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Features of Prenylated Indole Alkaloids

= |ndole or derivative Q) % Q) taut,

= (vestiges of) prenyl group o indole "indoxyl"
|ndoI|n 3-one
indolin-2-one

= Diverse structures, diverse

NH
-
OH

bioactivities
NH NH
= Marine and terrestrial fungal Q)\j Q/ﬁ\
secondary metabolites, commonly Me Me” MS

from genera Aspergillus,

Reverse prenylated

Penicillium, and Malbrachea Prenylated
= Commonly contain a ﬂ
. . . HN
bicyclo[2.2.2]diazaoctene ring, K
either as a monoketopiperazine or bicyclo[2.2.2)diazaoctane
. . . 5
diketopiperazine " )ﬁ:,( HNﬁ\\
- NH NH
= Qver 8 families, 70 natural 0 0
prOdUCtS Wlthln thOSG Containing a diketopiperazine monoketopiperazine

bicyclo[2.2.2]diazaoctane core

Williams, R. M. et al. J. Nat. Prod. 2012, 75, 812-833 2



Representative Examples of Prenylated Indole Alkaloids

Me
{+)-Brevianamide A (+}-Brevianamide B Marcfortine A Me Paraherguamide A Me

Panicillium bravicompactum  Penicilium brevicompactum Penicillium brasilianum
Penicillium cluniaa

Sclerotiamide Asperparaline A Avrainvillamide (+)-Stephacidin A
Aspergillus scleratiorum Aspergifius japonicus (CJ-17,665) Aspergiifus ochraceus
Aspergillus proluberus Aspergilius ochraceus Aspergifius protuberus
H
me M N cl
H,..
wf N S
OH [
N
(=]
{+)}-Malbrancheamide (-)-Notoamide A (+)-Versicolamide B
Malbranches aurantiaca Aspergillus profuberus Aspergiiius amoenus
Matbranchea graminicola Aspergilius profuberus

Aspergillus lafchungensis

M MEN

(-)-Stephacidin B
Aspergillus ochraceus

H M

5]
Chrysogenamide A Taichunamide A Penicimutamide D
Penicillium chrysogenum Aspergilius laichungensis Peniciiffum purpurogenum G59

Sherman, D. H.; Tsukamoto, S.; Williams, R.M., et al. Nat. Prod. Rep. 2018, 35, 532-558. 3



A Case Study in Biosynthesis: Premalbrancheamide

MalG
non-ribosomal peptide synthetase

SO SO

L

1. Coupling and reductive off-
loading of dipeptide by non-

@\/Cf ribosomal peptide sythetase
_NADPH _ J{E)

"' N
o
O=(_/ ‘p
% <> " .
y
HNTl)/> %) DTS AR

N
NH

% .OH N _ N _
0* ~0 O Me H H
2. Spontaneous cyclization "0~ e 4. Spontaneous oxidation
and dehydration 3. Reverse
prenylation
5. Reduction and stereoselective, NADPH

intramolecular Diels-Alder

(+)-Premalbrancheamide
Sherman, D. H.; Williams, R. M. Nat. Chem. 2019, 11, 972-980.



MalC: A Bifunctional, Stereoselective Diels-Alderase

O=(—/ © g_\ - 11 + MalC + NADPH =
& oxidation & 1001 - 9+ MalC + NADP* .
{ve = = { we ©§ 801 11+MalC g
N Me N Me S E 60]-® 9+MaC :
H = H = ES g
9 " 2g ¥ 15
tautomerization\‘ / reduction E_ s E
N 0 r ¥ T d T T d T T 7T =
Ho—( 0 40 80 120 1,080
N= Time (min)
M
H = N
""" Zwitterionic intermediate is the
via ' .
[ malc on Hoﬁ . optimal substrate for MalC (g) and
N . « . .
NADPH HN enantioselectivity is reductant-
r
H{~cMe dependent (h)
S Me
NH : N : i oy
S S . Reduction and cycloaddition both

occur in the same active site

Sherman, D. H.; Williams, R. M. Nat. Chem. 2019, 11, 972-980. 5



MalC: A Bifunctional, Stereoselective Diels-Alderase

Site-directed mutagenesis revealed which residues
were key to reactivity and enantioselectivity

D108 D108

Close packing restricts azadiene conformation

Sherman, D. H.; Williams, R. M. Nat. Chem. 2019, 11, 972-980. 6



Key Contributors and Syntheses Covered

Also highlighted in this
presentation:
 Andrew Lawrence
N (brevianamide A)
 Andrew Myers
(stephacidin B and
avrainvillamide)
 Deqian Sun and
Chaozhong Li
(Notoamides and
Sclerotiamide)
« Phil Baran
(Avrainvillamide)

