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The okaramines are a series of indole alkaloids isolated from Penicillium
simplicissimum fermented on okara, the residue from ground soybeans. The first total

synthesis of okaramines J and C, and studies towards the synthesis of okaramine A are

described.

Okaramines J and C were synthesised from derivatives of L-tryptophan. Alkylation of
a sterically hindered hexahydropyrroloindoline with an alkynyl bromide, follovx}ed by
hydrogenation gave a key N-reverse prenyl intermediate. A facile acid-catalysed N-
reverse prenyl to C-prenyl aza-Claisen rearrangement of this intermediate led to the
total synthesis of okaramine J. Alternative conditions were found that avoided this

rearrangement to enable the synthesis of okaramine C.

Two strategies have been explored for the formation of an 8-membered ring like that
present in okaramine A. Acid-catalysed cyclisation of an alkene onto an indole has
been investigated and the cyclisation achieved in low yield with AlCl5. A general route
to vinyl amides has been developed using ethanolamine as the alkene precursor. This
methodology has been used to prepare substrates for ring-closing metathesis, which has

been investigated as an alternative means of forming an 8-membered ring.
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1.0 INTRODUCTION

1.1 Okaramines

The objective of this project was to devise a total synthesis of okaramine alkaloids that was
also amenable to analogue preparation. The okaramines are a series of indole alkaloids
isolated from Penicillium simplicissimum and Aspergillus aculeatus fermented on okara
(Figure 1). Okara is the residue from ground soybeans used in the production of soymilk

and tofu. One of its many uses is as a medium for microbial fermentation'.

Figure 1. Examples of okaramine alkaloids.

o]
72
X N
H
Okaramine A Okaramine B Okaramine C Okaramine J

The first two compounds were isolated from Penicillium simplicissimum AK-40 by
Hayashi’s group in 1988 and were named okaramine A and B2, In subsequent years, many
new okaramines have been isolated using okara as a fermentation base. Okaramine C was
isolated from Penicillium simplicissimum AHU 8402°, okaramines D - G from Penicillium
simplicissimum ATCC 90288"°, okaramines H and I from Aspergillus aculeatus KF -428°

and okaramines J - R from Penicillium simplicissimum ATCC 90288 %,



1.2 Biosynthesis of the okaramines

The okaramines are derived from the diketopiperazine of two molecules of L-tryptophan
and the isoprene unit’. Although the precise sequence of events is not yet known, the

biosynthesis proceeds through a series of prenylations, structural reorganization and

oxidations (Figure 2).

Figure 2. Proposed biosynthetic pathway for okaramines.
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1.3 Insecticidal activity of okaramines

The insecticidal activity of the okaramines has been investigated by oral administration to

d - . . .
the 3™ instar larvae of silkworms®. The LDs, values for okaramines A-R are shown in

Table 1. Okaramines A, B, C, D, G and Q showed potent insecticidal activity against

silkworm larvae.



Table 1. Insecticidal Activity of Okaramines A-R*®

Okaramine LDsp ng/g of diet Okaramine LDso ug/g of diet

A 8 J >100
B 0.2 K >100
C 8 L >100
D 20 M >100
E >100 N >100
F >100 0 >100
G 40 P >100
H >100 Q 8

I >100 R >100

The effect of the 4-membered azetidine and 8-membered azocine rings on insecticidal
activity has been investigated for okaramine B’. Hydrogenation of okaramine B provided
degradation products with the azetidine ring opened and the azocine ring reduced to form
dihydro and tetrahydro derivatives. The ring-opened products showed no insecticidal
activity. Dihydrookaramine B had an LDsy of 6 pg/g of diet whereas the tetrahydro
derivative had an LDsy reduced to 80 pg/g of diet. This indicated that the azetidine ring
was the main requirement for insecticidal activity but the conformation of the azocine ring

was also important.

(U]



1.4 Austamide

Despite their unusual functionality and biological activity there were no reports of
synthetic efforts towards the okaramines at the start of this project. There are, however,

examples of the synthesis of natural products bearing some structural similarities.

Austamide (Figure 3) was first isolated by Steyn from Aspergillus ustus'®. This was shortly
followed by the isolation of four other related diketopiperazine metabolites''. One of these
metabolites (Figure 4), a biogenetic precursor to austamide, shares the indole, azocine and

diketopiperazine ring system with the okaramines.

Figure 3. Austamide. Figure 4. A. ustus metabolite.
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Hutchison and Kishi, in their synthesis of tetrahydroaustamide'? and dl-austamide'
prepared similar intermediates containing the indole and diketopiperazine rings joined by
an 8-membered azocine ring (Scheme 1). An indole containing a protected precursor to the
prenyl unit was formed by coupling o-iodoaniline with 3,3-dimethyl-5-benzyloxy-1-
pentyne in the presence of cuprous iodide and triethylamine. This was converted to a
gramine derivative, which was coupled with a protected prolylaminomalonate unit. The
diketopiperazine ring was formed by deprotection of the prolyl nitrogen followed by
heating. The prenyl alcohol was deprotected and converted to the mesylate. Cyclisation to

form the 8§-membered ring took place on treatment with NaH in benzene. The resultant

intermediate was then converted to tetrahydroaustamide.



Scheme 1. Synthesis of tetrahydroaustamide precursor “.

OBn

? Conditions: (a) LiAlHy, Et;O; (b) PhCH,Br, NaH, THF, 54%; (c) Cul, Et;N, DMF, 145 °C, 68%; (d)
NHMe,, formaldehyde, AcOH, MeOH, 81%; (e) NaOH powder, 59%; (f) hydrogenolysis, MeOH; (g)
xylene, reflux, 91%; (h) hydrogenolysis, 1:1 MeOH: AcOH; (i) MeSO,Cl, 85%; (j) NaH, PhH, 65%.

Recently, while undertaking this project, Baran and Corey published a synthesis of
austamide'?, This used tryptophan as a starting material and therefore provided a
stereoselective and much shorter route, not requiring the synthesis of the gramine
derivative. Again, this synthesis passed through an intermediate with the same
indoleazocine diketopiperazine ring system (Scheme 2). Tryptophan methyl ester was
prenylated by reductive alkylation with 3-methyl-2-butenal then coupled with a protected
proline derivative. This intermediate was treated with Pd(OAc), under O, to give the
desired 8-membered ring in modest yield. Deprotection and heating gave the
diketopiperazine in good yield. The synthesis of austamide was completed in a similar
fashion to the Kishi synthesis'®. The indole ring was converted to a 3-hydroxyindoline with

m-CPBA followed by formation of the spirocycle with NaOMe. Radical-initiated



hydroxylation of the proline subunit with benzoyl peroxide under O,, then dehydration

with MsCl gave (+)-austamide.

Scheme 2. Synthesis of austamide “.

FmocN—(iH
MeO,C
C H“" N O
N\
A /
XN
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¢ Conditions: (a) mol sieves, CH,Cl,, 3 h then NaBH,, MeOH, 0 °C, 30 _min; (b) CHyCly, 2 h, 98%; (c)
Pd(OAc),, AcOH/THF/H,0, O,, 36 h, 29%; (d) Et,NH, THF, 0 °C, 3 h then PhH reflux, 2 h, 95%; (e) m-
CPBA then NaOMe, MeOH, reflux, 45 min, 54%; (f) benzoy! peroxide, O,, THF, 55 °C then Me,S, 32%; (g)
MsCl, Et;N, CH,Cly, 2 h, 63%.



1.5 Brevianamide E and Deoxybrevianamide E

Brevianamide E (Figure 5) is a member of a group of natural products isolated by Birch
and Wright from Penicillium brevicompactumls. Deoxybrevianamide E (Figure 6) was first
isolated by Steyn from Aspergillus ustus''. Like the okaramines, these natural products are
diketopiperazines where one half is a reverse-prenylated tryptophan derivative.

Brevianamide E also shares the hexahydropyrroloindoline skeleton present in okaramines.

Figure 5. Brevianamide E Figure 6. Deoxybrevianamide E

=

Deoxybrevianamide E was first prepared by Ritchie and Saxton'. This synthesis began

Tz

with 3-(indol-2-yl)-3-methylbut-1-ene, which was prepared by the reaction of ethyl 4-
bromo-2,2-dimethylacetoacetate with aniline'’ (Scheme 3). Reduction of the resultant ester
with LiAlH4 gave the alcohol, which was oxidised to the aldehyde. A Wittig reaction then
gave the desired prenylated indole derivative. This was converted to a gramine derivative
via a Mannich reaction'®. This piece was coupled with a prolylaminomalonate.
Decarboxylation and deprotection followed by heating gave the desired diketopiperazine
aé, a mixture of diastereoisomers which were separated by preparative TLC to give

deoxybrevianamide E.



Scheme 3. Synthesis of deoxybrevianamide E °.
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? Conditions: (a) 150 °C, 4 h, 50%; (b) LiAlH,, Et,0, reflux, 2 h, 95%; (c) DMSO, pyridine, TFA,
dicyclohexylcarbodiimide, PhH, 16 h, 80%; (d) CH,PPh;, THF, reflux, 16 h, 60%; (e) NHMe,,
formaldehyde, AcOH, MeOH, 20 h, 84%; (f) dicyclohexylcarbodiimide, THF, 16 h, 76%,; (g) Na, EtOH, 30
min then dimethyl sulfate, reflux, 2 h, 42%; (h) NaOH, MeOH, 16 h; (i) H,O, reflux, 2 h; (j) SOCl,, EtOH,
16 h, 52%; (k) HBr, AcOH, 2 h; (I) EsN, toluene, reflux, 18 h, 20%.



Kametani’s group produced the first total synthesis of brevianamide E'%? (Scheme 4). A

2-reverse prenyl indole derivative was prepared using the method of Tomita®'

Scheme 4. Synthesis of brevianamide E .

NMGZ
¢ h A\ ==
N
H
CO,Me
0
D—\fH HN— 0,C
N H O —
Cbz Chz "N 5
0
0
NMe, g @ MeO,C
MeOZC\?/U\ h
N\ = * HN N - ~ N\ H
N A ~ N
H 5 N

¢ Conditions: (a) N-chlorosuccinimide, CH,Cl,, -30 °C; (b) indole, CH,Cl,, 1 h, 58%; (c) Zn, AcOH, 60 °C,
10 h, 61%; (d) NHMe,, formaldehyde, AcOH, MeOH, 20 h, 84%; (e) SOCl,, PhH, reflux, 2 h then 2-
aminodimethylmalonate, Et,0, 15 °C, 1.5 h, 69%; (f) H,, Pd/C, MeOH, 70 °C, 1 h; (g) 2-hydro$(ypyridine,
70 °C, 1 h, 93%; (h) NaH, DMF, 60 °C, 6 h, 74%; (i) MgCl,.6H,0, DMSO, 130 °C, 2.5 h, 59%; (j) rose
bengal, O, MeOH, hv, -8 to —10 °C, 3 h then Me;S, -10 °C, 16 h, 63%.



Prenyl ethyl sulfide was reacted with N-chlorosuccinimide and indole added to the
resulting intermediate. This gave the reverse prenylated indole in moderate yield. The
sulfide was removed with zinc and acetic acid then converted to a gramine derivative using
the method of Houghton and Saxton'®, This was coupled to a diketopiperazine unit
prepared from the coupling of a protected proline derivative with 2-
aminodimethylmalonate followed by deprotection then cyclisation by heating in 2-
hydoxypyridine. Decarboxylation with MgCl, in DMSO gave deoxybrevianamide E as
“well as its epimer in a ratio of 1.5:1. This was convérted to brevianamide E by photo-
oxygenation. Irradiation of a solution of deoxybrevianamide E in methanol in the presence
of rose bengal and oxygen followed by treatment with dimethyl sulfide gave brevianamide

E in a 2:1 mixture with its epimer.

Williams and co-workers synthesised a tritium labelled analogue of brevianamide E*. This
synthesis followed the Kametani route but used an alternate synthesis of the key prenylated
gramine derivative (Scheme 5). Reaction of prenyl bromide with acetonitrile and Zn(Ag)
gave 3,3-dimethylpent-4-en-2-one which was converted to the phenyl hydrazone. Reflux

with ZnCl, in diglyme gave the desired indole, which was converted to the gramine

derivative.

Scheme 5. Preparation of tritium labelled gramine derivative “.

H
Br N a- - 9 b N’N\Ph
AN
s
3
3 °H
H  NMe,
c N d
e S _———-—-————)» \
H .

N .
H

? Conditions: (a) Zn(Ag), MeCN, THF, 36 h, 63%; (b) PANHNH,, toluene, reflux, 30 min; (c) ZnCl,,
diglyme, reflux, 9 h, 45%; (d) H,O, formaldehyde, [3 H;}formaldehyde, Me,NH, AcOH, 18 h, 83%

The most recent synthesis of deoxybrevianamide E and brevianamide E was by

Danishefsky’s group™. A reverse prenyl group was introduced to phthaloyl protected

10



tryptophan methyl ester by nucleophilic attack of prenyl 9-BBN on a 3-chloroindolenine
derivative (Scheme 6). After removal of the phthaloyl protecting group with hydrazine, the
tryptophan unit was coupled with Boc-protected proline. Removal of the Boc group
followed by treatment with ammonia gave deoxybrevianamide E. Reaction with

dimethyldioxirane gave brevianamide E as a 1:5 mixture with its epimer.

Scheme 6. Synthesis of brevianamide E .

0 0]
OMe O\_oMe OMe
a b
NPhth 5 Cl NPhth _ NPhth
N\ 7NN
|
7 2 J—
N N
H N H
L _d
@] &
OMe MeQ 0 %y,
c d
—_— NH, _— NH <
A\ = } AN O
N — X —
H N
0]
0] 0

Wl % OH H OH H
e f /\?K[LN z N
\ 0 ’ /_—NTKLQ + N

H : 0]

¢ Conditions: (a) tert-butyl hypochlorite, Et;N, THF, -78 °C, 30min; (b) prenyl 9-BBN, -78 °C to rt over 6 h,
95%; (c) NH,NH,, EtOH, 3 d, 65%; (d) Boc-L-proline, BOP-CI, CH,Cl,, -78 to 0 °C over 1 h; (¢) TFA,
CH,Cls, 2 h then NH;, MeOH, reflux, 12 h, 52%; () dimethyldioxirane, acetone, CH,Cl,, -78 to 0 °C, 1 h,
"76%.
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1.6 Okaramine N

Baran, Guerrero and Corey’s total synthesis of okaramine N** (Scheme 7) was published

very recently, almost simultaneously with our own total synthésis of okaramine J (Chapter

2).

Scheme 7. Synthesis of okaramine N “.

H, CO,Me H, CO,Me H,/' COzMe H//}COzH
NHBoc a NHBoc b c, d § NHBoc&f NHFmoc
N

N

e
—

L
N

N
N
H

“ Conditions: (a) NaBH;CN, AcOH, 0 °C, 12 h, 60%; (b) 2-acetoxy-2-methyl-3-butyne, CuCl, Pr,NEt, THF,
8 h, 93%; (c) DDQ, CH,Cl,, 0 °C, 20 min; (d) H,, Pd/C, quinoline, MeOH, 3 h, §7%,; (e) SOCl,, MeOH, 50
°C, 2 h; (f) LiOH, THF, H,0, 0 °C, 2 h, then FmocCl, CH,Cl,, 10% aq. Na,COs, 10 min, 81%; (g) 2-methyl-
3-butenal, mol. sieves, CH,Cl,, 3 h; (h) NaBH,, MeOH, 30 min; (i) BOP-C], iPerEt, CH,Cl,, 0 °C, 3 h,
70%; (j) Pd(OAc),, O, dioxane, AcOH, H,O, 16 h, 38%; (k) Et,NH, THF, 6 h, 95%; (I) N-
methyltriazolinedione, CH,Cly, 0 °C, 10 min; (m) O,, methylene blue, MeOH, hv, -28 °C, 7.5 h then Me,S, -
28 to -10 °C over 3 h; (n) heat, 110 °C, 30 min, 36%.



Boc-protected tryptophan was reduced to the indoline then alkylated with 2-acetoxy-2-
methyl-3-butyne and CuCl. This piece was oxidised back up to the indole with DDQ and
the Boc protecting group exchanged for Fmoc. This unit was then coupled to an N-prenyl
tryptophan derivative prepared by reductive alkylation of tryptophan methyl ester with 2-
methyl-3-butenal. The 8-membered ring was formed using Pd(OAc),, then treatment with -
base gave the diketopiperazine. The unsubstituted indole was selectively protected with V-
methyltriazolinedione via a thermally reversible ene reaction®. This enabled
photooxidation and cyclisation at the N-substituted indole to give the desired octacycle.

Finally, loss of N-methyltriazolinedione on heating gave okaramine N.
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2.0 TOTAL SYNTHESIS OF OKARAMINE J AND C

2.1 Retrosynthesis of okaramine C

The first synthetic target for this project was okaramine C'. This was chosen because it is
the simplest of this group of alkaloids with biological .activity. Retrosynthetic analysis
showed that disconnection through the diketopiperazine ring would divide the molecule
into two halves, both derived from L-tryptophan (Figure 1). The half containing the
hexahydropyrroloindoline substructure could be formed by cyclisation of tryptophan
followed by alkylation of the indole nitrogen. The second half requires introduction of a

reverse prenyl group at the C-2 position of the indole ring.

Figure 1. Retrosynthesis of okaramine C.
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2.2 Preparation of reverse prenyl tryptophan

For the preparation of reverse prenyl tryptophan 1.4 we adopted the method employed by
Danishefsky in his synthesis of gypsetin® and brevianamide E> (Scheme 1). Of the various

methods available for the synthesis of reverse prenylated indoles mentioned in the previous
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chapter, this is the shortest and highest yielding, and provides enantiomercially pure

material.

Scheme 1. Synthesis of reverse prenyl tryptophan derivative “.
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? Conditions: (&) phthalic anhydride, Et;N, toluene, reflux, 7 h, 82%; (b) ‘BuOC!, E;N, THF, -78 °C, 30 min;
(c) prenyl 9-BBN, {M in THF, -78 to 0 °C over 5 h, 85%; (d) hydrazine, EtOH, 3 d, 50%.

This synthesis first required protection of tryptophan as the phthalate 1.2. The method of
protection was not described in detail in the Danishefsky paper, and a modified procedure
whereby an amino acid is reacted with N-carbethoxyphthalimide in water was referred to.
This reaction was carried out according to the procedure given in the literature’. However,
in our hands the reaction failed to give the desired product. The major product was a white
solid, which was insoluble in most solvents. An alternative method was attempted using V-
carbethoxyphthalimide with THF as the solvent and addition of catalytic DMAP’. Again,

the only isolable product was a white solid, which was recrystallised from hot methanol.

The failure of this method was attributed to the precipitation of an intermediate before
complete reaction had occurred. Nucleophilic attack of tryptophan would cause ring
opening of the phthalimide to give an intermediate with a large number of amide bonds
(Figure 2). It is likely that this intermediate would be highly insoluble resulting in its

precipitation before ring closure and elimination of ethyl carbamate could take place.
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Figure 2. Probable outcome of the reaction of L-tryptophan methyl ester with N-

carbethoxyphthalimide.
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As the use of N-carbethoxyphthalimide to afford protected tryptophan methyl! ester was

unsuccessful, an alternative route was sought. Reaction of tryptophan methyl ester with
phthalic anhydride in the presence of triethylamine in toluene® gave the desired phthalate
in 82% yield. Refluxing of the material from the previous failed reactions in acetonitrile
gave the same product as obtained by the phthalic anhydride reaction. This would indicate

that this material was indeed an insoluble intermediate.

With the phthalate in hand, prenyl 9-BBN’ and zers-butyl hypochlorite® were prepared and
reacted with 1.2 to give prenylated tryptophan 1.3 in 85% yield. A proposed mechanism
for the addition of prenyl 9-BBN to a chloroindolenine to give a reverse prenylated indole

is shown in Figure 3.
Figure 3. Proposed mechanism for the formation of a reverse prenylated indole.
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Removal of the phthaloyl protecting group was accomplished with hydrazine to give

tryptophan derivative 1.4 in 50% yield, thus completing the synthesis of one half of the

okaramine C diketopiperazine.
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Alkylation of C=N compounds with allylindium species have been reportedg‘lo.
Introduction of a reverse prenyl group using prenylindium bromide was attempted as an
alternative to using prenyl 9-BBN. The reaction was tried with N-phthaloyl tryptophan
methyl ester 1.2 and the chloroindolenine intermediate from the reaction of 1.2 with fert-
butylhypochlorite. Neither method showed any reaction. This was due partly to the

unreactivity of the indole moiety and also the difficulty in forming prenylindium bromide.

2.3 Preparation of hexahydropyrroloindoline core

Initially, attempts were made to form the hexahydropyrroloindoline ring system by
epoxidising the indole ring followed by intramolecular cyclisation. Oxidations with meta-
chloroperbenzoic acid were attempted on tryptophan and tryptophan methyl ester without
success. Sharpless asymmetric epoxidation of tryptophol to form 3a-hydroxyfuroindoline
has been reported''. This reaction was carried out on tryptophan methyl ester and Fmoc-
tryptophan to see if the epoxidation would work on a tryptophan substrate to give the
desired pyrroloindoline ring system. However, although the reactions showed some change

by TLC, only starting material was isolated on work up.

A route to the hexahydropyrroloindoline substructure has been developed by Danishefsky
and Kamenecka as part of their synthesis of himastatin'>. Anthracenyl sulfonamide
protected tryptophan ferz-butyl ester is cyclised using N-bromosuccinimide (NBS) to form
a dihydropyrroloindole. This is oxidized using dimethyldioxirane (DMDOQ) in acetone
followed by reduction of the intermediate imine to give the hexahydropyrroloindoline
(Scheme 2). This route has the added advantage that the hexahydropyrroloindoline can be

prepared with the desired stereochemistry through the careful choice of protecting groups.
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Scheme 2. Preparation of a pyrroloindoline “.
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“Conditions: (a) NBS, Et;N, CH,Cly, 0 °C to RT, 30 min; (b) DMDO solution in acetone, CH,Cl,, -78 °C, 10
min; (¢) NaBH,, MeOH, 0 °C to RT, 4 h, 75% (3 steps).

Since anthracene sulfonyl chloride was not commercially available, the synthesis was
attempted with 2,4-dinitrobenzenesulfonamide as the protecting group. The sulfonamide
was prepared from tryptophan fert-butyl ester in 76% vyield. A solution of DMDO in
acetone was prepared”’ and the oxidation attempted. The reaction was tried on a small
scale (100 mg) and only starting material was obtained. Reaction on a larger scale (1 g)
gave a complex mixture of products as well as starting material. It was decided to abandon

this protecting group and make the anthracenyl sulfonamide protected tryptophan 1.9

(Scheme 3).

Trimethylsilylchlorosulfonate was reacted with dioxane to give a dioxane-SO; complex
and TMS-CI, which was removed by distillation. The dioxane-SO; complex was reacted
with anthracene to give the sulfate, which was isolated as the tetrabutylammonium salt
1.7"*. The sulfonyl chloride 1.8 was prepared in 94% yield from the reaction of 1.7 with
POCI;". This was reacted with L-tryptophan rert-butyl ester to give 1.9 in 64% - 68% yield

after column chromatography. A small amount of less pure material was also obtained.

19



Scheme 3. Preparation of anthracenyl sulfonamide protected tryptophan “.
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? Conditions: (a) TMSOSO,CI, 5 min; (b) anthracene, 2 h; (c) BuyNHSO;, NaOH, H,0, 50%; (d) POCL,
sulfolane, CH;CN, 10 min, 94%,; (&) L-Trp-O'Bu, pyridine, CH,Cl,, 5 h, 78%.

The pyrroloindoline was made by reaction of 1.9 with N-bromosuccinimide to form
dihydropyrroloindole 1.10 followed by oxidation with DMDO, then reduction with NaBH4
(Scheme 4). Stereochemical assignment of hexahydropyrroloindoline 1.12 was made based
on correlation of the 'H NMR data with that reported by Kamenecka and Danishefsky'” for

its enantiomer.

Scheme 4.Preparation of hexahydropyrrolindole “
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? Conditions: (a) NBS, Et;N, CH,Cl,, 0 °C, 30 min, 83%; (b) DMDO solution in acetone, CH,Cly, -78 °C, 10
min; {¢) NaBHa, MeOH, 0 °C to RT over 4 h, 71% .
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Formation of the dihydropyrroloindole 1.10 was achieved by reacting the tryptophan
sulfonamide 1.9 with NBS then adding triethylamine. This reaction did not proceed in the
expected manner'”. Initial attempts at this reaction gave two products as well as unreacted
starting material. The major product was a yellow solid. The minor product, an orange
solid, was shown to be the desired material by MS and NMR. When the undesired product
was investigated further, MS showed peaks at 577 and 579 in a 1:1 ratio indicating
incorporation of bromine. '"H NMR showed only three protons in the aromatic region in
addition to those due to the anthracene system, showing that bromination of 1.10 had
occurred in the indole ring. However, due to overlap of these signals between 7.00 and

7.35 ppm, it was impossible to determine the exact position of the bromine atom.

Many attempts were made to improve the overall yield and selectivity of the NBS reaction.
NBS was recrystallised before use but this did not make a significant difference. The time
of addition of triethylamine and NBS, the number of equivalents of NBS added and the
length of reaction time were investigated. It was found that a longer reaction time did not
improve the yield. Use of more than 1 equivalent of NBS consumed more starting material
but did not improve selectivity. The time of addition of triethylamine did not make a
significant difference when an excess of NBS was used. A large excess of triethylamine
did not give better results. The reaction was tried using solvents that had been degassed
with Ar before use and 1 equivalent of NBS. This gave fewer products but a low yield. The
best yield (88%) and purity was obtained using degassed solvents with 1.3 equivalents of
NBS. Unfortunately, when these conditions were tried on a larger (1 g) scale the results

were not as good as the small scale reactions, although better than previous attempts.

At this stage Professor Samuel Danishefsky and Dr. Ted Kamenecka were consulted, who
gave helpful suggestions. The key to the NBS reaction was to carry it out in the dark.
Under these conditions the desired dihydropyrroloindole 1.10 was obtained in good yield

on multigram scale without significant amounts of the brominated by-product.

As solutions of DMDO in acetone had been cumbersome to prepare, it was thought that an

in situ method of forming a dioxirane might be easier to carry out. A method of generating
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a dioxirane in situ using trifluoroacetone, oxone and NaHCOj5 in a mixture of acetonitrile
and EDTA.Na, solution was attempted on 1.10'°. The oxidation appeared to proceed
cleanly by TLC. However, when the reduction step was carried out TLC showed a

complex mixture of products.

