, 1H), 6.22 (s, 1H), 5.84 – 5.74 (m, 1H), 5.22 (dd, J = 17.1, 1.6 Hz, 1H),
5.13 (dd, J = 10.5, 1.5 Hz, 1H), 4.65 (d, J = 11.5 Hz, 1H), 4.56 (dd, J = 5.7, 4.3 Hz, 1H), 4.51 (d,
J = 11.5 Hz, 1H), 4.43 (s, 1H), 3.78 (s, 3H), 3.67 (s, 3H), 3.55 (s, 3H), 3.33 – 3.21 (m, 2H), 3.21
– 3.07 (m, 2H), 3.03 – 2.94 (m, 2H), 2.81 – 2.62 (m, 4H), 2.12 – 2.03 (m, 2H), 1.98 – 1.88 (m,
1H), 1.73 – 1.58 (m, 2H), 1.46 – 1.33 (m, 1H); 13C NMR (150 MHz, CDCl3) δ 170.4, 168.1,
158.7, 158.6, 139.0, 136.0, 131.8, 128.2, 127.30, 127.26, 127.12, 118.0, 104.2, 97.0, 72.4, 65.5,
62.7, 55.7, 55.2, 55.0, 54.9, 52.8, 49.7, 33.4, 32.2, 26.9, 26.7, 25.8, 22.7 (note: 1 sp2 carbon is
missing presumably due to slow relaxation); IR (thin film) νmax 3400, 2937, 2753, 2497, 1732,
1607, 1455, 1358, 1207, 830, 736, 699 cm-1; HRMS (ESI+) calc’d for [C32H40NO7]+: m/z
550.2805, found 550.2801.
BnO

CO2Me
CO2allyl
H

A 4 mL vial was charged with allyl ester 2.86 (9 mg, 0.02 mmol),
Pd(OAc)2 (2.4 mg, 0.01 mmol), PPh3·PS (2.8 mg, 3 mmol/g, 0.008 mmol),
EtOH (0.5 mL) and H20 (0.1 mL). The vial was purged with N2 for 5 min,
then sealed with Teflon tape, and heated to 70 °C in a heating block. Upon
complete consumption of starting material (by TLC), the reaction mixture
was filtered through a plug of Celite, rinsed with DCM (2 mL). The
combined organics were dried with MgSO4 and the solvent was removed
under reduced pressure to give a crude mixture that was purified by column
chromatography on silica gel (1% MeOH/DCM→10% MeOH/DCM) to
yield monoester 2.92 (3.1 mg, 41%) as a white solid and enoate 2.93 (1.1
mg, 19%). Rf = 0.3 (10% MeOH/DCM); 1H NMR (500 MHz, CDCl3) δ 8.28 (s, 1H), 7.40 –
7.25 (m, 5H), 7.12 – 7.01 (m, 2H), 6.49 (d, J = 7.5 Hz, 1H), 4.71 (s, 1H), 4.65 (d, J = 11.9 Hz,
1H), 4.36 (d, J = 11.9 Hz, 1H), 4.18 (s, 1H), 3.89 (s, 3H), 3.66 (s, 3H), 3.51 – 3.30 (m, 2H), 3.27
– 3.04 (m, 3H), 2.93 – 2.78 (m, 2H), 2.53 – 2.37 (m, 3H), 2.26 – 2.16 (m, 1H), 2.06 (m, 1H),
1.63-1.61 (m, 1H) 1.44 (d, J = 14.0 Hz, 1H), 1.37 – 1.26 (m, 1H); 13C NMR (150 MHz, CDCl3)
δ 172.8, 154.3, 138.6, 137.8, 128.3, 127.5, 127.4, 123.1, 117.2, 106.6, 104.9, 100.0, 73.4, 71.4,
55.2, 51.6, 50.8, 49.4, 49.2, 35.9, 29.7, 29.0, 28.1, 24.1, 19.7, 18.3 (note: 1 sp2 carbon is missing
presumably due to overlap); IR (thin film) νmax 3431, 2929, 1731, 1508, 1436, 1353, 1300, 1257,
1208, 1106, 1066, 910, 731, 698, 667, 643 cm-1; HRMS (ESI+) calc’d for [C29H35N2O4]+: m/z
475.2597, found 475.2591.
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Pale yellow solid. Rf = 0.23 (10% MeOH/DCM); 1H NMR (500 MHz,
CDCl3) δ 7.98 (s, 1H), 7.07 – 6.95 (m, 3H), 6.47 (d, J = 7.5 Hz 1H), 3.89
H
(s,
3H), 3.78 (s, 3H), 3.24 – 3.09 (m, 2H), 3.09 – 2.95 (m, 2H), 2.95 – 2.83
H
H H
(m, 1H), 2.61 (s, 1H), 2.53 (m, 1H), 2.38 – 2.06 (m, 6H), 1.94 – 1.81 (br s,
N
N
1H), 1.66 – 1.56 (m, 1H); 13C NMR (150 MHz, CDCl3) δ 167.6, 154.4,
140.5, 137.2, 128.2, 127.3, 121.9, 117.8, 107.8, 104.6, 99.7, 64.4, 60.4,
55.3, 54.5, 52.2, 51.6, 33.1, 30.7, 19.1, 14.2, 13.7; IR (thin film) νmax 2925,
MeO
2851, 1701, 1635, 1559, 1512, 1437, 1358, 1334, 1251, 1211, 1129, 1108,
2.93
778, 738, 700 cm-1; HRMS (ESI+) calc’d for [C22H27N2O3]+: m/z
367.2022, found 367.2018.
CO2Me

