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A new synthetic approach has been developed for the preparation of 7-deoxypancratistatin analogues
bearing a syn-(4aS,10bS)-phenanthridone ring junction. A one-pot tandem process involving a substrate-
directed Overman rearrangement and ring closing metathesis reaction was developed for the
stereoselective synthesis of a carbocyclic allylic trichloroacetamide. Conversion to a 6-bromopiperonyl
amide, followed by a Heck reaction generated a homoallylic alcohol and completed the syn-(4aS,10bS)-
phenanthridone carbon skeleton. Stereoselective epoxidation and dihydroxylation of the syn-(4aS,10bS)-
phenanthridone framework was then investigated leading to the preparation of new analogues of

7-deoxypancratistatin.

Introduction

The Amaryllidaceae family of plants which are found throughout
the tropics and warm temperate regions of the world consists of
approximately 85 genera and 1100 species.' Since the 4th
century BC, there has been considerable interest in these plants
as sources for therapeutic agents.” For example, nearly 500 struc-
turally diverse alkaloids have been isolated from these plants and
found to have a wide range of biological properties, including
antitumour, antifungal, antiviral, antibacterial and antimalarial
activities.’

The Amaryllidaceae alkaloids, (+)-pancratistatin isolated by
Pettit and co-workers* and (+)-7-deoxypancratistatin 1 (Fig. 1)
isolated by the research group of Ghosal ef al.,” exhibited strong
in vitro antiproliferative activity against a series of human
tumour cell lines as well as number of in vivo experimental
cancer systems.*’ These highly hydroxylated phenanthridones
are among only a few agents known to show chemotherapeutic
efficacy in a Japanese encephalitis virus-infected mouse model.”
Understanding the mode of action of these compounds has been
restricted by their low natural abundance (e.g. pancratistatin was
isolated in 0.039% yield from Pancratium littorale bulbs),* as
well as their poor water solubility. (+)-7-Deoxypancratistatin 1,
although less potent than (+)-pancratistatin, exhibits a better
therapeutic index in antiviral assays due to reduced toxicity. For
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Fig. 1 (+)-7-Deoxypancratistatin 1 and analogues 2, 3 and 4.

this reason, there have been extensive synthetic studies under-
taken to produce quantities of (+)-7-deoxypancratistatin 1 as well
as structural analogues and prodrugs."®° For example, Plumet
and co-workers reported a total synthesis of (+)-7-deoxypancra-
tistatin 1 in 19 steps and 8% overall yield from furan and trans-
1,2-bis( phenylsulfonyl)ethylene,'® while the research group of
Hudlicky prepared 7-deoxypancratistatin-1-carboxaldehyde and
carboxylic acid analogues via the intramolecular ring-opening of
an epoxy aziridine intermediate with an aluminium acetylide.®
The majority of synthetic studies of (+)-7-deoxypancratistatin
1 have focused on the preparation of analogues with the natural
anti-(4aR,10bS)-phenanthridone ring junction. We were inter-
ested in developing a new synthetic approach that would allow
the efficient preparation of an intermediate such as homoallylic
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alcohol 2 bearing a syn-(4aS,10bS)-phenanthridone ring junc-
tion. It was proposed that the molecular shape of such an inter-
mediate would allow the highly stereoselective functionalisation
of the cyclohexene ring producing new oxygenated analogues
for biological testing such as 3 and 4. We now report the syn-
thesis of homoallylic alcohol 2 using a one-pot, substrate-
directed Overman rearrangement and ring closing metathesis
(RCM) tandem process to effect the key steps. The stereo-
selective epoxidation and dihydroxylation of 2 for the
preparation of novel 7-deoxypancratistatin analogues is also
described.

Results and discussion

The proposed synthetic route to novel 7-deoxypancratistatin ana-
logues bearing a syn-(4aS,10bS)-phenanthridone ring junction is
shown in Scheme 1. The key transformation involved the con-
version of allylic trichloroacetimidate 5 to carbocyclic amide 7
using a one-pot tandem process composed of an Overman
rearrangement, followed by a RCM reaction.'' In recent years,
we have shown that MOM-ether directed palladium(in)-catalysed
Overman rearrangements of allylic trichloroacetimidates allows
the preparation of erythro-allylic trichloroacetamides in high dia-
stereoselectivity.'> We believed that palladium(i)-catalysed
rearrangement of 5 would similarly yield the erythro-allylic tri-
chloroacetamide 6 as the major product, ultimately leading to
carbocyclic amide 7 after the RCM reaction. It was then pro-
posed that formation of a 6-bromopiperonyl amide, followed
by a modified Heck reaction would give homoallylic alcohol 2.
Finally, using this novel syn-(4aS,10bS)-phenanthridone skel-
eton, stereoselective oxidation of the alkene moiety would then
provide new 7-deoxypancratistatin analogues 8.
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Proposed route to novel 7-deoxypancratistatin analogues.

The first stage of the synthesis required the preparation of
allylic alcohol 14, the precursor for the one-pot tandem process
(Scheme 2). Protection of (S)-glycidol 9 as a TBDMS-ether was
followed by regioselective ring-opening of the epoxide using
allylmagnesium bromide and copper(i) bromide-dimethyl
sulfide. This gave secondary alcohol 11 in 90% yield. Protection
of the secondary alcohol as the MOM-ether, followed by
removal of the TBDMS-protecting group under standard con-
ditions gave 12 in quantitative yield. A one-pot Swern oxidation
and Horner—Wadsworth-Emmons reaction under Masamune—
Roush conditions then gave E-o,B-unsaturated ethyl ester 13 in
99% yield."*'* DIBAL-H reduction of 13 then completed the
7-step synthesis of allylic alcohol 14 in 86% overall yield.

Allylic trichloroacetimidate 5 was prepared by the reaction of
allylic alcohol 14 with trichloroacetonitrile and DBU
(Scheme 3).'° Initial attempts at preparing carbocyclic amide 7
involved the palladium(u)-catalysed Overman rearrangement'® of
5 in dichloromethane at room temperature followed by a ring
closing metathesis reaction with Grubbs 1st generation catalyst.'”
This gave 7 in 45% yield over the three steps and in a 5: 1 ratio
of (1R,2S5)- and (1R,2R)-diastereomers, respectively. Previous
work in our group has shown that the diastereoselective outcome
of MOM-ether directed palladium(i)-catalysed Overman
rearrangements can be enhanced by using non-coordinating sol-
vents such as toluene.'? The use of such solvents minimises
competition for the coordination of the MOM-ether oxygen
atoms with the Pd(u)-catalyst. Therefore, the one-pot tandem
process was repeated using toluene as a solvent. This gave the
(1R,25)- and (1R,2R)-diasterecomers in a much improved 10: 1
ratio, respectively. The desired (1R,2S)-diastereomer 7 was easily
isolated in 60% yield (from 14) by flash column chromato-
graphy. To access homo-allylic alcohol 2, carbocyclic amide 7
was initially hydrolysed with sodium hydroxide. The resulting
amine was then coupled with 6-bromopiperonylic acid'® using
EDCI and this gave the corresponding amide 15 in 79% yield
over the two steps. Mori and co-workers during their synthesis
of (+)-y-lycorane showed that an intramolecular Heck reaction
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Scheme 2 Reagents and conditions: (i) TBDMSCI, imidazole, THF, rt,
98%; (ii) allylmagnesium bromide, CuBr.SMe,, THE, —78 °C, 90%; (iii)
MOMBr, EtN(i-Pr),, CH,Cl,, 45 °C, 100%; (iv) TBAF, THE, 0 °C,
100%; (v) (COCl),, DMSO, EtzN, CH,Cl,, =78 °C; (vi) (EtO),P(O)
CH,CO,Et, DBU, LiCl, MeCN, rt, 99% over two steps; (vii) DIBAL-H,
Et,0, =78 °C, 98%.