It was considered that the reaction might have had too much water present. The reduction
was repeated using distilled MeOH. A large amount of starting material remained after 4
houré. A further excess of NaBH4 was added and the reaction left overnight. There was
still starting material present. After work up and purification a yellow solid was obtained in
12% yield. MS and NMR appeared to be consistent with the desired product, although

impurities were still present.

The oxidation step was repeated and rather than continuing with the reduction, the
intermediate was purified by column chromatography to give a 15% yield of clean product
as well as a further 32% of less pure material. This was characterised by MS and 'H NMR
and was found to be consistent with the imine intermediate 1.11. Although TLC had shown
this reaction to be complete the yield was poor. This indicated it was the oxidation
conditions rather than the reduction conditions that were low yielding. The in situ
dioxirane oxidation uses a large excess of trifluoroacetone and, therefore, dioxirane. It was

considered that this might have been the cause of the low yields.

A solution of DMDO in acetone was prepared and the concentration estimated by
oxidation of thioanisole to phenyl methyl sulfoxide then 'H NMR of the products”. Dr.
Kamenecka recommended the use of ‘aged” DMDO that had been stored over molecular
sieves for at least 1 week. The oxidation of 1.10 was repeated using 1.1 equivalents of

DMDO followed by reduction with NaBH,. This gave the desired product in 75% yield.
An alternative method of in situ dioxirane formation was attempted. This used 0.05

equivalents of tetrahydothiopyran-4-one as a source of dioxirane instead of a large excess

of trifluoroacetone'®. After reduction with NaBH, the desired product was obtained in 48%
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yield. This was an improvement on the trifluoroacetone method but still not as good as

using preformed DMDO in acetone.

2.4 Reverse prenylation of hexahydropyrroloindoline

Having made the hexahydropyrroloindoline core 1.12 it was now necessary to find a
method to incorporate an N-reverse prenyl group. Initially, it was thought that the free
hydroxyl group of 1.12 should be protected. Several attempts were made to attach a silyl
protecting group without success and only starting material was obtained in significant
yield. Since this hydroxyl seemed to be quite hindered it was decided to attempt the

prenylation without protection.

Introduction of an N-reverse prenyl group to indoline has been reported by CuCl catalysed
addition of 2-methyl-3-butynyl-2-acetate followed by reduction with Lindlar’s catalyst'.
The acetate was prepared and the reaction carried out on 1.12. However, only starting

material was obtained on all attempts.

During other work in the group on the introduction of a prenyl unit at the C-3 position of
indole using zinc triflate and prenyl bromide, the N-prenyl derivative had been observed as
a by-product.?® This method was explored to introduce a reverse prenyl group to indoline
as a model for 1.12. As indoline does not possess the double bond present in indole,
alkylation at the 2 or 3 position is not possible. The reaction with 2-methyl-3-butynyl-2-
acetate was investigated, however only starting material was observed. When 2-methyl-3-
butynyl-2-bromide®’ was used, a small amount of a new product was obtained. NMR
showed this was not the desired product. MS showed the product contained bromine so
could be consistent with addition of indoline across the triple bond. When these reaction
conditions were investigated further by varying solvents and bases, no significant yield of

the desired alkylated product was obtained.

As zinc triflate was giving unsatisfactory results, the reaction was repeated with 2-methyl-

3-butynyl-2-bromide returning to CuCl as the catalyst*>. This gave propargyl indoline 1.14



in 55% vyield (Scheme 5). Varying the equivalents of reagents, as well as heating the
reaction at reflux and in a microwave reactor was investigated but the yield could not be
improved beyond a moderate 65%. These optimised conditions used 10 mol % of catalyst
with a slight excess of the bromide and 'ProNEt for 3 hours at RT. The reverse prenylated

indoline 1.15 was obtained from 1.14 in 95% yield by reduction with Lindlar’s catalyst}g.

Scheme 5. Preparation of N-reverse prenyl indoline “
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“ Conditions: (a) HC=CC(CH;),Br, CuCl, 'Pr,NEt, THF, 3 h, 65%; (b) H, (1 atm), Lindlar’s catalyst, EtOAc,
3 h, 95%.

The reaction of 2-methyl-3-butynyl-2-bromide and CuCl with hexahydropyrroloindoline
1.12 was investigated (Scheme 6). This gave a mixture of the desired product 1.16 (37%),
starting material (44%) and a small amount of a dialkylated product (4%). Heating the
reaction in a microwave reactor was explored. At lower temperatures and times, the yields
were less than at room temperature but higher temperatures and times led to decomposition
of starting materials. The reaction was carried out on a larger scale (1 g) and gave a similar
ratio of products. Although the yield was less than desirable, starting material could easily

be recycled to give sufficient product for the continuation of the synthesis.

Scheme 6. Alkylation and attempted hydrogenation of hexahydropyrroloindoline “.
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@ Conditions: (a) HC=CC(CH;),Br, CuCl, Pr,NEt, THF, 16 h, 55%.
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The hydrogenation of the triple bond to form 1.17 was attempted using Lindlar’s catalyst.
Although the reaction worked well with model 1.14, only starting material was recovered
when the reaction was attempted on 1.16, even after several days under H,. It was
considered that the alkyne might be too hindered, requiring harsher conditions for the
reduction. This reaction was repeated at a higher pressure (50 psi), however only starting
material was observed by NMR. Use of a more active catalyst, Pd/Al,O3, gave a mixture of
two products after 24 h at 50 psi, corresponding to the over-reduced alkane 1.18 and

hexahydropyrroloindoline 1.12 (Scheme 7).

Scheme 7. Over-reduction of alkyne “

¢ Conditions: (a) Pd/Al,05, H, (50 psi), EtOH, 24 h, >99%.

The reaction was repeated under atmospheric pressure and with a greatly decreased

reaction time of 10 min (Scheme 8). This time only the desired alkene 1.17 was obtained.

Scheme 8. Reduction of alkyne to alkene “.

“ Conditions: (a) Pd/Al,O5, H, (1 atm), EtOAc, 10 min, >99%.

When this reaction was repeated on a larger scale under the same conditions, 'H NMR
showed a mixture of product and starting material in approximately 2:1 ratio. These
compounds were very close by TLC and inseparable by column chromatography. On

further investigation, it was found that increasing the amount of catalyst from 10 wt % to
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20 wt % with a reaction time of 1.5 h reliably gave the desired product in quantitative yield

without the need for chromatography.

2.5 Formation of the diketopiperazine ring

With the two halves of the okaramine skeleton in hand, it was necessary to find a method
of joining them together to form a diketopiperazine. Initial studies were conducted on the

unprenylated hexahydropyrroloindoline 1.12 (Scheme 9).

Scheme 9. Attempted preparation of diketopiperazine ring “,

0

? Conditions: (a) TMSOTT, 2,6-lutidine, CH,Cl,, 24 h; (b) PyBOP, NEt;, THF, 0 °C, 24 h, 79%; (c) Al(Hg),
THF/H:0, 5 h, 86%.

The tert-butyl ester of 1.12 was removed using trimethlysilyl triflate (TMSOTY) buffered
with 2,6-lutidine® to give a mixture of products where the alcohol was either free or TMS

protected. This was used without further purification in a coupling step with 1.4, which
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gave amide 1.20 in 79% yield over the two steps. It was hoped that the diketopiperazine
would form spontaneously on deprotection of the anthracene sulfonamide. However, when
1.20 was treated with an aluminium/mercury amalgam®’, the deprotected but uncyclised
product 1.21 was obtained in 89% yield. Refluxing of 1.21 with 'Pr,NEt or DBU did not
induce diketopiperazine cyclisation. The reaction was also carried out in a microwave
reactor at various temperatures but only starting material was observed and this route was
abandoned. The cyclisation was attempted on methyl ester 1.21 using TMSI?®. This gave a

complex mixture of products, which did not include the desired diketopiperazine.

As it was not possible to form the diketopiperazine ring with the methyl ester in place, it
was hydrolysed to the acid 1.23 with KOH. This would enable the use of various peptide
coupling reagents to effect the cyclisation. Intramolecular coupling was attempted using
PyBOP and Et;N. After 24 h a single product was obtained in moderate yield. However,
NMR showed this to be a mixture of diketopiperazine 1.22 and tricyclohexylphosphine
oxide. No starting material could be recovered. The coupling was repeated using a water-
soluble carbodiimide (EDAC) and HOBt to avoid formation of inseparable by-products
(Scheme 10). After 2 days the reaction was worked up and after purification by column

chromatography the diketopiperazine 1.22 was obtained in 33% yield.

Scheme 10. Preparation of diketopiperazine ring .
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“ Conditions: (a) 10% KOH in MeOH, 1,4-dioxane, 16 h; (b) EDAC, HOBt, EtsN, THF, 48 h, 33% (2 steps).
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2.6 Attempted preparation of okaramine C

Having found a method for forming a diketopiperazine ring with unalkylated
hexahydropyrroloindoline 1.12, the route was attempted with MN-reverse prenyl

hexahydropyrroloindoline 1.17 (Scheme 11).

Scheme 11. Attempted synthesis of okaramine C *.
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@ Conditions: (a) TMSOTF, 2,6-lutidine, THF, 24 h; (b) PyBOP, Et;N, THF, 0 °C, 4 h, 27%; (c) Al/Hg,
THF/H,0, 16 h, 70%; (d) 10% KOH in MeOH, 1,4-dioxane, 16 h; (e) PyBrop, Et;N, THF, 2 d, 35% (2

steps).

The tert-butyl ester was deprotected with TMSOTT and acid 1.24 coupled to tryptophan
derivative 1.4 in a surprisingly low 27% yield compared to 79% for the unalkylated case.

The anthracenyl sulfonamide and methyl ester protecting groups were removed and the
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diketopiperazine ring formed in 35% yield with PyBrop. This was comparable to the 33%

yield obtained previously with EDAC and HOBt.

Comparison of the 'H NMR spectra of the isolated compound with that reported for
okaramine C' showed this was not the desired product, despite having the same mass.
However, the NMR data did correspond exactly to those reported for okaramine J 1.27°°.
This compound had resulted from an aza-Claisen rearrangement of the N-reverse prenyl
group onto the aromatic ring. Further study of the NMR data for the intermediates showed
this transfer had occurred during the zerz-butyl ester deprotection. In all 'H NMR spectra
after this step a signal at approximately 5.3 ppm (CH,CH=C(CHj3),) and two signals at
approximately 3.2 ppm (CH,CH=C(CHjs);) were present. The absence of the aromatic
proton on the indole ring was difficult to see due to the large amount of signals in the
aromatic region. Rearrangement at this step meant an alternative deprotection strategy
would be required to make okaramine C. However, the first total synthesis of okaramine J

has been achieved as a result of this “undesired” rearrangement.

2.7 Aza-Claisen rearrangements of aromatic allylamines

The aza-Claisen rearrangement of aromatic allylamines is precedented in the literature,
although not under as mild conditions as those used for the synthesis of okaramine J.
Carnahan and Hurd first studied this rearrangement, subjecting N-allylaniline to
pyrolysis”. This attempt was unsuccessful, however, a later study into this rearrangement
by Hurd and Jenkins gave o-allylaniline in 42% yield by refluxing N-allylaniline in xylene
and zinc chloride®®. Most recent examples™? of aromatic aza-Claisen rearrangements
have used either protic or Lewis acid catalysis or quaternary anilinium substrates and

reactions are conducted at temperatures greater than 100 °C.
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2.8 Total synthesis of okaramine J

Since the aza-Claisen rearrangement and deprotection of N-reverse prenyl
hexahydropyrroloindoline 1.17 with TMSOTT had proceeded in low yield, an alternative

method was sought to improve the synthesis of okaramine J (Scheme 12).

Scheme 12. Preparation of okaramine J “.

“ Conditions: (a) TFA, CHyCly, 16 h, 84%; (b) TMSOTT, 2,6-lutidine, CH,Cl,, 16 h, 75%; (c) PyBOP, Et;N,
THF, 0 °C, 5 h, 82%; (d) AVHg, THF/H;0, 16 h, 73%; (e) 10% KOH in MeOH, 1,4-dioxane, 16 h; (f)
HBTU, 'ProNEt, CH,Cly, 7 d, 49%.



As both the rearrangement and the deprotection step are acid catalysed, it was hoped that
both could be achieved in the same step. Hexahydropyrroloindoline 1.17 was heated in a
microwave reactor for 30 min at 60 °C with 5 equivalents of TFA in CH,Cl,. NMR spectra
of the crude material showed the rearrangement had occurred without the removal of the
ester. The reaction was repeated at 100 °C, however, at this temperature the material
started to decompose. Reaction of 1.17 with TFA at room temperature gave the rearranged
product 1.28 in 84% yield without ester deprotection. This material was treated with
TMSOTTf to remove the ester and coupled with 1.4 to give diketopiperazine precursor 1.25
in 82% yield compared to 27% for the previous attempt. Following removal of the
anthracenyl sulfonamide and methyl ester, the final diketopiperazine formation was

achieved using HBTU to give okaramine J in 49% yield.

2.9 Total synthesis of okaramine C

Having completed the synthesis of okaramine J, it was time to return to the original target
of okaramine C. This required finding an alternative method for removal of the zerz-butyl
ester without the undesired rearrangement occurring. Various methods were investigated
for the deprotection of the ferz-butyl ester 1.17 under non-acidic conditions. Base
hydrolysis of the ester was attempted with KOH in MeOH. At RT no reaction was
observed, however, addition of 18-crown-6 and heating to reflux in toluene®! led to
decomposition of starting material and product. Enzymatic removal of the ester with pig
liver esterase®® was attempted but no reaction was observed. Thermolysis® was also

attempted but resulted in decomposition.

Two alternative strategies were explored: removal of the ferf-butyl ester prior to the
hydrogenation step forming the reverse prenyl moiety and converting the zerz-butyl ester to

an ethyl ester which could be removed under basic conditions.
Alkyne 1.16 was deprotected with TMSOTf and submitted to the hydrogenation

conditions. Although this reaction was not very clean, a small amount of the alkene was

obtained. This material was coupled with 1.4 and submitted to the same conditions used to
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form okaramine J. This gave a mixture of okaramine C and another product. NMR and MS

showed this was a mixture of alkene and alkyne, which could not be separated by column

chromatography.

As the deprotection then hydrogenation strategy did not seem as simple as hoped, the
alternative change of protecting group was investigated. The fert-butyl ester was removed
as above then treated with TBAF as TLC showed a mixture of free and TMS protected
OH. Formation of the ethyl ester was attempted using EtOH, DCC and DMAP* as
strongly acidic ester formation conditions were unsuitable for this sensitive molecule.
Unfortunately the coupling did not proceed cleanly and only gave a low yield of the

desired product.

It was decided to attempt the hydrogenation of the free acid again on a larger scale. Alkyne
1.16 was treated with TMSOTT (Scheme 13). TLC showed a mixture of free and TMS
protected OH. The crude product was passed through a column of silica to remove
impurities at the solvent front and on the baseline. The mixture was then treated with
TBAF and purified by column chromatography to give acid 1.29 in 73% yield. This was

smoothly hydrogenated to give alkene 1.30 in quantitative yield.

Having successfully completed the synthesis of the hexahydropyrroloindoline half of
okaramine C, it could be coupled with reverse prenyl tryptophan derivative 1.4 prior to
deprotection and the final diketopiperazine formation. Initially the PyBOP coupling looked
like it had proceeded cleanly and quantitatively. However, NMR and MS showed the
material was heavily contaminated with the alkyl phosphine oxide by-product from the
PyBOP coupling. This was removed by passing the material through a pad of alumina in
EtOAc to give the clean product 1.31 in a more disappointing 50% yield. HBTU was used
to bring about the coupling in greater yield but only achieved 29%. Use of two equivalents
of amine 1.4 improved the yield to 57% with PyBOP and 62% with HBTU. The best result
in terms of yield and economy of starting materials was using EDAC and HOBt with a
slight excess of 1.4. This gave the desired product in 59% yield. Use of resin-bound EDAC

gave a comparable 61% yield.
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Scheme 13. Synthesis of okaramine C “.
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? Conditions: (a) TMSOTT, 2,6-lutidine, CH,Cl,, 16 h; (b) TBAF, THF, 1 h, 92%; (¢) H, (1 atm), Pd/ALOs,
EtOAc, 2 h, 99%; (d) EDAC, HOBt, Et;N, THF, 4 d, 59%,; (e) Al/Hg, THF/H,O, 7 h, 78%; (f) 10% KOH in
MeOH, 1,4-dioxane, 8 h; (g) HBTU, "Pr,NEt, CH,Cly, 24 h, 32%.

Finally, the anthracenyl sulfonamide protecting group was removed and the methyl ester
hydrolysed before diketopiperazine formation with HBTU. After purification by column
chromatography, 'H NMR showed a mixture of products with the same functional groups

as in okaramine C. These were separated by preparative TLC on alumina to give two

L2
(U]



compounds: okaramine C 1.33 and an unknown compound in a ratio of 1:1.3. MS showed
the unknown compound had the same mass as okaramine C. The 'H NMR spectrum was
consistent with okaramine C and dd signals at 6.50 and 6.13 ppm showed both reverse
prenyl groups were still present so the unknown compound could not be okaramine J. It
seemed most likely that racemisation had occurred during the coupling step to give epi-
okaramine C 1.34. The optical rotations of 1.33 and 1.34 (+3.0 and +112.5 respectively)

were significantly different as would be expected for two different diastereomers.

Two other coupling agents were investigated for the final coupling step in order to avoid
epimerisation. Coupling with PyBrop was attempted but this did not give a significant
yield of clean product. As work up and purification of the final step had proved difficult, a
resin bound carbodiimide was employed. After reacting for 48 h the resin was washed and
removed by filtration. The filtrate was concentrated, then purified by preparative TLC to

give okaramine C in 57% yield as a single isomer.

2.10 Summary

The first total synthesis of okaramine alkaloids J and C has been achieved. This has
involved the alkylation of a sterically hindered hexahydropyrroloindoline with an alkynyl
bromide, followed by hydrogenation to an alkene using Pd/Al,Oj5 catalyst. This N-reverse
prenyl hexahydropyrroloindoline was used in the synthesis of okaramine J as a result of a
facile acid-catalysed N-reverse prenyl to C-prenyl aza-Claisen rearrangement™. A similar
reaction was observed by Corey in his recently published synthesis of okaramine N,
Conditions have been found that avoid this rearrangement, enabling the total synthesis of
okaramine C. The final diketopiperazine cyclisation involved reaction of a highly hindered
and electronically deactivated amine with an activated ester. As this process was slow,
epimerisation occurred and okaramine C was obtained together with its diastereomer in
approxrimately equal quantity. When this cyclisation was repeated using a resin bound

coupling agent okaramine C was obtained as a single diastereomer.



2.11 Experimental

2.11.1 General Methods

All chemicals were obtained from commercial suppliers and used without further
purification except where stated. CH,Cl, and MeOH were distilled from CaH,. THF was
distilled over Na wire and benzophenone. TLC was carried out on precoated plates:
analytical (Merck; Kieselgel 60 Fys4, aluminium backed), spots visualised with UV light
and phosphomolybdic acid solution or KMnQy solution. Column chromatography was
performed with silica (Apollo Scientific; 40-63 micron) unless stated otherwise. Infrared
spectra (IR) were recorded on a Nicolet 400 FT-IR fitted with a Thunderdome HATR Ge
crystal or NaCl plates and absorptions labelled as strong (s), medium (m) or weak (w).
Mass spectra were recorded on a Navigator open access Electrospray (positive ionisation
unless stated otherwise). NMR spectra were recorded on a Bruker AC300 ('H, 300 MHz;
13 C, DEPT, 75MHz; solvent CDCls) unless stated otherwise where they were recorded on a
Bruker DPX400. Optical rotations were recorded on an Optical Activity POLAAR 2001.

Melting points are uncorrected.

2.11.2 N- Phthaloyltryptophan methyl ester 1.2

" A solution of L-tryptophan methyl ester (12.4 g, 57 mmol) and phthalic anhydride (9.3 g,
63 mmol) in EtsN (12 mL) and toluene (60 mL) was refluxed for 7 h. The solvent was
evaporated and the residual yellow oil dissolved in EtOAc (150 mL), washed with 5% HCI
(2 x 50 mL) and water (50 mL), dried over Na,SQ,, filtered and the solvent evaporated to
give a yellow foam. This was dissolved in EtOH, ice/water added and the mixture shaken.
The resultant solid was removed by filtration and recrystallised from EtOH/water to give
1.2 as a yellow solid (11.5 g, 58%): mp 62-64 °C (lit. 119-120 °C6); IR Vimax 3389w, 1740s,
1708s cm™; 'H NMR & 8.04 (1H, bs, NH), 7.75 (2H, dd, J = 5.5, 2.9 Hz, ArH), 7.66 (2H,
dd, /=5.5,2.9 Hz, ArH), 7.61 (1H, d, /= 7.7 Hz, ArH), 7.27 (1H, d, J = 6.3 Hz, ArH),
7.14 (1H, td, /= 7.9, 1.1 Hz, ArH), 7.06 (1H, td, /= 7.9, 1.1 Hz, ArH), 7.00 (1H, d, J =
2.2 Hz, ArH), 5.29 (1H, dd, /= 9.2, 6.6 Hz, CH), 3.81 (3H, s, CH3), 3.76 (2H, dd, J = 9.6,
6.6 Hz, CH,); °C NMR 8§ 169.9 (C), 167.8 (C), 136.2 (C), 134.2 (C), 131.8 (C), 127.3



(C), 123.6 (CH), 122.7 (CH), 122.2 (CH), 119.7 (CH), 118.6 (CH), 111.3 (CH), 111.2
(CH), 53.0 (CH), 52.7 (CHs), 24.9 (CHz); MS m/z 387 [M+K]",

2.11.3 3-[2-(1,1-Dimethylallyl)- IH-indol-3-yl]-2-(1, 3-dioxo-1, 3-dihydro-isoindol-2-yl)-
propionic acid methyl ester 1.3

To a solution of 1.2 (3.1 g, 8.9 mmol) in Et;N (1.49 mL, 10.7 mmol) and THF (40 mL) at —
78 °C was added ~-BuOCI® (1.27 mL, 10.7 mmol) and the solution stirred for 30 min.
Prenyl 9-BBN’ (1M in THF, 17.8 mL, 17.8 mmol) was added and the reaction allowed to
warm to RT over 5 h. The reaction was quenched with saturated aqueous Na,CO; (20 mL),
the layers separated and the aqueous layer extracted with EtOAc (2 x 20 mL). The organic
phases were combined, dried over Na,SOy, filtered and the solvent evaporated to give the
crude product as a brown oil. This was purified by column chromatography (150 g silica,
eluent 15% EtOAc in hexane). The relevant fractions were combined and the solvent
evaporated to give 1.3 as a yellow foam (3.16 g, 85%): '"H NMR § 7.95 (1H, bs, NH), 7.70
(2H, dd, J = 5.5, 3.3 Hz, ArH), 7.62 (2H, dd, /= 5.5, 3.3 Hz, ArH), 7.29 (1H, d, /= 8.5
Hz, ArH), 7.13 (1H, d, /= 8.1 Hz, ArH), 6.91 (1H, dd, J = 8.1, 6.1 Hz, ArH), 6.72 (1H,
dd, /= 8.5, 6.1 Hz, ArH), 6.21 (1H, dd, J = 17.4, 10.4 Hz, CH), 5.13-5.27 (3H, m, CHa,
CH), 3.88 (1H, dd, J = 15.1, 3.9 Hz, CH»), 3.79 (3H, s, CHj3), 3.69 (1H, dd, /= 15.1, 11.4
Hz, CH), 1.60 (6H, s, 2 x CHj3). The spectroscopic properties were consistent with that

reported in the literature (ref 3).

2.11.4 2-Amino-3-[2-(1, 1 ~-dimethyl-allyl)- IH-indol-3-yl]-propionic acid methyl ester 1.4

To a solution of 1.3 (4.0 g, 9.6 mmol) in EtOH (60 mL) was added hydrazine monohydrate
(1.4 mL, 28.8 mmol) and the solution was stirred for 3 d at RT. After this time a white
precipitate had formed. The mixture was diluted with water (100 mL) and extracted with
EtOAc (3 x 75 mL). The organic phases were combined, washed with water (75 mL) and
brine (75 mL), dried over MgSQy, filtered and the solvent evaporated to give the crude
product as a yellow oil. This was purified by column chromatography (200 g silica, eluent
30 - 70% EtOAc in hexane). The relevant fractions were combined and the solvent

evaporated to give 1.4 as a pale yellow viscous oil (1.72 g, 70%): '"H NMR & 8.01 (1H, bs,



NH), 7.58 (1H, d, J= 7.7 Hz, ArH), 7.30 (1H, d, J = 7.4 Hz, ArH), 7.15 (1H, dd, J = 7.4,
6.8 Hz, ArH), 7.10 (1H, dd, J = 7.7, 6.8 Hz, AtH), 6.17 (1H, dd, J= 17.6, 10.3 Hz, CH),
5.27-5.31 (2H, m, CHy), 3.91 (1H, dd, J = 9.6, 5.2 Hz, CH,), 3.70 3H, s, CHs), 3.36 (1H,
dd, J=14.3, 4.8 Hz, CH,), 3.09 (1H, dd, J = 14.7, 9.6 Hz, CH), 1.58 (6H, s, 2 x CHs). The

spectroscopic properties were consistent with that reported in the literature (ref 3).

2.11.5 Tetrabutylammonium anthracene-9-sulfonate 1.7

A solution of trimethylsilylchlorosulfonate (27 mL, 180 mmol) in dioxane (75 mL) was
stirred at RT for 5 min then TMS-Cl was removed by vacuum distillation. Anthracene
(27.4 g, 150 mmol) was added and the resultant yellow slurry stirred for 2 h. The reaction
mixture was filtered and the filtrate poured onto ice/water (200 mL) then treated with 50%
NaOH (40 mL) and tetrabutylammonium hydrogen sulfate (51 g, 150 mmol). The yellow
mixture was extracted with CH,Cl, (3 x 100 mL) and washed with water (100 mL), dried
over MgSOs,, filtered and the solvent evaporated to give a brown, viscous oil. This was
recrystallised from hot EtOAc to give 1.7 as a pale yellow solid (41.9 g, 56%): mp 168-170
°C; '"H NMR & 9.78 (2H, d, J = 9.2 Hz, ArH), 8.38 (1H, s, ArH), 7.89 (2H, d, J = 7.4 Hz,
ArH), 7.39 (4H, m, ArH), 2.81 (8H, dd, J = 8.5, 8.5 Hz CH,), 1.23 (8H, m, CHy), 1.02
(8H, quintet, J = 7.4 Hz, CH,), 0.75 (8H, t, /= 7.0 Hz, CHj3). The spectroscopic properties

were consistent with that reported in the literature (ref 14).