A flame-dried 4 mL vial was charged with benzyl ether 2.92 (15 mg, 0.032
mmol) and DCM (1.9 mL). The reaction flask was cooled to –78 °C in a
dry ice/acetone bath under N2. A 1M solution of BBr3 in DCM (160 µL,
0.16 mmol, 5 equiv) was added dropwise over 5 mins. The light yellow
solution became dark brown and heterogeneous with the addition of BBr3.
Upon complete consumption of starting material (by TLC), the reaction
mixture was quenched by the addition of sat. aq. NaHCO3 (3 mL). The aq.
layer was extracted with DCM (3 X 5 mL), then the combined organics
were washed with brine, dried with MgSO4 and the solvent was removed
under reduced pressure to give a crude mixture that was purified by
preparative TLC on silica gel (5% MeOH/DCM) to yield 16-epi-venenatine 2.9 (6.9 mg, 56%) as
a white solid. Rf = 0.10 (10% MeOH/DCM); 1H NMR (600 MHz, CDCl3) δ 8.45 (br s, 1H),
7.09 – 6.99 (m, 2H), 6.48 (d, J = 7.6 Hz, 1H), 4.60 (s, 1H), 4.37 (s, 1H), 3.89 (s, 3H), 3.85 (s,
3H), 3.37 – 3.12 (m, 4H), 3.02 (m, 2H), 2.91 (m, 1H), 2.71 (br s, 1H), 2.45 (m, 2H), 2.17 – 2.09
(m, 2H), 2.08 – 2.02 (m, 1H), 1.69 – 1.61 (m, 1H), 1.50 – 1.42 (m, 1H) (note: OH proton is
missing); 13C NMR (150 MHz, CDCl3) δ 173.6, 154.2, 138.3, 133.9, 129.2, 123.5, 116.7, 105.3,
99.9, 65.2, 55.9, 55.2, 52.6, 51.4, 49.6, 49.2, 35.4, 32.2, 28.8, 24.5, 19.8, 17.9; IR (thin film) νmax
3390, 2951, 1717, 1622, 1437, 1262, 1107 cm-1; HRMS (ESI+) calc’d for [C22H29N2O4]+: m/z
385.2122, found 385.2127.
Two separate 5 mL microwave vials were charged with a stir bar,
aminonitrile 2.82 (19 mg in each, 0.065 mmol), sodium iodide (14 mg in
each, 0.18 mmol), and MeCN (4 mL each). The vials were sealed, then
evacuated and backfilled with N2 (3X). Each reaction vial was heated for
H
H H
in the microwave at 160 °C for 2.5 h. Upon completion, the contents of
N
N
both vials were combined, and the solvent was removed under reduced
pressure to give a crude mixture that was purified by column
chromatography on silica gel (2% MeOH/DCM) to yield pentacycle 2.98
MeO
(26 mg, 72%) as a yellow solid. Rf = 0.48 (5% MeOH/DCM); 1H NMR
2.98
(500 MHz, CDCl3) δ 7.79 (s, 1H), 7.23 – 7.13 (m, 5H), 7.01 – 6.96 (m,
1H), 6.91 (dd, J = 8.1, 2.1 Hz, 1H), 6.44 (d, J = 8.1 Hz, 1H), 5.88 – 5.75 (m, 1H), 5.27 (d, J =
17.1 Hz, 1H), 5.19 (d, J = 10.5 Hz, 1H), 4.68 (dd, J = 13.1, 5.5 Hz, 1H), 4.56 (d, J = 11.8 Hz,
1H), 4.49 – 4.43 (m, 2H), 4.36 (d, J = 11.8 Hz, 1H), 3.87 (s, 3H), 3.74 (s, 3H), 3.15 – 3.07 (m,
2H), 2.99 – 2.88 (m, 2H), 2.87 – 2.76 (m, 2H), 2.53 (d, J = 12.0 Hz, 2H), 2.51 – 2.42 (m, 1H),
2.30 (m, 2H), 1.99 (d, J = 13.5 Hz, 1H), 1.81 (t, J = 14.4 Hz, 1H), 1.63 (d, J = 13.1 Hz, 1H), 1.30
BnO
