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Abstract

Plants of the Amaryllidaceae family produce a lavgeiety of alkaloids and non-basic secondary
metabolites, many of which are investigated forrtheomising anticancer activities. Of these, anay

type alkaloids based on the 5,10b-ethanophenanmtaridng system were recently shown to be
effective at inhibiting proliferation of cancer k=lresistant to various pro-apoptotic stimuli and
representing tumors with dismal prognoses refrgctor current chemotherapy, such as glioma,
melanoma, non-small-cell lung, esophageal, head reeuk cancers, among others. Using this
discovery as a starting point and taking advantafg@ concise biomimetic route to the crinine

skeleton, a collection of crinine analogues wenettsgtically prepared and evaluated against cancer



cells. The compounds exhibited single-digit micréem@ctivities and retained this activity in a \edyi
of drug-resistant cancer cell cultures. This inigedion resulted in the discovery of new bicyclicy
systems with significant potential in the developinef effective clinical cancer drugs capable of

overcoming cancer chemotherapy resistance.
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1. Introduction

Apoptosis resistance is a hallmark of cancer, bezalefects in apoptosis regulators invariably
accompany tumorigenesis and sustain malignant @ssgm. Because most standard chemotherapeutic
agents work by inducing apoptosis in cancer ¢éliss disruption during tumor evolution can promote
intrinsic drug resistance and result in therapyufai For example, one type of cancer with such
intrinsic resistance to apoptosis induction is lgstoma multiforme (GBM). GBM cells are generally
highly resistant to many different apoptotic stimkdsulting in low effectiveness of classical pro-
apoptotic therapeutic approaciédndeed, GBM is characterized by a deregulated tugesrome
containing opportunistic deletions of tumor suppogsgenes as well as amplification or mutational
hyper-activation of receptor tyrosine kinase recept These genetic changes result in enhanced
survival pathways and systematic defects in thetic machinery. As a result, GBM is associated
with dismal prognoséd and GBM patients have a median survival expectafidgss than 14 months
when treated with a standard protocol of surgiesection, radiotherapy and chemotherapy with
temozolomide (TMZJ:'° Other apoptosis-resistant cancers include the tsinebrthe lung, liver,
stomach, esophagus, pancreas as well as melan@ndsthey are all associated with dismal
prognoses’

In addition to intrinsic resistance to chemothetaioe agents, tumors often develop acquired
resistance, in which they are initially susceptitetreatment and patients respond to chemotherapy
but then become refractory to a broad spectruntra€tsirally and mechanistically diverse antitumor
agents. This phenomenon, referred to as multidesjstance (MDRY**® usually results from
upregulation of protein pumps, such as P-glycopmo{®-gp), leading to the reduction of drug
concentration in cancer cells. MDR is one of tregancauses of chemotherapy failure, for example

with such widely used anticancer drugs as the vatkaloids* or the taxane¥’



In search of medicinal leads capable of combatimgg-gesistant cancers, we have been
investigating small molecule constituents of the akgllidaceae plants, whose medicinal value has
been recognized for a long time. The use of Amigiatleae plants dates back to at least the fourth
century BC, when Hippocrates of Cos used oil frdra tlaffodil Narciclasus poeticus .Lfor the
treatment of cancéf.In more recent times, a large number of strudiigiVerse alkaloids, along with
non-basic amidic constituents (isocarbostyrils)sggssing a wide spectrum of biological activities
have been isolated from the Amaryllidaceae speé@sA number of these natural products, such as
phenanthridines narciclasine, lycorine and so-dalteénine-type alkaloids containing a C11,C12
ethylene bridge on the phenanthridine skeleton,h sas haemanthamine, haemanthidine and
bulbispermine (Figure 1), are of interest due teirthpromising anticancer propertigs.Thus,
narciclasine and lycorine have been actively ingastd for their potent anti-tumor effects, bath
vitro and in vivo, in various pre-clinical models of human canceysniany research groups>°
including their evaluation as cytostatic agent$vacagainst apoptosis-resistant cancers b{/ tThe
antiproliferative activity of the crinine-type alkéds has also been reported by natural product
chemists on numerous occasiéhs! However, despite some dated work reporting thébitin of
protein biosynthesis by crinine-type alkalofdghe paucity of in-depth biological studt&&®of the
anticancer effects of these compounds has led doffioient attention to these agents from the
medicinal chemistry communitWe recently showed, however, that these 5,10b-etft@nanthridine
alkaloids, including haemanthamine, haemanthidime laulbispermine, appear to be as promising in
the treatment of apoptosis-resistant cancers d@s thageners, narciclasine and lycoriié® We
demonstrated that at antiproliferativesgtloses, these crinine-type alkaloids exhibit noopaqmtic
cytostatic effects, while apoptosis induction (poptosis-sensitive cell lines) require 5-10 timaghhbr
doses? Furthermore, using bulbispermine as a model cgitype alkaloid, we demonstrated that

these cytostatic effects occur through impairirgyahtin cytoskeleton organizatith.



This discovery makes the crinine-type alkaloidseawellent starting point for the generation of
compounds able to combat cancers, which are nbturabkistant to chemotherapy, such as
glioblastoma, melanoma, non-small-cell lung can@®&CLC), among others. The investigation
reported herein describes the generation of aatale of synthetic compounds based on the crinine-
type 5,10b-ethanophenanthridine skeleton with threa obtaining new structural leads with activity

against drug-resistant cancer cells.
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Figure 1. Structures of selected Amaryllidaceae anticanoastituents

2. Results and Discussion

2.1 Chemistry

Our synthetic route is based on the use of a bi@tnsynthesis of the crinine skeleton. The results
of radiotracer experiments revealed that the bitb®gis of the crinine skeleton involves an
intramolecular para-para oxidative coupling of O-methylnorbelladine with the subsequent
intramolecular Michael cyclization to afford noraweritidine (Scheme ). This oxidative phenolic
coupling has been successfully performed in lalboyaand the first biomimetic synthesis of the
crinine skeleton was achieved using a vanadiumrickyoride-promoted reaction reported in 1970 by
Schwartz and Holtoff. More recent modifications of this method involvete reactions utilizing

hypervalent iodine to achieve the desired phermigpling. Such efforts led to the total syntheskes o
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maritidine®*>* siculine® oxocrinine®* epicrinine>? powelline®® and 14,15-dideoxycripowellit{.

Analysis of all published total syntheses of thainoe-type alkaloids reveals that the biomimetic
strategy provides the shortest route to these alapwoducts. However, prior to our investigation, i
had not been applied to the generation of synthat@logues with the crinine-like 5,10b-

ethanophenanthridine ring system.

HO
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Scheme 1Biosynthesis of the crinine skeleton

Thus, to utilize this biomimetic approathyarious aromatic aldehydes-l were reacted with
tyramine to form imines, which without isolation meereduced with sodium borohydride to the
corresponding amine8a-l (Scheme 2). These were protected as trifluoroaudes 3a-l and then
converted to spirodienone$a-l upon the oxidative cyclization promoted with phiesgine (111)
bis(trifluoroacetate) (PIFA) in 2,2,2-trifluoroethal. Removal of the trifluoroacetamide protectied |
to an intramolecular Michael addition to generdte 5,10b-ethanophenanthridine ring systeanl.
The structures of the synthesized compounds amtioaayields are given in Table 1. As can be seen,
in all shown examples the key oxidative cyclizatioh3-4 was highly regioselective with the
exception of substrate3h and 3j, where mixtures of isomeric spirodienondis/i and 4j/k were
obtained. These subsequently gave pure regioisorngnine analogueSh and5i as well asj and

5k, respectively (Table 1).
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Table 1.Compound structures and synthetic yields
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74%

To obtain additional 5,10b-ethanophenanthridinescéessible by the direct oxidative coupling
approach, crinine alkaloid noroxomaritidirtany), containing a free phenolic hydroxyl, was prepared
utilizing a published procedure involving debensgia of spirodienonéeto phenodm followed by
intramolecular cyclization upon treatment with Esiam hydroxide (Scheme 3). This synthetically
prepared alkaloid was derivatized at the phengldrdxyl to obtain esterSn, 50, 5p and converted to
oxime5q.
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Scheme 3Synthesis and derivatization of noroxomaritid{bsn)

2.2 Pharmacology

2.2.1 Structure-Activity Relationship
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Because spirodienondshave not to our knowledge been evaluated for antier activities before,
these compounds, together with the desired 5,lidmephenanthridine€s; were subjected tm vitro
growth inhibition MTT assay against two cell lines, human Hela cervical and MCHBreast
adenocarcinomas (Table 2). Depending on the typgeeofiromatic ring A, the antiproliferative 4zl
values for 5,10b-ethanophenanthridi®@s5p, containing the C3-carbonyl moiety, ranged frongke
digit to >100 micromolar. High potency appeared&associated with compounds containing large
hydrophobic ether substituents in the ring A portaf the molecule (e.g5e-5i and 5l). The most
noteworthy are compound$g and 5I, incorporating two benzyl substituents and a novel
benzothiophene-based bicyclic ring system, resgagii possessing single digit micromolar s
values. In contrast, the compounds, whose ring gulsstituted with large ester moietiés @nd5o)
were only weakly active, demonstrating the imparéanf maintaining the electron-rich character of
ring A. Conversion of the C3-carbonyl to the oxifaactionality also resulted in a loss of activiseé
50). Most unexpectedly, spirodienorés-4m produced a range of activities that paralleled ¢tahe
5,10b-ethanophenanthridinéa-5m, to which they are converted upon hydrolytic realowf the
trifluoracetamide protection. For example, thisclearly pronounced in the poteat/Sl, inactive
4m/5m or moderately activda/5a pairs. This raises the question of whether comgsdnundergo
intracellular hydrolysis by non-specific amidasesesen esteras&sfollowed by an intramolecular
cyclization to release the active compoubd3he hydrolytic lability of the trifluoroacetamidgoup
has been observed to be even higher than thateftlayl estet’ and, although it appears there are no
examples of this functionality in clinically appred drugs, ester-containing prodrugs that undergo

hydrolysis to release the active drug are commfion.