2.11.6 Anthracene-9-sulfonyl chloride 1.8

To a suspension of 1.7 (25 g, 50 mmol) in CH3;CN (40 mL) and sulfolane (24 mL, 250
mmol) at 0°C was added dropwise POCI; (19 mL, 200 mmél) and the resultant orange
solution stirred for 10 min. Water (200 mL) was added dropwise and the resultant orange
precipitate filtered and washed with water (100 mL) to give 1.8 as an orange solid (13.0 g,
99%): mp 131-133 °C; IR Vinae 1365s, 1165s ecm™; 'H NMR & 9.38 (2H, d, J = 9.2 Hz,
ArH), 8.82 (1H, s, ArH), 8.09 (2H, d, J = 8.5 Hz, ArH), 7.78 (2H, t, J = 6.6 Hz, ArH),
7.60 (2H, t, J= 7.4 Hz, ArH). C NMR § 139.0 (CH), 134.1 (C), 131.1 (C), 130.6 (CH),
129.9 (C), 129.8 (CH), 126.1 (CH), 124.5 (CH).



2.11.7 2-(Anthracene-9-sulfonylamino)-3-(1H-indol-3-yl)-propionic acid teri-butyl ester
1.9

To a solution of L-tryptophan fert-butyl ester (15.7 g, 60 mmol) in CH,Cl, (250 mL) and
pyridine (5.8 mL, 72 mmol) was added 1.8 (16.6 g, 60 mmol). The reaction mixture was
stirred for 5 h at RT then washed with water (2 x 250 mL). The aqueous phase was
washed with CH,Cl; (100 mL), the organic phases combined, dried over MgSO,, filtered
and the solvent evaporated. The resultant orange foam was purified by column
chromatography (400 g silica; eluent 1:1 - 3:1 Et;O:hexane). The relevant fractions were
combined and the solvent evaporated to give 1.9 as a yellow solid (23.3 g, 78%): mp 168-
170 °C; 'H NMR & 9.22 (2H, d, J = 9.2 Hz, ArH), 8.55 (1H, s, ArH), 7.95 (2H, d, /= 8.5
Hz, ArH), 7.73 (1H, bs, indole NH), 7.60 (2H, t, J = 7.7 Hz, ArH), 7.48 (2H, t, /= 7.0 Hz,
ArH), 7.21 (1H, d, /= 9.6 Hz, ArH), 7.16 (1H, d, /= 8.1 Hz, ArH), 7.06 (1H, dd, J = 9.6,
6.3 Hz, ArH), 6.88 (1H, dd, J = 8.1, 6.3 Hz, ArH), 6.77 (1H, d, J = 2.2 Hz, ArH), 5.72
(1H, d, J = 8.1 Hz, sulfonamide NH), 4.19 (1H, ddd, /= 6.6, 6.4, 5.9 Hz, CH), 3.09 (1H,
dd, /= 14.7, 5.9 Hz, CH,), 3.00 (1H, dd, J = 14.7, 6.6 Hz, CH_), 0.95 (9H, s, CHj3). The
spectroscopic properties were consistent with that reported for the enantiomer in the

literature (ref 12).

2.11.8 1-(Anthracene-9-sulfonyl)-1,2,3,8-tetrahydro-pyrrolo[2, 3-b]indole-2-carboxylic
acid tert-butyl ester 1.10

To a solution of 1.9 (5§ g, 10.0 mmol) in CH,Cl; (500 mL) at 0 °C in a foil covered flask
was added N-bromosuccinimide (1.8 g, 10 mmol) and triethylamine (4.2 mL, 30 mmol).
The reaction mixture was stirred for 30 min then concentrated under vacuum and the
resultant orange oil quickly purified by column chromatography (100 g silica; eluent 3:1 —
1:1 hexane:Et;O). The relevant fractions were combined and the solvent evaporated to give
1.10 as an orange solid (4.13 g, 83%): mp 144-146 °C; IR vpnax 3333w, 1744w, 1715w,
1616w cm™; '"H NMR & 9.41 (2H, d, J= 9.2 Hz, ArH), 8.78 (1H, s, ArH), 8.03 2H, d, J =
8.1 Hz, ArH), 7.65 (2H, t, /= 7.7 Hz, ArH), 7.52 (2H, t, /= 7.0 Hz, ArH), 7.46 (1H, m,



ArH), 7.38 (1H, m, ArH), 7.11 (2H, m, ArH), 5.05 (1H, dd, J = 9.9, 5.5 Hz, CH), 3.36
(1H, dd, J = 14.0, 9.9 Hz, CHy), 2.94 (1H, dd, J = 14.0, 5.5 Hz, CH,), 0.87 (9H, s, CHy);
BC NMR § 168.7 (C), 141.8 (C), 138.5 (C), 137.7 (CH), 131.9 (C), 131.4 (C), 129.5
(CH), 125.8 (CH), 125.5 (CH), 125.3 (CH), 123.8 (C), 120.8 (CH), 117.8 (CH), 112.1
(CH), 102.2 (C), 81.9 (C), 68.5 (CH), 29.7 (CHy), 27.3 (CHs); MS m/z 499 [M+H]".

2.11.9 I-(Anthracene-9-sulfonyl)-3a-hydroxy-1,2,3,3a,8,8a-hexahydro-pyrrolo[2,3-b]
indole-2-carboxylic acid tert-butyl ester 1.12

To a solution of 1.10 (3.5 g, 7.0 mmol) in CH,Cl; (40 mL) at —78 °C was added DMDO in
acetone (82 mkL, 7.7 mmol). The solution was stirred for 10 min then the solvent
evaporated. The resultant yellow foam was dissolved in MeOH (40 mL), cooled to 0 °C
and NaBH4 (794 mg, 21 mmol) added. The reaction was allowed to warm to RT over 4 h
then concentrated in vacuo. The residue was diluted with EtOAc (50 mL), washed with 1M
HCI (2 x 50 mL) then brine (50 mL), dried over MgSQy,, filtered and the solvent
evaporated. The resultant yellow solid was recrystallised from hot EtOH to give 1.12 as a
yellow solid (1.45 g). The filtrate was concentrated then purified by column
chromatography (50 g silica; eluent 1:3 — 1:1 — 3:1 Et;O:hexane). The relevant fractions
were combined and the solvent evaporated to give a further 1.11 g 1.12 (total mass 2.56 s,
71%): mp 191-193 °C; 'H NMR & 9.45 (2H, d, J = 9.6 Hz, ArH), 8.73 (1H, s, ArH), 8.08
(2H, d, /= 8.5 Hz, ArH), 7.70 (2H, t, /= 7.7 Hz, ArH), 7.55 (2H, t, J=7.0 Hz, ArH), 7.18
(2H, m, ArH), 6.72 (1H, t, /= 7.4 Hz, ArH), 6.58 (1H, d, J = 7.7 Hz, ArH), 5.06 (1H, s,
NH-CH-NR), 4.87 (1H, dd, J = 9.0, 1.5 Hz, CH), 2.77 (1H, dd, /= 12.9, 1.5 Hz, CHy),
2.61 (1H, dd, /= 12.9, 9.0 Hz, CHy), 0.94 (9H, s, CHj3). The spectroscopic properties were

consistent with that reported for the enantiomer in the literature (ref 12).

2.11.10 1-(1,1-Dimethyl-prop-2-ynyl)-2, 3-dihydro- IH-indole 1.14

To a solution of indoline (0.94 mL, 8.4 mmol), CuCl (83 mg, 0.8 mmol), and
diisopropylethylamine (1.74 mL, 10.0 mmol) in THF (50 mL) was added 2-methyl-3-
butynyl-2—bromide20 (1.14 mL, 10.0 mmol), followed by stirring for 3 h. The solvent was



then evaporated and the resultant brown residue dissolved in CH,Cl, (50 mL), washed with
saturated aq NH4Cl (20 mL), brine (20 mL), dried over Na;SQy, filtered and concentrated.
The residue was purified by column chromatography (75 g silica; eluent 2% - 5% Et,0 in
hexane). The relevant fractions were combined and the solvent evaporated to give 1.14 as a
brown oil (996 mg, 65%): IR Vmax 1602m, 1484s, cm™; '"H NMR § 7.22 (1H, d, J = 7.7 Hz,
ArCH), 7.08 (2H, m, ArCH), 6.73 (1H, t, J = 7.7 Hz, ArCH), 3.39 (2H, t, J = 8.1 Hz,
CH,), 2.92 (2H, t, J= 8.1 Hz, CH,), 2.40 (1H, s, =CH), 1.61 (6H, s, 2 x CH3); ’C NMR &
150.0 (C), 131.7 (C), 126.8 (CH), 124.4 (CH), 118.5 (CH), 111.8 (CH), 87.6 (C), 70.9
(CH), 51.1 (C), 49.5 (CHy), 28.2 (CH,), 27.1 (CH3); MS m/z 186 [M+H]". The
spectroscopic properties were consistent with the assigned structure of this known

compound (ref 18) although no data was reported.

2.11.11 1-(1,1-Dimethyl-allyl)-2, 3-dihydro- IH-indole 1.15

A solution of 1.14 (100 mg, 0.54 mmol) and Lindlar’s catalyst (5 mg) in EtOAc (5 mL)
under Hy (1 atm) was stirred for 3 h. The reaction mixture was filtered through a pad of
silica and the solvent evaporated. The resultant yellow oil was purified by column
chromatography (10 g silica; eluent hexane — 2% Et;0 in he;‘gane). The relevant fractions
were combined and the solvent evaporated to give 1.15 as a pale yellow oil (96 mg, 95%):
IR Viay 1607w, 1484m cm™; '"H NMR & 7.07 (1H, dd, J = 7.4, 1.1 Hz, ArCH), 6.97 (1H,
dd, /=7.4,7.0 Hz, ArCH), 6.81 (1H, d, /= 8.1 Hz, ArCH), 6.64 (1H, dd, /= 8.1, 7.0 Hz,
ArCH), 6.15 (1H, dd, J = 17.7,’ 10.7 Hz, CH,=CH), 5.24 (1H, dd, J = 17.7, 1.1 Hz,
CH,=CH), 5.14 (1H, dd, /= 10.7, 1.1 Hz, CH,=CH), 3.44 (2H, t, J = 8.1 Hz, CH,), 2.92
(2H, t, J= 8.1 Hz, CHy), 1.36 (6H, s, 2 x CH3); °C NMR 5 150.8 (C), 147.2 (CH), 131.6
- (€), 126.6 (CH), 124.3 (CH), 117.3 (CH), 112.2 (CHy), 111.3 (CH), 57.4 (C), 49.2 (CHy),
28.2 (CHy), 24.2 (CH;); MS m/z 188 [M+H]+. The spectroscopic properties were
consistent with the assigned structure of this known compound (ref 18) although no data

was reported.
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2.11.12 1-(Anthracene-9-sulfonyl)-8-(1, I-dimethyl-prop-2-ynyl)-3a-hydroxy-1,2,3,3a,8,8a-
hexahydro-pyrolo[2,3-b]indole-2-carboxylic acid tert-butyl ester 1.16
To a solution of 112 (600 mg, 1.16 mmol), CuCl (23 mg, 0.23 mmol),
diisopropylethylamine (242 pL, 1.39 mmol) in THF (25 mL) was added 2-methyl-3-butyn-
2-bromide (204 mg, 1.39 mmol). The reaction mixture was stirred for 16 h and the solvent
evaporated. The residue was dissolved in CH;Cl, (20 mL), washed with saturated aq
NH4Cl (2 x 20 mL) then brine (20 mL), dried over Na,SQ,, filtered and the solvent
evaporated. The resultant brown oil was purified by column chromatography (50 g silica;
“eluent 20% EtOAc in hexane). The relevant fractions were combined and the solvent
evaporated to give 1.16 as a yellow solid (372 mg, 55%): mp 80 — 82 °C; [a]*p=+11.6 (¢
= 0.33 in MeOH); IR Ve 3281m, 2364w, 1716s cm™; "H NMR § 9.52 (2H, d, J = 9.0 Hz,
ArCH), 8.68 (1H, s, ArCH), 8.01 (2H, d, J = 8.5 Hz, ArCH), 7.68 (2H, dt, /= 5.6, 1.1 Hz,
ArCH), 7.52 (2H, t, J = 8.1 Hz, ArCH), 7.31 (2H, m, ArCH), 7.20 (1H, t, J = 7.7 Hz,
ArCH), 6.96 (1H, t, /= 7.4 Hz, ArCH), 6.03 (1H, s, NCHN), 4.65 (1H, dd, /= 6.2, 4.4 Hz,
CHCOzR), 3.01 (1H, bs, OH), 2.92 (1H, d, J = 4.4 Hz, CH»), 2.89 (1H, d, J = 6.2 Hz,
CH,), 2.41 (1H, s, C=CH), 1.93 (3H, s, CH3), 1.88 (3H, s, CH3), 0.32 (9H, s, 3 x CH3); °C
NMR 6 168.9 (C), 136.6 (CH), 134.5 (C), 131.6 (C), 131.2 (C), 129.9 (CH), 129.8 (C),
129.2 (CH), 128.8 (CH), 125.9 (CH), 125.6 (CH), 124.2 (CH), 123.2 (CH), 119.0 (CH),
89.8 (C), 88.2 (CH), 86.3 (C), 81.3 (C), 60.9 (CH), 55.0 (C), 40.8 (CHy), 31.9 (CHj3), 29.4
(CHs3), 27.4 (CH), 26.8 (CH3) 14.3 (C); MS m/z 583 [M+H]", 605 [M+Na]".

2.11.13 I-(Anthracene-9-sulfonyl)-8-(1, I-dimethyl-allyl)-3a-hydroxy-1,2,3,3a,8,8a-
hexahydro-pyrrolo[2,3-b]indole-2-carboxylic acid tert-butyl ester 1.17

To a solution of 1.16 (1.0 g, 1.72 mmol) in EtOAc (75 mL) was added Pd/Al,O; catalyst
(200 mg) and the reaction mixture stirred under H; (1 atm) for 1.5 h. The reaction mixture
was filtered through a pad of celite and the solvent evaporated to give 1.17 as a yellow
foam (969 mg, 96%): [a]*p = +3.8 (¢ = 0.33 in MeOH); IR Vyax 3468bm, 1751m, 1479m
em’™; "HNMR 6 9.50 2H, d, J= 9.3 Hz, ArCH), 8.71 (1H, s, ArCH), 8.02 (2H, d, /= 8.3
Hz, ArCH), 7.72 (1H, dd, J = 6.7, 1.5 Hz, ArCH), 7.69 (1H, dd, J = 6.7, 1.5 Hz, ArCH),
7.54 2H, t, J= 7.4 Hz, ArCH), 7.21 (1H, d, /= 7.4 Hz, ArCH), 7.09 (1H, dd, /= 8.1, 7.8
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Hz, ArCH), 7.02 (1H, d, J = 8.1 Hz, ArCH), 6.80 (1H, dd, J = 7.8, 7.4 Hz, ArCH), 6.23
(1H, dd, J = 17.6, 10.7 Hz, CH,=CH), 6.01 (1H, s, NCHN), 5.18 (1H, d, J = 17.7 Hz,
CH=CH>), 5.08 (1H, d, J = 10.7 Hz, CH=CHb), 4.62 (1H, d, J = 9.3 Hz, CHCH,), 2.89
(1H, d, J=12.8 Hz, CHCH)), 2.74 (1H, dd, J = 12.8, 9.3 Hz, CHCH,), 1.56 (3H, s, CH3),
1.42 (3H, s, CH3), 0.53 (9H, s, 3 x CH3); °C NMR & 168.5 (C), 149.9 (C), 147.3 (CH),
136.7 (CH), 132.3 (C), 131.7 (C), 131.2 (CH), 129.7 (CH), 129.6 (CH), 125.7 (CH), 125.5
(CH), 123.5 (CH), 120.6 (CH), 115.9 (CH), 112.1 (CH,), 88.5 (CH), 81.3 (C), 61.5 (CH),
60.2 (C), 41.8 (CHy), 29.7 (C), 28.4 (CHs), 27.2 (CHs); MS m/z 584 [M+H]", 607
[M+Na]".

2.11.14 2-{[1-(Anthracene-9-sulfonyl)-3a-hydroxy-1,2,3,3a,8,8a-hexahydro-pyrolo[2,3-b]

indole-2-carbonyl]-amino}-3-[2-(1, I-dimethyl-allyl)- IH-indol-3-yl]-propionic acid methyl
ester 1.20

To a solution of 1.12 (150 mg, 0.29 mmol) and 2,6-lutidine (1.7 mL, 14.5 mmol) in
CH,ClL; (2.5 rﬁL) at 0 °C was added dropwise trimethylsilyl triflate (1.2 mL, 5.8 mmol).
After stirring for 24 h the reaction mixture was quenched with saturated ag NaHCO; (ca. 2
mL). The reaction mixture was diluted with EtOAc (50 mL), then acidified with IN HCI
(ca. 25 mL). The phases were separated and the organic phase washed with brine (20 mL),
dried over MgSOQy, and the solvent evaporated. The resultant yellow solid 1.19 was used in

the next step without further purification.

To a solution of 1.19 (164 mg, 0.29 mmol), 1.4 (92 mg, 0.32 mmol) and NEt; (0.12 mL,
0.87 mmol) in THF (5 mL) at 0 °C was added PyBOP (307 mg, 0.59 mmol), followed by
stirring for 24 h. Water (5 mL) was added and the reaction mixture washed with EtOAc (2
x10 mL). The organic phase was washed with water (10 mL), brine (10 mL), dried over
MgSQ,, filtered, and the solvent evaporated. The resultant brown residue was purified by
column chromatography (25 g silica; eluent 1:1 — 3:1 Et,O:hexane). The relevant fractions
were combined and the solvent evaporated to give 1.20 as a yellow solid (167 mg, 79%):
mp 136 — 138 °C; IR Viax 3399bs, 3049m, 2349m, 1734s, 1655s cm™'; 'H NMR & 9.47
(2H, d, J= 9.6 Hz, ArCH), 8.80 (1H, s, ArCH), 8.10 (2H, d, /= 8.1 Hz, ArCH), 7.96 (1H,
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s, indole NH), 7.76 (2H, ddd, J = 9.6, 6.6 Hz, ArCH), 7.58 (2H, dd, J = 6.8, 6.6 Hz,
ArCH), 7.46 (2H, t, J = 6.6 Hz, ArCH), 7.30 (1H, dd, J = 6.6, 3.7 Hz, ArCH), 7.09-7.18
(3H, m, ArCH), 6.98 (1H, t, /= 7.7 Hz, ArCH), 6.65 (1H, t, J= 7.7 Hz, ArCH), 6.18 (1H,
d, /= 8.1 Hz, CHCH,), 6.05 (1H, dd, /= 17.3, 10.7 Hz, CH,=CH), 5.59 (1H, s, NCHN),
5.14 (2H, m, CH=CHy,), 4.51 (1H, d, J = 9.2 Hz, NH), 4.04 (1H, dd, J = 15.4, 7.0 Hz,
CHCH,), 3.27 (3H, s, CO>CH3), 2.81 (1H, d, J= 12.9 Hz, NH), 2.63 (1H, dd, J= 14.5, 7.0
Hz, CHCH,), 2.46 (1H, dd, J = 14.3, 8.8 Hz, CHCH,), 2.22 (2H, dd, J = 13.1, 9.4 Hz,
CHCH,), 1.48 (3H, s, CHs), 1.47 (3H, s, CH3); °C NMR & 171.9 (C), 170.0 (C), 148.8
(C), 145.7 (CH), 140.5 (C), 137.4 (CH), 134.0 (C), 131.6 (C), 131.5 (C), 131.2 (CH),
130.0 (C), 128.5 (C), 126.5 (C), 125.8 (CH), 125.0 (CH), 124.5 (C), 121.7 (CH), 120.3
(CH), 119.6 (CH), 118.6 (CH), 112.6 (CH,), 110.5 (CH), 110.4 (CH), 105.6 (C), 88.2 (C),
84.9 (CH), 66.0 (CH), 62.4 (CH), 54.8 (CH), 52.0 (CHj3), 40.8 (CH,), 39.2 (C), 30.5 (C),
27.7 (CHy), 27.4 (CHy), 15.4 (CH); MS m/z 729 [M+H], 751 [M+Na]".

2.11.15 3-[2-(1,1-Dimethyl-allyl)- IH-indol-3-yl]-2-[ (3a-hydroxy-1,2,3,3a,8,8a-hexahydro-
pyrolo[2,3-b]indole-2-carbonyl)-aminoJ-propionic acid methyl ester 1.21

To a solution of 1.20 (146 mg, 0.2 mmol) in THF/H,O (5:1, 5 mL) was added freshly
prepared Al(Hg) amalgam (ca 600 mg Al). The reaction mixture was stirred for 5 h then
filtered through a pad of celite and washed with EtOAc (20 mL). The solvent was
evaporated then the residue purified by column chromatography (10 g silica; eluent 1:1 —
1:0 EtOAc:hexane). The relevant fractions were combined and the solvent evaporated to
give 1.21 as a white foam (84 mg, 86%): IR vyax 3348bs, 1734s, 16565 cm™; "H NMR &
8.29 (1H, s, indole NH), 7.91 (1H, d, /= 6.3 Hz, ArCH), 7.52 (1H, d, /= 7.7 Hz, ArCH),
7.32 (1H, d, J= 8.1 Hz, ArCH), 7.06-7.13 (2H, m, ArCH), 6.93-7.02 (2H, m, ArCH), 6.67
(1H, t, J = 6.6 Hz, ArCH), 6.08 (1H, dd, J = 17.7, 10.7 Hz, CH,=CH), 6.05.(1H, s,
NCHN), 5.13 (2H, m, CH=CH,), 4.62 (1H, s, NH), 4.28 (1H, td, /= 9.2, 6.6 Hz, CHCHa),
3.86 (1H, dd, J = 8.5, 6.6 Hz, CHCH,), 3.51 (3H, s, CO,CH3), 3.04 (1H, dd, J = 14.7, 6.6
Hz, CHCH,), 2.86 (1H, dd, J = 14.7, 9.2 Hz, CHCH,), 2.36 (1H, dd, J = 13.2, 8.5 Hz,
CHCH,), 2.28 (1H, dd, J = 13.2, 4.8 Hz, CHCH,), 2.04 (6H, s, 2 x CHs); °C NMR 3§
1740 (©), 173.3 (C), 171.4 (C), 148.9 (C), 145.6 (CH), 140.9 (C), 134.2 (C), 130.6 (C),



130.0 (CH), 124.1 (CH), 121.6 (CH), 119.5 (CH), 119.3 (CH), 118.4 (CH), 112.5 (CHy),
110.8 (CH), 109.9 (CH), 105.8 (C), 89.4 (C), 85.9 (CH), 61.7 (CH), 54.2 (CH), 52.3
(CHj), 42.5 (CHa), 39.2 (C), 27.7 (CHs), 27.5 (CH,); MS m/z 489 [M+H]", 977 [2M+H]".

2.11.15 3-[2-(1,1-Dimethyl-allyl)- IH-indol-3-yimethyl]-10b-hydroxy-2,3,6,10b,11,11a-
hexahydro-SaH-pyrazino[1°,2°:1,5 [pyrrolo[2,3-b]indole-1,4-dione 1.22

To a solution of 1.21 (75 mg, 0.15 mmol) in 1,4-dioxane (1.5 mL) was added 10% KOH in
MeOH (1.5 mL). The reaction mixture was stirred for 16 h then acidified to pH 5 with IN
HCI and extracted with Et;O (3 x 10 mL). The organics were combined, washed with
water (2 x 10 mL), dried over Na,SOy filtered and the solvent evaporated to give 1.23 as a

white glass which was used in the next step without further purification.

To a solution of 1.23 (62 mg, 0.31 mmol) in THF (5 mL) was added Et;N (20 uL, 0.14
mmol) and HOBt (19 mg, 0.14 mmol). The reaction mixture was stirred for 15 min then
EDAC (27 mg, 0.14 mmol) was added and the reaction mixture stirred for a further 48 h.
The reaction mixture was extracted with EtOAc (5 mL) and water (5 mL), the organic
phase separated, washed with water (5 mL) and brine (5 mL), dried over MgSO, and the
solvent evaporated. The residue was purified by column chromatography (5 g silica; eluent
1%-2% MeOH in CH,Cly). The relevant fractions were combined and the solvent
evaporated to give 1.22 as a white glass (20 mg, 33%): IR Vyax 3356bs, 1688s, 1614m cm’
" THNMR & 8.11 (1H, s, indole NH), 7.49 (1H, d, J = 7.8 Hz, ArCH), 7.33 (1H, d, J = 8.0
Hz, ArCH), 7.28 (1H, d, J= 7.3 Hz, ArCH), 7.19 (2H, m, ArCH), 7.11 (1H, dd, J = 7.4,
7.3 Hz, ArCH), 6.81 (1H, d, J = 8.0, 7.4 Hz, ArCH), 6.67 (1H, d, /= 7.9 Hz, ArCH), 6.13
(1H, dd, J=17.5, 10.4 Hz, =CH), 5.78 (1H, s, NCHN), 5.51 (1H, s, NH), 5.17 (2H, d, d , J
=17.5, 10.4 Hz, =CH,), 4.55 (1H, dd, J = 10.9, 6.7 Hz, CHCH>), 4.46 (1H, dd, /= 11.5,
3.8 Hz, CHCH,), 3.76 (1H, dd, /= 15.2, 3.8 Hz, CHCH,), 3.19 (1H, dd, /= 15.2, 11.5 Hz,
CHCHz), 272 (1H, dd, J = 13.6, 6.7 Hz, CHCHy), 2.35 (1H, dd, J = 13.5, 10.9 Hz,
CHCHy), 1.55 (6H, s, 2 x CH3); >C NMR § 168.6 (C), 167,5 (C), 147.5(C), 145.6 (CH),
141.6 (C), 134.4 (C), 130.3 (CH), 129.5 (C), 129.5 (C), 129.0 (C), 123.0 (CH), 122.2
. (CH), 120.2 (CH), 119.7 (CH), 117.8 (CH), 112.8 (CHy), 110.9 (CH), 110.3 (CH), 104.3
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(C), 87.0 (C), 85.0 (CH), 59.0 (CH), 55.0 (CH), 40.9 (CH>), 39.0 (C), 27.9 (CH3), 26.1
(CHy); MS m/z 457 [M+H]".