3938 | Org. Biomol. Chem., 2012, 10, 3937-3945

This journal is © The Royal Society of Chemistry 2012


http://dx.doi.org/10.1039/c2ob25334h

Downloaded by Beijing University on 16 June 2012
Published on 19 March 2012 on http://pubs.rsc.org | doi:10.1039/C20B25334H

View Online

OMOM
OMOM . . P
N % -
HN.__O
OH
14 i s  CCh |
nJ
OMOM
i
OMOM N N
HN 2
° HN.__O
CCls
L CCly
7 6

iv,v\

10b
<o Q\OMOM vi, vii <0 O Y
o NH o NH 10
o]
5

Br
o
1 2
Scheme 3  Reagents and conditions: (i) CI3CCN, DBU, CH,Cl,, rt; (ii)
PdCl,(MeCN), (10 mol%), toluene, rt; (iii) Grubbs I (10 mol%), rt,
60%; (iv) 1 M NaOH, MeOH; (v) 6-bromopiperonylic acid, EDCI,
DMAP (cat.), MeCN, 0 °C to rt, 79% over two steps; (vi) Pd(OAc),,
PhsP, EtN(i-Pr),, DMF, 155 °C, 78%; (vii) 1.6 N HCIl, MeOH, 40 °C,
97%.

between a 6-bromopiperonyl moiety and a tetrahydroindolin-2-
one could be achieved to yield a tricyclic ring system with an all
cis-ring junction where the alkene had migrated out of conju-
gation with the aromatic ring.'” Hence, it was proposed that
under similar reaction conditions, 15 would also yield an all cis-
ring junction with a non-conjugated alkene. On reaction of 15
with palladium(i)-acetate in the presence of triphenylphosphine
and Hiinig’s base, the desired (4R,4aS,10bS)-3,4,4a,5-tetrahydro-
phenanthridin-6-one was isolated as the sole product in 78%
yield. The relative stereochemistry was confirmed by difference
NOE experiments which clearly showed the syn-relationship of
the 4-, 4a- and 10b-hydrogen atoms. Dilute HC] was then used
to remove the MOM-protecting group to give 2 in 97% yield.
Having developed a highly efficient approach for the stereo-
selective synthesis of the syn-(4aS,10bS)-phenanthridone skel-
eton, conversion to novel 7-deoxypancratistatin analogues was
next investigated. Initially, cyclohexene 2 was subjected to
hydrogenation using 10% palladium on carbon which gave
cyclohexane 16 in 88% yield (Scheme 4). The stereoselective
epoxidation of 2 was then investigated. A number of studies
have shown that cyclic allylic alcohols®® and amides''**' can
undergo highly stereoselective directed epoxidation according to
Henbest’s rule using m-CPBA.** However, cyclic homoallylic
alcohols and amides in general, tend to give very modest levels
of stereoselectivity with aryl peroxyacids and other epoxidising
reagents.”> Reaction of cyclohexene 2 with m-CPBA at room
temperature gave epoxide 3 as a single diastereomer in 75%
yield (Scheme 4). Difference NOE experiments clearly showed
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Scheme 4 Reagents and conditions: (1) Hp, 10% Pd/C, MeOH, rt,
88%; (ii) m-CPBA, NaHCOj3;, CH,Cl,, 1t, 75%.

correlation between the 1-, 2-, 34-, 4-, 4a- and 10b-hydrogen
atoms confirming the preparation of the (1R,2S5,4R,4aS,10bS)-
stereoisomer. To rationalise the stereochemical outcome of this
reaction, the two possible partial chair conformers of 2 were
modelled using density-functional theory.** The low energy con-
former (conformer a, Fig. 2) places the C-4a amide substituent in
a pseudo-axial position while the C-4 alcohol functional group is
in a pseudo-equatorial position. The other possible partial chair
conformer (conformer b, Fig. 2) which is 11.3 kJ mol™" higher
in energy, places the C-4a amide in a pseudo-equatorial position
and the C-4 alcohol pseudo-axially. Thus, irrespective of which
chair conformer is adopted during the epoxidation, a functional

b

Fig. 2 DFT-optimised structures®® of 2. Partial chair conformer a (top
structure) is the lowest energy conformer, while conformer b (bottom
structure) is 11.3 kJ mol™" higher in energy.
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Scheme 5 Reagents and conditions: (i) OsO4, TMEDA, CH,Cl,,
—78 °C to 1t, 90%.

group (the C-4a amide in conformer a and the C-4 hydroxyl
group in conformer b) capable of H-bonding with m-CPBA is in
close proximity with the alkene moiety, resulting in a directed
epoxidation leading to the (1R,2S,4R,4aS,10bS)-stereoisomer.

The next stage of this project then investigated the dihydroxy-
lation of 2 for the preparation of targets more similar in structure
to 7-deoxypancratistatin. Following the epoxidation reaction
described above, we were interested to discover whether the syn-
(4aS,10bS)-phenanthridone ring junction of 2 would allow a
directed dihydroxylation reaction. Donohoe and co-workers have
shown that reaction of osmium tetroxide with N,N,N',N'-tetra-
methylethylenediamine (TMEDA) generated a reagent that
undergoes highly selective directed dihydroxylation with cyclic
allylic alcohols and amides.> More importantly, this complex
also undergoes selective directed dihydroxylation with cyclic
homoallylic alcohols and amides.*® Reaction of cyclohexene 2
with osmium tetroxide and TMEDA gave a dihydroxylated
product as a single diastereomer in 90% yield (Scheme 5).

Initial analysis of this compound using coupling constants of
the cyclohexane ring hydrogens from the "H NMR spectrum as
well as difference NOE experiments (see Scheme 5) suggested
that the (1R,2S)-stereoisomer 4 had been formed via a non-
directed reaction mechanism. Confirmation of the (1R,2S5)-stereo-
isomer was achieved by X-ray crystallography (Fig. 3, see also
ESIT).?”  (1R,25,4R 4aS,10bS)-1,2,3,4,4a,10b-Hexahydro-1,2,4-
trihydroxy-8,9-methylenedioxy[4,5-/ ]phenanthridin-6-one ~ (4)
crystallises in the orthorhombic space group P2,2,2, and the
structure clearly shows that the C-1 and C-2 hydroxyl groups are
in an anti-relationship with the substituents at C-4, C-4a and
C-10b. While m-CPBA is small enough to coordinate to either
the C-4 hydroxyl or the C-4a amide and undergo a directed
epoxidation from the more hindered concave face of cyclohexene
2 (see molecular models of both possible partial chair confor-
mers in Fig. 2), it appears that the complex formed from osmium
tetroxide and TMEDA is too large to be directed by one of these
functional groups and instead, effects a highly selective dihy-
droxylation of the C1-C2-alkene moiety from the least hindered
convex face. Thus, the molecular shape of the syn-(4aS,10bS)-
phenanthridone skeleton has a significant influence on the

Fig. 3 Molecular structure of compound 4. Displacement ellipsoids are
drawn at 50% probability level and H-atoms are drawn with spheres of
arbitrary radius.

functionalisation of the alkene where the size of the reagent and
its ability to undergo a directed reaction dictates the face of
attack. It should be emphasised that unlike other cyclic homo-
allylic alcohols and amides, the two reactions studied so far with
this novel phenanthridone framework gave the oxidised products
as single stereoisomers.

Conclusions

In summary, a one-pot substrate directed Overman rearrangement
and RCM reaction has been developed for the stereoselective
synthesis of a highly functionalised carbocyclic amide. This
flexible synthetic intermediate was converted using a modified
Heck reaction to a novel syn-(4aS,10bS)-phenanthridone skel-
eton. Epoxidation of the syn-(4aS,10bS)-phenanthridone frame-
work using a substrate directed method generated the predicted
stereoisomer as the sole product in 75% yield. Despite this
result, dihydroxylation of the phenathridone using a substrate
directed method gave the non-directed product in 90% yield as a
single stereoisomer. Together, these results show that with some
understanding of the size and reactivity of potential reagents, this
novel syn-(4aS,10bS)-phenanthridone skeleton can be used to
prepare new analogues and stereoisomers of 7-deoxypancratista-
tin with excellent levels of stereoselectivity. Current studies are
underway to fully explore the stereoselective functionalisation of
the syn-(4aS,10bS)-phenanthridone skeleton for the preparation
of wide range of new 7-deoxypancratistatin analogues. The
results of these studies as well as biological evaluation of these
novel compounds will be communicated in due course.