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(d, J = 14.5 Hz, 1H); 13C NMR (150 MHz, CDCl3) δ 170.0, 168.6, 154.4, 138.6, 137.3, 133.5,
131.7, 128.1, 127.20, 127.19, 121.7, 118.5, 107.6, 104.3, 99.7, 76.4, 71.9, 65.7, 63.0, 61.5, 61.2,
55.3, 53.7, 52.9, 39.5, 34.7, 27.5, 25.3, 23.8, 20.6, 14.1; IR (thin film) νmax 3397, 2936, 2800,
2752, 1733, 1618, 1596, 1569, 1457, 1435, 1256, 1105 cm-1; HRMS calc’d for [C33H39N2O6]+:
m/z 559.2803, found 559.2797.
A 5 mL microwave vial was charged with a stir bar, aminonitrile 2.81
(20 mg, 0.036 mmol), sodium iodide (14 mg, 0.095 mmol), and MeCN
(3.6 mL). The vials were sealed, then evacuated and backfilled with N2
(3X). The reaction vial was heated in the microwave at 160 °C for 1 h,
H
H H
then 180 °C for an additional 1 h to force complete conversion. Upon
N
N
completion, the solvent was removed under reduced pressure to give a
crude mixture that was purified by column chromatography on silica gel
(2% MeOH/DCM) to yield pentacycle S2.5 (10 mg, 53%) as a yellow
S2.5
solid. Rf = 0.36 (5% MeOH/DCM); 1H NMR (600 MHz, CDCl3) δ 7.85
(s, 1H), 7.45 (d, J = 7.7 Hz, 1H), 7.30 (d, J = 8.0 Hz, 1H), 7.23 – 7.03 (m, 5H), 7.11 (t, J = 8.2
Hz, 1H), 7.06 (t, J = 7.5 Hz, 1H), 5.88 – 5.78 (m, 1H), 5.31 – 5.17 (m, 2H), 4.72 – 4.65 (m, 1H),
4.57 (d, J = 12.0 Hz, 1H), 4.51 – 4.44 (m, 2H), 4.36 (d, J = 11.9 Hz, 1H), 3.75 (s, 3H), 3.17 (d, J
= 11.5 Hz, 1H), 3.01 – 2.93 (m, 2H), 2.89 – 2.78 (m, 2H), 2.69 (dd, J = 14.2, 4.3 Hz, 1H), 2.62 –
2.51 (m, 2H), 2.54 – 2.45 (m, 1H), 2.39 – 2.24 (m, 2H), 2.04 – 1.94 (m, 1H), 1.86 – 1.78 (m,
1H), 1.65 (d, J = 12.9 Hz, 1H), 1.31 (d, J = 14.3 Hz, 1H); 13C NMR (150 MHz, CDCl3) δ 170.0,
168.6, 138.6, 135.9, 135.4, 131.7, 128.1, 127.4, 127.24, 127.19, 121.0, 119.2, 118.5, 118.0,
110.7, 107.8, 76.4, 71.9, 65.7, 63.0, 61.5, 61.2, 53.4, 53.0, 39.5, 34.7, 27.4, 25.3, 21.7, 20.6; IR
(thin film) νmax 3399, 2931, 2800, 2751, 1733, 1453, 1370, 1351, 1321, 1231, 1197, 1108, 1092,
1066, 1025, 911, 738, 698 cm-1; HRMS (ESI+) calc’d for [C32H37N2O5]+: m/z 529.2697, found
529.2688.
OBn
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A 5 mL microwave vial was charged with a stir bar, aminonitrile 2.83
(10 mg, 0.02 mmol), sodium iodide (8.5 mg, 0.057 mmol), and
MeCN (1.9 mL). The vial was sealed, then evacuated and backfilled
with N2 (3X). The reaction vial was heated in the microwave at 160
°C for 0.5 h. Upon completion, the solvent was removed under
reduced pressure to give a crude mixture that was purified by column
chromatography on silica gel (2% MeOH/DCM) to yield pentacycle
S2.6 (9.1 mg, 96%) as a yellow solid. Rf = 0.36, (10%
MeOH/DCM); 1H NMR (600 MHz, CDCl3) δ 7.73 (s, 1H), 7.39 –