2.11.16 1-(Anthracene-9-sulfonyl)-3a-hydroxy-7-(3-methyl-but-2-enyl)-1,2,3,3a,8,8a-
hexahydro-pyrrolo]. 2,3 -bJindole-2-carboxylic acid tert-butyl ester 1.28

To a solution of 1.17 (650 mg, 1.11 mmol) in CH,CI, (50 mL) was added trifluoroacetic
acid (171 pL, 2.22 mmol) and the reaction mixfure stirred for 16 h. The reaction mixture
was washed with water (2 x 50 mL), dried over MgSQ,, filtered and the solvent
evaporated. The resultant brown oil was purified by column chromatography (40 g silica;
eluent 1 — 5% MeOH in CH,Cl,). The relevant fractions were combined and the solvent
evaporated to give 1.28 as a yellow foam (543 mg, 84%): [a]*p = +98.6 (¢ = 0.33 in
MeOH); IR vy 3594bs, 1739s, 1715s, 1602s, 1482s cm'l; "H NMR §9.39 (2H,d,J=9.6
Hz, ArCH), 8.73 (1H, s, ArCH), 8.05 (2H, d, /= 8.1 Hz, ArCH), 7.70 (2H, dd, /= 6.6, 1.5
Hz, ArCH), 7.54 (2H, t, /= 7.4 Hz, ArCH), 7.04 (1H, d, /= 7.7 Hz, ArCH), 6.98 (1H, d, J
= 7.4 Hz, ArCH), 6.72 (1H, dd, J = 7.7, 7.4 Hz, ArCH), 522 (1H, td, J = 7.4, 1.5 Hz,
C(CH;),=CH), 5.15 (1H, s, NCHN), 4.84 (1H, dd, /= 9.2, 1.8 Hz, CH,CH), 3.10 (2H, d, J
= 7.4 Hz), 2.75 (1H, dd, J = 12.9, 1.8 Hz, CHCH,), 2.64 (1H, dd, J = 12.8, 9.2 Hz,
CHCH,), 1.78 (3H, s, CH3), 1.73 (3H, s, CH3), 0.85 (9H, s, 3 x CH;3); °C NMR § 169.2
(C), 148.3 (C), 136.5 (CH), 133.7 (C), 131.4 (C), 131.3 (C), 130.3 (CH), 129.6 (CH),
129.1 (CH), 128.2 (C), 128.1 (C), 125.5 (CH), 125.2 (CH), 123.6 (CH), 121.5 (CH), 120.9
(CH), 120.1 (CH), 88.6 (C), 83.2 (CH), 81.3 (C), 62.0 (CH), 41.1 (CH,), 30.0 (CHy), 27.2
(CHs), 25.7 (CH3), 17.9 (CH3); MS m/z 584 [M+H]", 607 [M+Na]".

2.11.17 1-(Anthracene-9-sulfonyl)-3a-hydroxy-7-(3-methyl-but-2-enyl)-1,2,3,3a,8,8a-
hexahydro-pyrrolo[2,3-bJindole-2-carboxylic acid 1.24 |

To a solution of 1.28 (258 mg, 0.44 mmol) and 2,6-lutidine (2.5 mL, 22 mmol) in CH,Cl,
(5 mL) at 0 °C was added dropwise trimethylsilyl triflate (1.8 mL, 8.8 mmol). After
stirring for 16 h the reaction mixture was quenched with saturated aq NaHCO; (ca. 2 mL).

The reaction mixture was diluted with EtOAc (10 mL), washed with 1IN HCI (2 x 10 mL)
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then brine (10 mL), dried over MgSO,, and the solvent evaporated. The resultant yellow
oil was purified by column chromatography (25 g silica; eluent 1 — 5% MeOH in CH,CL).
The relevant fractions were combined and the solvent evaporated to give 1.24 as a yellow
foam (175 mg, 75%): [0]*p = +149.2 (¢ = 0.33 in MeOH); IR Vmax 3395bs, 3139s, 3054s,
1731s, 1713s, 1602m, 1484s cm™; "H NMR § 9.36 (2H, d, J =9.2 Hz, ArCH), 8.79 (1H, s,
ArCH), 8.10 (2H, d, /= 8.5 Hz, ArCH), 7.70 (2H, t, J = 7.5 Hz, ArCH), 7.58 (2H, t, J =
7.5 Hz, ArCH), 6.98 (1H, d, /= 7.4 Hz, ArCH), 6.95 (1H, d, J = 6.6 Hz, ArCH), 6.67 (1H,
dd, J = 7.4, 6.6 Hz, ArCH), 5.30 (1H, s, NCHN), 5.09 (1H, t J = 7.0 Hz, C(CH3),=CH),
4.72 (1H, dd, J = 8.8, 2.6 Hz, CH,CH), 3.01 (2H, d, /= 7.0 Hz), 2.64 (1H, dd, J = 13.2,
2.6 Hz, CHCH,), 2.56 (1H, dd, J=13.2, 8.8 Hz, CHCH.), 1.74 (3H, s, CH3), 1.68 (3H, s,
CH3); "C NMR & 172.9 (C), 147.0 (C), 137.3 (CH), 134.0 (C), 131.4 (C), 131.2 (C),
130.9 (CH), 129.8 (CH), 129.6 (CH), 128.2 (C), 126.3 (C), 125.6 (CH), 124.8 (CH), 124.5
(C), 121.4 (CH), 121.1 (CH), 120.7 (CH), 88.3 (CH), 84.2 (C), 61.0 (CH), 41.8 (CH,),
30.1 (CHy), 25.7 (CH3), 17.8 (CH3); MS m/z 529 [M+H]", 551 [M+Na]".

2.11.18 2-{[I1-(Anthracene-9-sulfonyl)-3 a-hydroxy-1,2,3,3a,8,8a-hexahydro-pyrolo[2,3-b]

indole-2-carbonyl]-amino}-3-[2-(1, 1-dimethyl-allyl)- IH-indol-3-yl]-propionic acid methyl
ester 1.25

To a solution of 1.24 (100 mg, 0.19 mmol), 1.4 (60 mg, 0.21 mmol) and Et;N (79 pL, 0.57
mmol) in THF (5 mL) at 0 °C was added PyBOP (193 mg, 0.38 mmol) and the reaction
mixture stirred for 5 h. The reaction mixture was diluted with EtOAc, (10 mL), washed
with water (2 x 10 mL) then brine (10 mL), dried over MgSQsy, filtered, and the solvent
evaporated. The resultant brown residue was purified by column chromatography (10 g
silica; eluent 3:1 - 1:1 — 1:3 hexane:Et,0). The relevant fractions were combined and the
solvent evaporated to give 1.25 as a yellow solid (124 mg, 82%): mp 136 — 138 °C; [a]*p
=+9.0 (¢ = 0.33 in MeOH); IR Vpay 3376bs, 3049m, 1772w, 1738s, 1660s, 1520s, 1456s
cm; 'THNMR 8 9.44 (2H, d, J= 9.5 Hz, ArCH), 8.81 (1H, s, ArCH), 8.04 (2H, d, J= 8.51
Hz, ArCH), 7.85 (1H, s, indole NH), 7.76 (2H, td, /= 9.2, 1.5 Hz, AtCH), 7.58 2H, t, J=
7.4 Hz, ArCH), 7.46 (1H, d, /= 4.4 Hz, NH), 7.15-7.30 (3H, m, ArCH), 6.96-7.15 (3H, m,
ArCH), 6.72 (1H, t, J= 7.7 Hz, ArCH), 6.02 (1H, dd, /= 17.3, 10.7 Hz, CH=CH,), 5.68
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(1H, s, NCHN), 5.31 (1H, m, CH=C), 5.12 (1H, d, J = 10.7 Hz, CH=CH,), 5.09 (1H, d, J
= 17.3 Hz, CH=CHy), 4.62 (1H, d, J = 9.2 Hz, CH,CH), 4.12 (I1H, tt, J = 7.0, 4.4 Hz,
CHCH,), 3.37 (1H, dd, J = 15.8, 7.0 Hz, CHCH,), 3.25 (1H, J = 15.8, 5.9 Hz, CHCH,),
3.07 (3H, s, CO.CH3), 2.96 (1H, s, NH), 2.61 (1H, dd, J = 13.1, 9.7 Hz, CHCH,), 2.39
(1H, dd, J = 14.3, 4.8 Hz, CHCHy), 2.01 (1H, d, /= 13.1 Hz, CHCH»), 1.92 (1H, d, J =
13.1 Hz, CHCHy), 1.81 (3H, s, CH3), 1.79 (3H, s, CH3), 1.44 (3H, s, CH;), 1.43 (3H, s,
CH3); °C NMR § 169.8 (C), 170.0 (C), 148.8 (C), 145.9 (CH), 140.5 (C), 137.5 (CH),
133.9 (C), 131.5 (C), 131.3 (CH), 129.9 (CH), 128.9 (C), 126.5.(C), 125.8 (CH), 125.8
(CH), 124.9 (CH), 124.3 (C), 122.2 (C), 121.4 (CH), 121.1 (CH), 119.2 (CH), 118.5
(CH), 112.5 (CHy), 110.3 (CH), 105.2 (C), 88.6 (C), 84.7 (CH), 66.0 (CH), 62.6 (CH),
53.7 (CH), 51.9 (CHj), 41.2 (CH»), 39.2 (C), 30.7 (CHy), 30.5 (C), 27.7 (CHs), 27.4
(CH,), 25.9 (CH3), 18.1 (CHs), 15.4 (CH); MS m/z 797 [M+H]", 819 [M+Na]".

2.11.19 3-[2-(1,1-Dimethyl-allyl)- IH-indol-3-yl]-2-[(3a-hydroxy-1,2,3,3a,8,8a-hexahydro-

pyrolo[2,3-b]indole-2-carbonyl)-amino J-propionic acid methyl ester 1.26

To a solution of 1.25 (420 mg, 0.53 mmol) in THF/H,0 (5:1, 20 mL) was added freshly
prepared Al(Hg) amalgam (ca 1.8 g Al). The reaction mixture was stirred for 16 h then
filtered through a pad of celite, washed with EtOAc (50 mL) and the solvent evaporated.
The resultant pale yellow residue was purified by column chromatography (30 g silica;
eluent 2% — 5% MeOH in CH;Cly). The relevant fractions were combined and the solvent
evaporated to give 1.26 as a white glass (216 mg, 73%): [o]*p = -24.0 (¢ = 0.33 in
MeOH); IR Vyax 3348bs, 1732s, 1659s, 1651s, 1597m, 1519s, 14565 cm™; "H NMR & 7.97
(1H, s, indole NH), 7.91 (1H, d, J = 8.1 Hz, NH), 7.41 (1H, d, /= 8.1 Hz, ArCH), 7.21

(1H, d, /= 7.7 Hz, ArCH), 7.10 (1H, d, /= 7.4 Hz, ArCH), 7.02 (1H, dd, /= 7.7, 6.9 Hz,
ArCH), 6.95 (1H, d, /= 7.4 Hz, ArCH), 6.86 (1H, dd, /= 8.1, 6.9 Hz, ArCH), 6.67 (1H, t,
J=17.4Hz, ArCH), 6.08 (1H, dd, /= 17.3, 10.3 Hz, CH,=CH), 5.30 (1H, m, C=CH), 5.14
(2H, m, CH=CHy,), 4.92 (1H, s, NCHN), 4.57 (1H, q, /= 8.1 Hz, CHCH,), 3.95 (1H, dd, J
= 8.8, 5.5 Hz, CHCH,), 3.36 (3H, s, CO,CHs), 3.22 (1H ,dd, J = 16.2, 6.6 Hz, CH,CH),
3.14 (1H, dd, J = 15.4, 6.6 Hz, CH,CH), 2.75 (2H, dd, /= 8.1, 2.1 Hz, CHCH)), 2.50 (1H,
dd, /= 13.2, 8.8 Hz, CHCH;), 2.24 (1H, dd, J= 13.2, 5.5 Hz, CHCH,), 1.80 (3H, s, CH3),
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1.77 (3H, s, CH3), 1.55 (1H, d, /= 2.2 Hz, NH), 1.52 (1H, d, J = 2.2 Hz, NH), 1.50 (3H, s.
CH3), 1.48 (3H, s, CH;); >C NMR § 173.6 (C), 173.4 (C), 171.4 (C), 147.4 (C), 145.9
(CH), 140.5 (C), 134.0 (C), 130.7 (C), 129.9 (CH), 123.6 (C), 121.6 (CH), 121.4 (CH),
120.0 (CH), 119.4 (CH), 118.4 (CH), 112.4 (CH,), 110.4 (CH), 105.7 (C), 89.4 (C), 86.2
(CH), 61.7 (CH), 53.3 (CH), 52.2 (CHj), 42.6 (CHa), 39.2 (C), 30.2 (CH,), 28.5 (CHy),
27.7 (CHs), 27.6 (CH3), 25.9 (CHs), 18.2 (CHs); MS m/z 557 [M+H]", 579 [2M+H]".

2.11.20 3-[2-(1,1-Dimethyl-allyl)- IH-indol-3-yImethyl]-10b-hydroxy-2,3,6,10b,11,11a-
hexahydro-SaH-pyrazino[1°,2°:1,5 [pyrrolo[2,3-b]indole-1,4-dione 1.27 (okaramine J)
To a solution of 1.26 (330 mg, 0.59 mmol) in 1,4-dioxane (3 mL) was added 10% KOH in
MeOH (3 mL). The reaction mixture was stirred for 16 h then acidified to pH 5 with IN
HCI, extracted with EtOAc (3 x 10 mL), washed with water (10 mL), dried over MgSQy,
filtered and the solvent evaporated to give the carboxylic acid as a white glass which was

used in the next step without further purification.

To a solution of the carboxylic acid (50 mg, 0.09 mmol) in CH,Cl; (3 mL) was added
diisopropylethylamine (47 pL, 0.27 mmol) and HBTU (38 mg, 0.10 mmol). The reaction
mixture was stirred for 7 d then the solvent evaporated. The residue was purified by
column chromatography (5 g silica; eluent 1% — 5% MeOH in CH,Cl;). The relevant
fractions were combined and the solvent evaporated to give 1.27 as a white glassy solid
(23 mg, 49%): [0]°p = +24.6 (¢ = 0.33 in MeOH, lit +31); IR vyax 3367bs, 1667s, 1605m
cm™; 'H NMR (400MHz, (CD3),CO) & 9.85 (1H, s, indole NH), 7.42 (1H, d, J = 8.0 Hz,
ArCH), 7.22 (1H, d, J = 8.0 Hz, ArCH), 7.01 (1H, d, /= 7.3 Hz, ArCH), 6.95 (1H, dd, /=
7.3, 6.4 Hz, ArCH), 6.88 (1H, dd, /= 8.0, 6.4 Hz, ArCH), 6.84 (1H, d, /= 7.5 Hz, ArCH),
6.58 (1H, dd, J = 8.0, 7.5 Hz, ArCH), 6.12 (1H, dd, J = 17.3, 10.5 Hz, CH,=CH), 5.56
(1H, s, NCHN), 5.39 (1H, d, J=3.8 Hz, NH), 5.31 (1H, d, /= 3.8 Hz. NH), 5.16 (1H, td, J
= 7.3, 13, C=CH), 5.01 (1H, d, J = 17.5 Hz, CH=CH;), 4.94 (1H, d, J = 10.5 Hz,
CH=CH,), 4.55 (1H, dd, J = 11.0, 6.7 Hz, CHCH,), 4.44 (1H, dd, J = 11.0, 4.0 Hz,
CHCHy), 3.59 (1H, dd, J = 15.0, 4.0 Hz, CHCH,), 3.15 (1H, dd, J = 16.1, 7.5 Hz,
CHCHy), 3.09 (1H, dd, J = 16.2, 7.3 Hz, CHCH,), 245 (1H, dd, J = 13.3, 7.0 Hz,
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CHCHy), 2.03 (1H, dd, J = 13.0, 11.0 Hz, CHCH,), 1.74 (6H, s, 2 x CHj3), 1.47 (3H, s,
CH;), 1.47 (3H, s, CH3); C NMR (100 MHz, (CD5),CO) & 170.0 (C), 168.7 (C), 147.5
(C), 142.7 (CH), 136.4 (C), 133.8 (C), 131.9 (C), 130.4 (C), 130.0 (CH), 124.1 (C), 122.8
(CH), 122.4 (CH), 121.6 (CH), 120.3 (CH), 120.2 (CH), 118.7 (CH), 112.4 (CHy), 112.2
(CH), 105.7 (C), 87.6 (C), 85.6 (CH), 59.8 (CH), 56.4 (CH), 42.5 (CH>), 40.2 (C), 29.5
(CH,), 28.7 (CH3), 28.6 (CH3), 26.9 (CHa), 26.1 (CHs), 18.1(CH;); MS m/z 525 [M+H],
547 [M+Na]". The spectroscopic properties were consistent with that reported in the

literature (ref 25).

2.11.21 1-(Anthracene-9-sulfonyl)-8-(1, I-dimethyl-prop-2-ynyl)-3a-hydroxy-1,2,3,3a,8,8a-
hexahydro-pyrrolo[2,3-bJindole-2-carboxylic acid 1.29

To a solution of 1.17 (1.45 g, 2.5 mmol) and 2,6-lutidine (14.4 mL, 125 mmol) in CH,Cl,
(50 mL) at 0 °C was added dropwise trimethylsilyl triflate (10.2 mL, 50 mmol). After
stirring for 16 h the reaction mixture was cooled to 0 °C and quenched with saturated aq
NaHCOj; (ca. 10 mL). The reaction mixture was washed with 1IN HCI (2 x 25 mL) then
brine (25 mL), dried over MgSQy, filtered and the solvent evaporated. The resultant brown
oil was purified by column chromatography (100 g silica; eluent 2% MeOH in CH,ClL).
The relevant fractions were combined and the solvent evaporated to give a yellow foam.
This was dissolved in THF (50 mL) and treated with TBAF (1M solution in THF 3.75 mL,
3.75 mmol). After stirring for 1 h the reaction mixture was washed with saturated aq
NH4Cl (25 mL), saturated ag NaHCO; (25 mL), then brine (25 mL), dried over MgSOy,
filtered and the solvent evaporated. The resultant yellow foam was purified by column
chromatography (100 g silica; eluent 2% MeOH in CH,Cl,). The relevant fractions were
combined and the solvent evaporated to give 1.29 as a yellow foam (1.20 g, 92%): [a]229=
-19.1 (¢ = 0.2 in MeOH); 'H NMR & 9.47 (2H, d, J = 9.2 Hz, ArCH), 8.77 (1H, s, ArCH),
8.06 (2H, d, J = 8.5 Hz, ArCH), 7.76 (2H, dd, J = 9.2, 6.6 Hz, ArCH), 7.58 (2H, dd, J =
8.5, 6.6 Hz, ArCH), 7.22 (1H, d, /= 8.5 Hz, ArCH), 7.19 (1H, d, /= 8.1 Hz, ArCH), 7.14
(1H, dd, J = 8.5, 7.0 Hz, ArCH), 6.93 (1H, dd, J = 8.1, 7.0 Hz, ArCH), 6.04 (1H, s,
NCHN), 4.34 (1H, dd, J= 8.8, 1.5 Hz, CHCH,), 2.83 (1H, dd, /= 12.9, 1.5 Hz, CHCH,),
2.74 (1H, dd, J=12.9, 8.8 Hz, CHCH>), 2.41 (1H, s, C=CH), 1.85 (3H, s, CHj3), 1.84 (3H,
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s, CH;); °C NMR & 171.0 (C), 148.8 (C), 138.1 (CH), 133.2 (C), 131.5 (C), 131.2 (C),
130.5 (CH), 130.0 (CH), 125.8 (CH), 124.6 (CH), 124.4 (CH), 123.8 (CH), 119.3 (CH),
89.0 (C), 88.2 (CH), 86.2 (C), 72.2 (C), 60.9 (CH), 55.1 (C), 41.2 (CHy), 31.4 (CH), 29.5
(CH3); IR Vinax 3508bs, 3286s, 3134m, 3045m, 1727s, 1602s, 1517m, 1479m cm™; MS m/z
526 [M+H]", 549 [M+Na]".

-2.11.22 [-(Anthracene-9-sulfonyl)-8-(1, I-dimethyl-allyl)-3a-hydroxy-1,2,3,3a,8,8a-
hexahydro-pyrrolof2,3-bJindole-2-carboxylic acid 1.30

To a solution of 1.29 (500 mg, 0.95 mmol) in EtOAc (25 mL) was added Pd/Al,0O5 catalyst
(100 mg) and the reaction mixture stirred under H (1 atm) for 2 h. The reaction mixture
was filtered through a pad of celite and the solvent evaporated to give 1.30 as a yellow
foam (502 mg, 99%): [0]p = +9.6 (¢ = 0.2 in MeOH); IR Vinax 3478bs, 3394bs, 3144w,
3082m, 1725s, 1607s, 1517m, 1481s cm™; 'H NMR & 9.43 (2H, d, J = 9.2 Hz, ArCH),
8.79 (1H, s, ArCH), 8.07 (2H, d, J = 8.5 Hz, ArCH), 7.75 (2H, dd, J = 9.2, 6.6, Hz,
ArCH), 7.58 (2H, dd, J = 8.5, 6.6 Hz, ArCH), 7.17 (1H, d, J = 7.4 Hz, ArCH), 7.05 (1H,
dd, /=74, 6.6 Hz, ArCH), 7.02 (1H, d, /= 7.7 Hz, ArCH), 6.83 (1H, dd, /= 7.7, 6.6 Hz,
ArCH), 6.11 (1H, dd, J=17.6, 10.7 Hz, CH,=CH), 6.01 (1H, s, NCHN), 5.15 (1H, d, J =
18.0 Hz, CH=CH;), 5.10 (1H, d, /= 11.4 Hz, CH=CH,), 4.46 (1H, d, /= 8.8 Hz, CHCH_),
2.82 (1H, d, /= 12.9 Hz, CHCH,), 2.67 (1H, dd, J = 12.9, 9.2 Hz, CHCH,), 1.49 (3H, s,
CH;), 1.41 (3H, s, CH3); “C NMR 3 174.7 (C), 171.3 (C), 148.9 (C), 146.5 (CH), 138.1
(CH), 131.8 (C), 131.6 (C), 131.2 (CH), 130.3 (CH), 130.0 (CH), 125.9 (CH), 124.7 (C),
124.4 (CH), 123.9 (CH), 122.0 (CH), 116.9 (CH), 112.9 (CH,), 89.1 (CH), 86.8 (C), 61.4
(CH), 60.9 (C), 42.4 (CHa), 28.6 (CH3), 24.3 (CHj3); MS m/z 529 [M+H]".

2.11.23 2-{[1-(Anthracene-9-sulfonyl)-8-(1, 1-dimethyl-allyl)-3a-hydroxy-1,2,3,3a,8,8a-
hexahydro-pyrrolo[2,3-bjindole-2-carbonyl]-amino}-3-[2-(1, 1-dimethyl-allyl)- IH-indol-3-
vl]-propionic acid methyl ester 1.31

Method 1: To a solution of 1.30 (150 mg, 0.28 mmol), 1.4 (89 mg, 0.31 mmol) and Et;N
(43 uL, 031 mmol) in THF (10 mL) was added HOBt (42 mg, 0.31 mmol) and the
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reaction mixture stirred for 15 min. EDAC (59 mg, 0.31 mmol) and the reaction mixture
stirred for 4 d. The reaction mixture was concentrated under vacuum, diluted with CH,Cl,,
(10 mL), washed with water (3 x 10 mL) then brine (10 mL), dried over MgSQ,, filtered,
and the solvent evaporated. The resultant brown residue was purified by column
chromatography (15 g silica; eluent 10% - 50% EtOAc in hexane). The relevant fractions
were combined and the solvent evaporated to give 1.31 as a yellow glass (132 mg, 59%):
[a]?p = -7.9 (¢ = 0.2 in MeOH); IR vmax 3389s, 3078w, 1740s, 1667s, 1621w, 1616w,
1519s, 1479s cm™; 'H NMR § 9.53 (2H, d, J = 9.2 Hz, ArCH), 8.81 (1H, s, ArCH), 8.09
(2H, d, J= 8.5 Hz, ArCH), 7.85 (1H, s, indole NH), 7.77 (2H, dd, /=9.2, 6.6 Hz, ArCH),
7.56 (2H, dd, /= 8.5, 6.6 Hz, ArCH), 6.99-7.26 (6H, m, ArCH), 6.80-6.90 (2H, m, ArCH),
6.46 (1H, dd, /= 17.5. 10.8 Hz, CH=CHp), 6.19 (1H, s, NCHN), 5.99 (1H, dd, /= 17.5,
10.5 Hz, CH=CH,), 5.36 (IH, d, J = 17.6 Hz, CH=CH;), 5.28 (1H, d, J = 10.6 Hz,
CH=CH,), 5.11 (1H, d, J = 10.3 Hz, CH=CH,), 5.07 (1H, d, J = 17.3 Hz, CH=CH,), 4.36
(1H, d, J = 8.8 Hz, CHCH,), 3.75 (1H, m, CHCH,), 3.02 (2H, d, J = 14.0 Hz, CHCH)),
2.86 (3H, s, CO,CH3), 2.72 (1H, dd, J=12.7, 9.0 Hz, CHCH3), 2.28 (1H, dd, /= 14.3,5.2
Hz, CHCH,), 2.21 (1H, s, NH), 1.87 (3H, s, CHs), 1.60 (3H, s, CH3), 1.39 (3H, s, CH3),
1.38 (3H, s, CH3); °C NMR & 171.0 (C), 168.7 (C), 150.2 (C), 147.6 (CH), 145.8 (CH),
140.2 (C), 137.6 (CH), 133.9 (C), 132.2 (C), 131.7 (C), 131.3 (C), 130.5 (CH), 129.9
(CH), 129.5 (C), 125.7 (CH), 124.8 (CH), 124.6 (CH), 121.6 (CH), 121.4 (CH), 121.4
(CH), 119.1 (CH), 118.5 (CH), 116.4 (CH), 112.5 (CHy), 112.5 (CHy), 110.3 (CH), 104.8
(C), 88.5 (CH), 87.0 (C), 63.1 (CH), 61.2 (C), 53.6 (CH), 51.5 (CH), 40.7 (CH,), 39.1
(C), 29.3 (CH), 27.8 (CH), 27.7 (CHy), 27.5 (CH3), 25.2 (CH3); MS m/z 797 [M+H]".