Experimental

All reagents and starting materials were obtained from commer-
cial sources and used as received. All dry solvents were purified
using a PureSolv 500 MD solvent purification system. All reac-
tions were performed under an atmosphere of argon unless other-
wise mentioned. Brine refers to a saturated solution of sodium
chloride. Flash column chromatography was carried out using
Fisher matrix silica 60. Macherey-Nagel aluminium-backed
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plates pre-coated with silica gel 60 (UV,s4) were used for thin
layer chromatography and were visualised by staining with pot-
assium permanganate. "H NMR and "*C NMR spectra were
recorded on a Bruker DPX 400 spectrometer with chemical shift
values in ppm relative to tetramethylsilane as the standard.
Assignment of 'H and '*C NMR signals are based on two-
dimensional COSY and DEPT experiments, respectively. Infrared
spectra were recorded using Golden Gate apparatus on a JASCO
FTIR 410 spectrometer and mass spectra were obtained using a
JEOL JMS-700 spectrometer. Melting points were determined
on a Reichert platform melting point apparatus. Optical rotations
were determined as solutions irradiating with the sodium D line
(A = 589 nm) using an Autopol V polarimeter. [@]p values are
given in units 10~" deg cm® g~'.

(2R)-1-(tert-Butyldimethylsilyloxy)-2,3-epoxypropane (10)?®

A mixture of (S)-glycidol 9 (3.10 g, 0.04 mol), tert-butyldi-
methylsilyl chloride (9.40 g, 0.06 mol) and imidazole (4.20 g,
0.06 mol) in tetrahydrofuran (70 mL) were stirred overnight at
room temperature. A white precipitate was removed by filtration
and washed with diethyl ether (70 mL). The combined filtrate
was concentrated and purified by flash column chromatography
(elution with petroleum ether—diethyl ether, 10: 1) to give (2R)-
1-(tert-butyldimethylsilyloxy)-2,3-epoxypropane (10) (7.70 g,
98%) as a colourless oil. [a]3' +2.7 (¢ 1.0, CHCly), lit.*® +2.9
(¢ 1.0, CHCLy); Vyax/em™" (Neat) 2930 (CH), 1253, 1161, 983,
835; oy (400 MHz, CDCl3) 0.09 (3H, s, SiCH3), 0.10 (3H, s,
SiCH3), 0.92 (9H, s, SiC(CHjs)3), 2.66 (1H, dd, J 4.6, 2.4 Hz, 1-
HH), 2.79 (1H, dd, J 5.2, 4.6 Hz, 1-HH), 3.10-3.14 (1H, m, 2-
H), 3.68 (1H, dd, J 11.8, 4.8 Hz, 3-HH), 3.87 (1H, dd, J 11.8,
3.2 Hz, 3-HH); 6c (100 MHz, CDCl;) —5.4 (2 x CH3), 18.4 (C),
26.0 (3 x CHj3), 45.0 (CH,), 52.5 (CH) and 63.9 (CH,); m/z (CI)
189.1309 (MH". CoH,,0,Si requires 189.1311), 145 (35%), 131
(50), 89 (62), 73 (12).

(2R)-1-(tert-Butyldimethylsilyloxy)hex-5-en-2-ol (11)*°

A solution of allyl magnesium bromide (1.0 M in diethyl ether)
(100.0 mL, 100.0 mmol) was added dropwise to a solution of
copper(i) bromide dimethylsulfide complex (0.69 g, 3.40 mmol)
in tetrahydrofuran (150 mL) at —78 °C and the white suspension
was stirred for 0.5 h. (2R)-1-(fert-Butyldimethylsilyloxy)-2,3-
epoxypropane (10) (12.70 g, 67.0 mmol) in tetrahydrofuran
(60 mL) was then added and the reaction mixture was warmed to
0 °C and stirred for 2 h. The reaction was quenched by the
addition of a saturated ammonium chloride solution (100 mL)
and extracted with ethyl acetate (3 x 100 mL). The organic
layers were combined, dried (MgSO,4) and concentrated in
vacuo. Purification by flash column chromatography (elution
with petroleum ether—diethyl ether, 10:1) gave (2R)-1-(tert-
butyldimethylsilyloxy)hex-5-en-2-ol (11) (13.90 g, 90%) as a
colourless oil. Spectroscopic data as reported in literature.”
Vmax/em™ " (Neat) 3460 (OH), 2929 (CH), 1641 (C=C), 1472,
1252, 1088; [a]h' —6.7 (c 1.2, CHCl3); & (400 MHz, CDCls)
0.01 (6H, s, Si(CH3;),), 0.82 (9H, s, SiC(CHs)3), 1.35-1.55 (2H,
m, 3-H,), 2.00-2.22 (2H, m, 4-H,), 2.35 (1H, br d, J 3.3 Hz,
OH), 3.33 (1H, dd, J 9.9, 7.1 Hz, 1-HH), 3.53-3.62 (2H, m,

1-HH and 2-H), 4.88-4.92 (1H, m, 6-HH), 4.94-5.00 (1H, m, 6-
HH), 5.76 (1H, ddt, J 17.1, 10.3, 6.6 Hz, 5-H); dc (100 MHz,
CDCly) —5.4 (2 x CH3), 183 (C), 25.9 (3 x CH;), 29.8 (CH,),
32.0 (CH,), 67.2 (CHs), 71.2 (CH), 114.8 (CH,), 138.4 (CH);
m/z (CI) 231.1776 (MH". C,,H,,0,Si requires 231.1780), 173
(8), 81 (15).

(2R)-1-(tert-Butyldimethylsilyloxy)-2-(methoxymethoxy)hex-5-
ene

(2R)-1-(tert-Butyldimethylsilyloxy)hex-5-en-2-ol (11) (4.0 g,
17.0 mmol) was dissolved in dichloromethane (80 mL) and
cooled to 0 °C. Diisopropylethylamine (8.9 mL, 51.0 mmol)
was added followed by bromomethyl methyl ether (2.8 mL,
34.8 mmol). The solution was stirred at 0 °C for 0.5 h then
heated under reflux overnight. The reaction mixture was cooled
to room temperature, acidified with 1 M hydrochloric acid sol-
ution (50 mL) and then extracted with dichloromethane (3 x
100 mL). The organic extracts were combined, dried (MgSO,)
and the filtrate concentrated in vacuo. Flash column chromato-
graphy (diethyl ether—petroleum ether, 1:20) yielded (2R)-1-
(tert-butyldimethylsilyloxy)-2-(methoxymethoxy)hex-5-ene as a
colourless oil (4.7 g, 100%). (Found: C, 61.4; H, 11.0.
C14H3003Si requires C, 61.3; H, 11.0%); Viax/em ™! (NaCl)
2929 (CH), 1642 (C=C), 1472, 1255, 1110, 1040; [a]p' +28.8
(c 1.5, CHCl3); 6y (400 MHz, CDCl;) 0.01 (6H, s, Si(CHs),),
0.82 (9H, s, SiC(CHz);), 1.35-1.54 (2H, m, 3-H,), 2.00-2.21
(2H, m, 4-H,), 3.34 (3H, s, OCH3), 3.50-3.62 (3H, m, 1-H, and
2-H), 4.60 (1H, d, J 6.8 Hz, OCHHO), 4.72 (1H, d, J 6.8 Hz,
OCHHO), 4.89-4.94 (1H, m, 6-HH), 4.95-5.01 (1H, m, 6-HH),
5.77 (1H, ddt, J 17.1, 10.3, 6.6 Hz, 5-H); ¢ (100 MHz, CDCl5)
-5.4 (2 x CHj3), 18.3 (C), 259 (3 x CHj3), 29.6 (CH,), 31.0
(CH,), 55.5 (CH3), 65.7 (CH,), 77.7 (CH), 96.4 (CH,), 114.6
(CH,), 1385 (CH); m/z (CI) 243.1775 (MH'—MeOH.
C3H,70,Si requires 243.1780), 231 (8%), 133 (11), 81 (18).