Table 2 Antiproliferative activities of spirodienondsand 5,10b-ethanophenanthridirtes
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compound cell viability? compound cell viability® compound cell viability®
Glso, UM Glso, iM Glso, UM
HeLa MCF-7 HeLa MCF-7 HeLa MCF-7
4a 24+2 302 4f 34+4 34+2 4K NI NI
5a 25+3 24 %1 5f 17 +2 17 +0 5k 25+5 442
4b 83+5 >100 4g 17+1 25+ 2 4 10£0 71
5b 64+3 >100 59 3+1 4+0 51 8+1 5+0
4c 2141 34+12 4h 16 £0 40+1 4m >100 >100
5¢ 132 19+1 5h 8+0 14+1 5m >100 >100
4d >100 >100 4i 11+2 14+2 5n 35+1 45+1
5d 61+5 733 5i 7+1 11+1 50 43+2 53+1
4e 38+2 48+3 4 NIP NI 5p >100 >100
5e 12+1 15+1 5 8+1 12+0 5q >100 >100

& Concentration required to reduce the viabilitcells by 50% after a 48 h treatment with the intidacompounds relative to a
DMSO control+ SD from two independent experiments, each perfdrimé replicates, as determined by the MTT as3h.= not

isolated in pure form

2.2.2 Activity against cells exhibiting intrinsic resistance to apoptosis, MDR phenotype, stem-like
cell properties and other clinically relevant typesof drug resistance

Based on our previous studies with the alkaloicbisplermine’® found to retain activity against
apoptosis-resistant glioblastoma cells, the syimbdscompounds were evaluated forvitro growth
inhibition against a panel of additional cancet isbs containing U373%%° U251 U87°%* T98G*
human GBM and A549 NSCLE, all exhibiting various degrees and mechanisms pEfptosis
resistance, as well as an apoptosis-sensitive tumolel, Hs683 anaplastic oligodendrogliothased
as reference. The obtainedsglalues associated with spirodien@igeb,10b-ethanophenanthridingls
and5g and bulbispermine control are shown in Table 3 @hta reveal that these compounds retain

the single-digit micromolar antiproliferatve gglvalues in this challenging cancer cell panel mgkin
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them more potent than our previously studied ledkialoid bulbispermine, displaying double-digit

micromolar potencies.

Table 3. Antiproliferative activities of spirodienor# and crinine analoguésyand5| against

cancer cells displaying various types of drug tasise

Glsoin vitro values aM)?®

glioma lung cancer uterine sarcoma
GBM GBM MES-
compound | Hs683 U373 U251 us7 T98G 090909 031810 A549 H1993 H2073 MES-SA SAIDYS
4] 5 7 4 6 15 7 8 b 12 50 5 5
5l 3 2 1 2 7 5 1 9 3 11 5 7
59 6 7 5 5 7 - 4 2 7
bulbisper 7 53 4 38 99
mine
T™MZ - - - ~ - 50 >1000
paclitaxel - - - - - - - - 0.004 2.4 0.007 10

& Average concentration required to reduce the iglaif cells by 50% after a 48-96 h treatment wiitle indicated compounds in

varied numbers of replicates, as determined byvth& assay” -- = not tested

It is often observed that cells resistant to vagipto-apoptotic stimuli contain a sensitive popalat
that quickly responds to pro-apoptotic agents,absignificant portion of the cells in the cultuesists

the effects of the pro-apoptotic agents even ateomations 100- or 1000-fold of their dgialues®
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Figures 2A-C show the absence of such resistantlaopns in five GBM cell lines treated with
spirodienonetl and 5,10b-ethanophenanthridifigsand5l. Indeed, as can be seen on the example of
apoptosis-resistant A549 NSCLC cells (Figure 2Dipice analogue$g and5l are equally effective
against most of the cells in the A549 NSCLC cubuaad, with increasing concentration, rapidly reach
antiproliferative levels of a non-discriminate dgteic agent phenyl arsine oxide (PAO). In contrast,
common proapoptotic agents paclitaxel and podoptogin have no effect on proliferation of ca. 50%

of cells in these cultures at concentrations upO@uM.

% Viability
S &
528 88 P

20

-=-Ug7

v +— 0 10 20 30 40 50 60 70 80 S0 100
° 5\ ® ) & [N o ) S &>

uM Concentration (M)
~4=TAXOL =——=PAQ ==#=PODO 5| ~—@-5g

Figure 2. Activity of spirodienonell and crinine analoguésy and5I against cell populations resistant

to proapoptotic agents determined with the MTT ws&aC: growth curves of five GBM cell cultures

treated withdl, 51 and5g, respectively (one experiment performed in siXicapes). D: growth curves
of A549 NSCLC cell cultures treated wih 5g, paclitaxel, phenyl arsine oxide (PAO) and

podophyllotoxin (PODO, two independent experimeassh performed in 4 replicates).
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It has been shown that glioma cells grown in neuitese conditions exhibit stem-like properties
through the ability of self-renewal and differetiba into multiple neural lineages. Furthermoregtsu
cells recapitulate human gliomas on both histolaigand genetic levels more faithfully than serum
cultured glioma cell lines when injected into theaibs of mic€*®® and are generally resistant to
radiation and chemotheraPy’® It is thus noteworthy that spirodienondl and 5,10b-
ethanophenanthridingl retained similar levels of activity in neurosphetdtures 090909 and 031810
(Table 3). The former line, 090909, was derivedrfra patient who initially responded to TMZ,
whereas the latter was derived from the same gaditer progressing on temozolomide due to high
O°-methylguanine-DNA-methyltransferase (MGMT) expiess MGMT is a protein capable of
repairing mutagenic lesions produced by TMZ, theneefelevated MGMT expression confers
resistance to TMZ even at concentrations as highlGB0 micromolar (Table 2). Importantly,
methylation arrays show that almost 50% of patients GBM have tumors that are unmethylated at
the MGMT promoter site, leading to temozolomideisesce and poor outcome.To date, no
alternative treatment exists for this group of gats’*

Further, spirodienondl and 5,10b-ethanophenanthridiblewere evaluated against patient-derived
NSCLC cell line H1993 and its drug-resistant varid2073. The former was obtained from a lymph
node metastasis isolated prior to chemotherapyremisethe latter was derived from a regrown tumor
at the primary site after the patient relapsed séweonths latef? Drug resistance of the H2073 cells
is exemplified by the loss of responsiveness tovgdlitaxel by several orders of magnitude relative
to their H1993 counterparts (Table 3). Although gotencies o#ll and5l also decrease against the
H2073 cells, the drop is significantly less proncesh than that observed with paclitaxel (Table 3).
Furthermore, it was found that bothand5I synergize with paclitaxel in their antiprolifenagi action

against the H1993 cell line (Figure 3), indicatmgotential use of these compounds as adjuvants to

conventional chemotherapy for drug-resistant cancer
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Figure 3. Combination treatment of paclitaxel w#h(A and B) andbl (C and D) illustrating
synergism against H1993 cells. H1993 is an NSCUQine and H2073 is its drug-resistant

counterpart.

Finally, to assess whether our compounds are substfor the MDR cancer efflux systems, 5l
and 5g were evaluated against the MDR uterine sarcomainel MES-SA/Dx5. This cell line was
established from the parent uterine sarcoma MES-§®&wn in the presence of increasing
concentrations of doxorubicin and is known to bsistant to a number of P-gp substrdfeBoth
paclitaxel (Table 3) and vinblastine (not showrgptihyed more than a thousand fold drop in potency

when tested for antiproliferative activity agaitis¢ MDR cell line as compared with the parent dne.
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contrast, there was only a small variation in thvdies of our compounds, indicating their pofaht

to overcome clinical multi-drug resistance (Tabje 3

2.2.3 Inhibition of translation

Because the earlier work revealed the translaimntibitory properties associated with the
crinine-type alkaloid® it was important to test benzothiopheblein quantitative assa{sassessing
this biological activity (Figure 4). As such, werfegmedin vitro translation assays in both Krebs-2
and rabbit reticulocyte lysates programmed with bi@stronic FF/HCV/Ren mRNA (Figure 4A).
Compared to previously characterized inhibitorstrahslation initiation (Hipp; hippuristanol) and
elongation (Aniso; anisomycin, Lyco; lycorine, akldeman; haemanthaminégl (CR-10) showed
modest activity at inhibiting translation from bate FF (firefly) and Ren (renilla) cistrons (~25%
inhibition). We then assessed the potenc¥ldah vivo by monitoring polysome profiles (Figure 4B).
The polysome distribution revealed that cells gdawith lycorine and haemanthamine retained intact
polysomes as previously reported for amaryllidaca&eloids which “freeze” polysomes and do not
allow run-off or disaggregation of polysoni€sin contrast, 51 (CR-10) led to a complete
disaggregation of polysomes (Figure 4B). We theobed extracts from HelLa cells exposed to
lycorine, haemanthamine, &t and found thabl (CR-10) caused profound eléZhosphorylation,
compared to vehicle, lycorine or haemanthamineuieigiC). These results indicate thatis not an
effective inhibitor of translatiom vitro, but blocks translatiom vivo by a mechanism that appears

distinct from lycorine and haemanthamine involvalg2o phosphorylation.
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Figure 4. 51 (CR-10) Blocks Translation Initiatioi. Effect of CR-10 on cap- and HCV- mediaied
vitro translation in Krebs-2 extract and rabbit reticyle lysate (RRL). Upper panel: Schematic
diagram of bicistronic mMRNA used fam vitro translation assays. Lower panels: Krebs-2 traosiat
extracts (left) or RRL (right) were programmed WiRR/HCV/Ren mRNA and incubated with vehicle
(0.5% DMSO) or the indicated compounds. The redatiwciferase activity compared to the DMSO
control from 2 independent translation reactionsngl with the error of the mean is presented.
Reactions contained M hippuristanol (Hipp), 1&M anisomycin (aniso), 56M lycorine (Lyco), 50
1M haemanthamine (Haeman), or 4d 5| (CR-10).B. Polysome profiling analyses of HeLa S3 cells
exposed to 5Q:M compound for 1 h. Polysomes for Lyco abtl (CR-10) are from the same
experiment so the DMSO control profile is the saméhe two plots shownC. 51 (CR-10) induces
phosphorylation of elR2. HeLa S3 cells were treated with pM compound for 1 h. Extracts were
prepared, fractioned by SDS-PAGE, and transferced immobilon-P PVDF membrane. Western

blots were performed with the antibodies directethe indicated proteins.

3. Conclusion

Drug resistance is one of the main causes fordihgré of cancer chemotherapy. It can be intrinsic,
involving apoptosis-resistant cancers such as gljanelanoma or NSCLC, among others, or acquired,
in which tumors innately respond to chemotherapy éentually become refractory to a broad
spectrum of structurally and mechanistically dieeetitumor agents. The results presented herein
demonstrate the potential of a synthetic collecbbrrompounds inspired by the crinine group of the
Amaryllidaceae alkaloids for the treatment of dragistant cancers, regardless of whether the latter
harbor intrinsic or acquired resistance mechanisiitee structural scaffold associated with the
benzothiophene ring systebh represents a new chemotype, whose further in\agiigis warranted

by the described findings and should be facilitalsd the straightforward biomimetic synthetic
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methodology utilized in this study. The spirodieaaing system, such as #, also represents an
interesting structural type, which may serve asaaqug of5I, undergoing enzymatic removal of the
trifluoroacetamide group with the subsequent intkTular cyclization to producBl in the cell.
Although direct proof of this hypothesis requirastlier studies, the similarity of the biologicalesits
between structurally differei and5I certainly strongly supports this argument. In #ddito these
experiments, the ongoing work includes optimizatadrpotency, further elucidation of mechanisms
responsible for cytostatic/cytotoxic effects insttseries of compounds as well as studies involving

animal models of drug-resistant human cancer.