Method 2: To a solution of 1.30 (100 mg, 0.19 mmol) and 1.4 (60 mg, 0.20 mmol) in
THF Was added HOBt (27 mg, 0.2 mmol) followed by resin-bound EDAC (loading 1.45
mmol/g, 655 mg, 0.95 mmol). The reaction mixture was stirred for 24 h at RT then filtered
and the resin washed with THF. The solvent was evaporated and the residue dissolved in
EtOAc (10 mL), washed with water (3 x 10 mL), dried over MgSQ,, filtered and the
solvent evaporated. The residue was purified by column chromatography (10 g silica;
eluent 1:1 — 3:1 Et;O:hexane). The relevant fractions were combined and the solvent

evaporated to give 1.31 as a yellow glass (93 mg, 61%).
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2.11.24 2-{[8-(1,1-Dimethyl-allyl)-3a-hydroxy-1,2,3,3a,8,8a-hexahydro-pyrrolo[2, 3-
b/indole-2-carbonyl]-amino}-3-[2-(1, I-dimethyl-allyl)- IH-indol-3-yl]-propionic acid
methyl ester 1.32
To a solution of 1.31 (150 mg, 0.19 mmol) in THEF/H,O (5:1, 5 mL) was added freshly
prepared Al(Hg) amalgam (ca 0.6 g Al). The reaction mixture was stirred for 7 h then
filtered through a pad of celite, washed with EtOAc (50 mL) and the solvent evaporated.
The resultant pale yellow residue was purified by column chromatography (25 g alﬁmina;
eluent 1% — 2% MeOH in CH,Cl,). The relevant fractions were combined and the solvent
e{/aporated to give 1.32 as a white foam (83 mg, 78%): [a]*’p = +13.2 (¢ = 0.2 in MeOH);
IR Vimax 3338s, 3077w, 1737s, 1658s, 1602m, 1515s, 1478s cm™; '"H NMR 8 7.93 (1H, d, J
= 3.7 Hz, indole NH), 7.91 (1H, d, J= 5.1 Hz, NH), 7.40 (1H, d, /= 7.7 Hz, ArCH), 7.21
(2H>, d, J =74 Hz, ArCH), 7.01-7.08 (2H, m, ArCH), 6.96 (1H, dd, J = 8.1, 7.0 Hz,
ArCH), 6.82 (1H, d, J = 8.1 Hz, ArCH), 6.64 (1H, dd, J= 7.4, 7.0 Hz, ArCH), 6.24 (1H,
dd, J=17.6, 10.7 Hz, CH,=CH), 6.07 (1H, dd, /= 17.5, 10.5 Hz, CH,=CH), 5.30 (1H, dd,
J =173, 0.7 Hz, CH=CH,), 5.23 (1H, dd, J = 10.7, 0.7 Hz, CH=CH,), 5.15 (1H, dd, J =
17.6, 1.1 Hz, CH=CH), 5.15 (1H, dd, J = 10.3, 1.1 Hz, CH=CH,), 5.04 (1H, s, NCHN),
4.57 (1H, m, CHCHy), 3.90 (1H, t, /= 6.4 Hz, CHCH,), 3.25 (3H, s, CO,CHj), 2.63 (1H,
d, /= 12.1 Hz, CH,CH), 2.58 (1H, dd, J = 5.3, 5.3 Hz, CH,CH), 2.47 (2H, dd, J = 14.5,
6.1 Hz, CHCH), 1.68 (3H, s, CH3), 1.51 (3H, s, CHj3), 1.50 (3H, s. CH3), 1.48 (3H, s,
CH;); PC NMR 8 173.2 (C), 173.1 (C), 148.5 (C), 146.5 (CH), 145.8 (CH), 140.3 (C),
134.0 (C), 131.4 (C), 130.0 (CH), 129.7 (C), 124.1 (CH), 121.4 (CH), 119.3 (CH), 118.4
(CH), 117.9 (CH), 112.9 (CH,), 112.3 (CH,), 111.7 (CH), 110.3 (CH), 105.5 (C), 87.1
(CH), 86.1 (C), 60.9 (CH), 57.3 (C), 52.7 (CH), 52.0 (CH), 41.2 (CH,), 39.1 (C), 28.9
(CHy), 27.7 (CHs), 27.5 (CH3), 26.7 (CH3), 25.6 (CH3); MS m/z 557 [M+H]".

2.1.25 6-(1,1-Dimethyl-allyl)-3-[2-(1, I -dimethyl-allyl)- IH-indol- 3-yImethyl ] -1 0b-hydroxy-
2,3,6,10b,11,11a-hexahydro-5aH-pyrazino[1',2':1,5]pyrrolo[2,3-b]indole-1,4-dione 1.33
(okaramine C)

To a solution of 1.32 (60 mg, 0.11 mmol) in 1,4-dioxane (1 mL) was added 10% KOH in
MeOH (1 mL). The reaction mixture was stirred for 8 h then acidified to pH 5 with IN
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HCI, extracted with EtOAc (2 x 10 mL), washed with water (2 x 10 mL), dried over
MgSQ,, filtered and the solvent evaporated to give the carboxylic acid as a white glass

which was used in the next step without further purification.

Method 1: To a solution of the carboxylic acid (50 mg, 0.09 mmol) in CH,Cl, (3 mL) was
added diisopropylethylamine (47 uL, 0.27 mmol) and HBTU (38 mg, 0.10 mmol). The
reaction mixture was stirred for 24 h, diluted with CH,Cl, (5 mL), washed with water (2 x
5 mL), the aqueous phases combined, washed with CH,Cl, (5 mL), the organics combined,
dried over MgSQ, then the solvent evaporated. The residue was purified by column
chromatograpﬁy (5 g alumina; eluent 1% — 2% MeOH in CH,Cl;). The relevant fractions
were combined and the solvent evaporated. The residue was purified by preparative TLC
(neutral alumina, aluminium backed plates; eluent EtOAc) to give 1.33 as a white glass (7
mg, 15%): [a]*p=+3.0 (¢ = 0.2 in MeOH, lit +19); IR Viax 3361s, 1682s, 1602m, 1476s,
1462m cm™; 'H NMR (400 MHz) & 8.00 (1H, s, indole NH), 7.40 (1H, d, J = 7.8 Hz,
ArCH), 7.32 (1H, d, /= 7.7 Hz, ArCH), 7.29 (1H, d, /= 8.0 Hz, ArCH), 7.17 (1H, dd, J =
7.7,7.2 Hz, ArCH), 7.15 (1H, dd, J = 8.0, 7.3 Hz, ArCH), 7.07 (1H, dd, J = 8.0, 7.2 Hz,
ArCH), 7.04 (1H, d, J = 8.0 Hz, ArCH), 6.85 (1H, dd, /= 7.8, 7.3 Hz, ArCH), 6.45 (1H,
dd, /= 17.6, 10.8 Hz, CH,=CH), 6.03 (1H, dd, /= 17.3, 10.5 Hz, CH,=CH), 5.44 (1H, s,
NCHN), 5.41 (1H, s, OH), 5.19 (1H, dd, J= 17.9, 1.0 Hz, CH=CH,), 5.15 (1H, dd, J =
10.8, 1.0 Hz, CH=CH,;), 5.07 (1H, dd, /= 17.3, 0.7 Hz, CH=CH,), 5.02 (1H, dd, J = 10.5,
0.7 Hz, CH=CH.), 4.24-4.27 (2H, m, CHCH,), 3.66 (1H, dd, J = 15.3, 4.5 Hz, CHCH,),
321 (1H, dd, J = 13.7, 4.4 Hz, CH,CH), 3.08 (1H, dd, J = 15.2, 11.4 Hz, CH,CH), 2.59
(1H, dd, /= 13.8, 10.3 Hz, CHCH,), 1.73 (3H, s, CHj3), 1.55 (3H, s, CHj3), 1.47 (6H, s, 2 x
CH;) >C NMR § 168.9 (C), 168.6 (C), 148.8 (C), 147.3 (CH), 145.6 (CH), 141.5 (C),
134.4 (C), 132.9 (C), 130.2 (CH), 129.2 (C), 123.9 (CH), 122.3 (CH), 120.5 (CH), 120.3
(CH), 118.0 (CH), 115.7 (CH), 112.8 (CH,), 112.1 (CH;), 110.9 (CH), 104.8 (C), 85.0
(CH), 84.0 (C), 59.5 (C), 57.5 (CH), 55.3 (CH), 39.0 (C), 32.9 (CHy), 27.9 (CH3), 26.0
(CHs), 25.7 (CHy); MS m/z 525 [M+H]+. The spectroscopic properties were consistent

with that reported in the literature (ref 1).



Epi-okaramine C 1.34 was obtained as a white glass (8 mg, 17%): [0]*p=+112.5 (¢ =0.2
in MeOH); IR Vi 3347s, 3078w, 1681s, 1607m, 1474w, 1462m cm™; '"H NMR (400
MHz) & 8.01 (1H, s, indole NH), 7.55 (1H, d, /= 7.8 Hz, ArCH), 7.28 (1H, d, /= 8.0 Hz,
ArCH), 7.25 (1H, d, J= 7.5 Hz, ArCH), 7.06-7.17 (3H, m, ArCH), 7.02 (1H, d, /= 8.0
Hz, ArCH), 6.81 (1H, dd, J = 7.8, 7.3 Hz, ArCH), 6.50 (1H, dd, J = 17.8, 10.8 Hz,
CH,=CH), 6.13 (1H, dd, /= 17.3, 10.5 Hz, CH,=CH), 5.44 (1H, d, J = 3.8 Hz, OH), 5.31
(1H, s, NCHN), 5.12-5.21 (4H, m, CH=CH,), 4.18 (1H, dt, J = 9.8, 4.0 Hz, CHCH,), 4.07
(1H, dd, J = 10.5, 6.0 Hz, CHCH,), 3.44 (1H, dd, J= 14.6, 4.0 Hz, CHCH.), 3.35 (1H, dd,
J=14.6,9.8 Hz, CH,CH), 3.07 (1H, dd, J = 13.9, 6.0 Hz, CH,CH), 2.56 (1H, dd, J = 13.9,
10.4 Hz, CHCH,), 1.75 (3H, s, CH3), 1.52 (9H, s, 2 x CH3) >C NMR § 168.3 (C), 167.6
(C), 148.9 (C), 147.4 (CH), 146.3 (CH), 141.6 (C), 134.5 (C), 133.8 (C), 130.1 (CH),
128.8 (C), 123.8 (CH), 122.2 (CH), 120.6 (CH), 120.0 (CH), 118.7 (CH), 115.8 (CH),
112.0 (CHy), 112.0 (CHy), 110.8 (CH), 105.4 (C), 85.8 (CH), 83.3 (C), 59.7 (C), 58.7
(CH), 55.4 (CH), 39.8 (C), 34.4 (CH,), 29.1 (CH,), 28.2 (CH3), 28.0 (CH3), 27.9 (CH3),
26.2 (CHs); MS m/z 525 [M+H]".

Method 2: To a solution of carboxylic acid (40 mg, 0.07 mmol) in THF (3 mL) was added
HOBt (10 mg, 0.077 mmol) followed by resin-bound EDAC (loading 1.45 mmol/g, 145
mg, 0.21 mmol). The reaction mixture was stirred for 5 d at RT then filtered and the resin
washed with THF. The solvent was evaporated and the residue dissolved in CH,Cl, (5
mL), washed with water (3 x 5 mL), dried over MgSQO,, filtered and the solvent
evaporated. The residue was purified by preparative TLC (eluent 5% MeOH in CH,Cly),

extracted with EtOAc and the solvent evaporated to give 1.33 as a white glass (22 mg,

57%).
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3.0 STUDIES TOWARDS THE SYNTHESIS OF OKARAMINE A

3.1 Retrosynthesis of okaramine A

The previous chapter detailed the successful total syntheses of okaramine J and C. Many of
the okaramines contain an 8-membered azocine. Here we describe model studies directed
towards this ring system. Okaramine A, for example, can be split in two through the
diketopiperazine ring, the hexahydropyrroloindoline half being identical to that used in the
synthesis of okaramine C (Figure 1). Two strategies were considered for the formation of
the azocine ring, again both starting from tryptophan. The first was to form an 8-membered
ring by acid-catalysed cyclisation of a preny! group onto the indole ring of tryptophan.
Further oxidation would then be required to introduce the double bonds present in
okaramine A. The alternative strategy was to form the 8-membered ring by ring-closing

metathesis between a reverse prenylated tryptophan and a vinyl amine.

Figure 1. Retrosynthesis of okaramine A.

OR

NH,
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3.2 Formation of 8-membered ring via acid catalysed cyclisation

A model substrate was chosen to investigate the possibility of forming an 8-membered ring
by acid catalysed cationic cyclisation. A carbamate protected N-prenyl tryptophan
derivative was prepared by reductive alkylation of L-tryptophan methyl ester followed by

reaction with a chloroformate (Scheme 1).

Scheme 1. Preparation of carbamate protected N-prenyl tryptophan derivative “

0 0
0
OMe OMe OMe
a b
NH, _ K _ NR |
\ [ I
NS \ NS
N N /IK N /[K 2.3 R=CH,Ph
241 2.2 2.4 R=CO,Et

? Conditions: (a) 3-methyl-2-butenal, NaBH(OAc);, 1% AcOH in CH,Cl,, 2 h, 49%; (b) Et;N, CH,CL,

benzyl chloroformate, 24 h, 2%; ethyl chloroformate, 3 d, 94%.

Reductive alkylation of 2.1 with 3-methyl-2-butenal yielded 49% of pure material after
column chromatography with an additional 25% of material with one impurity by TLC.
Secondary amine 2.2 was protected as a carbamate. Initially 2.2 was reacted with benzyl
chloroformate in an attempt to form the benzy! carbamate 2.3. Monitoring by TLC showed
complete disappearance of the chloroformate, although a small amount of starting material
remained. After workup and purification by column chromatography the majority of
material recovered was the starting amine. A new product was obtained in very low yield
due to alkylation of 2.2 on nitrogen with benzyl chloride, a known impurity in the starting
chloroformate. MS was consistent with addition of a benzyl group and 'H NMR showed

alkylation had occurred on nitrogen to give 2.3.

Ethyl chloroformate was used as an alternative to benzyl chloroformate. MS and IR
indicated formation of the desired product 2.4 in 49% yield. The yield was increased to
94% when a larger excess of the chloroformate was used. Some of the peaks in the 'H

NMR spectrum were broad with unresolved coupling. The integration and chemical shift
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were consistent with the desired product but were not absolutely conclusive. The unusual
broadening of these peaks was indicative of the presence of amide rotamers. This was
confirmed by recording 'H NMR spectra over a range of temperatures. Spectra were
recorded at 300, 323, 353 and 373 K. As the temperature was increased, the peaks
narrowed and the coupling became visible. At 353 K all the coupling had resolved and the

spectrum was consistent with the desired product.

Cationic cyclisation of 2.4 was attempted using pyridinium p-toluene sulfonate (PPTS), p-
toluenesulfonic acid (PTSA) and polyphosphoric acid (PPA). Reactions were monitored by
TLC and HPLC. The first reaction with PPTS was attempted under mild conditions in
CH-,Cl, at RT. However, no reaction was observed. Reactions with PPTS and PTSA were
performed in refluxing toluene over several days but again no change was observed by
TLC or HPLC and only starting material was present. Reaction of 2.4 with PPA were the
only conditions to show any change by TLC. The new component was isolated by
preparative TLC. '"H NMR showed no cyclisation had occurred, as the characteristic
doublet at 7.01 ppm due to the proton at the 2 position of the indole ring was still present.

However, the exact structure of the new product could not be determined.

After these unsuccessful trials, we considered moving from a carbamate to a
diketopiperazine. This would restrict the rotation of the prenylated N-C bond, keeping the
prenyl group in a more favourable position for the cyclisation. Wang and Ganesan
prepared diketopiperazine 2.8 during the synthesis of demethoxyfumitremorgin C
analogues'. Diketopiperazine 2.8 was prepared in 76% yield from 2.2 and Fmoc-proline

acid chloride (Scheme 2).

Cationic cyclisation was attempted with PTSA, TFA and PPA. Only PPA showed any
reaction. Two new products were obtained, each in 5% yield. MS for both compounds
showed peaks corresponding to M+H of the desired product. '"H NMR of the first
compound appeared to be consistent with the desired product. 'H NMR of the other

product was inconclusive. Due to the limited amount of material further characterisation

was not attempted
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Scheme 2. Preparation and cyclisation of diketopiperazine .
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? Conditions: (a) SOCl,, CH,Cl,, reflux, 30 min, 80%; (b) 2, Na,COs (aq), CH,Cl,, 2 h, 100%; (¢) piperidine,
CH,Cl,, 40 min, 76%; (d) AICl;, CH,Cl,, 2 h, 22%.

It has been reported that use of xylene as a co solvent can improve yields of reactions using
PPA®. The cationic cyclisation of 2.8 was attempted under these conditions, but this did not

improve the reaction and none of the desired product was formed.

Polyphosphate ester (PPE) can be used as an alternative to PPA. Attempts were made to
make PPE by refluxing P,Os in chloroform and ether for 4 days’. After this time a brown
viscous oil was obtained indicating moisture had entered the reaction vessel during reflux.
Trimethylsilyl polyphosphate (PPSE) can be used as an alternative to PPE®. This was
prepared by refluxing P,Os and hexamethyldisiloxane in CH,Cl, for 30 min. Cyclisation
was attempted‘by refluxing 2.8 in the PPSE solution. However, TLC showed no change in

the reaction mixture, even after several days.

A further attempt was made to make PPE. This time the reaction was successful and a

cyclisation was carried out. None of the desired product was observed, however, a new
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product X had formed. This was similar to the product observed on reaction of 2.4 with
PPA. The cyclisation was repeated with PPA. The same product was obtained. NMR of the
products from the PPE and PPA reactions seemed to indicate the product was formed from
quenching of the initial carbocation with water or phosphate as the proton from the prenyl
double bond at 521 ppm in the 'H NMR was no longer present and there were two
additional protons arising from CH,. However, it was not possible to determine

conclusively the structure of product X.

A final attempt at cyclisation of 2.8 was carried out using AICl; as the acid. This time a
new product was obtained in 22% yield. NMR was consistent with the desired product 2.9.
Although the desired cyclisation had taken place to form an 8-membered ring, because the

yield was low and the material would still need further oxidation to give the correct degree

of unsaturation, this route was abandoned.

3.3 Investigation of ring-closing metathesis to make cyclic enamides

Preparation of substituted vinyl amines as precursors of metathesis reactions has been
reported”. An imine is prepared which, on reaction with an acylating agent or sulfonyl
chloride, rearranges to give a protected enamide®. These compounds then successfully

underwent ring-closing metathesis.

This route was attempted with previously prepared prenylated tryptophan derivative 2.10.
Acetaldehyde was reacted with 2.10 to form the imine. TLC appeared to show a new
product, however, on workup only starting material was obtained. This was most likely
due to the instability of the imine. The reaction was repeated without an aqueous workup
and the crude material reacted with di-tert-butyl dicarbonate (Boc,O) to make the enamide.
However after workup and purification by column chromatography only starting material
was obtained. In the literature too, metathesis precursors prepared by this method were

only available in low yield when acetaldehyde was used to form the imine”.
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To overcome these difficulties, we devised a new route to protected enamides. Although it
requires more steps, each of these steps proceeds in high yield. Our premise was that a
selenide would function as a latent olefin. The selenide was introduced by reductive
amination of 2.10 with phenylselanylacetaldehyde (Scheme 3). Initially preparation of the
aldehyde was attempted by formation of PhSeCl; and reaction with acetaldehyde’.
Although the PhSeCl; was prepared in good yield the subsequent reaction with
acetaldehyde was unsuccessful. There were problems with solubility of the PhSeCl; in the
reaction solvent and none of the colour changes described in the literature were observed.
Despite several attempts the reaction only gave the desired product on one occasion in

15% yield. This material was used in the reductive amination of 2.10 and gave the desired

product 2.11 in 81% yield.

Scheme 3. Preparation of selenide “.
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NH, 8 NH™\__seph
< g&
N \= X —
N N
2.10 2.11

? Conditions: (a) PhSeCH,CHO, NaBH(OAc);, 1% AcOH in CH,Cly, 3 h, 81%.

An alternative route to the aldehyde was sought (Scheme 4). Alcohol 2.12 was prepared
from diphenyldiselenide and ethylene oxide in 96% yield®. This was oxidised to the
aldehyde with Dess-Martin periodinane in 36% yield. Swern oxidation instead gave the
aldehyde in 20% yield. Low yields were due in part to the difficulty in isolation of the

volatile phenylselanylacetaldehyde.

Scheme 4. Preparation of phenylselanylacetaldehyde “.

OH @
PhSe” > Phse”
212 2.13
“ Conditions: (a) ethylene oxide, NaBH,, EtOH, -20 °C, 30 min, 96%; (b) DMP, CH,Cl,, 15 min, 36%.

PhSeSePh
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Protection of the amine followed by oxidation and elimination of the selenide would give
an enamide that could be used in a ring-closing metathesis reaction to give an 8-membered
ring. An attempt to protect 2.11 with Fmoc-Cl gave only starting material. Reaction of 2.11
with Boc,O gave the desired product 2.14 in 61% yield (Scheme 5). Oxidation of 2.14 with

m-CPBA gave only starting material.

Scheme 5. Protection and attempted oxidation of selenide °.
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“ Conditions: (a) Boc,0O, NEt;, CH,Cls, 24 h, 61%.

Due to a limited supply of the reverse prenyl tryptophan starting material, a more general
model system for the metathesis reaction was sought. One possibility was to couple
benzenesulfonamide with 2-phenylselanylethanol via a Mitsunobu reaction, alkylate with
an appropriate alkene, then oxidise the selenide and eliminate to give the enamine.
Although Mitsunobu reactions with sulfonamides have been reported’, examples with
compounds containing selenium could not be found.

a

Scheme 6. Coupling of benzenesulfonamide with 2-phenylselanyl ethanol

SePh
HO/\/SePh PhSOZNH/\/ e
2.12 2.16

“ Conditions: (a) Benzenesulfonamide, PPh;, DIAD, THF, 24 h, 11%

Initial attempts to couple benzenesulfonamide with 2-phenylselanylethanol gave only
starting material (Scheme 6). When the amount of diisopropyl azodicarboxylate was

increased from 1 to 2 equivalents the reaction occurred in 11%, however, the major



product was diphenyldiselenide indicating side reactions had taken place. A possible
explanation for this (Figure 2) is that the anion from the initial triphenylphosphine
diisopropyl azodicarboxylate intermediate can either deprotonate the alcohol to form the
alkoxide which can then react in the usual fashion to give the desired product (left-hand
pathway) or it can deprotonate the sulfonamide product (right-hand pathway). This could
then be followed by elimination of phenylselenide to form an aziridine. The selenide cah

then either be protonated or react with phenylselenol to give diphenyldiselenide.

Figure 2. Proposed mechanism for formation of diphenyldiselenide.
O O /k '
/L : + PPhg
e M=o l

B

" PhSO,NH .
s 2 [CNSO,Ph + "SePh
H\/\ \\\
PhSOp_/ SePh PhSeSePh

An alternative route to a selenide precursor was sought (Scheme 7). Ethanolamine was
reacted with hexamethyldisilazane to give the TMS protected alcohol 2.18 in 60% yield™.
This was reacted with TsCl to give sulfonamide 2.19 in 85% yield''. MS and NMR
showed loss of the TMS protecting group in this step. The alcohol was reprotected with
dihydropyran to givé 2.20 in quantitative yield. A Mitsunobu reaction with penten-1-ol
gave alkene 2.21 in 88% yield. Removal of the THP protecting group gave 2.22 in 62%
yield as well as a significant amount of an unidentifiable by-product. The alcohol was
converted to selenide 2.23 with o-nitrophenylselenocyanate and tributylphosphine in

quantitative yieldlz.‘Reaction of 2.23 with m-CPBA gave vinyl sulfonamide 2.24 in 71%
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yield. The previously reported conditions for ring-closing metathesis of enamides with
Grubbs’ second-generation catalyst® were used to convert 2.24 to the 6-membered cyclic

enamide 2.25 in quantitative yield.

Scheme 7. Preparation of a 6-membered cyclic enamide by ring-closing metathesis “.

OH a oTMs b OH ¢©
HZN/\/ HZN/\/ — TSNH/\/ TSNH/\/OTHP
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= = TSN/\/ e
2.21 2.22 W 2.23
g TSN h TN
W \)
2.24 2.25

? Conditions: (a) (TMS),NH, TMSCI, reflux, 2 h, 60%; (b) TsCl, pyridine, 24 h, 85%; (c) dihydropyran,
PPTS, CH,Cl,, 3 h, >99%; (d) H,C=CH(CH,);OH, PPh;, DIAD, THF, 5 h, 88%; (e) pTsOH.H,0, MeOH, 5
h, 62%; (f) o-nitrophenylselenocyanate, PBus, THF, 5 h, >99%; (g) m-CPBA, CH,Cl,, 1 h, 71%; (h) Grubbs’

o generation catalyst, CH,Cl,, reflux, 24 h, >99%.

Having successfully formed a 6-membered cyclic enamide via ring-closing metathesis, the
formation of other ring sizes was investigated. The selenide precursors to the acyclic

enamides were prepared from THP-protected sulfonamide 2.20 (Scheme 8).

Scheme 8. Preparation of selenide precursors “.
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? Conditions: (a) HoC=CH(CH,),OH, PPh;, DIAD, THF, 5 h, 42-88%; (b) pTsOH.H,0, MeOH, 3 h, 60-89%;
(c) o-nitrophenylselenocyanate, PBu;, THF, 1 h, 81-99%.

Oxidative elimination of the selenides 2.28a-c was carried out with m-CPBA to prepare
the precursors for 5, 7 and §-membered cyclic enamides. This gave the desired enamides

2.29a-b in good yield for the 5 and 7-membered ring precursors (Scheme 9).

Scheme 9. Oxidative elimination of selenides “.
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“ Conditions: (a) m-CPBA, CH,Cl,, 1 h, 67-70%.

Oxidation of selenide 2.28¢, the 8-membered ring precursor, gave only a small amount of
the desired enamide 2.29¢. A very small amount of what seemed to be the iminium species
2.30 by NMR was also obtained. The major product was alkene 2.31 arising from

hydrolysis of this iminium salt (Scheme 10).

Scheme 10. Oxidative elimination of 8-membered ring precursor “.

NO,

TN 58 . TSN X L TSN . TsNH
2.28c 2.29¢ 2.30 2.31

? Conditjons: (a) m-CPBA, CH,Cl,, 1 h.

The 5 and 7-membered cyclic enamide precursors were reacted with Grubbs’ second-

generation catalyst in refluxing CH,Cl, under N,. Under these conditions the reactions
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were significantly slower than in 6-membered case and the reactions did not go to
completion. The first time the reaction to form the cyclic enamide 2.32 was carried out,
after 26 h a mixture of two products were isolated in 63% yield as well as 36% starting
material. This was reacted again and after 48 h 69% yield was obtained (Scheme 11). The
mixture seemed to contain the desired 7-membered cyclic enamide 2.32 as well as a 6-
membered cyclic enamide 2.25 in approximately 3:1 ratio by '"H NMR. A similar result
was observed by Rutjes, although only the 6-membered ring was seen under his

conditions’. One explanation for this reduction in ring size is isomerisation of the terminal

alkene prior to metathesis'>,

Scheme 11. Preparation of 7-membered cyclic enamide “.

TN X a Ts!\@ Tsf\@
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“Conditions: (a) Grubbs’ 2 generation catalyst, CH,Cl,, reflux, 4 d, 69%.