7.31 (m, 2H), 7.24 – 7.15 (m, 4H), 6.83 (d, J = 2.2 Hz, 1H), 6.73 (dd, J = 8.6, 2.3 Hz, 1H), 5.83
(m, 1H), 5.31 – 5.17 (m, 2H), 4.73 – 4.65 (m, 1H), 4.57 (d, J = 12.0 Hz, 1H), 4.53 – 4.41 (m,
2H), 4.36 (d, J = 12.1 Hz, 1H), 3.83 (s, 3H), 3.74 (s, 3H), 3.14 (d, J = 11.5 Hz, 1H), 3.02 – 2.88
(m, 3H), 2.87 – 2.77 (m, 2H), 2.69 – 2.60 (m, 1H), 2.61 – 2.43 (m, 3H), 2.40 – 2.22 (m, 2H),
1.99 (d, J = 15.2 Hz, 1H), 1.86 – 1.77 (m, 1H), 1.31 (d, J = 15.4 Hz, 1H); 13C NMR (100 MHz,
CDCl3) δ 170.0, 168.6, 155.8, 138.6, 136.7, 134.2, 131.7, 128.5, 128.3, 128.1, 127.6, 127.2,
122.0, 118.5, 118.4, 108.5, 107.6, 95.1, 76.4, 71.9, 65.7, 62.9, 61.5, 61.2, 55.8, 53.4, 52.9, 39.5,
34.7, 27.5, 25.3, 21.8, 20.6; IR (thin film) νmax 3397, 2931, 2800, 2752, 1733, 1630, 1498, 1457,
1345, 1263, 1229, 1198, 1154, 1107, 1067, 1028, 910, 734, 699 cm-1; HRMS (ESI+) calc’d for
[C33H39N2O6]+: m/z 559.2803, found 559.2792.
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A 5 mL microwave vial was charged with allyl ester 2.98 (14 mg, 0.025
mmol), Pd2dba3•CHCl3 (1.8 mg, 2.0 µmol), MeCN (2 mL) and pyrrolidine
(20 µL, 0.2 mmol). The vial was sealed, then evacuated and backfilled with
N2 (3X) and heated to 70 °C in an oil bath. Upon complete consumption of
starting material (by TLC), the solvent was removed under reduced
pressure to give a crude mixture that was purified by preparative TLC on
silica gel (2% MeOH/DCM → 5% MeOH/DCM) to yield monoester 2.101
(7.7 mg) as a white solid. Rf = 0.36 (10% MeOH/DCM); 1H NMR (600
MHz, CDCl3) δ 7.83 (s, 1H), 7.23 (m, 5H), 6.98 (t, J = 7.7 Hz, 1H), 6.90
(d, J = 7.8 Hz, 1H), 6.44 (d, J = 7.8 Hz, 1H), 4.53 (d, J = 12.4 Hz, 1H),
4.34 (d, J = 12.5 Hz, 1H), 4.17 (br s, 1H), 3.87 (s, 3H), 3.67 (s, 3H), 3.18 – 3.05 (m, 2H), 3.00 –
2.90 (m, 2H), 2.87 (d, J = 11.4 Hz, 1H), 2.60 – 2.53 (m, 1H), 2.51 – 2.43 (m, 1H), 2.42 – 2.35
(m, 1H), 2.35 – 2.20 (m, 3H), 2.10 (d, J = 13.6 Hz, 1H), 1.67 (d, J = 13.6 Hz, 1H); 1.39 – 1.29
(m, 2H), 1.26 (s, 1H); 13C NMR (150 MHz, CDCl3) δ 173.0, 154.4, 138.9, 137.3, 133.8, 128.1,
128.0, 127.6, 127.2, 121.7, 107.5, 104.3, 99.7, 73.6, 71.1, 61.8, 61.1, 55.3, 54.0, 51.4, 50.2, 37.9,
36.0, 28.5, 28.4, 23.8, 21.1; IR (thin film) νmax 3377, 2929, 2796, 2749, 1732, 1597, 1557, 1479,
1456, 1436, 1353, 1254, 1105, 733, 680 cm-1; HRMS (ESI+) calc’d for [C29H35N2O4]+: m/z
475.2591, found 475.2581.
A flame dried 4 mL vial was charged with benzyl ether 2.101 (7.7 mg,
0.016 mmol) and DCM (1 mL), then cooled to –78 °C in a dry ice/acetone
CO2Me
bath under N2. A 1M solution of BBr3 in DCM (60 µL, 60 µmol) was
H
added dropwise over 5 min. The light yellow solution became bright
H
H H