4. Experimental Section

4.1 General Experimental

All reagents, solvents and catalysts were purché&sed commercial sources (Acros Organics and
Sigma-Aldrich) and used without purification. A#actions were performed in oven-dried flasks open
to the atmosphere or under nitrogen or argon ancditored by thin layer chromatography (TLC) on
TLC precoated (25@m) silica gel 60 F254 glass-backed plates (EMD Qbals Inc.). Visualization
was accomplished with UV light. Flash column chréogaaphy was performed on silica gel (32-63
um, 60 A pore size)'H and**C NMR spectra were recorded on a Bruker 400 speetirer. Chemical
shifts @) are reported in ppm relative to the TMS intersi@ndard. Abbreviations are as follows: s
(singlet), d (doublet), t (triplet), g (quartet),(multiplet). The synthesized compounds are at [85%

pure according to an HPLC/MS analysis.

4.2 General procedure for the synthesis of compousda-h, 2j and 2I
To a flask containing 4.1 mmol of a selected arderatiehyde in 10.2 mL of methanol af® were

added 0.7452 g (5.4 mmol) of tyramine. The soluti@s allowed to stir for 45 min and 0.1808 g (4.8
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mmol) of sodium borohydride was added. The soluti@s allowed to stir for 4.5 h, at which point
0.1679 g (4.4 mmol) of additional sodium borohydridas added. This mixture was stirred overnight
and the formed precipitate was collected via vacfiliration. No further purification was required a
this stage. The NMR spectral data for known comgsu@a,>* 2b,>° and2e®®) matched those in the

literature. The characterization of all new compasiis given below.

4.3 Compound 2¢

95%, white solid, mp: 91-9% (decomp.)*H NMR (CDCk): & 6.96 (d,J=8.0 Hz, 2H), 6.78-6.66 (m,
5H), 4.22 (m, 4H), 3.69 (broad s, 2H), 2.84 7.1 Hz, 2H), 2.72 (tJ=7.1 Hz, 2H);*C NMR
(CDCls): & 154.6 (C), 143.4 (C), 142.6 (C), 132.9 (C), 13(C), 129.8 (CHx2), 121.3 (CH), 117.2
(CHx2), 117.1 (CH), 115.6 (CH), 64.3(GX2), 53.1 (CH), 50.2 (CH), 35.0 (CH); HRMS calc'd for

Ci7H20NOs (M+H)*: 286.1438, found 286.1441.

4.4 Compound 2d

95%, white solid, mp: 89-9%C (decomp.)!H NMR (CDCk): & 6.95 (d,J=8.4 Hz, 2H), 6.89-6.65 (m,
5H), 5.81 (s, 2H), 5.46 (broad s, 1H), 3.79 (s,,2485 (t,J=7.1 Hz, 2H), 2.74 (t}=7.1 Hz, 2H)°C
NMR (CDChL): & 156.1 (C), 147.3 (C), 145.5 (C), 129.9 (CHx2), BC), 121.6 (C), 120.6 (CH),
116.3(CHx2), 116.1 (CH), 107.8 (CH), 100.8 ({;H50.0 (CH), 47.8 (CH), 34.7 (CH). HRMS

calc'd for GgH1gNOs (M+H)™: 272.1281found 272.1286.

4.5 Compound 2f
97%, white solid, mp: 65-67C (decomp.);H NMR (CDCk): 7.40 (d,J=7.2 Hz, 2H), 7.33 (1)=7.6
Hz, 2H), 7.28 (dJ=7.2 Hz, 1H), 7.01 (dJ=8.4 Hz, 2H), 6.82 (dJ=3.6 Hz, 1H), 6.78 (dJ=8.2 Hz,

1H), 6.70-6.68 (m, 3H), 5.11 (s, 2H), 3.82 (s, 3BIY0 (s, 2H), 2.84 (1=6.5 Hz, 2H), 2.73 (t)=7.2
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Hz, 2H).'3C NMR (CDCE): § 154.4 (C), 149.8 (C), 147.2 (C), 137.4 (C), 13&Rix2), 131.5 (C),
129.8 (C), 128.5 (C), 127.8 (CH), 127.3 (CHx2), B2(CH), 115.4 (CHx2), 114.0 (CH), 112.0 (CH),
71.2 (CH), 56.0 (CH), 53.6 (CH), 50.7 (CH), 35.2 (CH). HRMS calc'd for GsHagNO (M+H)":

364.1907, found 364.1912.

4.6 Compound 2h

95%, white solid, mp: 83-8%C (decomp.)*H NMR (CDCh): & 7.39-7.29 (m, 5H), 7.18 (8=7.8 Hz,
1H), 6.97 (d,J=8.4 Hz, 2H), 6.89 (s, 1H), 6.83 (&8.4 Hz, 1H), 6.82 (dJ=6.4 Hz, 1H), 6.65 (d,
J=8.4 Hz, 2H), 4.94 (s, 2H), 3.75 (s, 2H), 2.85J¢6.6 Hz, 2H), 2.73 (t)=7.0 Hz, 2H).”*C NMR
(CDCl): 6 159.0 (C), 154.5 (C), 141.4 (C), 137.1 (CHx2), #3(CHx2), 129.8 (CHx2), 129.5 (CH),
128.6 (C), 127.9 (C), 127.5 (CH), 120.8 (C), 116£5ix2), 114.5 (CH), 113.6 (CH), 69.9 (GH53.7

(CH,), 50.4 (CH), 35.1 (CH). HRMS calc'd for G,HpaNO, (M+H)*: 334.1802 found 334.1807.

4.7 Compound 2j

60%, white solid, mp: 103-10%& (decomp.)*H NMR (Acetoned): & 7.32 (dd,J=3.0,J=2.5 Hz, 1H),
7.17-7.16 (m, 1H), 7.02 (dd=1.0,J=2.5 Hz, 1H), 7.00 (dJ=8.4 Hz, 2H), 6.70 (dJ=8.4 Hz, 2H),
3.75 (s, 2H), 2.75 (1=6.9 Hz, 2H), 2.65 (tJ=6.9 Hz, 2H).**C NMR (CDCE): § 155.6 (C), 142.5 (C),
131.2 (CHx2), 129.5 (C), 127.7 (CH), 125.2 (CH)Q2(CH), 115.0 (CHx2), 51.0 (GH 48.4 (CH),

35.4 (CH). HRMS calc'd for GsH1gNOS (M+H)": 234.0947, found 234.0952.

4.8 Compound 2|
89%, white solid, mp: 99-10%C (decomp.)H NMR (CDCk): § 7.83-7.81 (m, 1H), 7.70-7.67 (m,
1H), 7.35-7.29 (m, 2H), 7.00 (d78.3 Hz, 2H), 6.67 (d]J=8.4 Hz, 2H), 4.03 (s, 2H), 2.94 (7.0 Hz,

2H), 2.76 (1,J=7.0 Hz, 2H).*C NMR (CDCE): & 155.6 (C), 140.6 (C), 138.7 (C), 136.1 (C), 131.2
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(CHx2), 129.6 (C), 124.2 (CH), 123.7 (CH), 122.64)C122.6 (CH), 122.3 (CH), 115.0 (CHx2), 51.3

(CH,), 47.3 (CH), 35.4 (CH). HRMS calc'd for GiH1gNOS (M+H)": 284.1104, found 285.1108.

4.9 General procedure for the synthesis of compousda-h, 3j and 3l

To a dry flask containing 2.7 mmol of a selectedrnen?a-l in 9.6 mL pyridine under argon were
added 0.75 mL (5.2 mmol) of trifluoroacetic anhyei The reaction was stirred af® for 1 day and
quenched with 3 mL of methanol. The solution wascemtrated in vacuo, dissolved in ethyl acetate,
and washed twice with water and twice with brindeTsolution was dried with sodium sulfate,
filtered, concentrated in vacuo, and the desireadyet 3a-h, 3j and 3| was purified by column
chromatography (hexanes/ethyl acetate, 1.5:1). NM& spectral data for known compounda,(°
3b>° and 3¢’® matched those in the literature. The charactéoizeof all new compounds is given

below.

4.10 Compound 3c

82%, oil:'"H NMR (CDCh): & 6.99 (d,J=11.2 Hz, 2H), 6.95-6.58 (m, 5H), 5.46 (s, 1H),14(5, 1H),
4.26-4.22 (m, 5H), 3.45-3.41 (m, 2H), 2.78 J&7.1 Hz, 1H), 2.72 (tJ)=7.1 Hz, 1H)."°C NMR
(CDCly): 6 157.1 (q,J=34.9 Hz, C), 154.8 (C), 154.6 (C), 143.9 (C), BAE), 143.6 (C), 143.5 (C),
130.1(C), 129.9 (C), 129.8 (C), 129.2 (C), 128.5X2), 127.8 (CHx2), 121.3 (CH), 120.6 (CH),
117.7 (CR), 117.7(CHx2), 117.1(CHx2), 116.5 (CH), 115.8 (CH)L5.7 (CH), 115.6 (CH), 64.4
(CH,x2), 51.0 (CH), 50.9 (CH), 49.1 (CH), 48.4 (CH), 48.3 (CH), 48.3, 34.3 (Ch), 34.1 (CH),

31.9 (CH). HRMS calc’d for GoH1gFsNNaQ, (M+Na)™: 404.1080, found 404.1085.

4.11 Compound 3d
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80%, oil;*H NMR (CDCk): & 6.99-6.96 (m, 2H), 6.81-6.72 (M, 5H), 5.94 §d7.0 Hz, 2H), 5.23 (s,
1H), 4.65 (s, 1H), 4.43 (s, 1H), 3.49 (m, 2H), 2(83=7.8 Hz, 1H), 2.74 (t}=7.8 Hz, 1H)°C NMR
(CDCly): 8157.3(q,J=25.7 Hz, C), 155.0 (C), 154.8 (C), 147.6 (C), 4({T), 146.0 (C), 145.8 (C),
129.9 (C), 129.8 (Ch), 129.7 (CH), 129.0 (C), 122.3 (CH), 122.2 (CH), 121.0 (C)B11(CH),
118.0 (CH), 116.7 (CH), 116.1 (gF 115.8 (CE), 115.7 (CE), 115.6 (CE), 115.3 (CH), 115.1
(CHy), 108.7 (CH), 108.6 (CH), 101.2 (GH101.1 (CH), 48.9 (CH), , 48.7 (CH), 46.0 (CH), 45.9
(CHy), 44.2 (CH), 34.2 (CH), 31.9 (CH). HRMS calc’d for GgHigFsNNaQ, (M+Na)': 390.0924,

found, 390.0927.