The reaction to form the 5-membered cyclic enamide was even slower (Scheme 12). After
24 h a second aliquot of catalyst was added. After 48 h there was still a large amount of
staring material remaining. After 72 h only a small amount of product was isolated in low
purity by NMR. It is possible that there may have been a problem with the reaction
conditions as this reaction to form the 5-membered cyclic enamide has been reported as
occurring in good yield>. The metathesis reaction was repeated using Grubbs’ o
generation catalyst in refluxing CH,Cl,. The reaction was also attempted using Grubbs’
catalyst without a significant difference in yield>. Unfortunately the excellent yields

achieved for the 6-membered cyclic enamide could not be repeated in this case.

Scheme 12. Preparation of 5-membered cyclic enamide “.
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“ Conditions: (aj Grubbs’ catalyst, CH,Cl,, 24 h, 50%.

The acyclic enamide precursor to the 8-membered ring was prepared from selenide 2.28¢
using NalOy as the oxidising agent'®. This gave the desired product 2.29¢ in 82% yield,
compared to 16% when m-CPBA was used. Metathesis was carried out using Grubbs’ 2™
generation catalyst in refluxing dichloroethane (Scheme 13). A small amount of the desired
cyclic enamide 2.34 was observed by NMR, however traces of other inseparable impurities
were present and the overall yield was low. Despite the low yield for this model system it
was hoped the additional conformational rigidity present in the okaramine A precursor

would make formation of the 8-membered ring more favourable for the real system'’.

Scheme 13. Preparation of 8-membered cyclic enamide “.

f N
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? Conditions: (a) NalQ4, NaHCOs, 6:1 MeOH:H,O0, 3 h, 82%; (b) Grubbs’ o generation catalyst, C;H;Cly,
reflux, 24 h, 11%.

Since a carbamate protecting group would be easier to remove than a sulfonamide for the
synthesis of okaramine A, the preparation of a vinyl carbamate was investigated. N-Boc
ethanolamine was protected with TBDMSCI, then attempts were made to introduce the
alkene side chain by coupling a series of alcohols via a Mitsunobu reaction. However, the
carbamate was not reactive enough and no reaction was observed. When N-Boc
ethanolamine was deprotected with NaH and reacted with 1-bromo-4-butene under various
conditions, none of the desired product was observed. Starting material was obtained as
well as a small amount of deprotected starting material and a small amount of unprotected
alkylated material. Addition of alkyl side chains via 1reductive alkylation was also

investigated but proved unsuccessful. As the desired precursors proved difficult to
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synthesise, this route was abandoned and preparation of a metathesis precursor conducted

on a sulfonamide.

3.4 Attempted preparation of an okaramine A precursor via ring-closing

metathesis

Having established a general route for the construction of cyclic vinyl sulfonamides, it was
possible to use this methodology on a substrate more closely resembling okaramine A.
Construction of the desired vinyl sulfonamide was first attempted with readily available
tryptophan methyl ester (Scheme 14). Sulfonylation and a Mitsunobu reaction with THP
protected ethylene glycol gave 2.36. The triphenylphosphine oxide by-product could not be
separated from the desired product, so the crude material was carried through to the
subsequent deprotection step. This method gave the alcohol 2.37 in 52% yield over the two
steps. Alcohol 2.37 was then converted to an aryl selenide 2.38 as before. Various methods
were investigated for the oxidative elimination of the selenide. Oxidation with m-CPBA
occurred rapidly but in moderate yield with some decomposition of starting materials.
Oxidation with NalO; was much slower, requiring days rather than minutes, but gave

cleaner reactions and higher yields. H,O, oxidation was also attemp‘c;ed16 but did not

Scheme 14. Preparation of enamide “.
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proceed cleanly and none of the desired product was isolated.
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“ Conditions: (a) PhSO,Cl, pyridine, CH,Cly, 4 h, 52%; (b) THPOCH,CH,OH, PPh;, DIAD, THF, 24 h,; (¢)
pTsOH.H,0, MeOH, 3.5 h, 52% (2 steps); (d) o-nitrophenylselenocyanate, PBu;, THF, 2 h, 66%; () NalQ,,
NaHCO;, MeOH, H,O, 24 h, 78%.

Having shown the general procedure could be applied to tryptophan to make a vinyl
sulfonamide, the synthesis of a ring-closing metathesis precursor was carried out (Scheme
15). Alkylation of reverse prenyl tryptophan derivative 2.10 with benzenesulfonyl chloride
occurred in good yield. Introduction of the ethanolamine side chain proceeded well giving
2.42 in 78% overall yield for the alkylation and deprotection steps. The selenide was

introduced successfully and then eliminated to give enamide 2.44 in 71% yield.

The metathesis reaction was attempted with Grubbs’ first generation catalyst in CH,Cl; at
RT, then at reflux. It was also attempted with Grubbs’ second-generation catalyst in
refluxing dichloroethane. However, even after several days no reaction was observed and

only starting material was recovered.

Scheme 15. Preparation of ring-closing metathesis precursor “.
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@ Conditions: (a) PhSO,Cl, pyridine, CH,Cl,, 4 h, 75%; (b) THPOCH,CH,OH, PPh;, DIAD, THF 24 h; (c)
pTsOH.H,0, MeOH, 5 h, 78% (2 steps); (d) o-nitrophenylselenocyanate, PBus, THF, 2.5 h, 82%; (¢) NalOy,
NaHCO;, MeOH, H,0, CH,Cl, 5 d, 71%.
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3.5 Summary

Two strategies have been explored for the-formation of an 8-membered ring like that
present in okaramine A. Acid catalysed cyclisation of an alkene onto an indole to form an
8-membered ring has been investigated on first a carbamate then a diketopiperazine. A
range of conditions was tried and AICl; successfully found to give an §-membered ring,

albeit in a low yield of 22%.

Ring-closing metathesis has been explored as a possible route to an 8-membered ring
containing an enamide. A general route to vinyl amides has been developed using
ethanolamine as the alkene precursor. Side chains were introduced onto nitrogen via a
Mitsunobu reaction then the alcohol was converted to a selenide. Oxidative elimination
then gave the alkene in good yield. These vinyl amides have undergone ring-closing

metathesis with varying degrees of success, dependent on the size of the ring being

formed.

This methodology has been successfully used to introduce the vinyl amide functionality to
tryptophan derivatives. 1t was hoped that the additional conformational rigidity arising
from the indole ring system and steric bulk would make formation of an 8-membered ring
more favourable. However, when the vinyl amide precursor was subjected to ring-closing
metathesis conditions no reaction took place. Unfortunately, for this substrate, this
additional conformational rigidity prevents the molecule from reaching the desired

conformation for reaction rather than assisting it.
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3.6 Experimental

3.6.1 General methods

See section 2.11.1

3.6.2 3-(1H-Indol-3-yl)-2-(3-methyl-but-2-enylamino)-propionic acid methyl ester 2.2

To a suspension of L-tryptophan methyl ester (500 mg, 2.29 mmol) and NaBH(OAc); (971
mg, 4.58 mmol) in 1% AcOH in CH,Cl; (50 mL) was added 3-methyl-2-butenal (0.24 mL,
2.52 mmol) and the mixture stirred at RT for 2 h. Saturated Na,COs solution (25 mL) was
added and the mixture stirred until effervescence ceased. The reaction mixture was
extracted with CH,Cl, (3 x 25 mL), washed with water (25 mL), the organic phases
combined, driéd over Na;SQy, filtered and the solvent evaporated. The resultant pale
yellow oil was purified by column chromatography (15 g silica, eluent 50% EtOAc in
hexane). The fractions containing product also contained an impurity by TLC. These
fractions were combined and concentrated under vacuum. The resultant oil was purified by
column chromatography (30 g silica, eluent 1% MeOH in CH,Cl,). The relevant fractions
were combined and the sol.vent evaporated to give 2.2 as an off white crystalline solid (304
mg, 46%): 'H NMR & 8.35 (1H, bs, NH), 7.61 (1H, d, J= 6.9 Hz, ArH), 7.34 (1H, d, J =
7.7 Hz, ArH), 7.21 (1H, dd, J = 6.9, 6.4 Hz, ArH), 7.11 (1H, dd, J = 7.7, 6.4 Hz, ArH),
7.05 (1H, s), 5.17 (1H, t, J= 7.0 Hz, CH), 3.68 (1H, t, /= 6.6 Hz, CH), 3.64 (3H, s, CH3),
3.23(1H, dd,J=13.0, 7.0 Hz, CHy), 3.17 (2H, d, /= 6.6 Hz, CH>), 3.12 (1H, dd, /= 13.0,
7.0 Hz, CH,), 1.68 (3H, s, CH3), 1.57 (3H, s, CH;). The spectroscopic properties were

consistent with that reported in the literature (ref 1).

3.6.3 2-(Ethoxycarbonyl-(3-methyl-but-2-enyl)-amino)-3-(1H-indol-3-yl)-propionic acid
methyl ester 2.4

To a solution of 2.2 (500 mg, 1.75 mmol) in CH,Cl, (20 mL) and Et;N (0.54 mL, 3.8
mmol) at 0 °C was added ethyl chloroformate (0.23 mL, 2.4 mmol) and the reaction stirred
at RT for 3 d. A further aliquot of ethyl chloroformate (0.23 mL, 2.4 mmol) was added and

the reaction stirred for 2 h. The reaction mixture was washed with water (2 x 20 mL), dried
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over Na;SOq, filtered and the solvent evaporated. The resultant reddish brown oil was
purified by column chromatography (70 g silica, eluent 10% EtOAc in toluene). The
relevant fractions were combined and the solvent removed under vacuum to give 2.4 as a
“pale yellow oil (589 mg, 94%): IR Vi 3332w, 1740s, 1684s cm’™; 'H NMR (273 K) § 8.23
(1H, bs), 7.59' (1H, bt), 7.37 (1H, d), 7.19 (1H, t), 7.12 (1H, t), 7.04 (1H, bd), 4.88 (1H,
bm), 4.49 (1H, bm), 4.17 (2H, bm), 3.85 (1H, bm), 3.74 (3H, s), 3.54 (2H, bm), 3.32 (1H,
bm), 1.52 (3H, s), 1.41 (3H, bd), 1.24 (3H, bm); '"H NMR (400 MHz, DMSO, 373 K) &
10.51 (1H, bs, NH), 7.51 (1H, d, J= 8.0 Hz, ArH), 7.36 (1H, d, J = 8.0 Hz, ArH), 7.08
(1H, dd, /= 8.0, 6.0 Hz, ArH), 7.06 (1H, d, J = 2.0 Hz, ArH), 7.00 (1H, dd, J = 8.0, 6.0
Hz, ArH), 4.88 (1H, d, /= 6.8 Hz, CH), 4.51 (1H, dd, /= 9.0, 5.8 Hz, CH), 4.05 (2H, q, J
=7.0 Hz, CHy), 3.76 (1H, dd, /= 15.6, 6.5 Hz, CHs»), 3.68 (3H, s, CH3), 3.61 (1H, dd, J =
'15.6, 6.9 Hz, CH>), 3.39 (1H, ddd, J= 14.8, 5.8, 0.8 Hz, CH,), 3.23 (1H, dd, /= 14.8, 9.0
Hz, CH,), 1.52 (3H, s, CH3), 1.47 (3H, s, CH3), 1.16 (3H, t, /= 7.0 Hz, CH;); °C NMR §
172.2 (C), 136.3 (C), 123.3 (C), 123.0 (C), 122.1 (CH), 120.7 (C), 120.3 (CH), 119.5
(CH), 118.7 (CH), 111.3 (CH), 111.2 (C), 61.7 (CH), 52.3 (CH3), 45.6 (CH>), 26.1 (CH>),
25.8 (CH;), 25.2 (CHy), 17.6 (CH3), 14.8 (CH3); MS m/z 359 [M+H]".

3.6.4 3-(1H-Indol-3-ylmethyl)-2-(3-methyl-but-2-enyl)-hexahydro-pyrrolo[1,2-a]pyrazine-
1,4-dione 2.8 »

To a suspension of Fmoc-L-proline (5 g, 14.8 mmol) in CH,Cl, (20 mIL.) was added thionyl
chloride (10 mL). The mixture was réﬂuxed for 30 min then the solvent evaporated. To the
residue was added CH,Cl, (20 mL) and the solvent evaporated. This was repeated a further
2 times to give a sticky white solid which was dissolved in diethyl ether. Hexane was
added and the resultant white solid collected by filtration and washed with hexane to give

crude 2.6 (4.2 g, 80%), which was used without further purification.

To a solution of 2.2 (950 mg, 3.3 mmol) in CH,Cl, (20 mL) at RT was added 2.6 (1.3 g,
4.3 mmol) and the reaction stirred for 2 min. Na,COs solution (1M, 20 mL) was added

then the reaction stirred for 2 h. The phases were separated, the organic phase dried over



Na,SO,, filtered and the solvent evaporated to give 2.7 as a pale yellow foam (2.4 g,

>100%) which was used without further purification.

A solution of 2.7 (1.1 g, 1.8 mmol) in CH,Cl, (10 mL) and piperidine (2.5 mL) was stirred
for 40 min at RT. The solvent was evaporated to give an off-white solid, which was
purified by column chromatography (50 g silica 220-440 mesh, eluent 1:2 EtOAc: CHCI3).
The relevant fractions were combined and the solvent evaporated to give an off-white solid
which was recrystallised from hot ethanol/water to give 2.8 as a white solid (492 mg,
76%): '"HNMR § 8.76 (1H, s, NH), 7.64 (1H, d, /= 7.7 Hz, ArH), 7.31 (1H, d, /= 8.1 Hz,
ArH), 7.14 (1H, dd, J=17.7, 6.5 Hz, ArH), 7.08 (1H, dd, J= 8.1, 6.5 Hz ArH), 6.91 (1H, d,
J=2.2 Hz, NHCH), 5.21 (1H, bt, /= 5.9 Hz, CH), 4.88 (IH, dd, /= 14.7, 5.9 Hz CH,),
4.37 (1H, bs, CH), 3.61-3.72 (3H, m, CH>), 3.49 (1H, m, CH>), 3.22 (1H, dd, J = 14.7, 4.4
Hz, CHy), 2.91 (1H, td, /= 10.7, 5.2 Hz, CHy), 1.78 (6H, s, 2 x CH3), 1.68 (1H, m, CHy),
1.30 (1H, m, CH,), 0.69 (1H, m, CH,), -0.26 (1H, quintet, J = 11.8 Hz CH,). The

spectroscopic properties were consistent with that reported in the literature (ref 1).

3.6.5 (10aS,15aS)-6,6-Dimethyl-6,7,8,10a,11,12,13,15,15a,16-decahydro-5H, 1 0H-
pyrrolo[1727:4°5 Ipyrazino[1,2":1,2]azocino[5,4-6]indole-10, 15-dione 2.9

To a solution of 2.8 (64 mg, 0.18 mmol) in CH,Cl; (3 mL) was added AICIl; (121 mg, 0.91
mmol) and the reaction stirred for 2 h. Ice (5 g) was added, the phases separated and the
aqueous phase washed with CH,Cl, (2 x 3 mL). The organic phases were combined, dried
over NaSOq, filtered and the solvent evaporated. The resultant pale yellow glass was
purified by preparative TLC (eluent EtOAc) to give 2.9 as a colourless glass (14 mg, 22
%): IR Vmax 2926m, 2354w, 1737s, 1645s cm™; 'TH NMR (400 MHz) § 8.07 (1H, bs, NH),
7.52 (1H, d, J=7.8 Hz, ArH), 7.25 (1H, d, /= 7.8 Hz, ArH), 7.08 (1H, dd, J= 7.8, 7.0 Hz,
ArH), 7.01 (1H, dd, /= 7.8, 7.0 Hz, ArH), 4.41 (1H, ddd, J = 14.6, 8.0, 3.8 Hz, CH), 4.28
(1H, d, J= 7.3 Hz, CHy), 3.96 (1H, d, J = 15.6 Hz, CHy), 3.67 (1H, dd, J = 15.3, 7.3 Hz,
CH), 3.58 (2H, m, CHb»), 3.09 (2H, m, CH>), 2.29 (1H, ddd, J = 15.3, 8.3, 4.0 Hz, CHy),
2.09 (1H, ddd, J = 15.1, 8.0, 3.3 Hz, CHy), 1.75 (1H, m, CH>), 1.58 (3H, s, CHj;), 1.43
(1H, m, CH>), 1.46 (3H, s, CH3), 1.10 (1H, m, CHy), -0.03 (1H, quintet, J = 11.5 Hz,
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CH,); C (100 MHz) § 166.4 (C), 165.0 (C), 143.1 (C), 134.3 (C), 129.1 (C), 121.7 (CH),
119.8 (CH), 119.1 (CH), 110.6 (CH), 104.8 (C), 63.3 (CH), 59.0 (C), 45.3 (CHy), 43.7
(CHy), 41.5 (CHy), 35.2 (C), 30.1 (2 x CHa), 29.4 (CHa), 29.3 (CH,), 29.1 (CHa); MS m/z
352 [M+H]", 725 [2M+Na]". |

3.6.6 Unknown product X (see p61).

A solution of 2.8 (100 mg, 0.28 mmol) in PPE (5 g) was stirred at for 24 h at RT. The
reaction mixture was dissolved in water (5 mL), saturated Na,CO; solution (5 mL) added,
then the mixture extracted with CH,Cl, (4 x 5 mL), the organic phases combined, dried
over Na;SOy, filtered and the solvent evaporated. The residue was purified by column
chromatography (5 g silica, eluent EtOAc). The relevant fractions were combined and the
solvent evaporated to give X as a colourless glass (54 mg): IR viax 2926m, 2359w, 1730m,
1649s cm™; 'H NMR (400 MHz) & 9.02 (1H, bs, NH), 7.57 (1H, d, J = 8.0 Hz, ArH), 7.33
(1H, d, J= 8.0 Hz, ArH), 7.16 (1H, dd, /= 8.0, 7.0 Hz, ArH), 7.09 (1H, dd, J = 8.0, 7.0
Hz, ArH), 6.91 (1H, d, J= 2.3 Hz, ArH), 4.28 (1H, dd, /= 5.0, 3.3 Hz, CHCHZ), 4.11 (1H,
m, CHy), 3.53 (1H, dd, J = 14.8, 3.3 Hz, CHCH,), 3.44 (1H, m, CHy), 3.28 (1H, dd, J =
14.8, 5.0 Hz, CHy), 3.07 (1H, m, CHb), 3.00 (1H, m, CH»), 2.20 (1H, dd, /= 10.9, 6.1 Hz,
CHCHy), 1.90 (1H, m, CHy), 1.67-1.80 (3H, m, CH,), 1.56 (1H, m, CHy), 1.23 (6H, s, 2 x
CH;), 1.18 (1H, m, CH,); "*C (100 MHz) & 168.5 (C), 165.9 (C), 136.6 (C), 127.7 (C), .
124.8 (CH), 122.7 (CH), 120.1 (CH), 119.1 (CH), 111.8 (CH), 109.2 (C), 69.9 (C), 63.5
(CH), 58.3 (CH), 45.3 (CH»), 41.1 (CH»), 41.0 (CH>), 30.1 (2 x CH3), 29.6 (CHZ), 27.8
(CHy), 22.0 (CHy).

3.6.7 3-[2-(1, 1-Dimethyl-allyl)- IH-indol-3-yl ]-2-(2-phenylselanyl-ethylamino)-propionic
acid methyl ester 2.11

To a solution of 2.10'7 (78 mg, 0.27 mmol) in 1% AcOH in CH,Cl, (5 mL) was added
NaBH(OAc); (127 mg, 0.6 mmol) followed by phenylselanylacetaldehyde (60 mg, 0.33
mmol) and the mixture stirred for 3 h. The reaction mixture was quenched with saturated

Na;COs3 solution (5 mL), extracted with CH,Cl; (2 x 5 mL), the organic phases combined,

75



dried over NaySOy, filtered and the solvent evaporated. The resultant colourless oil was
purified by column chromatography (10 g silica; eluent 20% Et,0 in hexane). The relevant
fractions were combined and the solvent evaporated to give 2.11 as a colourless oil (103
mg, 81%): IR Vinee 1729s, 1463m, 1432m cm’'; 'TH NMR (400 MHz) & 7.94 (1H, bs, NH),
7.56 (1H, d, J=7.7 Hz, ArH), 7.25-7.32 (3H, m, ArH), 7.06-7.21 (5H, m, ArH), 6.17 (1H,
dd, /=173, 10.7 Hz, CH,=CH), 5.20 (1H, d, J = 17.3 Hz, CH,=CH), 5.18 (1H, d, J =
10.7 Hz, CH,=CH), 3.64 (1H, t, /= 7.4 Hz, CH,CH), 3.57 (3H, s, CH3), 3.24 2H, d, J =
7.4 Hz, CH,CH), 2.79-2.95 (3H, m, CH»), 2.55 (1H, dt, /= 11.8, 6.6 Hz, CH>), 1.88 (1H,
bs, NH), 1.59 (6H, s, CH;z); °C NMR (100 MHz) & 175.6 (C), 146.2 (CH), 140.6 (C),
134.3 (C), 133.6 (CH), 129.7 (C), 129.1 (CH), 127.2 (CH), 121.7 (CH), 119.5 (CH), 118.8
(CH), 112.3 (CH,), 110.5 (CH), 106.7 (C), 62.7 (CH), 52.0 (CH3), 47.5 (CHa), 39.4 (C),
29.5 (CHa), 28.6 (CHy), 28.1 (CH;3); MS m/z 471 [M+H]".

3.6.8 2-[tert-Butoxycarbonyl-(2-phenylselenyl-ethyl)-amino]-3-[2-(1, I -dimethyl-allyl)-1H-
indol-3-yl]-propionic acid methyl ester 2.14

To a solution of 2.11 (160 mg, 0.34 mmol) and NEt; (95 uL, 0.68 mmol) in CH,Cl, (5 mL)
was added Boc,O (74 mg, 0.34 mmol) and the reaction mixture stirred for 24 h. The
solvent was evaporated and the residue purified by column chromatography (10 g silica;
eluent 20% Et;O in hexane). The relevant fractions were combined and the solvent
evaporated to give 2.14 as a colourless oil (118 mg, 61%): IR vpax 1730m, 1682m em™; 1H
NMR 6 7.90 (1H, s, indole NH), 7.43 (1H, t, J = 8.1 Hz, ArCH), 7.02-7.32 (8H, m,
Ar’CH), 6.07 (1H, dd, J=17.3, 10.3 Hz, CH=CH,), 5.17 (1H, d, J = 17.3 Hz, CH=CH,),
5.14 (1H, d, J=10.3 Hz, CH=CH,), 4.15 + 4.04 (1H, dd, /= 10.3, 3.7 Hz, CHCH), 3.73
+3.74 (3H, s, CO,CH3), 3.40-3.69 (2H, m, CHCH,), 3.30 + 3.18 (1H, dd, /= 13.0, 5.5 Hz,
CH,CH>), 2.99 + 2.94 (1H, dd, /= 11.8, 5.1 Hz, CH,CH>), 2.73 + 2.38 (1H, dt, J = 12.1,
5.1 Hz, CH,CH,), 2.62 + 2.51 (1H, dt, /= 11.8, 5.5 Hz, CH,CH,), 1.52 + 1.49 (6H, s, 2 x
CHj), 1.51 + 1..42 (9H, s, 3 x CH3); °C NMR & 171.9 (C), 150.0 (CH), 134.2 (C), 132.3
(CH), 131.9 (CH), 129.2 (CH), 126.9 (CH), 126.6 (C), 121.6 (CH), 119.7 (CH), 119.5
(C), 118.6 (CH), 118.3 (C), 112.2 (CH,), 110.5 (CH), 107.6 (C), 81.1 (C), 80.6 (C), 63.6
(CH), 52.3 (CHj3), 51.2 (CHy), 38.8 (C), 27.8 (CH3), 27.7 (CH3), 24.6 (CHy), 24.2 (CHy);
MS m/z 571 [M+H]", 1163 [2M+H]".
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3.6.9 2-Trimethylsilanyloxy-ethylamine 2.18

Hexamethyldisilazane (9 mL, 45 mmol) was added dropwise to ethanolamine (4.9 mL, 82
mmol) followed by trimethylsilyl chloride (1 drop) and the reaction mixture heated at
reflux for 2 h. The reaction mixture was purified by distillation to give 2.18 as a colourless
oil (6.5 g, 60%): "H NMR & 3.59 (2H, dd, J= 5.2, 5.5 Hz, CHy), 2.78 (2H, dd, /= 5.2, 5.5
Hz, CH,), 1.41 (2H, s, NH), 0.12 (9H, s, 3 x SiCHj3). The spectroscopic properties were

consistent with that reported in the literature (ref 10).

3.6.10 N-(2-Hydroxy-ethyl)-4-methyl-benzenesulfonamide 2.19
To a stirred solution of 2.18 (6.5 g, 49 mmol) in pyridine (10 mL) at 0 °C was added

portionwise p-toluenesulfonyl chloride (10 g, 54 mmol). The reaction mixture was stirred
for 24 h, then H,O (2 mL) was added and the reaction mixture poured onto ice. The
reaction mixture was acidified with AcOH, then the mixture extracted with EtOAc (2 x
100 mL). The organic phase was washed with saturated aq NaHCO; (100 mL), dried over
MgSOy, and the solvent evaporated. The residue was purified by column chromatography
(70 g silica; eluent 2:1 EtOAc:hexane). The relevant fractions were combined and the
solvent evaporated to give 2.19 as a pale yellow solid (8.9 g, 85%) mp 53-54 °C: IR viax
3513bs,:3267s cm™; 'H NMR & 7.76 (2H, d, J = 8.1 Hz, ArCH), 7.12 (2H, d, /= 8.1 Hz,
ArCH), 5.22 (1H, bt, /= 5.9 Hz, NH), 3.70 (2H, dd, /= 5.5, 4.4 Hz, CH), 3.09 (2H, q, /=
5.5 Hz, CHa), 2.45 (3H, s, ArCHs); °C NMR & 143.8 (C), 130.0 (CH), 127.3 (CH), 61.4
(CH>), 45.3 (CH,), 21.7 (CH3); MS (ES-) m/z 328 [M+TFAT.