(2R)-2-(Methoxymethoxy)hex-5-en-1-ol (12)

A solution of tetrabutylammonium fluoride (1 M in tetrahydro-
furan) (57.10 mL, 57.10 mmol) was added to a solution of (2R)-
1-(tert-butyldimethylsilyloxy)-2-(methoxymethoxy)hex-5-ene
(13.09 g, 47.70 mmol) in tetrahydrofuran (100 mL) at 0 °C. The
reaction was warmed to room temperature and stirred overnight.
The reaction mixture was then concentrated and the resulting
residue was re-suspended in diethyl ether (50 mL). The solution
was washed with water (50 mL) and the aqueous layer was then
extracted with diethyl ether (3 x 50 mL). The combined organic
extracts were dried (MgSQ,), concentrated and then purified by
flash column chromatography (elution with petroleum ether—
diethyl ether, 5 : 2) to give (2R)-2-(methoxymethoxy)hex-5-en-1-
ol (12) (7.63 g, 100%) as a colourless oil. (Found: C, 59.9; H,
10.2. CgH,40; requires C, 60.0; H, 10.0%); via/cm™' (NaCl)
3432 (OH), 2947 (CH), 1641 (C=C), 1450, 1212, 1028;
[a]y —66.8 (¢ 0.6, CHCLy); 8y (400 MHz, CDCls) 1.49-1.70
(2H, m, 3-H,), 2.07-2.24 (2H, m, 4-H,), 3.14 (1H, br s, 3.4 Hz,
1-OH), 3.44 (3H, s, OCHj3), 3.47-3.64 (3H, m, 1-H, and 2-H),
4.69 (1H, d, J 6.9 Hz, OCHHO), 4.75 (1H, d, J 6.9 Hz,
OCHHO), 4.96-5.07 (2H, m, 6-H,), 5.80 (1H, ddt, J 17.1, 10.3,
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6.6 Hz, 5-H); 6c (100 MHz, CDCls) 29.7 (CH,), 30.8 (CH,),
55.7 (CHs), 66.7 (CH,), 81.9 (CH), 97.1 (CH,), 115.1 (CH,),
138.0 (CH); m/z (CI) 129.0922 (MH'—MeOH. C;H,;0, requires
129.0916), 99 (14%), 81 (40), 69 (38).

Ethyl (2E,4R)-4-(methoxymethoxy)octa-2,7-dienoate (13)

Dimethyl sulfoxide (1.22 g, 15.6 mmol) was added to a stirred
solution of oxalyl chloride (1.27 g, 10 mmol) in dichloro-
methane (100 mL) at —78 °C. The mixture was stirred for 0.3 h
before (2R)-2-(methoxymethoxy)hex-5-en-1-ol (12) (1.0 g,
6.25 mmol) in dichloromethane (25 mL) was slowly added. The
mixture was stirred for a further 0.3 h before triethylamine
(3.16 g, 31.3 mmol) was added. This reaction mixture was
stirred for 0.5 h at =78 °C and then allowed to warm to room
temperature and stirred for a further 2 h. A solution of lithium
chloride (0.39 g, 9.38 mmol), triethyl phosphonoacetate (2.10 g,
9.38 mmol) and 1,8-diazabicyclo[5,4,0Jundec-7-ene (1.43 g,
9.38 mmol) in acetonitrile (50 mL) was then prepared and stirred
for 1.0 h. The Swern solution was concentrated in vacuo, then
the Horner Wadsworth Emmons solution was added and the
reaction mixture was stirred at room temperature overnight. The
reaction was quenched with a saturated solution of ammonium
chloride (50 mL) and concentrated to give an orange residue,
which was then extracted with diethyl ether (4 x 75 mL). The
organic layers were combined, dried (MgSO,) and concentrated
to give an orange oil. Purification by flash column chromato-
graphy (diethyl ether—petroleum ether, 1:5) yielded -ethyl
(2E,4R)-4-(methoxymethoxy)octa-2,7-dienoate  (13) (1.41 g,
98% yield) as a yellow oil. (Found: C, 63.2; H, 8.9. C;,H,,04
requires C, 63.2; H, 8.8%); vmax/cm_1 (NaCl) 2941 (CH), 1720
(CO), 1658 (C=C), 1446, 1369, 1269, 1154; [a]}' +79.2 (¢ 1.3,
CHCl3); 6y (400 MHz, CDCly) 1.30 (3H, t, J 7.1 Hz,
OCH,CHSs), 1.59-1.80 (2H, m, 5-H,), 2.09-2.21 (2H, m, 6-H,),
3.39 (3H, s, OCHj3), 4.18-4.25 (3H, m, 4-H and OCH,CH3),
4.59 (1H, d, J 6.9 Hz, OCHHO), 4.64 (1H, d, J 6.9 Hz,
OCHHO), 4.97-5.08 (2H, m, 8-H,), 5.81 (1H, ddt, J 17.1, 10.3,
6.6 Hz, 7-H), 5.99 (1H, dd, J 15.7, 1.2 Hz, 2-H), 6.82 (1H, dd, J
15.7, 6.5 Hz, 3-H); 6c (100 MHz, CDCls) 14.2 (CH3), 29.3
(CH,), 34.0 (CH,), 55.7 (CH3), 60.5 (CH,), 74.6 (CH), 94.7
(CH,), 115.2 (CH,), 122.1 (CH), 137.7 (CH), 147.6 (CH), 166.2
(C); m/z (CI) 229.1435 (MH". C,H,,0, requires 229.1440),
199 (33%), 197 (37), 167 (100), 81 (16), 69 (24).

(2E,4R)-4-(Methoxymethoxy)octa-2,7-dien-1-ol (14)

Ethyl (2E,4R)-4-(methoxymethoxy)octa-2,7-dienoate (13) (1.30 g,
5.7 mmol) was dissolved in diethyl ether (50 mL) and cooled to
—78 °C. DIBAL-H (1 M in hexane) (12.5 mL, 12.5 mmol) was
added dropwise and the reaction mixture was stirred at —78 °C
for 3 h, before warming to room temperature overnight. The sol-
ution was cooled to 0 °C and quenched by the addition of a satu-
rated solution of ammonium chloride (10 mL) and warmed to
room temperature with vigorous stirring over 1 h, producing a
white precipitate. The precipitate was filtered through a pad of
Celite® and washed with diethyl ether (3 x 50 mL). The filtrate
was then dried (MgSO,) and concentrated in vacuo. Purification
by flash column chromatography (diethyl ether—petroleum ether,

3:2) yielded (2E,4R)-4-(methoxymethoxy)octa-2,7-dien-1-ol
(14) (1.00 g, 98% yield) as a colourless oil. (Found: C, 64.5; H,
9.7. C,oH,50; requires C, 64.5; H, 9.7%); Via/cm~' (NaCl)
3408 (OH), 2937 (CH), 1641 (C=C), 1442, 1373, 1153, 1096,
1036; [aldy +126.8 (¢ 1.3, CHCly); 6y (400 MHz, CDCI;)
1.54-1.64 (2H, m, 5-HH and OH), 1.68-1.78 (1H, m, 5-HH),
2.06-2.22 (2H, m, 6-H,), 3.38 (3H, s, OCH3), 4.02-4.09 (1H,
m, 4-H), 4.17 (2H, dd, J 5.2, 1.4 Hz, 1-H,), 4.54 (1H, d, J 6.9
Hz, OCHHO), 4.70 (1H, d, J 6.9 Hz, OCHHO), 4.95-5.06 (2H,
m, 8-H,), 5.58 (1H, ddt, J 15.6, 7.8, 1.4 Hz, 3-H), 5.79-5.87
(2H, m, 2-H and 7-H); 8¢ (100 MHz, CDCl5) 29.6 (CH,), 34.7
(CH,), 55.5 (CHs), 62.9 (CH,), 75.7 (CH), 93.7 (CH,), 114.9
(CH»), 131.2 (CH), 132.3 (CH), 138.2 (CH); m/z (CI) 204
(MNH,", 100%), 174 (31), 142 (29), 125 (14), 58 (16).