orange-red. Upon complete consumption of starting material (by TLC), the
N
N
reaction mixture was quenched by the addition of sat. aq. NaHCO3 (3 mL).
The aq. layer was extracted with DCM (3 X 5 mL), then the combined
organics were washed with brine, dried with MgSO4 and the solvent was
MeO
removed under reduced pressure to give a crude mixture that was purified
2.7: alstovenine
by preparative TLC on silica gel (5% MeOH/DCM) to yield alstovenine
2.7 (4.3 mg, 44% over 2 steps) as a white solid. Rf = 0.41 (10% MeOH/DCM); 1H NMR (600
MHz, CDCl3) δ 7.70 (s, 1H), 7.01 (t, J = 7.9 Hz, 1H), 6.92 (d, J = 8.1 Hz, 1H), 6.47 (d, J = 7.7
Hz, 1H), 4.28 (s, 1H), 3.89 (s, 3H), 3.85 (s, 3H), 3.39 (s, 1H), 3.17 – 3.07 (m, 1H), 3.04 (d, J =
11.2 Hz, 1H), 3.01 – 2.91 (m, 3H), 2.89 (d, J = 11.4 Hz, 1H), 2.65 – 2.60 (m, 1H), 2.57 (dd, J =
11.3, 3.4 Hz, 1H), 2.46 – 2.30 (m, 4H), 2.00 (d, J = 14.7 Hz, 1H), 1.76 (d, J = 12.1 Hz, 1H), 1.48
(t, J = 14.1 Hz, 1H), 1.35 (d, J = 11.5 Hz, 1H); 13C NMR (150 MHz, CDCl3) δ 175.7, 154.5,
137.3, 133.1, 121.9, 117.6, 108.1, 104.2, 99.8, 65.7, 61.6, 60.8, 55.3, 53.7, 51.9, 49.7, 37.6, 36.8,
31.8, 29.4, 23.8, 20.5; IR (thin film) νmax 3389, 2928, 2798, 2750, 1722, 1711, 1620, 1597, 1435,
1254, 1105, 732 cm-1; HRMS (ESI+) calc’d for [C22H29N2O4]+: m/z 385.2122, found 385.2125.
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2.10 X-ray crystal data for 2.82:
A colorless plate 0.20 x 0.12 x 0.03 mm in size was mounted on a Cryoloop with
Paratone oil. Data were collected in a nitrogen gas stream at 100(2) K using phi
CO2Me
and omega scans. Crystal-to-detector distance was 60 mm and exposure time was
CO2allyl
H
5 seconds per frame using a scan width of 1.0°. Data collection was 97.6%
CN
complete to 67.00° in θ. A total of 26646 reflections were collected covering the
H
H
N
indices, -11<=h<=11, -12<=k<=12, -18<=l<=19. 5546 reflections were found to
N
be symmetry independent, with an Rint of 0.0274. Indexing and unit cell
refinement indicated a primitive, triclinic lattice. The space group was found to be
P-1 (No. 2). The data were integrated using the Bruker SAINT software program
MeO
and scaled using the SADABS software program. Solution by direct methods
2.82
(SIR-2008) produced a complete heavy-atom phasing model consistent with the
proposed structure. All non-hydrogen atoms were refined anisotropically by full-matrix least-squares
(SHELXL-97). All hydrogen atoms were placed using a riding model. Their positions were constrained
relative to their parent atom using the appropriate HFIX command in SHELXL-97.
BnO
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Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group
Unit cell dimensions