3.6.11 4-Methyl-N-[2-(tetrahydro-pyran-2-yloxy)-ethyl]-benzenesulfonamide 2.20

To a solution of 2.19 (8.8 g, 41 mmol) and dihydropyran (4.8 mL, 61.5 mmol) in CH;Cl,
(100 mL) was added pyridinium p-toluene sulfonate (1.0 g, 4 mmol). The reaction mixture
was stirred for 3 h, then washed with saturated aqg NaHCOj; (2 x 50 mL). The organic phase
was dried over Na,SO,, filtered and the solvent evaporated to give 2.20 as a pale yellow ol
(14 g, >99%): IR Vinax 3276bm, 29365, 2874w, 1323m, 1161s cm™; '"H NMR § 7.76 (2H, d,
J= 8.1 Hz, ArCH), 7.32 (2H, d, J = 8.1 Hz, ArCH), 5.19 (1H, t, /= 5.9 Hz, NH), 4.45
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(1H, m, CH,CH), 3.80 (1H, m, CH>), 3.69 (1H, dt, /= 10.3, 5.2 Hz, CH>), 3.54 (1H, m,
CH>), 3.47 (1H, m, CH,), 3.17 (2H, dd, J = 10.3, 5.2 Hz, CH3), 2.43 (3H, s, ArCH3), 1.72
(2H, m, CH,), 1.51 (4H, m, 2 x CH,); >C NMR & 143.5 (C), 137.1 (C), 129.8 (CH), 127.3
(CH), 99.8 (CH), 66.7 (CH,), 63.2 (CHy), 43.4 (CH,), 30.7 (CHy), 25.3 (CHy), 21.7
(CHs), 19.9 (CH,); MS m/z 300 [M+H]", 317 [M+NH,]".

3.6.12 4-Methyl-N-pent-4-enyl-N-[2-(tetrahydro-pyran-2-yloxy)-ethyl]-
benzenesulfonamide 2.21

To a solution of 2.20 (500 mg, 1.7 mmol), penten-1-ol (172 uL, 1.7 mmol) and PPh; (535
mg, 2.0 mmol) in THF (10 mL) was added dropwise diisopropylazodicarboxylate (401 pL,
2.0 mmol). The reaction mixture was stirred for 5 h, then filtered through a pad of silica
and washed with EtOAc. The solvent was evaporated and the residue purified by column
chromatography (75 g silica; eluent 20% EtOAc in hexane). The relevant fractions were
combined and the solvent evaporated to give 2.21 as a colourless oil (552 mg, 88%): IR
Vimax 3328bm, 3078s, 1749s, 1711s em™; '"H NMR 8 7.71 (2H, d, J = 8.1 Hz, ArCH), 7.29
(2H, d, /= 8.1 Hz, ArCH), 5.79 (1H, m, CH,CH=CH,), 4.93-5.07 (2H, m, CH=CH,;), 4.45
(1H, m, CH,CH), 3.74-3.88 (2H, m, CH>), 3.41-3.60 (2H, m, CH,), 3.25-3.40 (2H, m,
CH,), 3.19 (2H, dt, J = 8.1, 3.4 Hz, CH>), 2.42 (3H, s, ArCH;), 1.98-2.14 (2H. m, CHp),
1.62-1.75 (2H, m, CH,), 1.40-1.60 (2H, m, CH,), 1.18-1.29 (4H, m, 2 x CH,); >C NMR 3
143.2 (C), 137.7 (C), 129.8 (CH), 127.3 (CH), 115.3 (CHy), 99.2 (CH), 66.7 (CH,), 62.5
(CHy), 49.2 (CHy), 48.1 (CHa), 30.9 (CHa), 30.7 (CHy), 27.9 (CHy), 25.5 (CHy), 22.2
(CH), 21.6 (CH3), 19.6 (CHy); MS m/z 368 [M-+H]", 390 [M+Na]".

3.6.13 N-(2-Hydroxyethyl)-4-methyl-N-pent-4-enyl-benzenesulfonamide 2.22

To a solution of 2.21 (800 mg, 2.2 mmol) in MeOH (15 mL) was added p-toluenesulfonic
acid (46 mg, 0.22 mmol). The reaction mixture was stirred for 5 h, then the solvent
evaporated. The residue was diluted in Et;O (10 mL) and H,O (10 mL), then the organic
phase washed with saturated aq NaHCO; (10 mL), brine (10 mL), dried over NaySOu,

filtered and the solvent evaporated. The residue was purified by column chromatography
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(40 g silica; eluent 1:1 — 2:1 Et,O: hexane). The relevant fractions were combined and the
solvent evaporated to give 2.22 as a colourless oil (382 mg, 62%): IR Vyax 3532bs, 3068m,
1749s, 1635m, 1692m cm™; '"H NMR & 7.71 (2H, d, J = 8.1 Hz, ArCH), 7.32 (2H, d, J =
8.1 Hz, ArCH), 5.77 (1H, ddt, J = 16.9, 10.3, 6.6 Hz, CH,CH=CH,), 5.05 (2H, m,
CH=CH,), 3.77 (2H, q, J = 5.5 Hz, CHy), 3.24 (2H, t, J = 5.5 Hz, CHy), 2.92 (2H, m,
CHy), 2.44 (3H, s, ArCHj3), 2.39 (1H, t, J = 5.7 Hz, CH,OH), 2.07 (2H, q, /= 7.4 Hz,
CH,), 1.67 (2H, m, CH,); C NMR & 143.7 (C), 137.7 (CH), 136.1 (C), 129.9 (CH),
127.4 (CH), 115.6 (CH,), 61.6 (CHy), 51.2 (CHa), 48.8 (CHy), 30.8 (CHy), 28.1 (CHy),
21.7 (CHs); MS (ES-) m/z 396 [M+TFA]T.

3.6.14 4-Methyl-N-[2-(2-nitro-penylselanyl)-ethyl ]-N-pent-4-enyl-benzenesulfonamide
2.23

To a solution of 2.22 (360 mg, 1.27 mmol) and o-nitrophenylselenocyanate (577 mg, 2.5
mmol) in THF (5§ mL) was added dropwise tributylphosphine (950 uL, 3.8 mmol). The
reaction mixture was stirred for 5 h, then the solvent evaporated. The resultant brown
residue was purified by column chromatography (100 g silica; eluent 3:1 — I:1 - 1.3
hexane: Et,0). The relevant fractions were combined and the solvent evaporated to give
223 as a yellow oil (668 mg, >99%): IR Ve 3078w, 1588w, 1512s cm™; 'H NMR & 8.32
(IH, d, J = 8.5 Hz, ArCH), 7.79 (1H, d, J = 8.1 Hz, ArCH), 7.66 (2H, d, J = 8.5 Hz,
ArCH), 7.49 (1H, m, ArCH), 7.38 (1H, t, J = 8.5 Hz, ArCH), 7.28 (2H, d, J = 8.5 Hz,
ArCH), 5.78 (1H, ddt, /= 16.9, 10.3, 6.6 Hz, CH,CH=CH,), 4.98-5.08 (2H, m, CH=CH)),
3.31-3.38 (2H, m, CHy), 3.15-3.22 (4H, m, 2 x CH3), 2.52 (3H, s, ArCH3), 2.08 (2H, q, /=
6.6 Hz, CH,), 1.68 (2H, quintet, J = 7.7 Hz, CH,); °C NMR & 143.7 (C), 137.3 (C), 136.3
(C), 134.2 (CH), 129.9 (CH), 129.2 (CH), 127.2 (CH), 126.8 (CH), 126.1 (CH), 115.8
(CH,), 49.1 (CH,), 48.3 (CHa), 30.8 (CHa), 28.3 (CHy), 25.3 (CH,), 21.7 (CHs;); MS m/z
469 [M+H]".
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3.6.15 4-Methyl-N-pent-4-enyl-N-vinyl-benzenesulfonamide 2.24
To a solution of 2.23 (640 mg, 1.27 mmol) in CH;Cl, (10 mL) was added m-

chloroperbenzoic acid (548 mg, 3.18 mmol) and the reaction mixture stirred for 1 h. The
reaction mixture was quenched with 10% sodium thiosulfate solution (10 mL) and the
phases separated. The organic phase was washed with saturated aqg NaHCO; (10 mL),
dried over Na,SOy, filtered and the solvent evaporated. The resultant yellow oily solid was
treated with hexane and the solid removed by filtration. The filtrate was evaporated and the
residue purified by column chromatography (30 g alumina; eluent hexane — 5% -10% Et,O
in hexane). The relevant fractions were combined and the solvent evaporated to give 24 as
a pale yellow oil (238 mg, 71%): 'HNMR &8 7.67 (2H, d, J= 8.1 Hz, ArCH), 7.31 (2H, d, J
= 8.1 Hz, ArCH), 6.89 (1H, dd, J = 15.8, 9.2 Hz, CH,=CH), 5.79 (1H, ddt, /= 17.3, 10.3,
6.6 Hz, CH,=CH), 4.97-5.08 (2H, m, CH,=CH), 4.34 (1H, dd, /= 9.2, 1.1 Hz, CH,=CH),
424 (1H, dd, J=15.8, 1.1 Hz, CH,=CH), 3.31 (2H, dd, /= 7.7, 7.4 Hz, CH»), 2.42 (3H, s,
ArCH;), 2.69 (2H, dd, J = 7.7, 7.4 Hz, CH,), 1.71 (2H, m, CH,). The spectroscopic

properties were consistent with that reported in the literature (ref 5).

3.6.16 1-(Toluene-4-sulfonyl)-1,2,3,4-tetrahydro-pyridine 2.25

To a solution of 2.24 (200 mg, 0.75 mmol) in dry, degassed CH,Cl, (40 mL) under Ar was
added Grubbs® 2™ generation catalyst (32 mg, 0.04 mmol). The reaction mixture was
heated at reflux for 24 h then the solvent evaporated. The residue was purified by column
chromatography (15 g alumina; eluent 20% Et,O in hexane). The relevant fractions were
combined and the solvent evaporated to give 2.25 as a pale yellow solid (184 mg, >99%)
mp 50-52 °C: '"H NMR 8 7.67 (2H, d, J = 8.1 Hz, ArCH), 7.32 (2H, d, J = 8.1 Hz, ArCH),
6.63 (1H, d, /= 8.1 Hz, NCH=CH), 4.97 (1H, dt, /= 8.1, 4.0 Hz, CH=CHCH,), 3.36 (2H,
t, J = 5.5 Hz, CHy), 2.42 (3H, s, ArCHj3), 1.91 (2H, m, CHy), 1.65 (2H, m, CHy). The

spectroscopic properties were consistent with that reported in the literature (ref 5).
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3.6.17 General procedure for protected sulfonamides 2.26: 4-Methyl-N-hex-5-enyl-N-[2-
(tetrahydro-pyran-2-yloxy)-ethyl]-benzenesulfonamide 2.26b

To a solution of 2.20 (500 mg, 1.7 mmol), hexen-1-ol (204 pL, 1.7 mmol) and PPhs (535
mg, 2.0 mmol) in THF (10 mL) was added dropwise diisopropylazodicarboxylate (401 uL,
2.0 mmol). The reaction mixture was stirred for 5 h, then filtered through a pad of silica
and washed with EtOAc. The solvent was evaporated and the residue purified by column
chromatography (75 g silica; eluent 20% EtOAc in hexane). The relevant fractions were
combined and the solvent evaporated to give 2.26b as a colourless oil (571 mg, 88%): IR
Vimax 3319bm, 1734s, 1716s em™; "HNMR 8 7.72 (2H, d, J = 8.1 Hz, ArCH), 7.28 (2H, d,
J= 8.1 Hz, ArCH), 5.78 (1H, ddt, /= 17.1, 10.3, 7.0 Hz, CHZCH=CH2), 4.91-5.04 (2H, m,
CH=CH,), 3.45 (1H, m, CH,CH), 3.74-3.88 (4H, m, 2 x CH>), 3.35 (2H, q, J = 5.9 Hz,
CHy), 3.18 (2H, t, /= 5.5 Hz, CHp), 2./42 (3H, s, ArCHj3), 1.98-2.14 (2H, m, CH,), 1.55-
1.85 (4H, m, CHy), 1.37 (2H, q, /= 7.0 Hz, CH>), 1.19-1.30 (4H, m, 2 x CH,); *C NMR
143.2 (C), 138.5 (CH), 137.1 (C), 129.7 (CH), 127.3 (CH), 114.9 (CH,), 99.2 (CH), 66.7
(CH,), 62.5 (CHy), 49.4 (CH,), 47.9 (CH,), 33.4 (CHy), 30.6 (CHy), 28.1 (CH,), 26.0
(CHy), 25.5 (CHy), 22.2 (CH), 21.6 (CH3), 19.6 (CHy); MS m/z 404 [M+Na]".

4-Methyl-N-but-3-enyl-N-[2-(tetrahydro-pyran-2-yloxy)-ethyl]-benzenesulfonamide 2.26a
Colourless oil (253 mg, 42%): IR Vi 3305bm 1704s cm"; '"H NMR & 7.70 (2H, d, /= 8.1
Hz, ArCH), 7.29 (2H, d, J = 8.1 Hz, ArCH), 5.72 (1H, ddt, J = 17.1, 10.2, 6.3 Hz,
CH,CH=CH,), 4.91-5.04 (2H, m, CH=CH,), 4.52 (1H, m, CH,CH), 3.75-3.88 (2H, m,
CH,), 3.44-3.59 (4H, m, 2 x CHy), 3.34-3.41 (2H, m, CH,), 3.24-3.31 (2H, m, CHy;), 2.42
(3H, s, ArCH3), 2.35 (2H, dd, J = 14.4, 7.4‘ Hz, CH,), 1.40-1.85 (2H, m, CH>), 1.19-1.33
(2H, m, 2 x CH,); >C NMR & 143.1 (C), 137.1 (C), 134.8 (CH), 129.6 (CH), 127.3 (CH),
116.9 (CHz), 99.1 (CH), 66.5 (CHa,), 62.3 (CH,), 48.8 (CHy), 47.9 (CH,), 33.1 (CHy), 30.5
(CHa), 25.3 (CH,), 22.0 (CH), 21.4 (CH3), 19.4 (CH,); MS m/z 418 [M+Na]".
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4-Methyl-N-hept-6-enyl-N-{2-(tetrahydro-pyran-2-yloxy)-ethyl |-benzenesulfonamide

2.26¢

Colourless oil (472 mg, 70%): IR Vuax 1744s, 1718s cm™; '"H NMR § 7.71 (2H, d, J= 8.2
Hz, ArCH), 7.29 (2H, d, J = 8.2 Hz, ArCH), 5.78 (1H, ddt, J = 17.0, 10.3, 6.7 Hz,
CH,CH=CH,), 4.96 (1H, d, J = 17.0 Hz, CH=CHy), 4.94 (1H, d, /= 10.3 Hz, CH=CH)),
4.52 (1H, m, CH,CH), 3.76-3.87 (4H, m, 2 x CH,), 3.35 (2H, dd, J = 12.0, 6.2 Hz, CH,),
3.17 (2H, dd, J = 7.6,7.6 Hz, CHy), 2.42 (3H, s, ArCH3), 2.03 (2H, m, CH,), 1.24-1.82
(10H, m, 5 x CHy); "C NMR & 143.0 (C), 138.7 (CH), 137.1 (C), 129.5 (CH), 127.2
(CH), 114.4 (CHy), 99.1 (CH), 66.5 (CH,), 62.3 (CHy), 49.3 (CH,), 47.7 (CHy), 33.6
(CH,), 30.5 (CHy), 28.5 (CH,), 28.5 (CHy), 26.1 (CHa), 25.3 (CH,), 22.0 (CH), 21.4
(CH3), 19.5 (CHa); MS m/z 418 [M+Na]".

3.6.18 General procedure for sulfonamides 2.27: N-(2-Hydroxyethyl)-4-methyl-N-hex-5-
enyl-benzenesulfonamide 2.27b

To a solution of 2.26b (530 mg, 1.4 mmol) in MeOH (10 mL) was added p-toluene
sulfonic acid (26 mg, 0.1 mmol). The reaction mixture was stirred for 3 h, then the solvent
evaporated. The residue was diluted in Et;O (10 mL) and H,O (10 mL), then the organic
phase washed with saturated aq NaHCO; (10 mL), brine (10 mL), dried over Na;SOs,
filtered and fhe solvent evaporated. The residue was purified by column chromatography
(25 g silica; eluent 1:1 Et;O: hexane). The relevant fractions were combined and the
solvent evaporated to give 2.27b as a colourless oil (275 mg, 66%): IR vpax 3532bs,
3073m, 1640m, 1597m em™’; '"H NMR § 7.61 (2H, d, J = 8.3 Hz, ArCH), 7.31 (2H, d, J =
8.3 Hz, ArCH), 5.75 (1H, ddt, J = 17.1, 10.3, 6.6 Hz, CH,CH=CH,), 4.99 (2H, m,
CH=CHy), 3.76 (2H, q, /= 5.6 Hz, CHy), 3.22 (2H, t, /= 5.6 Hz, CHy), 3.16, (2H, dd, J =
7.6 Hz, CH,), 2.43 (3H, s, ArCHj3), 2.30 (1H, t, J = 5.8 Hz, CH,OH), 2.04 (2H, q, J = 7.1
Hz, CH,), 1.56 (2H, quintet, J = 7.1 Hz, CHy) 1.38 (2H, quintet, J = 7.6 Hz, CH,); Be
NMR & 143.5 (C), 138.2 (CH), 136.0 (C), 129.7 (CH), 127.3 (CH), 114.9 (CHy), 61.5
(CH,), 50.9 (CH,), 49.9 (CHy), 33.1 (CHy), 28.1 (CH,), 25.8 (CH>), 21.5 (CHs); MS(ES-)
m/z 410 [M+TFA].
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N-(2-Hydroxyethyl)-4-methyl-N-but-4-enyl-benzenesulfonamide 2.27a

Colourless oil (55 mg, 89%): IR Vinax 3322bs, 1722w, 1645w, 1595w cm™; 'H NMR § 7.72
(2H, d, J= 8.2 Hz, ArCH), 7.32 (2H, d, J = 8.2 Hz, ArCH), 5.73 (1H, ddt, J = 17.1, 10.3,
6.8 Hz, CH,CH=CH,), 5.06 (2H, m, CH=CH.), 3.76 (2H, t, J = 5.6 Hz, CHy), 3.21-3.26
(4H, m, CHy), 2.44 (3H, s, ArCH3), 2.33 (2H, g, J = 7.3 Hz, CH,) 2.16 (1H, bs, OH); °C
NMR § 143.5 (C), 136.0 (C), 134.5 (CH), 129.7 (CH), 127.2 (CH), 117.3 (CH,), 61.3
(CH,), 51.1 (CH,), 49.3 (CH,), 33.2 (CHa), 21.5 (CHj3); MS m/z 292 [M+Na]".

N-(2-Hydroxyethyl)-4-methyl-N-hept-6-enyl-benzenesulfonamide 2.27¢

Colourless oil (159 mg 61%): '"H NMR & 7.70 (2H, d, J = 8.2 Hz, ArCH), 7.32 2H, d, J =
8.2 Hz, ArCH), 5.78 (1H, ddt, /= 17.1, 10.3, 6.7 Hz, CH,CH=CH;), 4.99 (1H, d, /= 17.0
Hz, CH=CH,), 4.95 (1H, d, J = 10.3 Hz, CH=CH.,), 3.76 (2H, t, J = 5.5 Hz, CH,), 3.23
(2H, t, J = 5.5 Hz, CHy), 3.15, (2H, dd, J = 7.5 Hz, CH;), 2.43 (3H, s, ArCHj3), 2.18 (1H,
bs, OH), 2.04 (2H, dd, J = 13.7, 6.8 Hz, CHy), 1.55 (2H, quintet, J = 7.5 Hz, CH,) 1.25-
1.43 (2H,.m, 2 x CHy); °C NMR & 143.4(C), 138.6 (CH), 136.1 (C), 129.7 (CH), 127.2
(CH), 114.5 (CH,), 61.4 (CHy), 50.8 (CH,), 50.0 (CHa,), 33.5 (CH,), 28.6 (CH,), 28.4
(CH,), 26.1 (CHy), 21.5 (CH3); IR Vinax 3515bs cm™; MS m/z 312 [M+Na]".

3.6.19 General procedure for selenides 2.28: 4-Methyl-N-[2-(2-nitro-phenylselanyl)-
ethyl]-N-hex-5-enyl-benzenesulfonamide 2.28b

To a solution of 2.27b (100 mg, 0.36 mmol) and o-nitrophenylselenocyanate (200 mg, 0.72
mmol) in THF (3 mL) was added dropwise tributylphosphine (269 uL, 1.08 mmol). The
reaction mixture was stirred for 1 h, then the solvent evaporated. The resultant brown
residue was purified by column chromatography (10 g silica; eluent 3:1 — 1:1 — 1:3
hexane:Et,0). The relevant fractions were combined and the solvent evaporated to give
2.28b as a yellow oil (166 mg, 95%): IR Vmax 3073w, 1588m, 1512s cm™; 'H NMR § 8.36
(1H, dd, /= 8.5, 1.5 Hz, ArCH), 7.79 (1H, dd, /= 8.1, 1.5 Hz, ArCH), 7.65 (2H, d, J= 8.5
Hz, ArCH), 7.63 (1H, t, J= 8.6 Hz, ArCH), 7.38 (1H, t, /= 8.5 Hz, ArCH), 7.28 (2H, d, J
= 8.5 Hz, ArCH), 5.78 (1H, ddt, /= 17.1, 10.3, 7.0 Hz, CH,CH=CH,), 5.01 (1H, dq, /=



17.1, 1.1 Hz, CH=CH,), 4.96 (1H, dq, J = 10.3, 1.1 Hz, CH=CH,), 3.35 (2H, m, CHy),
3.18 (4H, dd, J = 7.7, 7.7 Hz, 2 x CHy), 2.41 (3H, s, ArCH3), 2.06 2H, q, J = 7.0 Hz,
CH>), 1.58 (2H, m, CH»), 1.41 (2H, quintet, J = 7.0 Hz, CH,); "C NMR § 147.1 (C),
143.7 (C), 138.3 (CH), 136.3 (C), 134.2 (CH), 131.7 (C), 129.9 (CH), 129.2 (CH), 127.8

(CH), 127.2 (CH), 126.8 (CH), 126.1 (CH), 115.2 (CH,), 48.4 (CHy), 48.1 (CH,), 33.3
(CH,), 28.4 (CHy), 25.9 (CHy), 25.1 (CHy), 21.7 (CHs); MS m/z 483 [M+H]".

4-Methyl-N-[2-(2-nitro-phenylselanyl)-ethyl[-N-but-3-enyl-benzenesulfonamide 2.28a
Yellow oil (79 mg, 87%): IR vimax 3062w, 1590m, 1511s cm”; "HNMR 6 8.31 (1H,dd, J=
8.2, 1.2 Hz, ArCH), 7.78 (1H, d, /= 8.2 Hz, ArCH), 7.67 (2H, d, /= 8.2 Hz, ArCH), 7.64
(1H, t,J=8.2 Hz, ArCH), 7.38 (1H, t, /= 8.3 Hz, ArCH), 7.29 (2H, d, /= 8.3 Hz, ArCH),
5.73 (1H, ddt, /= 17.1, 10.3, 6.4 Hz, CH,CH=CH,), 5.09 (2H, m, CH=CH,), 3.37 (2H, m,
CH»), 3.27 (2H, dd, /=17.8, 7.8 Hz, 2 x CHy), 2.41 (3H, s, ArCHj3), 2.33 (2H, dd, /= 14.3,
7.5 Hz, CHy); °C NMR 8 143.6 (C), 136.3 (C), 134.3 (CH), 133.9 (C), 131.5 (C), 129.8
(CH), 129.1 (CH), 127.1 (CH), 126.5 (CH), 125.8 (CH), 117.5 (CHy), 48.8 (CH,), 48.2
(CH,), 33.5 (CHy), 26.9 (CH,), 24.8 (CH,), 21.5 (CH3); MS m/z 477 [M+Na]".

4-Methyl-N-[2-(2-nitro-phenylselanyl)-ethyl|-N-hept-6-enyl-benzenesulfonamide 2.28¢
Yellow oil (284 mg, 90%): IR Viax 3069w, 1591m, 1510s em™'; "TH NMR § 8.31 (1H, dd, J
= 8.3, 1.5 Hz, ArCH), 7.78 (1H, d, J = 8.0 Hz, ArCH), 7.66 (2H, d, J = 8.4 Hz, ArCH),
7.63 (1H, t, /= 8.0 Hz, ArCH), 7.38 (1H, t, /= 8.2 Hz, ArCH), 7.29 (2H, d, J = 6.7 Hz,
ArCH), 5.79 (1H, ddt, /= 17.1, 10.3, 6.7 Hz, CH,CH=CH,), 4.99 (2H, m, CH=CH,), 3.35
(2H, m, CHy), 3.15-3.21 (4H, dd, /= 8.0, 8.0 Hz, 2 x CHZ), 2.42 (3H, s, ArCH3), 2.04 (2H, .
q, J = 7.0 Hz, CHy), 1.57 (2H, quintet, J = 7.4 Hz, CH,), 1.28-1.45 (2H, m, CH); e
NMR 38 147.1 (C), 143.5 (C), 138.5 (CH), 136.3 (C), 131.5 (C), 129.7 (CH), 129.1 (CH),
127.1 (CH), 126.5 (CH), 125.9 (CH), 114.6 (CH,), 49.3 (CHy), 48.0 (CHy), 33.5 (CHy),
28.8 (CHa), 28.4 (CH), 26.0 (CHa), 25.0 (CH,), 21.5 (CH;3); MS m/z 519 [M+Na]".
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3.6.20 General procedure for enamides 2.29: 4-Methyl-N-hex-5-enyl-N-vinyl-
benzenesulfonamide 2.29b

To a solution of 2.28b (160 mg, 0.33 mmol) in CH,Cl, (5 mL) was added m-
chloroperbenzoic acid (143 mg, 0.83 mmol) and the reaction mixture stirred for 1 h. The
reaction mixture was quenched with 10% sodium thiosulfate solution (10 mL) and the
phases separated. The organic phase was washed with saturated aq NaHCOs; (10 mL),
dried over Na;SOy, filtered and the solvent evaporated. The resultant yellow oily solid was
treated with hexane and the solid removed by filtration. The filtrate was evaporated and the
residue purified by column chromatography (10 g alumina; eluent hexane - 5% -10% Et,0
in hexane). The relevant fractions were combined and the solvent evaporated to give 2.29b
as a pale yellow oil (62 mg, 67%): IR Via 3073m, 1624s cm™; '"H NMR & 7.66 (2H, d, J =
8.5 Hz, ArCH), 7.31 (2H, d, /= 8.5 Hz, ArCH), 6.89 (1H, dd, /= 15.8, 9.2 Hz, CH,=CH),
5.77 (1H, ddt, /= 17.1, 10.3, 7.0 Hz, CH,=CH), 5.00 (2H, dq, /= 17.1, 1.5 Hz, CH=CH,),
496 (2H, dq, J=10.3, 1.5 Hz, CH,=CH), 4.34 (1H, dd, /= 9.2, 1.5 Hz, CH,=CH), 4.24
(1H, dd, J = 15.8, 1.1 Hz, CH,=CH), 3.30 (2H, dd, J = 7.5, 7.5 Hz, CH»), 2.43 (3H, s,
ArCHjs), 2.06 (2H, q, J = 7.4 Hz, CHy), 1.61 (2H, quintet, J = 7.4 Hz, CH;), 1.41 (2H,
quintet, J = 8.1 Hz, CHy); "C NMR § 143.9 (C), 138.5 (CH), 136.4 (C), 132.3 (CH),
129.9 (CH), 127.0 (CH), 115.0 (CH), 44.9 (CHy), 33.4 (CH,), 26.4 (CH>), 26.2 (CHy),
21.7 (CHy).