(1R,2S5)-1-(Methoxymethoxy)-2-(2',2",2'-
trichloromethylcarbonylamino)cyclohexa-3-ene (7)

(2E,4R)-4-(Methoxymethoxy)octa-2,7-dien-1-0ol  (14) (1.1 g,
5.9 mmol) was dissolved in dichloromethane (20 mL) and
cooled to 0 °C. 1,8-Diazabicyclo[5.4.0Jundec-7-ene (0.22 g,
1.5 mmol) was added to the solution followed by trichloroaceto-
nitrile (1.28 g, 8.8 mmol). The solution was then warmed to
room temperature and stirred for 2 h. The reaction mixture was
filtered through a short pad of silica gel and washed with diethyl
ether (100 mL). The resulting filtrate was then concentrated to
give allylic trichloroacetimidate S5, which was used without
further purification. Allylic trichloroacetimidate 5 (1.95 g,
5.9 mmol) was then dissolved in dichloromethane (10 mL)
under an argon atmosphere. Bis(acetonitrile)palladium(ir) chlor-
ide (0.15 g, 0.59 mmol) was added to the solution and the reac-
tion mixture was stirred at room temperature overnight. Grubbs’
catalyst (1st Generation) (0.49 g, 0.59 mmol) was then added
and the reaction mixture was heated under reflux overnight. The
mixture was cooled to room temperature, filtered through a short
pad of Celite®, washed with diethyl ether (100 mL) and concen-
trated in vacuo to give a dark coloured solid. Purification by
flash column chromatography (diethyl ether—petroleum ether,
1:7) gave (1R,25)-1-(methoxymethoxy)-2-(2',2',2'-trichloro-
methylcarbonylamino)cyclohexa-3-ene (7) as a yellow oil (0.46 g,
45% yield over 3 steps). Vmad/cm™' (NaCl) 3421 (NH), 2930
(CH), 1709 (CO), 1654 (C=C), 1500, 1148, 1102, 1036; [a]¥’
+79.1 (c 1.9, CHCly); 8y (400 MHz, CDCl3) 1.73-1.82 (1H, m,
6-HH), 2.00-2.13 (2H, m, 5-HH and 6-HH), 2.17-2.28 (1H, m,
5-HH), 3.42 (3H, s, OCH3), 4.05 (1H, td, J 5.6, 1.3 Hz, 1-H),
4.60-4.66 (1H, m, 2-H), 4.72 (1H, d, J 6.9 Hz, OCHHO), 4.76
(1H, d, J 6.9 Hz, OCHHO), 5.51-5.56 (1H, m, 3-H), 5.91-5.97
(1H, m, 4-H), 7.31 (1H, br d, J 7.0 Hz, NH); 8¢ (100 MHz,
CDCl;) 20.2 (CH,), 24.2 (CH,), 48.6 (CH), 55.0 (CH3), 70.9
(CH), 91.9 (C), 94.5 (CH,), 123.4 (CH), 129.9 (CH), 160.7 (C);
m/z (CI) 306.0056 (MH'. C,oH;s>CI’’CLLNO; requires
306.0062), 268 (100%), 234 (45), 208 (7), 137 (9), 69 (22).

(1R,2S5)-1-(Methoxymethoxy)-2-(2',2',2'-
trichloromethylcarbonylamino)cyclohexa-3-ene (7) using
toluene as the solvent

The reaction was performed as described above using (2F,4R)-4-
(methoxymethoxy)-octa-2,7-dien-1-o0l (14) (0.10 g, 0.54 mmol).
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Bis(acetonitrile)palladium(ir) chloride (0.014 g, 0.05 mmol) was
used to catalyse the Overman rearrangement, which was stirred
in toluene (10 mL) initially at 0 °C and slowly warmed to room
temperature over 24 h before addition of Grubbs first generation
catalyst (0.04 g, 0.05 mmol). Purification by flash column
chromatography (elution with petroleum ether—diethyl ether,
7:1) gave (1R,25)-1-(methoxymethoxy)-2-(2',2",2'-trichloro-
methylcarbonylamino)cyclohexa-3-ene (7) as a yellow oil
(0.11 g, 60% yield over 3 steps). Spectroscopic data as described
above.

(1R,2S5)-1-(Methoxymethoxy)-2-aminocyclohex-3-ene

(1R,25)-1-(Methoxymethoxy)-2-(2',2",2"-trichloromethylcarbony-
lamino)cyclohexa-3-ene (7) (0.53 g, 1.74 mmol) was dissolved
in 1:1 mixture of 1.0 M NaOH-methanol (10 mL) and stirred
overnight at room temperature. The reaction mixture was concen-
trated in vacuo and diluted with ethyl acetate (5 mL). The
organic layer was washed with brine solution (2 x 10 mL), dried
(MgS0O,) and concentrated to give (1R,2S)-1-(methoxy-
methoxy)-2-aminocyclohex-3-ene (0.26 g, 100%) as a colourless
0il. Viax/em™' (NaCl) 3422 (NH,), 2934 (CH), 1572, 1458,
1217, 1038; [a]»! +110.8 (¢ 0.4, CHCI3); & (400 MHz, CDCl;)
1.50 (2H, br s, NH,), 1.65-1.75 (1H, m, 6-HH), 1.76-1.87 (1H,
m, 6-HH), 2.00-2.22 (2H, m, 5-H;), 3.39-3.45 (4H, m, 2-H and
OCH;), 3.76 (1H, ddd, J 9.7, 4.2, 3.1 Hz, 1-H), 4.72 (1H, d, J
7.0 Hz, OCHHO), 4.77 (1H, d, J 7.0 Hz, OCHHO), 5.65-5.71
(1H, m, 3-H), 5.71-5.77 (1H, m, 4-H); éc (100 MHz, CDCls)
23.4 (CH,), 23.8 (CH,), 49.0 (CH), 55.5 (CH3), 75.5 (CH), 95.3
(CH,), 128.6 (CH), 129.4 (CH); m/z (CI) 158.1184 (MH".
CgH ¢NO, requires 158.1181), 126 (30%), 85 (8), 69 (18).

(1R,25)-1-(Methoxymethoxy)-2-(3,4-methylenedioxy-6-
bromobenzamide)cyclohexa-3-ene (15)

In a stirred solution of (1R,2S5)-1-(methoxymethoxy)-2-aminocy-
clohex-3-ene (0.05 g, 0.35 mmol) in acetonitrile (5 mL) at 0 °C
was added 4-dimethylaminopyridine (0.01 g, 0.07 mmol)
and 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (0.08 g,
0.53 mmol). To this reaction mixture, 6-bromopiperonylic acid
(0.08 g, 0.35 mmol) was added and stirred at room temperature
overnight. The reaction mixture was concentrated in vacuo. The
residue was diluted with 1.0 M hydrochloric acid (5 mL) and
extracted with ethyl acetate (3 x 20 mL). Purification by flash
column chromatography (elution with petroleum ether—diethyl
ether, 2:8) gave (1R,25)-1-(methoxymethoxy)-2-(3,4-methyle-
nedioxy-6-bromobenzamide)cyclohexa-3-ene (15) (0.10 g, 79%)
as a white solid. Mp 100-102 °C; Vimax/em ™! (NaCl) 3297 (NH),
2912 (CH), 1649 (CO), 1478, 1239, 1033; [a]d! +101.2 (¢ 1.2,
CHCls); 6y (400 MHz, CDCl3) 1.73-1.85 (1H, m, 6-HH),
1.97-2.12 (2H, m, 5-HH and 6-HH), 2.17-2.28 (1H, m, 5-HH),
3.37 (3H, s, OCH3), 4.01-4.07 (1H, m, 1-H), 4.72 (1H, d, J 6.5
Hz, OCHHO), 4.76 (1H, d, J 6.5 Hz, OCHHO), 4.81-4.89 (1H,
m, 2-H), 5.62-5.66 (1H, m, 4-H), 5.86-5.92 (1H, m, 3-H), 6.02
(2H, s, OCH,0), 6.50 (1H, d, J 9.1 Hz, NH), 7.00 (1H, s, Ph),
7.05 (1H, s, Ph); 8¢ (100 MHz, CDCl3) 21.5 (CH,), 25.5 (CH,),
47.9 (CH), 55.8 (CHj3), 72.7 (CH), 95.8 (CH,), 102.3 (CH,),
109.5 (CH), 110.7 (C), 113.2 (CH), 125.7 (CH), 129.8 (CH),

131.1 (C), 147.4 (C), 149.6 (C), 166.6 (C); m/z (FAB) 384.0457
(MH". C¢H;o°BINOs requires 384.0447), 216 (26%), 135
(74), 89 (100), 46.9 (22).