4.12 Compound 3f

81%, oil;'H NMR (CDCh): 6 7.43 (d,J=7.8 Hz, 2H), 7.38-7.34 (m, 2H), 7.32-7.28 (m, 16{98-6.95
(m, 2H), 6.85 (ddJ=6.6, J=4.0 Hz, 1H), 6.79-6.70 (m, 3H), 6.65-6.61 {H), 5.15 (d,J=3.8 Hz, 2H),
4.58 (s, 1H), 4.33 (s, 1H), 3.85 (#1.6 Hz, 3H), 3.49-3.43 (m, 2H), 2.80 J&7.4 Hz, 1H), 2.73 (t,
J=7.1 Hz, 2H),**C NMR (CDC}): § 157.3 (q,J=86.7 Hz, C)155.1 (C), 154.9 (C), 150.1 (C), 148.2
(C), 148.1 (C), 136.9 (C), 136.8 (C), 129.9 (CHX®9.7 (CHx2), 128.9 (C), 1, 128.6 (CHx2), 128.4
(CHx2), 128.0 (CH), , 127.5 (CHx2), 127.4 (CHx2P018 (CH), 120.2 (C§, 115.8 (CHx2), 114.1
(CH), 114.0 (CH), 111.9 (CH), 111.1 (CH), 71.1 (§H56.1 (CH), 56.0 (CH), , 49.6 (CH), 48.4
(CH,), 34.3 (CH), 32.0 (CH). HRMS calc’d for GsHxsFsNNaQ, (M+Na)': 482.1550, found

482.1555.

4.13 Compound 3g
64%, white solid, mp: 45-47C; '"H NMR (CDCk): § 7.42-7.26 (m, 10H), 7.03 (d=6.6 Hz, 1H), 6.90
(dd, J=8.4,J=1.8 Hz, 2H), 6.86 (dd]=8.2,J=3.4 Hz, 1H), 6.79-6.77 (m, 1H), 6.74-6.69 (m, 2bl}14

(d, J=2.2 Hz, 2H), 5.12 (s, 2H), 4.49 (s, 1H), 4.211(d), 3.36-3.28 (M, 2H), 2.67 (#=7.8 Hz, 1H),
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2.61 (t,J=7.1 Hz, 1H)*C NMR (CDCh): 5 154.5 (C), 154.3 (C), 148.4 (#521.9 Hz, C) , 137.1 (C),
137.0 (C), 136.9 (C), 130.4 (GH 129.9 (C), 129.8 (C), 129.5 (C), 128.6 (CHx2285 (CHx2),
128.0 (CH), 127.9 (CH), 127.7 (C), 127.4 (CHx2)7R(CHx2), 121.4 (CH), 120.8 (QF 115.8
(CHx2), 115.6 (CHx2), 115.5 (CH), 115.1 (CH), 114CH), 114.5 (CH), 71.4 (Ch, 71.3 (CH), 71.2
(CH,), 49.4 (CH), 48.2 (CH), 41.2 (CH), 34.3 (CH), 34.1 (CH), 31.9 (CH), 29.7 (CH). HRMS

calc'd for GyHogFsNNaQ, (M+Na)': 558.1863, found 558.1863.

4.14 Compound 3h

88%, oil;*H NMR (CDCk): § 7.43-7.23 (m, 5H), 6.96-6.91 (m, 3H), 6.83-6.71 4H), 5.93 (d,)=8.3
Hz, 1H), 5.04 (dJ=4.2 Hz, 2H), 4.61 (s, 1H), 4.35 (s, 1H), 3.48-3(#2 2H), 2.79-2.70 (m, 2HJ*C
NMR (CDCL): § 159.3 (C), 157.4 (C) (q}=33.9 Hz, C), 155.0 (C), 154.8 (C), 136.8 (C), T3(C),
136.6 (C), 136.3 (C), 130.2 (C), 130.1 (C), 1290H%2), 129.8 (CHx2), 129.0 (CH), 128.7 (CH),
128.2 (CHx2), 128.1 (CHx2), 127.5 (CHx2), 120.6 {C#20.0 (CE), 115.8 (CHx2), 115.7 (CHx2),
114.7 (CHx2), 114.6 (CHx2), 114.2 (CH), 70.2 (EH70.1 (CH), 51.52 (CH), 51.49 (CH), 49.8
(CH,), 48.7 (CH), 34.3 (CH), 31.9 (CH). HRMS calc’d for GsHxFsNNaO; (M+Na)': 452.1444,

found 452.1448.

4.15 Compound 3|

77%, oil:'H NMR (CDCH): § 7.33-7.28 (m, 1H), 7.15-7.07 (m, 1H), 6.98-6.9 @H), 6.78-6.74 (m,
2H), 4.60 (s, 1H), 4.37 (s, 1H), 3.51-3.45 (m, 2RY9 (t,J=7.8 Hz, 1H), 2.70 (t}=7.2 Hz, 1H)C
NMR (CDCk): § 157.0 (C) (q,J=38.1 Hz, C), 154.8 (C), 154.6 (C), 135.9 (C), T3(C), 130.0
(CHx2), 129.9 (CHx2), 129.8 (C), 129.2 (C), 127CH), 127.2 (CH), 126.9 (CH), 126.7 (CH), 123.8
(CH), 123.6 (CE), 115.7 (CHx2), 115.6 (CHx2), 48.6 (G} 47.1 (CH), 47.0 (CH), 45.2 (CH),

34.4 (CH), 32.0 (CH). HRMS calc’d for GsH14FsNNaG:S (M+Na): 352.0590, found 352.0595.
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4.16 Compound 3l

95%, oil;'"H NMR (CDCh): & 7.88-7.84 (m, 1H), 7.72-7.70 (m, 1H), 7.41-7.36 @H), 7.30 (s, 1H),
6.95-6.92 (M, 2H), 6.77-6.73 (m, 2H), 5.29 (broadHs), 4.89 (s, 1H), 4.60 (s, 1H), 3.52J¢7.1 Hz,
1H), 3.46 (t,J=7.1 Hz, 1H), 2.80-2.73 (m, 2H)**C NMR (CDCE): & 156.9 (q,J=85.6 Hz, C) 154.8
(C), 154.7 (C), 140.7 (C), 140.5 (C), 137.6 (C)7B3(C), 130.0 (CHx2), 129.9 (CHx2), 129.8 (C),
129.6 (C), 129.1 (C), 126.0 (CH), 125.0 (CH), 124CH), 124.6 (CH), 123.2 (CH), 123.1 (CH), 121.6
(CH), 120.9 (CH), 118.1 (CH), 115.8 (CHx2), 115@Hx2), 49.0 (CH), , 48.2 (CH), 46.3 (CH),
46.2 (CH), 43.6 (CH), 34.5 (CH), 32.2 (CH). HRMS calc’'d for GoHigFsNNaO,S (M+Na)':

402.0746, found 402.0752.

4.17 General procedure for the synthesis of compods 4a-I

To a dry flask containing 1.2 mmol of a selecteduptmg precursor3a-l in 6 mL of 2,2,2-
trifluoroethanol under argon were added 0.5956 .¢ (hmol) phenyliodine bis(trifluoroacetate) in
dissolved in 6 mL of 2,2,2-trifluoroethanol. Theaction was stirred at -48C for 30 min and the
solution was concentrated in vacuo. Purificationcojumn chromatography (hexanes/ethyl acetate,
2:1) yielded pure spirodienonta-l. The NMR spectral data for known compounda,® 4b>° and

4e%) matched those in the literature. The charactéoizaf all new compounds is given below.

4.18 Compound 4c

36%, white solid, mp: 71-73C (decomp.)H NMR (CDCk): § 7.00 (d,J=10.1 Hz, 1H), 6.88 (d,
J=10.1 Hz, 1H), 6.81 (s, 1H), 6.65 (s, 1H), 6.551(d), 6.24 (d,J=9.9 Hz, 1H), 6.22 (dJ=9.9 Hz,

1H), 4.69 (d,J=6.6 Hz, 2H), 4.19-4.14 (m, 4H), 3.92-3.86 (m, 2RB1 (tt,J=17.5 Hz, 6.2 Hz, 2H).

3C NMR (CDCk): 5 185.3 (C), 185.2 (C), 156.4 (d=44.7 Hz, C), 152.8 (CHx2), 152.3 (CHx2),
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143.4 (C), 143.3 (C), 142.8 (C), 129.0 (C), 1289, (128.5 (CH), 128.4 (CH), 127.2 (CF), 127.0
(CFs), 120.2 (CH), 118.9 (CH), 118.6 (CH), 64.4 (+54.3 (CH), 48.7 (CH), 48.5 (CH), 48.2 (C),
47.9 (CH), 45.6 (CH), 45.5 (CH), 44.3 (CH), 36.1 (CH), 33.9 (CH). HRMS calc'd for

Ci1oH16FsNNaQy (M+Na)*: 402.0924found 402.0926.

4.19 Compound 4d

26%, white solid, mp: 147-14%€ (decomp.):*H NMR (CDCk): 6 6.99 (d,J=10.3 Hz, 1H), 6.86 (d,
J=10.3 Hz, 1H), 6.65-6.54 (m, 2H), 6.26-6.22 (m, 26lP8 (d,J=14.1 Hz, 2H), 4.85 (dJ=15.4 Hz,
2H), 3.95-3.91 (m, 2H), 2.37-2.31 (m, 2HJC NMR (CDCE): § 185.3 (C), 185.1 (C), 156.5 (q,
J=104.5 Hz, C), 152.5 (CHx2), 152.2 (CHx2), 146.9,(T46.7 (C), 146.5 (C), 146.0 (C), 129.9 (C),
129.8 (C), 127.1 (CHx2), 126.9 (CHx2), 123.5 (31L (CH), 117.8 (C§, 117.3 (CF), 108.3 (CH),
108.1 (CH), 101.7 (CB), 101.6 (CH), 48.4 (C), 48.0 (C), 44.6 (GH 41.0 (CH), 36.2 (CH), 34.2

(CH,). HRMS calc'd for GgH14FsNNaQ, (M+Na)'™: 388.0767, found 388.0773.