4-Methyl-N-but-3-enyl-N-vinyl-benzenesulfonamide 2.29a

Pale yellow oil (30 mg, 70%): 'H NMR § 7.67 (2H, d, J = 8.2 Hz, ArCH), 7.30 (2H, d, J =
8.2 Hz, ArCH), 6.90 (1H, dd, J = 15.9, 9.3 Hz, CH,=CH), 5.76 (1H, ddt, J=17.3,103,
6.8 Hz, CH,=CH), 5.08 (1H, dd, / = 10.3, 1.1 Hz, CH=CHy), 5.07 (2H, d, J = 17.1 Hz,
CH,=CH), 4.35 (IH, dd, J = 9.3, 1.4 Hz, CH,=CH), 4.27 (1H, dd, J = 15.9, 1.2 Hz,
CH,=CH), 3.38 (2H, dd, J = 5.8, 5.8 Hz, CHy), 2.42 (3H, s, ArCHs3), 2.34 (2H, dd, J =
15.3, 6.8 Hz, CH,). The spectroscopic properties were consistent with that reported in the

literature (ref 5).
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3.6.21 4- methyl-N-Hept-6-enyl-N-vinyl-benzenesulfonamide 2.29¢

To a solution of 2.28¢ (25 mg, 0.05 mmol) in MeOH:H,0 (6:1, 2 mL) was added NaHCO;
(6 mg, 0.08 mmol) and NalO,4 (27 mg, 0.13 mmol). The reaction mixture was stirred for 3
h then the solvent evaporated. The residue was dissolved in Et;O (5§ mL) and H,O (5§ mL),
the aqueous phase separated and washed with Et;0 (2 x 5 mL), the organics combined,
washed with H,O (5 mL), dried over MgSO,, filtered and the solvent evaporated. The
residue was purified by column chromatography (3 g alumina; eluent 5%-25% Et;O in
hexane), the relevant fractions combined and the solvent evaporated to give 2.29¢ as a
yellow oil (12 mg, 82%): IR Vmax/em™' 3288s, 3073w, 1639m, 1624s, 1593m, 1446s cm™;
"H NMR & 7.65 (2H, d, J= 8.3 Hz, ArCH), 7.32 (1H, d, /= 8.3 Hz, ArCH), 6.89 (1H, dd,
J=15.8,9.2 Hz, CH=CHy), 5.78 (1H, ddt, /= 16.9, 10.3, 6.6 Hz, CH=CH,), 4.99 (IH, d,J
=16.9 Hz, CH,=CH), 4.94 (1H, d, J = 10.3 Hz, CH,=CH), 4.33 (1H, dd, J = 9.2, 1.5 Hz,
CH,=CH), 4.23 (IH, dd, J = 15.8, 1.5 Hz, CH,=CH), 2.99 (2H, t, /= 7.7 Hz, CHy), 2.43
(3H, s, ArCH3), 2.04 (2H, q, J = 6.6 Hz, CHy»), 1.60 (2H, quintet, /= 7.5 Hz, CH,), 1.12-
1.42 (4H, m, 2 x CH,); *C NMR & 143.8 (C), 138.8 (CH), 136.5 (C), 132.3 (CH), 129.9
(CH), 127.0 (CH), 114.7 (CH»), 92.9 (CH;), 45.0 (CH»), 33.7 (CH,), 28.6 (CH,), 26.7
(CHy), 26.4 (CH,), 21.7 (CHj3).

3.6.22 2-Benzenesulfonylamino-3-(1H-indol-3-yl)-propionic acid methyl ester 2.35

To a solution of tryptophan methyl ester (1 g, 4.6 mmol) in pyridine (545 pL, 5.5 mmol)
and CH»Cl, (50 mL) was added benzenesulfonyl chloride (702 uL, 5.5 mmol). The
reaction mixture was stirred for at RT for 4 h, washed with water (2 x 25 mL), saturated aq
NaHCO; (25 mL) then brine (25 mL), dried over MgSQ,, filtered and the solvent -
evaporated. The residue was purified by column chromatography (25 g silica; eluent 50%
EtOAc in hexane). The relevant fractions were combined and the solvent evaporated to
give 2.35 as an off white foam (854 mg, 52%): IR v 3395s, 3281s, 3054w, 1737s, 1447s
cm™; '"H NMR (400 MHz) & 8.13 (1H, bs, indole NH), 7.73 (2H, d, J = 7.3 Hz, ArCH),
7.50 (1H, t, J= 7.3 Hz, ArCH), 7.45 (1H, d, /= 7.8 Hz, ArCH), 7.39 (2H, t, /= 7.3 Hz,
ArCH), 7.33 (1H, d, J = 8.0 Hz, ArCH), 7.17 (1H, dd, J = 8.0, 7.9 Hz, ArCH), 7.08 (1H,
dd, /=79, 7.8 Hz, ArCH), 7.01 (1H, d, /= 2.3 Hz, ArCH), 5.21 (1H, d, /= 9.0 Hz, NH),
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4.29 (1H, dt, J = 9.0, 5.5 Hz, CH,CH), 3.41 (3H, s, CH3), 3.23 (2H, d, J = 5.5 Hz,
CH,CH); *C NMR (100 MHz) & 171.7 (C), 139.7 (C), 136.2 (C), 132.8 (CH), 129.0
(CH), 127.3 (C), 127.1 (CH), 123.5 (CH), 122.4 (CH), 119.8 (CH), 118.6 (CH), 111.4
(CH), 109.1 (C), 56.2 (CH), 52.6 (CH3), 29.4 (CH,); MS m/z 359 [M+H]", 376
[M+NH,]".

3.6.23 2-[Benzenesulfonyl-(2-hydroxy-ethyl)-amino]-3-(1H-indol-3-yl)-propionic acid
methyl ester 2.37

To a solution of 2.35 (800 mg, 2.2 mmol), 2-(tehrahydro-2H-pyran-2-yloxy)ethanol (299
ul, 2.2 mmol) and PPh; (682 mg, 2.6 mmol) in THF (15 mL) was added DIAD (512 uL,
2.6 mmol) and the reaction mixture stirred at RT for 24 h. On completion, the reaction
mixture was filtered through a pad of silica, washed through with EtOAc and the solvent
evaporated. The residue was purified by column chromatography (20 g silica; eluent 30%
EtOAc in hexane). The relevant fractions were combined and the solvent evaporated to

give 2.36 as a pale yellow oil, which was used in the next step without further purification.

To a solution of 2.36 in MeOH (10 mL) was added p-toluenesulfonic acid (84 mg, 0.44
mmol). The reaction mixture was stirred for 3.5 h at RT then the solvent evaporated. The
residue was partitioned between Et;O (10 mL) and water (10 mL), the phases separated,
the organics washed with water (10 mL), saturated aqg NaHCOQO; (10 mL), then brine (10
mL), dried over MgSOy and the solvent.evaporated. The residue was purified by column
chromatography (35 g silica; eluent 30% - 50% EtOAc in hexane). Relevant fractions were
combined and the solvent evaporated to give 2.37 as a colourless glass (454 mg, 52%): IR
Vimax 3522m, 3402s, 3054m, 1737s, 1447s cm™'; '"H NMR & 8.12 (1H, bs, indole NH), 7.68
(2H, dd, /= 8.1, 1.1 Hz, ArCH), 7.48-7.56 (2H, m, ArCH), 7.33-7.41 (3H, m, ArCH), 7.22
(1H, td, /= 7.0, 1.1 Hz, ArCH), 7.14 (1H, td, /= 7.0, 1.1 Hz, ArCH), 7.00 (1H, d, J=2.2
Hz, ArCH), 4.97 (1H, dd, /= 9.2, 5.9 Hz, CH,CH), 3.63-3.82 (2H, m, CHy»), 3.57 (3H, s,
CH3), 3.40-3.54 (3H, m, CH,), 3.23 (1H, dd, J= 15.3, 9.4 Hz, CH,CH), 3.04 (1H, t, J =
6.6 Hz, OH); >C NMR & 172.6 (C), 139.2 (C), 136.2 (C), 132.8 (CH), 128.9 (CH), 127.4
(CH), 127.0 (C), 122.8 (CH), 122.5 (CH), 119.9 (CH), 118.4 (CH), 111.5 (CH), 110.1
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(), 62.2 (CHa), 59.9 (CH), 52.6 (CH3), 48.1 (CHy), 26.3 (CHy); MS m/z 403 [M+H]",
420 [M+NH,]".

3.6.24 2-{ Benzenesulfonyl-/. 2—(2—cyan0—phenylselanyl)—ethyl /]-amino}-3-(IH-indol-3-yl)-
propionic acid methyl ester 2.38 ’

To a stirred solution of 2.37 (500 mg, 1.24 mmol) and o-nitrophenylselenocyanate (572
mg, 2.52 mmol) in THF (10 mL) was added dropwise PBuj (942 ul, 3.78 ‘mmol). The.
reaction mixture was stirred at RT for 2 h then the solvent evaporated. The residue was
purified by column chromatography (50 g silica; eluent 10% - 30% EtOAc in hexane).
Relevant fractions were combined and the solvent evaporated to give 2.38 as a yellow
foam (479 mg, 66%): IR vma, 3408s, 3059w, 1739s, 1628s, 1503m 1447s cm'I; "H NMR &
8.31 (1H, dd, /= 8.5, 1.5 Hz, ArCH), 8.11 (1H, bs, indole NH), 7.74 (1H, dd, J= 8.1, 1.1
Hz, ArCH), 7.69 (2H, dd, J= 8.1, 1.5 Hz, ArCH), 7.49-7.60 (3H, m, ArCH), 7.32-7.43
(4H, m, ArCH), 7.22 (1H, td, J= 7.0, 1.1 Hz, ArCH), 7.16 (1H, d, /= 2.6 Hz, ArCH), 7.14
(1H,td, J=7.0, 1.1 Hz, ArCH), 4.97 (1H, dd, /= 7.0, 8.5 Hz, CH,CH), 3.51-3.71 (2H, m,
CH,), 3.44 (1H, dd, J = 15.1, 7.0 Hz, CH,CH), 3.42 (3H, s, CH3), 3.32 (1H, td, /= 11.8,
5.2 Hz, CH,), 3.16 (1H, dd, J = 15.1, 8.5 Hz, CH,CH), 2.95 (1H, dd, J = 12.5, 5.2 Hz,
CH,); "C NMR & 171.2 (C), 147.0 (C), 139.1 (C), 136.1 (C), 134.1 (CH), 132.9 (CH),
131.8 (C), 129.3 (CH) 129.0 (CH), 127.3 (CH), 127.1 (C), 126.7 (CH), 125.9 (CH), 123.0
(CH), 122.5 (CH), 119.9 (CH), 118.3 (CH), 111.5 (CH), 110.0 (C), 59.7 (CH), 52.3
(CH3), 45.2 (CHy), 27.1 (CHy), 25.8 (CH,); MS m/z 605 [M+NH,4]".

3.6.25 2-(Benzenesulfonyl-vinyl-amino)-3-(1H-indol-3-yl)-propionic acid methyl ester 2.39
To a solution of 2.38 (50 mg, 0.086 mmol) in MeOH (5 mL) was added NaHCO; (10 mg,
0.13 mmol) in water ’(1 mL) followed by NalO4 (46 mg, 0.21 mmol). The reaction mixture
‘was stirred for 24 h at RT then the solvent evaporated. The residue was partitioned
between Et,0 (5 mL) and water (5§ mL). The phases were separated and the organic phase
washed with water (2 x 5 mL), dried over MgSOy, filtered and the solvent evaporated. The
residue was purified by column chromatography (10 g alumina; eluent 10% - 20% EtOAc

in hexane). Relevant fractions were combined and the solvent evaporated to give 2.39 as a
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yellow oil (30 mg, 78%): IR Viax 3404s, 3054m, 1741s, 1630w, 1447s cm™; 'H NMR §
8.04 (1H, bs, indole NH), 7.66 (1H, dd, J = 8.1, 1.1 Hz, ArCH), 7.57 2H, d, J = 7.4 Hz,
ArCH), 7.49 (1H, t, J = 7.4 Hz, ArCH), 7.38 (1H, d, J = 8.1 Hz, ArCH), 7.35 QH, t, J =
7.4 Hz, ArCH), 7.22 (1H, dd, J = 8.1, 6.6 Hz, ArCH), 7.15 (1H, dd, J = 7.4, 6.6 Hz,
ArCH), 7.05 (1H, d, J = 2.2 Hz, ArCH), 6.62 (1H, dd, J = 15.8, 9.6 Hz, CH,=CH), 5.18
(1H, dd, /= 8.1, 6.4 Hz, CH,CH), 4.61 (1H, dd, J = 15.8, 1.5 Hz, CH,=CH), 4.58 (1H, dd,
J=9.6, 1.5 Hz, CH,=CH), 3.65 (1H, dd, J = 14.7, 6.4 Hz, CH,CH), 3.51 (3H, s, CH;),
3.32 (1H, dd, J = 14.7, 8.1 Hz, CH,CH); C NMR & 170.6 (C), 139.3 (C), 136.1 (C),
132.8 (CH), 129.9 (CH), 128.7 (CH), 127.4 (CH), 127.2 (C), 123.5 (CH), 122.2 (CH),
119.7 (CH), 118.7 (CH), 111.4 (CH), 111.0 (C), 98.6 (CH,), 59.5 (CH), 52.4 (CH;), 24.6
(CHy); MS m/z 385 [M+H]", 402 [M+NH,]".

3.6.26 2-Benzenesulfonylamino-3-[2-(1,1-dimethyl-allyl)- IH-indol-3-yl]-propionic acid
methyl ester 2.40

To a solution of 2.10 (247 mg, 0.86 mmol) in pyridine (143 L, 1.44 mmol) and CH,Cl,
(20 mL) was added benzene sulfonyl chloride (185 pL, 1.44 mmol). The reaction mixture
was stirred for at RT for 4 h, washed with water (2 x 20 mL), saturated aq NaHCO; (20
mL) then brine (20 mL), dried over MgSQ,, filtered and the solvent evaporated. The
residue was purified by column chromatography (25 g silica; eluent 20% EtOAc in
hexane). Thé relevant fractions were combined and the solvent evaporated to give 2.40 as a
white foam (276 mg, 75%): IR Viax 3404s, 32765, 3059w, 1739s, 1447s cm™; "H NMR 3
7.90 (1H, bs, indole NH), 7.52 (2H, d, J = 7.4 Hz, ArCH), 7.41 (1H, td, /= 7.4, 1.1 Hz,
ArCH), 7.34 (1H, d, J = 7.4 Hz, ArCH), 7.23-7.30 (3H, m, ArCH), 7.12 (1H, t, /= 7.0, 1.1
Hz, ArCH), 7.04 (1H, td, J = 7.0, 1.1 Hz, ArCH), 6.02 (1H, dd, J = 18.0, 10.3 Hz,
CH,=CH), 5.22 (1H, d, J= 9.2 Hz, NH), 5.17 (1H, dd, /= 10.3, 0.7 Hz, CH,=CH), 5.15
(1H, dd, J = 18.0, 0.7 Hz, CH,=CH), 4.22 (1H, dt, /= 9.2, 7.0 Hz, CH,CH), 3.38 (3H, s,
CH;), 3.24 (2H, dd, J = 7.0, 2.4 Hz, CH,CH), 1.47 (6H, s, 2 x CH3); "C NMR & 172.7
(C), 145.8 (CH), 140.8 (C) 139.4 (C), 134.1 (C), 132.6 (CH), 129.4 (C), 128.7 (CH),
127.1 (CH), 121.7 (CH), 119.8 (CH), 118.0 (CH), 112.5 (CHy), 110.6 (CH), 104.8 (C),
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56.8 (CH), 52.5 (CHs), 39.1 (C), 29.4 (CHy), 27.7 (CHs); MS m/z 427 [M+H]", 444
[M+NH,]".

3.6.27 2-[Benzenesulfonyl-(2-hydroxy-ethyl)-amino]-3-[2-(1, I -dimethyl-allyl)- IH-indol-3-

yl]-propionic acid methyl ester 2.42

To a solution of 2.40 (250 mg, 0.58 mmol), 2—(tehrahydro-?_H-pyran-2-yloxy)ethanbl (95
ul, 0.70 mmol) and PPh; (184 mg, 0.70 mmol) in THF (5 mL) was added DIAD (138 nuL,
0.70 mmol) and the reaction mixture stirred at RT for 24 h. On completion, the reaction
mixture was filtered through a pad of silica, washed through with EtOAc and the solvent
evaporated. The residue was purified by column chromatography (25 g silica; eluent 1%
MeOH in CHzCl). The relevant fractions were combined and the solvent evaporated to

give 2.41 as a pale yellow oil, which was used in the next step without further purification.

To a solution of 2.41 in MeOH (10 mL) was added p-toluenesulfonic acid (23 mg, 0.58
mmol). The reaction mixture was stirred for 5 h at RT then the solvent evaporated. The
residue was dissolved in Et;O (5 mL), washed saturated ag NaHCOs (2 x 5 mL), then brine
(5 mL), dried over MgSO, and the solvent evaporated. The residue was purified by column
chromatography (20 g silica; eluent 20% - 30% EtOAc in hexane). Relevant fractions were
combined and the solvent evaporated to give 2.42 as a colourless oil (215 mg, 78%): IR
Vmax 3532m, 3409s, 3324s, 3054w, 1739s, 1446s cm™; 'H NMR & 7.96 (1H, bs, indole
NH), 7.79 (2H, d, /= 7.4 Hz, ArCH), 7.58 (1H, tt, /= 7.4, 1.1 Hz, ArCH), 7.48 (2H, td, J
=74, 1.1 Hz, ArCH), 7.25-7.31 (2H, m, ArCH), 7.12 (1H, t, J= 7.0, 1.1 Hz, ArCH), 7.03
(IH, td, /= 7.0, 1.1 Hz, ArCH), 6.07 (1H, dd, /= 17.7, 10.3 Hz, CH,=CH), 5.15 (1H, dd,
J=17.6, 0.7 Hz, CH,=CH), 5.14 (1H, dd, J= 10.3, 0.7 Hz, CH,=CH), 4.77 (1H, dd, J =
11.0, 4.8 Hz, CH,CH), 3.88-4.01 (3H, m, CHy), 3.62 (1H, m, CHy), 3.53 (1H, dd, J = 14.0,
11.0 Hz, CH,CH), 3.37 (1H, t, J = 6.6 Hz, OH), 3.22 (1H, dd, J = 14.0, 4.8 Hz, CH,CH),
3.10 (3H, s, CH;), 1.48 (3H, s, CH3), 1.47 (3H, s, CH;); °C NMR § 173.1 (C), 145.6
(CH), 140.5 (C) 139.0 (C), 134.1 (C), 133.0 (CH), 129.2 (C), 129.1 (CH), 127.6 (CH),
121.7 (CH), 119.6 (CH), 118.2 (CH), 112.5 (CHy), 110.5 (CH), 104.8 (C), 63.3 (CH>),
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59.6 (CH), 52.0 (CHs), 39.3 (C), 27.7 (CHs), 27.6 (CHs), 27.5 (CHy); MS m/z 471
[M+H]", 488 [M+NH,]".

3.6.28 2-{Benzenesulfonyl-[2-(2-cyano-phenylselanyl)-ethyl]-amino}-3-[2-(1, 1-dimethyl-
allyl)-1H-indol-3-yl]-propionic acid methyl ester 2.43

To a stirred solution of 2.42 (193 mg, 0.41 mmol) and o-nitrophenylselenocyanate (186
mg, 0.82 mmol) in THF (5 mL) was:added dropwise PBu; (306 pL, 1.23 mmol). The.
reaction mixture was stirred at RT for 2.5 h then the solvent evaporated. The residue was
purified by column chromatography (25 g silica; eluent 10% - 20% EtOAc in hexane).
Relevant fractions were combined and the solvent evaporated to give 2.43 as a yellow
foam (221 mg, 82%): IR Viax 3414s, 3064w, 1738s, 1590m, 1564m, 1512s, 1446s cm™; 'H
NMR & 8.35 (1H, dd, /= 8.5, 1.5 Hz, ArCH), 8.00 (1H, dd, /= 8.1, 1.1 Hz, ArCH), 7.95
(1H, bs, indole NH), 7.63-7.74 (3H, m, ArCH), 7.53 (1H, tt, /= 7.4, 1.1 Hz, ArCH), 7.33-
7.45 (4H, m, ArCH), 7.27 (1H, d, J= 8.1 Hz, ArCH), 7.12 (1H, t, /= 7.0, 1.1 Hz, ArCH),
7.05 (1H, td, /= 7.0, 1.1 Hz, ArCH), 6.09 (1H, dd, /= 17.7, 10.7 Hz, CH,=CH), 5.19 (1H,
dd, /= 17.7, 0.7 Hz, CH,=CH), 5.19 (1H, dd, /= 10.7, 0.7 Hz, CH,=CH), 4.84 (1H, dd, J
=11.0, 4.8 Hz, CH,CH), 3.96 (1H, dd, /= 12.1, 5.1 Hz, CH,), 3.78 (1H, td, /= 12.1, 4.4
Hz, CH,), 3.62 (1H, td, /= 12.5, 4.8 Hz, CH,), 3.52 (1H, dd, J = 13.6, 11.0 Hz, CH,CH),
3.33 (1H, dd, J = 13.9, 4.8 Hz, CH,CH), 3.21 (1H, dd, J = 12.5, 5.1 Hz, CHy), 3.01 (3H, s,
CHs), 1.53 (3H, s, CH3), 1.52 (3H, s, CH3); "C NMR & 171.4 (C), 147.0 (C), 145.5 (CH),
140.6 (C) 138.8 (C), 134.0 (CH), 132.9 (CH), 131.9 (C), 129.4 (CH), 129.1 (C), 129.0
(CH), 127.3 (CH), 126.7 (CH), 125.9 (CH), 121.7 (CH), 119.6 (CH), 118.0 (CH), 112.5
(CHy), 110.4 (CH), 104.5 (C), 59.4 (CH), 51.7 (CHs), 45.1 (CHy), 39.2 (C), 28.0 (CHa),
27.6 (CHy), 27.5 (CH3), 26.6 (CHy); MS m/z 656 [M+H]", 672 [M+NH,]".

3.6.29 2-(Benzenesulfonyl-vinyl-amino)-3-[2-(1, I-dimethyl-allyl)- IH-indol-3-yl]-propionic
acid methyl ester 2.44

To a solution of 2.43 (43 mg, 0.065 mmol) in MeOH (1 mL) and CH,Cl; (1 mL) was
added NaHCOs (27 mg, 0.32 mmol) in water (1 mL) followed by NalO4 (112 mg, 0.52
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mmol). The reaction mixture was stirred for 5 d at RT then the solvent evaporated. The
residue was dissolved in Et;O (5 mL) washed with water (2 x 5 mL), dried over MgSOy,
filtered and the solvent eQaporated. The residue was purified by column chromatography
(5 g alumina; eluent 10% - 20% EtOAc in hexane). Relevant fractions were combined and
the solvent evaporated to give 2.44 as a pale yellow oil (21 mg, 71%): IR vy 3418s,
3054w, 1737s, 1629m, 1447m cm™; "H NMR & 7.88 (1H, bs, indole NH), 7.47 (1H, d, J =
8.1 Hz, ArCH), 7.38-7.44 (3H, m, ArCH), 7.22-7.26 (3H, m, ArCH), 7.11 (1H, td, /= 7.0,
1.1 Hz, ArCH), 7.01 (1H, td, J = 7.0, 1.1 Hz, ArCH), 6.68 (1H, dd, J = 16.2, 9.6 Hz,
CH,=CH), 6.13 (1H, dd, J = 17.3, 10.7 Hz, CH,=CH), 5.33 (1H, dd, J = 8.8, 4.8 Hz,
CH,CH), 5.20 (1H, dd, J = 17.3, 0.7 Hz, CH,=CH), 5.15 (1H, dd, J = 10.7, 0.7 Hz,
.CH2=CH), 4.61 (1H, dd, J = 9.6, 1.8 Hz, CH,=CH), 4.58 (1H, dd, J = 16.2, 1.8 Hz,
CH,=CH), 3.70 (1H, dd, J = 15.1, 4.8 Hz, CH,CH), 3.47 (3H, s, CH3), 3.46 (1H, dd, J =
15.4, 8.8 Hz, CH,CH), 1.50 (3H, s, CH3), 1.49 (3H, s, CH;); ’C NMR & 170.9 (C), 145.9
(CH), 140.3 (C) 139.1 (C), 134.2 (C), 132.6 (CH), 130.4 (CH), 129.8 (C), 128.5 (CH),
127.2 (CH), 121.6 (CH), 119.4 (CH), 118.7 (CH), 112.2 (CH,), 110.5 (CH), 106.8 (C),
97.5 (CHp), 59.8 (CH), 52.4 (CHs), 39.2 (C), 27.7 (CHj3), 27.7 (CHs), 23.7 (CH3); MS m/z
453 [M+H]", 470 [M+NH,]".
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APPENDIX 1

'H NMR Spectra for compounds in section 2.11
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APPENDIX 2

"H NMR Spectra for compounds in section 3.6
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Current Data Parameters

NAME
EXPNO
PROCHO

f2 - Acquisition Parameters

jyti0layg4
i
i

Date 20010742

Time 0.49
INSTRUM spect
PROBIM 8 mm Dual 13
PULPROG 29

0 327e8
SOLVENT coci3

NS 16

os 0

SHH 6223.6E3 Hz
FIDRES 0.250967 Hz
AG 1.9923444 sec
AG 28.3

bW 60.800 usec
DE &.00 usec
TE 300.0 K
01 1.00000000 sec

= CHANNEL f?
i
10.20 usec

0.00 dB
400.1324710 MHz

F2 - Processing parame-2rs

S1 1636

5k 400, 130012 Myz
HOW N

558

LB st iz
GB

oV [P

SR 13,32 Hz

0 M plot paraseters

Cx 30,00 cm
Fp 13.00C ppm

b 01 LY e

Fop -1.000 ppm
Fy ADD 4 Wy
PUMUM 0, 466067 ppasom
HACH 186 72732 Hefea
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