(4R,4aS,10bS)-3,4,4a,10b-Tetrahydro-4-(methoxymethoxy)-8,9-
methylenedioxy|[4,5-j]phenanthridin-6-one

(1R,25)-1-(Methoxymethoxy)-2-(3,4-methylenedioxy-6-bromo-
benzamide)cyclohexa-3-ene (15) (0.16 g, 0.42 mmol) was dis-
solved in N,N'-dimethylformamide (12 mL) and degassed for
1 h. Triphenylphosphine (0.04 g, 0.18 mmol), palladium(i)
acetate, (0.02 g, 0.08 mmol) and diisopropylethylamine
(0.14 mL, 0.84 mmol) were then added and the reaction mixture
was heated at 155 °C in a sealed tube for 48 h. The reaction
mixture was then concentrated in vacuo and purified by flash
column chromatography (elution with ethyl acetate) to give
(4R,4aS,10bS)-3,4,4a,10b-tetrahydro-4-(methoxymethoxy)-8,9-
methylenedioxy[4,5-j[phenanthridin-6-one as a white solid
(0.09 g, 78%). Mp 140142 °C; v;a/em™" (NaCl) 3397 (NH),
2894 (CH), 1660 (CO), 1460, 1258, 1145; [a]y +136.9 (c 1.5,
MeOH); oy (400 MHz, CDCls) 2.24-2.45 (2H, m, 3-H,), 3.40
(3H, s, OCH3;), 3.50-3.56 (1H, m, 10b-H), 4.03 (1H, ddd, J 9.9,
6.5, 3.0 Hz, 4-H), 4.25 (1H, t, J 3.0 Hz, 4a-H), 4.72 (1H, d, J
7.0 Hz, OCHHO), 4.74 (1H, d, J 7.0 Hz, OCHHO), 5.27-5.32
(1H, m, 2-H), 5.63 (1H, ddt, J 10.0, 5.1, 2.6 Hz, 1-H), 5.89 (1H,
br s, NH), 6.01 (1H, d, J 1.3 Hz, OCH'H'O), 6.02 (1H, d, J 1.3
Hz, OCH'H'O), 6.67 (1H, s, 10-H), 7.52 (1H, s, 7-H); ¢
(100 MHz, CDCl3) 26.9 (CH,), 39.9 (CH), 51.3 (CH), 55.8
(CHsy), 72.5 (CH), 95.0 (CH,), 101.7 (CH,), 107.0 (CH), 108.0
(CH), 122.2 (C), 124.1 (CH), 126.9 (CH), 135.8 (C), 147.3 (C),
151.3 (C), 1652 (C); m/z (CI) 304.1181 (MH". C;¢H;sNOs
requires 304.1185), 262 (18%), 244 (6), 166 (3), 81 (8).

(4R,4aS,10bS)-3,4,4a,10b-Tetrahydro-4-hydroxy-8,9-
methylenedioxy[4,5-j]phenanthridin-6-one (2)

(4R,4aS,10bS5)-3,4,4a,10b-Tetrahydro-4-(methoxymethoxy)-8,9-
methylenedioxy[4,5-j]phenanthridin-6-one (0.07 g, 0.22 mmol)
was dissolved in 1: 1 ratio of methanol and 1.6 N hydrochloric
acid solution (5.0 mL). The reaction mixture was heated to
40 °C and stirred for 12 h, then cooled and neutralised with a 6
M solution of potassium hydrogencarbonate (5.0 mL). The two
layers were separated and the aqueous layer was extracted with
ethyl acetate (4 x 15 mL). The combined organic layers were
then dried (MgSQ,), concentrated in vacuo and purified by flash
column chromatography (elution with ethyl acetate) to give
(4R,4aS,10bS)-3,4,4a,10b-tetrahydro-4-hydroxy-8,9-methylene-
dioxy[4,5-j]phenanthridin-6-one (2) as a white solid (0.06 g,
97%). Mp 237-239 °C; Vpa/em™' (NaCl) 3356 (OH), 2951
(CH), 1651 (CO), 1462, 1246, 1018; [a]y +159.0 (¢ 0.2,
MeOH); 6y (400 MHz, CD3;0D) 2.04-2.17 (1H, m, 3-HH),
2.20-2.29 (1H, m, 3-HH), 3.49-3.56 (1H, m, 10b-H), 3.94-4.03
(2H, m, 4a-H and 4-H), 5.17-5.22 (1H, m, 2-H), 5.54 (1H, ddt,
J10.1, 5.3, 2.6 Hz, 1-H), 5.92 (1H, d, J 1.0 Hz, OCHHO), 5.93
(1H, d, J 1.0 Hz, OCHHO), 6.73 (1H, s, 10-H), 7.23 (1H, s, 7-
H); ¢ (100 MHz, CD5;0D) 29.6 (CH,), 40.9 (CH), 54.7 (CH),
68.0 (CH), 103.3 (CH,), 108.0 (CH), 108.4 (CH), 122.7 (C),
125.3 (CH), 128.0 (CH), 138.4 (C), 148.7 (C), 153.2 (C), 167.7
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(C); m/z (CI) 260.0924 (MH". C,4H,,NO, requires 260.0923),
195 (3%), 113 (3), 81 (12).

(4R,4aS8,10bS)-1,2,3,4,4a,10b-Hexahydro-4-hydroxy-8,9-
methylenedioxy|[4,5-j]phenanthridin-6-one (16)

To a solution of (4R,4aS,10bS)-3,4,4a,10b-tetrahydro-4-hydroxy-
8,9-methylenedioxy[4,5-/ ]phenanthridin-6-one (2) (0.0027 g,
0.01 mmol) in methanol (5 mL) was added 10% palladium on
carbon (0.001 g). The reaction mixture was allowed to stir under
an atmosphere of hydrogen at room temperature for 12 h.
The reaction mixture was filtered through a short pad of
Celite®, which was washed with methanol (10 mL) and concen-
trated in vacuo to give (4R,4aS,10bS)-1,2,3,4,4a,10b-hexahydro-
4-hydroxy-8,9-methylenedioxy[4,5-/ ]phenanthridin-6-one  (16)
(0.0023 g, 88% yield) as a white solid. Mp 179-181 °C; v/
ecm™' (NaCl) 3363 (OH), 2944 (CH), 1646 (CO), 1448, 1410,
1111, 1021; [a]y —37.7 (¢ 0.2, MeOH); &;; (400 MHz, CD50D)
1.20-1.53 (4H, m, 1-HH, 2-H, and 3-HH), 1.63-1.73 (2H, m, 1-
HH and 3-HH), 2.69 (1H, dt, J 12.1, 4.2 Hz, 10b-H), 3.74 (1H,
dt, J 11.2, 4.2 Hz, 4-H), 3.80 (1H, t, J 4.2 Hz, 4a-H), 5.90 (1H,
d, J 1.1 Hz, OCHHO), 5.92 (1H, d, J 1.1 Hz, OCHHO), 6.68
(1H, s, 10-H), 7.25 (1H, s, 7-H); éc (125 MHz, CD3;0D) 23.8
(CH,), 29.1 (CH,), 29.9 (CH,), 41.1 (CH), 55.9 (CH), 70.4
(CH), 103.2 (CH,), 108.1 (CH), 108.2 (CH), 122.6 (C), 141.6
(C), 148.5 (C), 152.9 (C), 168.2 (C); m/z (CI) 262.1075 (MH".
C14H¢NOy requires 262.1079), 244 (12%), 206 (22), 180 (8),
136 (4), 85 (21), 69 (40).