4.20 Compound 4f

41%, white solid, mp: 109-11°C (decomp.)’H NMR (CDCk): & 7.32-7.24 (m, 5H), 6.85 (d=10.0
Hz, 1H), 6.76 (dJ=13.4 Hz, 1H), 6.70 (d}=35.9 Hz, 1H), 6.47 (d]=2.6 Hz, 1H), 6.17 (ddJ=10.1,
J=3.1 Hz, 2H), 5.00 (s, 2H), 4.73 (@14.6 Hz, 2H), 3.88 (s, 3H), 3.86 (s, 2H), 2.3372(@, 2H).1°C
NMR (CDCk): 5 185.1 (C),185.0 (C),156.4 (4=36.6 Hz, C), 152.7 (CHx2), 152.3 (CHx2), 148.8
(C), 147.6 (C), 147.5 (C), 136.6 (C), 136.5 (C)8I2(CHx2), 128.6 (CHx2), 128.3 (C), 128.1 (C),
128.0 (CHx2), 127.8 (CHx2), 127.6 (CH), 127.4 (©37.3 (CFR), 127.2 (CHx2), 127.1 (CHx2), 116.1
(CH), 114.5 (CH), 113.5 (CH), 71.3 (GH 71.2 (CH), 56.2 (CH), 56.1 (CH), 48.3 (C), 48.2 (C),
48.0 (C), 44.2 (CH), 35.5 (CH), 33.6 (CH). HRMS calc'd for GsHaFsNNaO, (M+Na)': 480.1393,

found 480.1398.
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4.21 Compound 4g

20%, white solid, mp: 79-7%C; *H NMR (CDCh): 5 7.43-7.24 (m, 10H), 6.87 (d=9.4 Hz, 1H), 6.76
(d, J=10.0 Hz, 1H), 6.63 (s, 1H), 6.50 @1.6 Hz, 1H), 6.19 (dd}=9.9 Hz,J=6.7 2H), 5.19 (s, 2H),
5.01 (d,J=2.4 Hz, 2H), 4.67 (dJ=14.2 Hz, 2H), 3.89-3.84 (m, 2H), 2.32-2.26 (m, 2 NMR
(CDCl): & 185.2 (C), 185.1 (C), 152.7 (CHx2), 152.3 (CHx®8.3 (C), 148.1 (g}=44.7 Hz, C),
136.7 (Cx2), 136.6 (Cx2), 128.6 (CHx4), 128.5 (CHx#28.4 (C), 128.3 (C), 128.2 (CHx2), 128.1
(CHx2), 128.0 (C), 127.4 (CHx2), 127.3 (§F127.1 (CHx4), 117.1 (CH), 117.0 (CH), 116.8 (CH)
116.6 (CH), 71.4 (Ch), 71.4 (CH), 71.3 (CH), 71.2 (CH), 48.3 (CH), 48.2 (CH), 48.0 (C), 44.2
(CHp), 35.5 (CH), 33.6 (CH), 29.7 (CH). HRMS calc'd for GiHsFsNNaO: (M+Na)': 556.1712,

found 556.1715.

4.22 Compound 4h

21%, white solid, mp: 58-58%; *H NMR (CDCk): & 7.39-7.30 (m, 5H), 7.02-6.95 (m, 3H), 6.89 (d,
J=10.2 Hz, 1H), 6.82-6.77 (m, 1H), 6.29-6.25 (m, 2bIP2 (s, 2H), 4.78 (d)=8.0 Hz, 2H), 3.96-3.90
(m, 2H), 2.38-2.31 (m, 2H}*C NMR (CDCE): & 185.3 (C), 185.2 (C), 158.2 (C), 158.1 (C), 1585
J=77.8 Hz, C), 152.8 (CHx2), 152.4 (CHx2), 136.7,(C36.5 (C), 136.4 (C), 131.7 (C), 131.2 (CH),
128.7 (CHx2), 128.2 (CH), 128.1 (CH), 127.5 (CHx227.4 (CHx2), 127.3 (CHx2), 127.1 (CHx2),
117.8 (CF), 117.0 (CH), 114.8 (CH), 114.7 (CH), 70.2 (§H70.1 (CH), 49.3 (CH),49.1 (CH),
48.2 (C), 47.9 (C), 45.6 (G 45.5 (CH), 44.5 (CH), 36.1 (CH), 34.0 (CH). HRMS calc'd for

Ca4H20FsNNaQ; (M+Na)': 450.1287, found 450.1292.

4.23 Compound 4i
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11%, white solid, mp: 74-78; *H NMR (CDCk): § 7.31-7.29 (m, 3H), 7.24-7.15 (m, 3H), 6.95-6.77
(M, 4H), 6.08 (dJ=10.0 Hz, 2H), 4.86 (s, 2H), 4.84 (s, 2H), 3.8813(8, 2H), 2.34-2.31 (m, 2H}C
NMR (CDCL): § 185.0 (C), 158.4 (C), 156.4 (3:92.9 Hz, C), 153.5 (CHx2), 153.3 (CHx2), 137.4
(C), 137.3 (C), 135.4 (C), 135.3 (C), 129.1 (CH8B (CHx2), 128.3 (CH),127.9 (CHx2), 127.4
(CHx2), 125.3 (C), 125.0 (C), 123.8 (CH), 122.9 {CA12.6 (CH), 112.5 (CH), 70.9 (GH 48.8

(CH), 47.8 (CH), 47.4 (CH), 47.1 (CH), 45.2 (CH), 45.1 (CH), 44.2 (CH), 38.4 (C), 37.0 (C).

4.24 Compound 4l

41%, light yellow solid, mp: 89-92C (decomp.);H NMR (CDCk): & 7.84 (d,J=8.1, 1H), 7.71 (t,
J=7.8 Hz, 1H), 7.63 (d}=8.1 Hz, 1H), 7.43-7.31 (m. 2H), 7.13-7.11 (m, 1AP2-6.99 (m, 1H), 6.36-
6.32 (m, 2H), 5.05 (s, 1H), 4.98 (s, 1H), 4.11-408 2H), 2.45-2.39 (m, 2H}3C NMR (CDC}): &
184.7 (C), 156.5 (J=58.0 Hz, C), 150.0 (CHx2), 149.5 (CHx2), 140.2,(C39.5 (C), 138.8 (C),
138.3 (C), 137.8 (C), 130.3 (C), 129.8 (C), 1283%2), 128.4 (CHx2), 125.3 (CH), 125.0 (CH),
124.8 (CH), 122.6 (CH), 122.4 (CH), 121.4 (CH), T2(CF), 46.0 (CH), 45.7 (CH), 45.6 (CH),
45.0 (CH), 42.8 (CH), 41.9 (CH), 37.5 (C), 35.7 (C). HRMS calc'd for,@1,6FsNNaO,S (M+Na)':

400.0590, found 400.0593.

4.25 General procedure for the synthesis of compods 5a-I

To a flask containing 0.15 mmol of a selected spaoone4a-min 0.78 mL of methanol were added

0.8 mL of 10% aqueous potassium hydroxide at rcemperature. The reaction was stirred for 30 min
and the solution was extracted several times witloroform. The organic layers were collected,
filtered, and concentrated in vacuo. Purification dnlumn chromatography (chloroform/methanaol,

14:1) yielded the desired 5,10b-ethanophenantlEidia-5. The NMR spectral data for known
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compoundsga™* and5b>* matched those in the literature. The charactgoizaf all new compounds

is given below.

4.26 Compound 5c¢

66%, white solid, mp: 151-15% (decomp.)!H NMR (CDCk): & 7.60 (d, J=10.3 Hz, 1H), 6.87 (s,

1H), 6.53 (s, 1H), 6.05 (d. J=10.3 Hz, 1H), 4.35Xe16.9 Hz, 1H), 4.23-4.19 (m, 4H), 3.77 (d, J817.

Hz, 1H), 3.60 (dd, J=13.0 Hz, 5.7 Hz, 1H), 3.5473(#h, 1H), 3.02-2.95 (m, 1H), 2.65 (dd, J=16.8 Hz,
5.7 Hz, 1H), 2.44 (dd, J=16.7 Hz, 13.0 Hz, 1H),722331 (m, 1H), 2.18-2.10 (m, 1H). 13C NMR

(CDCly): 6 198.2 (C), 149.6 (CH), 142.3 (C), 142.1 (C), 13D, 128.7 (CH), 126.1 (C), 115.7 (CH),

110.7 (CH), 68.9 (CH), 64.5 (GH 64.4 (CH), 61.3 (CH), 54.0 (CH), 44.6 (C), 44.3 (Ch), 40.1

(CHy). HRMS calc’d for G/H1gNO3 (M+H)+: 284.1281, found 284.1287.

4.27 Compound 5d

53%, white solid, mp: 155-15°C (decomp.);H NMR (CDCk): & 7.65 (d,J=10.3 Hz, 1H), 6.84 (d,
J=10.3 Hz, 1H), 6.67 (dJ=10.3 Hz, 1H), 6.05 (d}=10.3 Hz, 1H), 5.92 (dJ=8.8 Hz, 1H), 4.30 (d,
J=17.4 Hz, 1H), 3.85 (d]=17.4 Hz, 1H), 3.62-3.51 (m, 2H), 3.04-2.97 (m)1R70 (dd J=16.8 Hz,
5.6 Hz, 1H), 2.47 (ddJ=16.8 Hz, 13.0 Hz, 1H), 2.37-2.31 (m, 1H), 2.2242(in, 1H).*C NMR
(CDCl): § 198.0 (C), 149.5 (CH), 145.8 (C), 145.1 (C), 13T} 128.5 (CH), 114.8 (C), 114.3 (CH),
106.4 (CH), 101.4 (CH2), 68.8 (CH), 56.9 (§H54.3 (CH), 44.8 (C), 44.7 (Cb), 40.1 (CH). HRMS

calc'd for GgH1gNO3 (M+H)": 270.1125, found 270.1130.

4.28 Compound 5e
74%, white solid, mp: 149-15°C (decomp.);H NMR (CDCk): & 7.73 (d,J=10.2 Hz, 1H), 7.44 (d,

J=7.0 Hz, 2H), 7.39 (t)=7.2 Hz, 2H), 7.33 (dJ=6.6 Hz, 1H), 6.95 (s, 1H), 6.60 (s, 1H), 6.13 (d,
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J=10.2 Hz, 1H), 5.11 (s, 2H), 4.39 (@8.4 Hz, 1H), 3.93 (s, 3H), 3.79 (8.4 Hz, 1H), 3.66 (dd,
J=5.5,J=6.4 Hz, 1H), 3.56 (t)=12.2 Hz, 1H), 3.06-2.99 (m, 1H), 2.73-2.65 (m, 1PFO0 (t,J=14.8
Hz, 1H) 2.41 (tJ=9.0 Hz, 1H) 2.19-2.12 (m, 1H}°C NMR (CDCE): 198.1 (C), 149.5 (CH), 148.4
(C), 147.4 (C), 137.0 (C), 135.5 (C), 128.8 (CHX®)8.6 (CH), 127.9 (CH2), 127.3 (C), 125.3 (CH),
112.9 (CH), 106.4 (CH), 71.1 (CH), 68.9 (§H61.5 (CH) 56.5 (CH), 54.1 (CH), 44.8 (C), 44.5

(CHy), 40.2 (CH). HRMS calc’d for GsH24NO3z (M+H)+: 362.1751, found 362.1753.