Volume
Z
Density (calculated)
Absorption coefficient
F(000)
Crystal size
Crystal color/habit
Theta range for data collection
Index ranges
Reflections collected
Independent reflections
Completeness to theta = 67.00°
Absorption correction
Max. and min. transmission
Refinement method
Data / restraints / parameters
Goodness-of-fit on F2
Final R indices [I>2sigma(I)]
R indices (all data)
Largest diff. peak and hole

C34 H39 N3 O6
585.68
100(2) K
1.54178 Å
Triclinic
P-1
a = 9.7555(8) Å
α= 92.716(5)°.
b = 10.4051(9) Å
β= 100.872(4)°.
c = 15.9353(15) Å
γ = 99.935(4)°.
1559.3(2) Å3
2
1.247 Mg/m3
0.696 mm-1
624
0.20 x 0.12 x 0.03 mm3
colorless plate
2.83 to 68.30°.
-11<=h<=11, -12<=k<=12, -18<=l<=19
26646
5546 [R(int) = 0.0274]
97.6 %
Semi-empirical from equivalents
0.9794 and 0.8734
Full-matrix least-squares on F2
5546 / 0 / 390
1.021
R1 = 0.0430, wR2 = 0.1128
R1 = 0.0506, wR2 = 0.1188
0.781 and -0.224 e.Å-3