(1R,25,4R 4aS,10bS)-1,2-Oxiraryl-1,2,3,4,4a,10b-hexahydro-4-
hydroxy-8,9-methylenedioxy|[4,5-j|phenanthridin-6-one (3)

(4R,4aS,10bS)-3,4,4a,10b-Tetrahydro-4-hydroxy-8,9-methylene-
dioxy[4,5-7]phenanthridin-6-one (2) (0.07 g, 0.27 mmol) was
dissolved in dichloromethane (10 mL) along with sodium hydro-
gencarbonate (0.05 g, 0.55 mmol). To the stirred suspension was
added meta-chloroperoxybenzoic acid (0.09 g, 0.55 mmol) at
room temperature. The resulting suspension was stirred vigor-
ously for 24 h. A 20% solution of sodium sulfite (10 mL)
was added and the resulting two-phase mixture was stirred vigor-
ously for 0.25 h. The two layers were separated and the aqueous
layer was extracted with dichloromethane (2 x 20 mL). The com-
bined organic layers were washed with a 20% solution of
sodium sulfite (10 mL) and a 5% solution of sodium hydrogen-
carbonate (2 x 20 mL), dried (Na,SO,) and evaporated under
reduced pressure to give the crude product. Purification by flash
column chromatography (petroleum ether—diethyl ether, 2:5)
gave (1R,2S,4R,4aS,10bS)-1,2-oxiraryl-1,2,3,4,4a,10b-hexahy-
dro-4-hydroxy-8,9-methylenedioxy[4,5-/]phenanthridin-6-one (3)
(0.057 g, 75%) as a white solid. Mp 160-162 °C; Vina/om ™!
(NaCl) 3350 (OH), 2851 (CH), 1654 (CO), 1466, 1249, 1035;
[alh —61.2 (¢ 0.2, CHCLy); 6y (400 MHz, CDCly) 2.08 (1H,
ddd, J 14.6, 10.7, 1.8 Hz, 3-HH), 2.15 (1H, d, J 4.2 Hz, 4-OH),
2.45 (1H, ddd, J 14.6, 5.6, 1.8 Hz, 3-HH), 2.84 (1H, dd, J 3.6,
1.1 Hz, 1-H), 3.27-3.33 (2H, m, 2-H and 10b-H), 3.88-3.92
(1H, m, 4a-H) 4.05-4.12 (1H, m, 4-H), 6.02 (1H, d, J 1.3 Hz,
OCHHO), 6.03 (1H, d, J 1.3 Hz, OCHHO), 7.51 (1H, br s, NH),
6.82 (1H, s, 10-H), 7.55 (1H, s, 7-H); 6c (125 MHz, CDCls)

27.4 (CHa), 39.1 (CH), 52.2 (CH), 53.4 (CH), 54.4 (CH), 65.3
(CH), 101.9 (CH,), 107.7 (CH), 107.8 (CH), 122.5 (C), 133.4
(C), 147.9 (C), 151.8 (C), 165.6 (C); m/z (CI) 276.0871 (MH".
C14H,4NOs5 requires 276.0872), 260 (34%), 206 (6), 113 (5), 85
(33), 69 (48).

(1R,25,4R,4aS,10bS)-1,2,3,4,4a,10b-Hexahydro-1,2,4-trihydroxy-
8,9-methylenedioxy|[4,5-j|phenanthridin-6-one (4)

(4R,4aS,10bS5)-3,4,4a,10b-Tetrahydro-4-hydroxy-8,9-methylene-
dioxy[4,5-j]phenanthridin-6-one (2) (0.018 g, 0.06 mmol) was
dissolved in dichloromethane (4 mL) at —78 °C. Tetramethy-
lethylenediamine (9 uL, 0.61 mmol) was added and the reaction
mixture stirred for 0.1 h before the addition of osmium tetroxide
(0.017 g 0.64 mmol). The dark coloured solution was stirred for
4 h at —78 °C before warming to room temperature and stirred
for 1 h. The solvent was removed in vacuo and the dark coloured
solid was dissolved in methanol (10 mL). Concentrated hydro-
chloric acid (5 drops) was added and the reaction stirred for 2 h.
The solvent was removed in vacuo to afford a dark solid. Flash
column chromatography (elution with ethyl acetate—methanol,
1:8) afforded (1R,2S,4R,4aS,10bS5)-1,2,3.4,4a,10b-hexahydro-
1,2,4-trihydroxy-8,9-methylenedioxy[4,5-jJphenanthridin-6-one
(4) (0.016 g, 90%) as a white solid. Mp 240 °C (decomposition);
Vmax/em~ ' (NaCl) 3350 (NH-OH), 2914 (CH), 1643 (CO),
1465, 1253, 1034; [a]3' —50.9 (¢ 0.7, MeOH); & (400 MHz,
CD;0D) 1.87 (1H, ddd, J 14.1, 12.2, 3.6 Hz, 3-HH), 2.00-2.07
(1H, m, 3-HH), 2.99 (1H, dd, J 10.5, 3.6 Hz, 10b-H), 3.51 (1H,
dd, J 10.5, 3.6 Hz, 1-H), 3.95 (1H, td, J 3.6, 1.3 Hz, 4a-H), 4.00
(1H, q, J 3.6 Hz, 2-H), 4.30 (1H, dt, J 12.2, 3.6 Hz, 4-H), 6.01
(1H, d, J 1.1 Hz, OCHHO), 6.02 (1H, d, J 1.1 Hz, OCHHO),
6.84 (1H, s, 10-H), 7.84 (1H, s, 7-H); ¢ (100 MHz, CD5;0D)
35.4 (CHy), 41.4 (CH), 56.6 (CH), 65.2 (CH), 70.5 (CH), 72.0
(CH), 103.2 (CH,), 108.0 (CH), 111.0 (CH), 123.0 (C), 138.9
(©), 148.8 (C), 152.3 (C), 168.4 (C); m/z (EI) 293.0898
(M". C4H,sNOg requires 293.0899), 207 (8%), 190 (30), 114
(100), 70 (76), 96 (14), 44 (42).

Notes and references

1 (a) J. R. Lewis, Nat. Prod. Rep., 2002, 19, 223; (b) Z. Jin, Nat. Prod.
Rep., 2003, 20, 606; (c) Z. Jin, Nat. Prod. Rep., 2005, 22, 111; (d) Z. Jin,
Nat. Prod. Rep., 2007, 24, 886; (e¢) Z. Jin, Nat. Prod. Rep., 2009, 26,
363; (f) Z. Jin, Nat. Prod. Rep., 2011, 28, 1126.

2 J. L. Hartwell, Lloydia, 1967, 30, 379.

3 O. Hoshino, The Amaryllidaceae Alkaloids. In The Alkaloids, ed.
G. A. Cordell, Academic Press, London, 1998, 51, 323.

4 G. R. Pettit, V. Gaddamidi, G. M. Cragg, D. L. Herald and Y. Sagawa,
J. Chem. Soc., Chem. Commun., 1984, 1693.

5 S. Ghosal, S. Singh, Y. Kumar and R. S. Srivastava, Phytochemistry,
1989, 28, 611.

6 (a) G. R. Pettit, V. Gaddamidi, D. L. Herald, S. B. Singh, G. M. Cragg,
J. M. Schmidt, F. E. Boettner, M. Williams and Y. Sagawa, J. Nat. Prod.,
1986, 49, 995; (b) G. R. Pettit, G. R. Pettit III, R. A. Backhaus,
M. R. Boyd and A. W. Meerow, J. Nat. Prod., 1993, 56, 1682.

7 B. Gabrielsen, T. P. Monath, J. W. Huggins, D. F. Kefauver, G. R. Pettit,
G. Groszek, M. Hollingshead, J. J. Kirsi, W. M. Shannon, E. M. Shubert,
J. Dare, B. Ugarkar, M. A. Ussery and M. J. Phelan, J. Nat. Prod., 1992,
55, 1569.

8 For reviews, see: (@) R. Polt, in Organic Synthesis: Theory and Appli-
cations, ed. T. Hudlicky, JAI Press, Greenwhich, CT, 1997, 3, 109;
(b) U. Rinner and T. Hudlicky, Synlett, 2005, 365; (c) Y. Chapleur,
F. Chrétien, S. I. Ahmed and M. Khaldi, Curr. Org. Synth., 2006, 3, 341.