4.29 Compound 5f

30%, white solid, mp: 67-68C (decomp.)H NMR (CDCkL): & 7.54 (d,J=10.4 Hz, 1H), 7.46 (d,
J=7.2 Hz, 2H), 7.38-7.33 (m, 1H), 6.93 (s, 1H),85(5, 1H), 6.06 (dJ=10.4 Hz, 1H), 5.14 (s, 2H),
4.43, (d,J=8.5 Hz, 1H), 3.64 (s, 3H), 3.83 (@8.4 Hz, 1H), 3.64 (dd=5.7,J=6.5 Hz, 1H), 3.55-3.52
(m, 1H), 3.03-2.99 (m, 1H), 2.68 (di&5.6,J=8.4 Hz, 1H), 2.74 (dd}=13.0,J=8.4 Hz, 1H) 2.34-2.30
(m, 1H), 2.18-2.14 (m, 1H}’C NMR (CDCE): § 198.1 (C), 149.5 (CH), 149.0 (C), 146.8 (C), 137.1
(C), 134.8 (C), 128.8 (CHx2), 128.6 (CH), 128.0 ¢&2H 127.5 (C), 126.2 (CH), 110.8 (CH), 109.3
(CH), 72.0 (CH), 69.0 (C}), 62.0 (CH), 56.1 (CH), 54.1 (CH), 44.8 (C), 44.3 (Ch), 40.2 (CH).

HRMS calc’d for GaHo4NOs (M+H)™: 362.1751, found 362.1756.

4.30 Compound 5g

30%, white solid, mp: 60-60%; *H NMR (CDCh): & 7.54 (d,J=10.3 Hz, 1H), 7.43-7.24 (m, 10H),
6.96 (s, 1H), 6.62 (s, 1H), 6.06 (#10.3 Hz, 1H), 5.13 (s, 2H), 5.08 (s, 1H), 4.34X%B.4 Hz, 1H),
3.79 (d,J=8.4 Hz, 1H), 3.66-3.61 (m, 1H), 3.59-3.52 (m, 1B))1-2.98 (m, 1H), 2.71 (dd=16.84,
J=2.86 Hz, 1H), 2.50 (dd}=13.02,J=8.38 Hz, 1H), 2.34-2.30 (m, 1H), 2.18-2.13 (m, 18¢ NMR
(CDCly): 197.8 (C), 149.1 (CH), 148.4 (C), 147.5 (C), I3{C), 137.0 (C), 135.3 (C), 128.9 (CHx2),

128.6 (CHx2), 128.0 (CHx2), 127.9 (CHx2), 127.5 (#2), 127.3 (CH), 113.5 (CH), 110.3 (CH),
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72.3 (CH), 71.2 (Ch), 68.8 (CH), 61.3 (CH), 54.0 (CH), 44.5 (C), 39.9 (Cb), 29.7 (CH). HRMS

calc’'d for GoHogNOs (M+H)™: 438.2064, found 438.2068.

4.31 Compound 5h

40%, white solid, mp: 103-10% (decomp.)*H NMR (CDCh): 6 7.70 (d,J=10.4 Hz, 1H), 7.41-7.29
(m, 6H), 6.81 (ddJ=8.6,J=2.6 Hz, 1H), 6.67 (dJ=1.3 Hz, 1H), 6.07 (dJ=10.3 Hz, 1H), 5.01 (s, 2H),
4.43 (d,J=8.6 Hz, 1H), 3.85 (dJ=8.6 Hz, 1H), 3.63 (dd}=5.4,J=3.8 Hz, 1H), 3.60-3.50 (m, 1H),
3.04-2.97 (m, 1H), 2.66 (dd=8.4,J=5.8 Hz, 1H), 2.47 (dd}=13.0,J=8.4 Hz, 1H), 2.38-2.31 (m, 1H),
2.20-2.16 (m, 1H)**C NMR (CDCE): & 198.2 (C), 157.6 (C), 149.7 (CH), 136.9 (C), 134 135.0
(C), 128.7 (CHx2), 128.6 (CH), 128.0 (CHx2), 12{CH), 122.7 (CH), 113.4 (CH), 113.1 (CH), 70.1
(CH), 69.0 (CH), 62.0 (CH), 54.2 (CH), 44.8 (C), 44.4 (Ch), 40.2 (CH). HRMS calc'd for

C22H2:NO, (M+H)™: 332.1645, found 332.1650.

4.32 Compound 5i

45%, white solid, mp: 62-6%; *H NMR (CDCh): 5 8.64 (d,J=10.6 Hz, 1H), 7.40-7.33 (m, 5H), 7.11
(t, 3=7.8 Hz, 1H), 6.81 (dJ=8.2 Hz, 1H), 6.65 (dJ=7.5 Hz, 1H), 5.89 (dJ=10.6 Hz, 1H), 5.12 (s,
2H), 4.48 (d,J=8.6 Hz, 1H), 3.76 (dJ=8.6 Hz, 1H), 3.69-3.62 (m, 2H), 3.57-3.50 (m, 1RIP7-2.89
(m, 1H), 2.65 (ddJ=16.9,J=2.8 Hz, 1H), 2.52-2.41 (m, 1H), 2.22-2.15 (m, 1HL NMR (CDCE): &
198.3 (C), 155.7 (C), 153.0 (CH), 139.6 (C), 1389, 131.0 (CH), 129.4 (CH), 128.9 (CH), 128.8
(CH), 128.2 (CH), 127.7 (CH), 127.6 (CH), 127.5,(C)9.9 (CH), 111.0 (CH), 70.7 (CH), 69.7 (§H
61.9 (CH), 54.2 (CH), 46.0 (CH), 43.4 (C), 40.5 (Ch. HRMS calc'd for GHo,NO, (M+H)™:

332.1645, found 332.1650.

4.33 Compound 5j
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40%, white solid, mp: 114-11% (decomposesfH NMR (CDCk): & 7.34 (d,J=10.0 Hz, 1H), 7.10
(d, J=5.0 Hz, 1H), 6.75 (dJ=5.0 Hz, 1H), 6.07 (dJ=10.0 Hz, 1H), 4.31 (d}=8.3 Hz, 1H), 3.80 (d,
J=8.3 Hz, 1H), 3.67 (ddJ=12.7,J=2.8 Hz, 1H), 3.61-3.55 (m, 1H), 3.04-2.97 (m, 1R)74 (dd,
J=19.9,J=5.8 Hz, 1H), 2.55-2.43 (m, 2H), 2.21-2.13 (m, 1HE NMR (CDCE): § 197.7 (C), 145.0
(CH), 142.6 (C), 131.9 (C), 129.3 (CH), 126.2 (CE}2.7 (CH), 70.2 (CH), 59.1 (GH 54.2 (CH),

45.6 (CH), 45.1 (C), 40.1 (Ch). HRMS calc'd for GaH1NOS (M+H)": 232.0791, found 232.0796.

4.34 Compound 5k

45%, white solid, mp: 118-11%C (decomp.); *H NMR (CDCk): & 7.53(d,J=10.2 Hz, 1H), 7.06 (d,
J=2.8 Hz, 1H), 6.94 (d)=2.8 Hz, 1H), 6.07 (dJ=10.2 Hz, 1H), 4.31 (d]=8.4 Hz, 1H), 3.94 (d, J=8.4
Hz, 1H), 3.58-3.47 (m, 2H), 3.01-2.97 (m, 1H), 2(@8,J=5.7, J=8.4 Hz, 1H), 2.49 ([=13.0,J=8.4
Hz, 1H), 2.31-2.28 (m, 1H), 2.22-2.17 (m, 1C NMR (CDCE): & 197.8 (C), 149.7 (CH), 144.8 (C),
133.9 (C), 128.7 (CH), 120.7 (CH), 115.4 (CH), 66CH), 58.4 (CH), 53.5 (CH), 46.1 (C), 43.3

(CHy), 39.7 (CH). HRMS calc'd for GsH14NOS (M+H)": 232.0791, found 232.0796.

4.35 Compound 5I

74%, light yellow solid, mp: 143-14% (decomp.)*H NMR (CDCk): & 7.82 (d,J=7.4 Hz, 1H), 7.46
(d, J=7.4 Hz, 1H), 7.38-7.30 (m. 2H), 6.11 (@10.0 Hz, 1H), 4.44 (dJ=16.6 Hz, 1H), 3.96 (d,
J=16.6 Hz, 1H), 3.80 (dd}=12.9 Hz, 5.8 Hz, 1H), 3.67-3.60 (m, 1H), 3.09-3(f1, 1H), 2.78 (dd,
J=17.0 Hz, 5.6 Hz, 1H), 2.66-2.59 (m, 2H), 2.52 (@l16.9 Hz, 13.0 Hz, 1H), 2.25-2.18 (m, 1&C
NMR (CDCh): § 197.7 (C), 149.7 (CH), 138.3 (C), 129.6 (C), 126}, 124.6 (C), 124.2 (CH), 122.9
(CH), 120.8 (CH), 70.7 (CH), 58.1 (CH), 54.6 (§H45.9 (CH), 45.0 (C), 40.3 (Ch), 29.3 (CH).

HRMS calc’d for G/H1gNOS (M+H)": 282.0947, found 282.0952.
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4.36 Preparation of compound 4m:
This spirodienone was prepared by debenzylatioteas described in the literatutelts NMR

spectral data matched those in the cited report.

4.37 Preparation of compound 5m
This compound was prepared by detrifluoroacetytatibdm as described in the literatutelts NMR

spectral data matched those in the cited report.