162

56.3

63.5

104.7

128.4
126.3

151.6

2.11 Selected Spectra

163

164

-5.2

25.9

56.2

64.0

104.9

126.9
126.6

151.1

6.97

11.44

3.22

2.21

2.11

1.02

1.00

1.92
2.52
1.97
1.00
2.59

5.74

5.01

8.34

2.56

8.86

H
OTBS
1.03
0.80
0.91
0.99
7.29
2.80

CO2Me
O

0.99
0.98
0.99
1.41
2.12

0.97

5.91
0.99
1.89
2.89

1.04

1.00

MeO CO2Me

165

166

-5.4
-5.4

25.8
20.6
18.2

39.4
38.6
36.7

52.7

63.8
63.3
58.7

73.7

124.3

128.0

171.0

211.9

6.25

9.69

1.03
1.07
1.04
2.08

3.07
2.14
3.10
1.01

0.98

1.02

1.00

167

7.98

13.25

1.14
2.26
2.20

1.00

3.10
1.43
1.13
3.38

1.00

2.16

5.90

9.35

3.00

1.06
1.03
2.17
2.08

3.11
0.99

3.22
1.94

1.00

MeO CO2Me
O

H
OTBS

2.54

168

2.91

1.01
1.01
2.91
2.15

2.93
0.97

2.96
1.95

1.00

MeO CO2Me
O

H
OH

S2.1

169

170

2.93
1.05
1.07
3.00
1.12
3.35

2.93
1.03

1.00
1.95
2.95

1.93

1.90

1.01
2.89

3.05
1.13
2.74

1.04
3.01

1.00
1.00
2.03
3.09

2.09

2.02

MeO CO2Me
O
OH

H
OTs

2.60

171

23.9
21.6
17.7

31.5

37.4

40.9

62.6
57.3
53.2
52.6

71.7

78.0

132.7
129.9
127.9

144.9

169.1
169.0

202.0

3.05
1.02
1.07
1.04
1.14
1.06
1.50

2.04
3.38
3.13
1.05
3.05
1.01

1.08

2.01

2.01

1.00

MeO
CO2Me

CO2Me

O

H
OTs

2.61

172

173

2.37

3.65
3.43
4.58
1.44
2.43
1.28
4.10
1.38
1.86
1.63
1.38
1.45
2.34

1.32

1.01

1.12
1.17
1.15
1.25

1.00

1.74

1.29
2.42
1.38
1.36

3.27
3.15
2.25

3.29

1.13
1.08
3.05
3.32

1.10
1.09
1.15
1.12
1.10

1.00

174

175

73.5

110.9

128.9
128.9
127.8

134.5

169.8

191.1

176

BnO

OH
S2.2

177

178

179

BnO CO2Me
O

H
OTBS
2.73-exo

180

181

182

11.5

11.0

10.5

10.0

9.5

9.0

8.5

8.0

7.5

7.0

6.5

6.0
5.5
f1 (ppm)