3944 | Org. Biomol. Chem., 2012, 10, 3937-3945

This journal is © The Royal Society of Chemistry 2012


http://dx.doi.org/10.1039/c2ob25334h

Downloaded by Beijing University on 16 June 2012
Published on 19 March 2012 on http://pubs.rsc.org | doi:10.1039/C20B25334H

View Online

9

10

11

12

16

17

For some recent examples, see: (a) J. Collins, M. Drouin, X. Sun,
U. Rinner and T. Hudlicky, Org. Lett., 2008, 10, 361; (b) J. H. Dam and
R. Madsen, Eur. J. Org. Chem., 2009, 4666; (c¢) M. Manpadi,
A. S. Kireev, I. V. Magedov, J. Altig, P. Tongwa, M. Y. Antipin,
A. Evidente, W. A. L. van Otterlo and A. Kornienko, J. Org. Chem.,
2009, 74, 7122; (d) V. de la Sovera, A. Bellomo and D. Gonzalez, Tetra-
hedron Lett., 2011, 52, 430; (e) Y.-G. Jung, H.-U. Kang, H.-K. Cho and
C.-G. Cho, Org. Lertt., 2011, 13, 5890; (f) O. Nieto-Garcia, H. Lago-
Santomé, F. Cagide-Fagin, J. C. Oritz-Lara and R. Alonso, Org. Biomol.
Chem., 2012, 10, 825.

J. L. Acefa, O. Arjona, M. L. Le6én and J. Plumet, Org. Lett., 2000, 2,
3683.

(@) M. D. Swift and A. Sutherland, Org. Lett., 2007, 9, 5239,
(b) M. D. Swift, A. Donaldson and A. Sutherland, 7etrahedron Lett.,
2009, 50, 3241; (¢) A. M. Zaed, M. D. Swift and A. Sutherland, Org.
Biomol. Chem., 2009, 7, 2678; (d) F. 1. McGonagle, L. Brown, A. Cooke
and A. Sutherland, Org. Biomol. Chem., 2010, 8, 3418; (¢) S. Ahmad,
L. H. Thomas and A. Sutherland, Org. Biomol. Chem., 2011, 9, 2801.

(a) A. G. Jamieson and A. Sutherland, Org. Biomol. Chem., 2005, 3,
735; (b) K. N. Fanning, A. G. Jamieson and A. Sutherland, Org. Biomol.
Chem., 2005, 3, 3749; (¢) A. G. Jamieson and A. Sutherland, Org.
Biomol. Chem., 2006, 4, 2932; (d) M. D. Swift and A. Sutherland, Org.
Biomol. Chem., 2006, 4, 3889; (e) A. G. Jamieson and A. Sutherland,
Tetrahedron, 2007, 63, 2123; (f) A. G. Jamieson and A. Sutherland, Org.
Lett., 2007, 9, 1609; (g) M. D. Swift and A. Sutherland, Zetrahedron
Lett., 2007, 48, 3771; (h) M. D. Swift and A. Sutherland, 7etrahedron,
2008, 64, 9521; (i) A. M. Zaed and A. Sutherland, Org. Biomol. Chem.,
2010, 8, 4394; (j) A. M. Zaed and A. Sutherland, Org. Biomol. Chem.,
2011, 9, 8030.

R. E. Ireland and D. W. Norbeck, J. Org. Chem., 1985, 50, 2198.

The Masamune-Roush conditions were used for the HWE step:
M. A. Blanchette, W. Choy, J. T. Davis, A. P. Essenfeld, S. Masamune,
W. R. Roush and T. Sakai, Tetrahedron Lett., 1984, 25, 2183.

C. E. Anderson, L. E. Overman and M. P. Watson, Org. Synth., 2005, 82,
134.

L. E. Overman and N. E. Carpenter, in Organic Reactions, ed.
L. E. Overman, Wiley, Hoboken, NJ, 2005, vol. 66, 1-107 and references
therein.

(a) P. Schwab, M. B. France, J. W. Ziller and R. H. Grubbs, Angew.
Chem., Int. Ed. Engl., 1995, 34, 2039; (b) P. Schwab, R. H. Grubbs and
J. W. Ziller, J. Am. Chem. Soc., 1996, 118, 100.

18

19

20

21

22
23

24
25

26

27

28
29

H. M. Fales, E. W. Warnhoff and W. C. Wildman, J. Am. Chem. Soc.,
1955, 77, 5885.

H. Yoshizaki, H. Satoh, Y. Sato, S. Nukui, M. Shibasaki and M. Mori,
J. Org. Chem., 1995, 60, 2016.

(a) M. Kurihara, S. Ito, N. Tsutsumi and N. Miyata, Tetrahedron Lett.,
1994, 35, 1577; (b) E. Elhalem, M. J. Comin and J. B. Rodriguez,
Eur. J. Org. Chem., 2006, 4473.

P. O’Brien, A. C. Childs, G. J. Ensor, C. L. Hill, J. P Kirby,
M. J. Dearden, S. J. Oxenford and C. M. Rosser, Org. Lett., 2003, 5,
4955.

H. B. Henbest and R. A. L. Wilson, J. Chem. Soc., 1957, 1958.

(a) S. R. Fletcher, R. Baker, M. S. Chambers, R. H. Herbert,
S. C. Hobbs, S. R. Thomas, H. M. Verrier, A. P. Watt and R. G. Ball,
J. Org. Chem., 1994, 59, 1771; (b) D. Ye, F. Fringuelli, O. Piermatti and
F. Pizzo, J. Org. Chem., 1997, 62, 3748; (c) K. C. V. Ramanaiah, N. Zhu,
C. Klein-Stevens and M. L. Trudell, Org. Lett., 1999, 1, 1439;
(d) K. Kamata, T. Hirano, S. Kuzuya and N. Mizuno, J. Am. Chem. Soc.,
2009, 131, 6997.

For full details on computational modelling, see ESIL.t.

(a) T. J. Donohoe, K. Blades, M. Helliwell, P. R. Moore and
J. J. G. Winter, J. Org. Chem., 1999, 64, 2980; (b) K. Blades,
T. J. Donohoe, J. J. G. Winter and G. Stemp, Tetrahedron Lett., 2000, 41,
4701; (¢) T. J. Donohoe, K. Blades, P. R. Moore, M. J. Waring,
J. J. G. Winter, M. Helliwell, N. J. Newcombe and G. Stemp, J. Org.
Chem., 2002, 67, 7946; (d) T. J. Donohoe, Synlett, 2002, 1223.

(a) T. J. Donohoe, L. Mitchell, M. J. Waring, M. Helliwell, A. Bell and
N. J. Newcombe, Tetrahedron Lett., 2001, 42, 8951; (b) T. J. Donohoe,
L. Mitchell, M. J. Waring, M. Helliwell, A. Bell and N. J. Newcombe,
Org. Biomol. Chem., 2003, 1, 2173.

Crystallographic data for (1R,25,4R,4aS,10bS)-1,2,3,4,4a,10b-hexahydro-
1,2,4-trihydroxy-8,9-methylenedioxy[4,5-j Jphenanthridin-6-one (4):
Ci14H5NOg, M = 293.27, orthorhombic, a = 6.5782(4), b = 8.7302(5),
¢ = 212398(12) A, ¥ = 1219.78(12) A%, T = 100 K, space group
P2,2,2,, Z =4, 16471 reflections measured, 1603 unique (R;,, = 0.064)
which were used in all calculations. The final R;(F) = 0.0372, wR»(F>) =
0.0857 (all data). The absolute configuration was not determined by this
analysis. The structure has been deposited with the Cambridge Crystallo-
graphic Data Centre, with code CCDC 865745.

J.-C. Wang and G. Just, J. Org. Chem., 1999, 64, 8090.

F. Matsuura, R. Peters, M. Anada, S. S. Harried, J. Hao and Y. Kishi,
J. Am. Chem. Soc., 2006, 128, 7463.

This journal is © The Royal Society of Chemistry 2012

Org. Biomol. Chem., 2012, 10, 3937-3945 | 3945


http://dx.doi.org/10.1039/c2ob25334h