4.38 Preparation of compound 5n

To a dry flask containing 10.8 mg (0.040 mmol)5oh in 0.3 mL of pyridine under nitrogen were
added 20 pL (0.17 mmol) of benzoyl chloride andresction was allowed to stir for 2 days at room
temperature. The mixture was quenched with 0.2 nethamol and concentrated in vacuo. The crude
was redissolved in chloroform and washed once satrated sodium bicarbonate. The organic layer
was filtered and concentrated in vacuo. Purificatiy preparative TLC (chloroform/methanol, 15:1)
yielded benzoatBn (8.3 mg, 56%) as a white solid (mp: 205-2C7(decomp.))*H NMR (CDCL): &
8.20 (d,J=8.0 Hz, 2H), 7.73 (dJ=10.0 Hz, 1H), 7.61 (t}=8.3 Hz, 1H), 7.52 (})=8.0 Hz, 2H), 7.05 (s,
1H), 6.88 (s, 1H), 6.15 (d=10.0 Hz, 1H), 4.46 (d1=8.4 Hz, 1H), 3.89-3.85 (m, 4H), 3.74 (d&5.0,
J=6.6 Hz, 1H), 3.61 (t}=12.4 Hz, 1H), 3.09-3.06 (m, 1H), 2.75 (d&5.0,J=8.2 Hz, 1H), 2.57-2.46
(m, 2H), 2.28-2.23 (m, 1H)*C NMR (CDCk): 5 197.9 (C), 164.8 (C), 150.0 (CH), 149.0 (C), 141.1
(C), 138.9 (C), 133.6 (CH), 130.3 (CHx2), 129.2,(C29.0 (CHx2), 128.6 (CH), 125.4 (C), 121.8
(CH), 106.5 (CH), 68.6 (CH), 61.0 (G} 56.2 (CH), 54.1 (CH), 44.9 (C), 44.7 (Cb), 40.0 (CH).

HRMS calc’d for GsH,NO, (M+H)™: 376.1549, found 376.1546.

4.39 Preparation of compound 50
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To a dry flask containing 3.0 mg (0.011 mmol)5sof in 1.0 mL DMF under nitrogen were added 1.8
pL (0.016 mmol) of 5-hexynoic acid, 3.4 mg (0.016 alyrof DCC and 1.0 mg (0.008 mmol) of
DMAP at r. t. The reaction was stirred at rt forl20The reaction mixture was diluted with water and
extracted with ethyl acetate and the organic layas washed with sat. NaHG®olution and water,
dried over anhydrous N8O, and concentrated under vacuo. The crude produst pugified by
preparative TLC (chloroform/methanol, 24:1) andaiteéd purebo (3.1 mg, 76%) as a white solid
(mp: 58-61°C (decomp.))*H NMR (400 MHz, CDC}) § 7.67 (d,J=10.3 Hz, 1H), 6.99 (s, 1H), 6.76
(s, 1H), 6.14 (dJ=10.3 Hz, 1H), 4.46 (d)=16.7 Hz, 1H), 3.92 — 3.84 (m, 4H), 3.73 (dd13.1, 5.7
Hz, 1H), 3.69 — 3.59 (m, 1H), 3.13 — 3.01 (m, 185 — 2.75 (M, 1H), 2.72 3=7.3 Hz, 2H), 2.59 —
2.40 (m, 2H), 2.36 (td)=7.0, 2.7 Hz, 2H), 2.29 — 2.19 (m, 1H), 2.01J&2.7 Hz, 1H), 1.98 (t)=7.1
Hz, 2H).°*C NMR (100 MHz, CDGJ) § 197.3 (C), 171.3 (C), 150.0 (CH), 148.6 (C), 14&%, 140.8
(C), 138.9 (CH), 129.3 (C), 121.8 (CH), 106.6 (CBB,3 (C), 69.4 (CH), 68.7 (CH), 60.9 (QH56.3
(CHs), 54.1 (CH), 45.0 (C), 44.4 (Ch), 39.8 (CH), 32.8 (CH), 23.9 (CH), 17.9 (CH). HRMS

calc’d for GoH24NO, (M+H)™: 366.1705, found 366.1703.

4.40 Preparation of compound 5p

To a dry flask containing 15.9 mg (0.059 mmolpaf in 0.63 mL pyridine under argon were added 13
uL (0.14 mmol) of acetic anhydride af@. The reaction was allowed to stir for 3.5 h, atal point 7

pL (0.074 mmol) of acetic anhydride were added evemyr for 2 h. The reaction was quenched with
methanol, concentrated in vacuo, and the crude redissolved in chloroform. The solution was
washed twice with water, twice with brine and thegamic layer was filtered. Purification by
preparative TLC (chloroform/methanol, 14:1) yieldszktateéso (11.3 mg, 62%) as a white solid (mp:
67-71°C (decomp.))*H NMR (CDCL): § 7.63 (d,J=10.5 Hz, 1H), 6.92 (s, 1H), 6.67 (s, 1H), 6.05 (d,

J=10.2 Hz, 1H), 4.34 (dJ=8.3 Hz, 1H), 3.82-3.73 (m, 4H), 3.61 (d&;k5.4,J=6.4 Hz, 1H), 3.50 (t,
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J=11.2 Hz, 1H), 3.00-2.93 (m, 1H), 2.64 (dE5.1, J=8.0 Hz, 1H), 2.47-2.35 (m, 2H), 2.24 (s),3H
2.17-2.10 (m, 1H)**C NMR (CDCE): 3 197.8 (C), 169.1 (C), 149.7 (CH), 149.0 (C), 14LC}, 138.6
(C), 129.0 (CH), 125.4 (C), 121.6 (CH), 106.4 (CB$,6 (CH), 60.9 (Ch}, 56.1 (CH), 54.1 (CH),
44.8 (C), 44.6 (Ch), 30.9 (CH), 20.6 (CH). HRMS calc’d for GgHaNO, (M+H)*: 314.1387, found

314.1391.

4.41 Preparation of compound 5q

To a solution containing 10.5 mg (0.039 mmol)>ofi in 0.5 mL of a pyridine/ethanol mixture (1:1)
were added 5.5 mg (0.042 mmol) of hydroxyl ammonautfate over a steam bath. The solution was
stirred for 1 h, at which point 9.6 mg (0.073 mmof)additional hydroxyl ammonium sulfate was
added. The solution was stirred for an additionalrhand concentrated in vacuo. The crude was
redissolved in ethanol, filtered, and the supemtataas purified by column chromatography
(chloroform/methanol, 10:1, adjusted with ammoniuydroxide to pH 8). Oxim&p was isolated as a
white solid (7.8 mg, 70%, mp: 58-5& (decomp.)) as a mixture of geometric isomeéks.NMR
(CDC1): & 6.90 (s, 1H), 6.88 (dI=10.4 Hz, 1H), 6.60 (s, 1H), 6.25 @10.4 Hz, 1H), 4.41 (d]=8.2

Hz, 1H), 3.92 (s, 3H), 3.84 (d=8.1 Hz, 1H), 3.65-3.32 (m, 3H), 2.97-2.92 (m, 1R)R9-2.04 (m,
3H). ®C NMR (CDC}): § 155.3 (C), 145.2 (CH), 144.3 (C), 135.2 (C), 1268, 124.1 (CH), 123.1
(C), 112.9 (CH), 105.1 (CH), 66.4 (CH), 61.4 (§H56.1 (CH), 53.1 (CH), 44.5 (C), 29.7 (CH),

24.3 (CH). HRMS calc’d for GgH19N203 (M+H)™: 287.1396, found 287.1394.

4.42 Preparation of compounds 5r and 5s
To a flask containing 32.3 mg (0.11 mmol) of behamphenesl in 0.65 mL of dichloromethane under
nitrogen were added 38 of 30% hydrogen peroxide and 8B of acetonitrile. After stirring for 1.5 h

at room temperature, 1.4 mL dichloromethane andhfL4rifluoroacetic acid under were added and
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the mixture was allowed to stir for 1 day. The teacwas quenched with ammonium hydroxide and
the product was extracted with chloroform. The argalayers were collected, filtered and
concentrated in vacuo. Purification by preparafiz€ (chloroform/ methanol, 14:1) yielded sulfoxide
5g (11.6 mg, 34%, mp: 149-15C (decomposes)) and sulfoBe (6.7 mg, 19%, mp: 143-14%C
(decomp.)) as white solidSg: *H NMR (CDCk): & 7.70 (d,J=9.4 Hz, 1H), 7.66 (dj=17.1 Hz, 1H),
7.62-7.47 (m. 2H), 7.16 (d=6.9 Hz, 1H), 6.12 (d}=10.2 Hz, 1H), 4.20 (dJ=18.6 Hz, 1H), 3.74 (s,
1H), 3.69-3.60 (m, 3H), 3.06-2.99 (m, 1H), 2.92&2(@, 1H), 2.73 (ddJ=17.0 Hz,J=5.6 Hz, 1H),
2.46 (dd,J=16.9 Hz, 13.0 Hz, 1H), 2.24-2.17 (m, 1KC NMR (CDCE): & 196.4 (C), 145.5 (CH),
141.9 (C), 137.0 (C), 135.4(C), 133.6 (CH), 130CH], 130.1 (CH), 121.4 (CH), 121.3 (C), 69.8
(CH), 56.4 (CH), 55.1 (Ch), 44.9 (CH), 44.3 (C), 41.0 (Ch), 39.7 (CH). HRMS calc'd for
C1oH20NO,S (M+H)': 298.0896, found 298.0905t: *H NMR (CDCh): § 7.90 (d,J=8.9 Hz, 1H), 7.71
(d, J3=10.1 Hz, 1H), 7.52-7.41 (m. 2H), 7.20 (&7.3 Hz, 1H), 6.12 (dJ=12.3 Hz, 1H), 4.23 (d=3.4
Hz, 1H), 3.74 (s, 1H), 3.70-3.60 (m, 2H), 3.57-3(8@&, J= 13.0 Hz,J=5.5 Hz, 1H), 3.11-3.04 (m, 1H),
2.91-2.85 (m, 1H), 2.73 (dd=17.0 Hz, 5.6 Hz, 1H), 2.49 (d&:16.9 Hz, 13.0 Hz, 1H), 2.27-2.20 (m,
1H). *C NMR (CDCE): & 197.2 (C), 150.5 (CH), 148.2 (CH), 145.2 (C), #3@), 136.8 (C), 132.2
(C), 130.2 (CH), 128.7 (CH), 126.3 (CH), 121.5 (CH).8 (CH), 57.4 (Ch), 55.4 (CH), 45.1 (CH),

44.7 (C), 40.1 (Ch). HRMS calc’d for GoHoNOsS (M+H)": 314.0846, found 314.0875.