5.0

4.5

4.0

3.5

3.0

2.5

2.0

4.33

3.20
2.18
3.10

0.98

1.00
0.95
1.00
2.01
3.00

2.05
3.45
1.94

2.02

12.0

1.5

1.0

0.5

0.0

-0.5

183

BnO CO2Me
O

H
OBs
2.75

184

-4.7
-5.6

17.8
17.8

27.5
26.8
25.4

35.6

41.1

52.0

61.1

74.4
73.2
71.9

102.9

139.4
133.7
129.2
128.0
127.9
127.0
126.8

153.3

173.8

5.97

9.16

2.12
1.07

1.01
2.07
1.02

1.02

0.98
2.08
1.01
2.00
2.99

1.97
1.00
1.98
6.34

BnO CO2Me
OTBS

H

OBs

2.76

185

186

1.03
0.98
1.14
1.18
2.29
1.63
3.16
2.76

1.03
2.93

1.00
1.04

3.80

BnO CO2Me
O
OH
H
OBs
2.77

187

188

BnO
CO2Me
CO2allyl
H
CN

H
N

H
N

2.81

189

BnO
CO2Me
CO2allyl
H
CN

H
N

H
N

MeO

2.82

190

191

BnO
CO2Me
CO2allyl
H
CN OMe

H
N

OMe

2.84

192

193

194

195

33.4
32.2
26.7
25.8
22.7

65.5
62.7
55.7
55.2
55.0
54.9
52.8
49.7

72.4

97.0

104.2

118.0

131.8
128.1
127.3
127.3
127.1

139.0

1.15
1.14
1.35
0.98

2.97

4.81

3.98
3.66
2.62

1.13
1.79
1.18
1.28

1.21
0.92

1.00

1.03
1.02

3.78

H

158.6

H

170.4
168.1

BnO
CO2Me
CO2allyl
H

OMe

N
OMe

2.88

196

197

19.1
14.2
13.7

33.1
30.7

64.4
60.4
55.3
54.5
54.4
52.2
51.6

107.8
104.6
99.7

128.2
127.3
121.9
117.8

140.5
137.2

N

154.3

H

167.5

CO2Me

H
H H
N

MeO

2.93

198

199

35.4
32.2
28.8
24.5
19.8
17.9

55.9
55.2
52.6
51.4
49.6
49.1

65.2

99.9

105.3

116.7

123.5

133.9

138.3

154.2

173.6

1.38
1.31
3.78
1.04

5.13
2.65
1.29
1.25
2.32
2.36
1.83

2.64
2.84

1.13

1.26

1.00

1.07
1.05

1.36

39.5
34.7
31.6
27.5
25.3
23.8
20.6

65.7
62.9
61.5
61.2
55.3
53.7
52.9

71.9

107.6
104.3
99.7

138.6
137.3
133.5
131.7
128.6
128.3
128.1
127.2
127.2
121.7
120.5
118.5
117.6

2.00
4.58
1.68
1.21
2.18
1.21
1.24
1.58
1.10

3.31
3.55

1.85
1.10
1.93
1.07

1.14
1.06

1.00

4.21
0.95
0.94

0.95

N

154.4

H

170.0
168.6

BnO
CO2Me
CO2allyl
H

H H
N

MeO
2.98

200

27.5
25.3
21.7

34.7

39.5

53.4
53.0

65.7
63.0
61.5
61.2

71.9

110.7
107.8

1.06
1.99
1.06
1.00
1.03
1.81
1.23
2.17
1.23
1.47
1.28
1.24

3.17

1.00
1.14
1.94
1.05

1.09
0.93

0.97

0.97
1.33
4.41
1.01
1.03

1.00

N

138.6
135.9
135.4
131.7
128.1
127.5
127.2
127.2
121.0
119.2
118.5
118.0

H

170.0
168.6

OBn
CO2Me
CO2allyl
H

H H
N

S2.5

201

202

27.5
25.3
21.8
20.6

34.7

39.5

65.7
62.9
61.5
61.2
55.8
53.4
52.9

71.9

76.4

95.1

108.5
107.5

138.6
136.7
134.2
131.7
128.3
128.1
127.2
122.0
118.5
118.4

155.8

170.0
168.6

1.06
2.58
2.40
1.31
3.52
2.71
1.46
1.53
3.28
1.69

3.39
3.42

1.25
1.27
2.72
1.26

1.25
1.10

1.02

0.97
2.08
5.06
0.98
1.00

1.00

203

28.5
28.4
23.8
21.1

37.9
36.0

61.8
61.1
55.3
53.9
51.3
50.1

73.6
71.1

107.5
104.3
99.7

138.9
137.3
133.8
128.1
127.5
127.2
121.6

154.4

173.0

1.24
2.03
1.27

1.95
1.77
1.07
1.69
0.94
0.93
2.81
1.24

1.05
1.04
1.05
2.63
2.53

1.00

6.11
1.08
1.03

0.99

23.8
20.5

37.6
36.8
31.8
29.4

65.7
61.6
60.7
55.3
53.7
51.9
49.7

108.1
104.2
99.8

117.6

121.9

133.1

137.3

1.89
2.50
2.12
2.02

1.32
1.54
1.86
3.92
3.18
1.88
3.79

3.75
3.44

1.02

1.00

1.25
1.05

0.64

N

154.5

H

175.7

HO
CO2Me

H
H H
N

MeO
2.7: alstovenine
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