4.43 Preparation of compound 5t

To a flask containing 48.3 mg (0.17 mmol) of ket&@hen 2.5 mL ethyl acetate and 2 mL methanol
were added 0.1341 g (0.36 mmol) of cerium tricllerheptahydrate and 13.6 mg (0.36 mmol) of
sodium borohydride. The reaction mixture was diifier 3.5 h at CC and then filtered with through
celite and the celite filter was washed with etlagletate and chloroform. The supernatant was

concentrated in vacuo, dissolved in ethyl acetate, washed with saturated sodium bicarbonate. The
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organic layer was then dried with sodium sulfaikered and concentrated in vacuo. Purification by
column chromatography (chloroform/methanol, 15:11)@jielded alcohobs (33.1 mg, 68%) as a
white solid (mp: 189-192C (decomp.))*H NMR (CDCk): & 7.79 (d,J=7.8 Hz, 1H), 7.42 (d)=7.5
Hz, 1H), 7.33-7.24 (m. 2H), 6.19 (@10.0 Hz, 1H), 5.80 (d]=10.0 Hz, 1H), 4.52-4.49 (m, 1H), 4.46
(d, J=16.7 Hz, 1H), 3.92 (dJ=16.5 Hz, 1H), 3.58-3.51 (m, 1H), 3.43 (di13.3 Hz,J=3.6 Hz, 1H),
3.22 (broad s, 1H), 2.99-2.92 (m, 1H), 2.47-2.40 {H), 2.29-2.24 (m, 1H), 2.19-2.12 (m, 1H), 1.73-
1.64 (m, 1H).2*C NMR (CDCE): & 146.3 (C), 138.4 (C), 138.3 (C), 132.3 (C), 128#), 124.7
(CH), 124.3 (CH), 123.8 (CH), 122.9 (CH), 120.4 (Cl#8.5 (CH), 67.9 (CH), 58.4 (GM 53.6
(CH,), 45.5 (C), 45.1 (Ch), 34.6 (CH). HRMS calc'd for G/HgNOS (M+H)": 284.1104, found

284.11009.

4.44 Preparation of compound 5u

To a dry flask containing 16.7 mg (0.059 mmol) lmiohol 5sin 4 mL of dry THF were added 7.1 mg
(0.18 mmol) of 60% sodium hydride dispersion in enai oil. The reaction was allowed to stir D

for 1 h and 14L (25.1 mg, 0.18 mmol) of methyl iodide were add€lde reaction mixture was stirred
and allowed to warm to room temperature for 5.&8thwhich point saturated ammonium chloride was
used to quench the reaction. The mixture was étteand the supernatant was concentrated in vacuo.
The compound was dissolved in methanol and filtexgdin. The supernatant was concentrated in
vacuo to yield methyl ether (16.1 mg, 92%) as atevholid (mp: 231-233C (decomp.)) requiring no
purification. *H NMR (MeOD): § 7.90 (d,J=8.3 Hz, 1H), 7.63 (ddJ=7.0 Hz, 1.0 Hz 1H), 7.45-7.36
(m. 2H), 6.11 (dJ=10.0 Hz, 2.2Hz, 1H), 5.96 (d=10.2 Hz, 1H), 5.13 (s, 2H), 4.49-4.45 (m, 2H),
4.13-4.08 (m, 2H), 3.48 (s, 3H), 2.74-2.67 (m, 1P§5-2.53 (m, 2H), 2.16-1.92 (m, 1HYC NMR

(MeOD): § 143.1 (C), 138.6 (C), 136.2 (C), 133.7 (C), 12€C®{), 124.9 (CH), 124.5 (CH), 122.6
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(CH), 120.6 (CH), 119.6 (CH), 75.1 (CH), 68.0 (CI85.0 (CH), 63.6 (C), 42.1 (Ch), 29.3 (CH).

HRMS calc’d for GgHoogNOS (M+H)': 298.1260, found 298.12609.

4.45 Preparation of compound 5v

To a solution of 0.1657 g (0.46 mmol) of ketdseein 12.2 mL methanol were added 0.3583 g (0.96
mmol) of cerium trichloride heptahydrate and 34.9 (0.92 mmol) of sodium borohydride at°O.
The solution was stirred for 1.5 h and filteredotigh celite. The solution was concentrated in vacuo
and purified by column chromatography (chlorofomméthanol, 14:1) yielding alcohélv (0.1374 g,
82%) as a white solid (mp: 189-18a (decomp.))*H NMR (MeOD-d,): & 7.41-7.27 (m, 5H), 7.00 (s,
1H), 6.79 (s, 1H), 6.53 (dd=10.4,J=1.1 Hz, 1H), 5.83 (dJ=10.4 Hz, 1H), 5.04 (s, 2H), 4.65 (d,
J=7.9 Hz, 1H), 4.41-4.36 (m, 1H), 4.19 (7.9 Hz, 1H), 3.84 (s, 3H), 3.82-3.74 (m, 1H), 33830

(m, 1H), 2.34-2.24 (m, 3H), 1.781.70 (m, 1H), 11120 (m, 1H).**C NMR (CDC}): § 149.3 (C),
147.5 (C), 137.0 (C), 135.3 (C), 132.2 (CH), 12€CHx2), 127.6 (CH), 127.2 (CH), 125.8 (CHx2),
119.2 (C), 112.8 (CH), 106.8 (CH), 70.8 (§H66.8 (CH), 65.7 (ChJ, 59.0 (CH), 55.4 (CH}, 52.2
(CHyp), 44.6 (C), 42.2 (Ch), 31.9 (CH). HRMS calc'd for GsH,¢NOs (M+H)™: 364.1907, found

364.1912.

4.46 Cell culture

Human cancer cell lines were obtained from the Acaer Type Culture Collection (ATCC,
Manassas, VA, USA), the European Collection of Q&liiture (ECACC, Salisbury, UK) and the
Deutsche Sammlung von Mikroorganismen und Zellkaltu(DSMZ, Braunschweig, Germany).
Human cervical adenocarcinoma HelLa cells were rdtun DMEM supplemented with 10% fetal
bovine serum (FBS). Human mammary carcinoma MCE}H8 evere cultured in RPMI supplemented

with 10% FBS. The U87 cells (ATCC HTB-14) were au#td in DMEM culture medium, while the
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A549 cells (DSMZ ACC107) were cultured in RPMI ecuw# medium supplemented with 10% heat-
inactivated FBS. The GBM Hs683 (ATCC HTB-138) aie fT98G (ATCC CRL-1690) cell lines
were cultivated in DMEM supplemented with 10% FBBhe GBM U251 cells (ECACC code
09063001) were cultured in 10% MEM. The Human agarcoma MES-SA and MES-SA/Dx5 cells
were cultured in RPMI-1640 medium supplemented Wi@Bo FBS with MES SA/Dx5 maintained in
the presence of 500 nM Doxorubicin (Sigma). The glioblastoma cells (ECACC 08061901) were
cultured in RPMI culture medium supplemented wi@¥dlheat-inactivated FBS. Cell culture media
were supplemented with 4 mM glutamine (Lonza co#& B605E), 100 pg/mL gentamicin (Lonza
code 17-5182), and penicillin-streptomycin (200tsiml and 200 pg/ml) (Lonza code 17-602E).
Primary GBM-derived neurosphere cultures from aiepatundergoing surgical debulking were
established using previously described metH8dBriefly, resected tumor tissue was minced with a
sterile scalpel and dissociated in 3 mL of neurab@$B) media containing 100 U/mL of collagenase
(Life Technologies, USA) for 30 minutes at 37 degre Dissociated tissue was then vortexed and
filtered using a sterile 70 um nylon Falcon calaster (Corning, NY, USA). The filtered fractiora®
centrifuged at 200 x g for 5 minutes and the pellas transferred to a Corning ultra-low attachment
plate containing neurobasal medium (Invitrogen |sbad, CA) supplemented with the following: B27
supplement (1X; Invitrogen), Glutamax (10ul/ml; itmggen), fibroblast growth factor-2 (20 ug/ml;
Peprotech, Rocky Hill, NJ, USA), epidermal growéictbr (20 ug/ml; Peprotech), heparin (32 ku/ml;
Sigma Aldrich, St. Louis, MO) and penicillin-streptycin (1X, Invitrogen). GBM 090909 and GBM
031810 cell lines were maintained in NB media cmimg supplements and media was renewed twice
weekly. NSCLC cell lines H1993 and H2073 were olgdi from the Hamon Center for Therapeutic
Oncology Research at UT Southwestern Medical Centet cultured in RPMI-1640 medium

(Mediatech, VA, USA) supplemented with 5% heat-theted FBS (Mediatech, VA, USA), 100
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units/mL penicillin and 0.1 mg/mL streptomycin (8ig, MO, USA). All cell lines were cultured in

T25 flasks, maintained and grown at 37° C, 95% Hityi5% CQ.

4.47 Antiproliferative Properties

Antiproliferative properties of the synthesized gmunds were evaluated by the MTT assay. All
compounds were dissolved in DMSO at a concentratioaither 100 mM or 50 mM prior to cell
treatment. The cells were trypsinized and seede@raus cell concentrations depending on the cell
type. The cells were grown for 24 h to 72 h, trdatéth compounds at concentrations ranging from
0.001 to 10QuM and incubated for 48, 72 or 96 h in 100 or 200rmpéddia depending on the cell line
used. The number of experiments and replicategedatepending on the cell line in Tables 1, 2 and
Figure 3. Cells treated with 0.1% DMSO were use@ aggative control; 1 uM phenyl arsine oxide

(PAO) was used as a positive control.

4.48 Selection of Doxorubicin Resistant Cells

Selection of Doxorubicin Resistant Cells. Selectiointhe MES-SA/Dx5 cell line was done
according to Harker et &f.The cells were split and allowed to adhere ovémighe next day cells
were initially exposed to a DOX concentration oD1tM, which represented the 4gtoncentration.
The cells were maintained at this DOX concentratumtil their growth rate reached that of the
untreated cells. The DOX concentration was theregsed in two-fold increments following the same
growth criteria at each concentration to a final XO©@oncentration of 500 nM. Each new DOX

concentration required approximately 2 passagesdch the growth rate of the untreated cells.

4.49 Evaluation of synergism of compounds 4l and 8lith paclitaxel
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Paclitaxel (Teva, PA, USA) was dissolved in polgetylated castor oil. Compound$and5| were
dissolved in DMSO. All compounds were diluted téfetient concentrations in medium. Appropriate
numbers of cells (4 x £@ells per well for H1993, 7 x f@ells per well for H2073) were seeded into
96-well plates. The cells were grown for 24 h ameatied with paclitaxel and eithékor 5I, alone or in
combination. After 96 h, viability of cells was assed using the CellTiter-Glo® Luminescent Cell
Viability Assay (Promega, WI, USA), according toethmanufacturer’'s instructions. Predicted
additivity was calculated based on Bliss Independens defined by&= E + E, — EE,, where K

is the additive effect of drugs x and y as predidig their individual effects Eand E,_77

4.50 Quantitative Translation Assays.
In vitro translation assays were performed as previousheribed’® Polysome profiling was as
previously documentetf. Antibodies for Western blots were directed to p2ei, pan-elFx, and

eEF2(Cell Signaling Technology, MA
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Appendix A. Supplementary data

Supplementary data to this article can be found at
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- Compounds based on 5,10b-ethanophenanthridine ring-system were synthesized.
- The 5,10b-ethanophenanthridines exhibited single-digit micromolar activities.

- The 5,10b-ethanophenanthridines were active against drug-resistant cancer cells.
- This investigation resulted in the discovery of new bicyclic ring systems.