Radiolabeled feeding experiments * Nigel Simpkings

probing biosynthetic origins Richmond Sarpong (malbrancheamide B)

University of California, Berkeley
Diversity-oriented syntheses

Robert M. Williams (1953-2020)
Colorado State University
Bioinspired syntheses

Images from https://rmwilliamsgroup.wordpress.com/robert-williams/; https://sarponggroup.com/richmond-sarpong/ 7




SYNTHESIS BY DIELS-ALDER CYCLIZATION



Premalbrachamide

: Me
halogenation H Me H
H Me > S Me =~ Me
< Me NH NH
NH Cl
P Ib h id ¢! e
remalbrancheamide Malbrancheamide B Malbrancheamide

= Biosynthetic precursor to halogenated malbrancheamide and
malbrancheamide B (determined by synthesis of isotopically labeled
compound and feeding studies)

= Metabolites from Malbrancea aurantiaca, a fungus isolated from bat
detritus from a cave in Mexico

7

= Synthesis by Williams supports biosynthetic hypothesis of a “protected
oxidized resting state that after reduction undergoes [4+2] cyclization

William, R. et. al. Org. Lett. 2008, 10, 21, 4863—4866 9



Synthesis by Diels-Alder: Premalbrancheamide

Retrosynthesis of premalbrancheamide to key
intermediate for intramolecular Diels-Alder

NH

=\ Me
H

S M 1 me
N="\ Me NH

=T~N NH /- \= Me

=\ Me Ho S\ 7 Me \Me
H 7 HO_N X > HN > GO + HoN

Me , 7 H
Intramolecular Diels-Alder | Condensation O Amide Coupling NFmoc  COoMe
HN N\
\ N NH
@)

Full Synthesis

CO,H

H H Me HMe e
N M% NFmoc y e NaBFs " =
/ Y/ — LiCl /
HATU, iProNEt, CO;Me THF, EtOH OH
> 82%
MeCN NH NH

COoMe 85% O o)
NFmoc NFmoc

Sherman, D. H.; Williams, R. M. Nat. Chem. 2019, 11, 972-980. 10



Synthesis by Diels-Alder: Premalbrancheamide

AT N Meie
= =
/
OH _sosPy EtN =0 ELNH
NH CH2C|2, DMSO NH MeCN 3
O 72% o)
NFmoc NFmoc
H
N M(IeVIe H Me Found to be the preferred
N :
/ = Me substrate for [4 + 2] in

O NADH
1% TFA in THFl25°C: 15% Pl

SN CH,Cly, r.t. / 6 biosynthesis
air > =N
HNTQ 45% \*83
NI
O
©

50°C: 40%

NH NH
Me —\ Me 5-6 steps from

,\’)ND HN-D) prenylated indole
N = N

8 mg total prepared

[ — Premalbrancheamide

Sherman, D. H.; Williams, R. M. Nat. Chem. 2019, 11, 972-980. 11



Chemical Synthesis of Reverse Prenylated Indoles

1. tBuOCI, TEA

O
-78°C, 30 min
COM ’ CO,Me
2hie 5 COMe 2.~ _~_B(9-BBN) 2
Ho N _ Y\’ PhthN™
PhthN*
A (0] . -78°C—r.t., 3 h - N\
N N THF N
H N | H
N via
~|MeQ
Cl =0
N @)
. @)
hydrazine
hydrate N _Me Me
> / _
MeO \
O NH,

Synthesis of prenylated indole adds ~4 steps

Perrin, D. M. et al. Org. Lett. 2012, 14, 1, 90-93; Danishefsky, S. J. et al. J. Am. Chem. Soc. 1999, 121, 51, 11964-11975 12



Brevianamide A

= First isolated by Wright and Birch in 1969 from
the culture medium of Penicillium
brevicompactum

= Brevianamide A more abundant than the fungi’'s
other prenylated alkaloids (9 times more
abundant than brevianamide B)

Brevianamide A

Biosynthetic pathway has
not been fully elucidated = Yield of brevianamides from culture fluid

between 0.1 to 10 mg/ L

@\/g {3 = Exhibits antifeeding activity toward insect larvae

prollne

tryptophan

diketopiperazine (+)-Dehydrodeoxybrevianamide E  (+)-previanamide A

(+)-Deoxybrevianamide E Has been observed in other

Known precursor for (+)-Brevianamide A pepjciflium and Aspergillus species
based on radiolabeling study Has not been isolated from
Penicillium brevicompactum

Birch, A. J. et al. J. Chem. Soc. D 1969, 644-645; Lawrence, A. L. et al. Nat. Chem. 2020, 12, 615-619. 13



Brevianamide A: Biosynthetic Hypotheses

How to rationalize selectivity for brevianamide A,
but presence of both brevianamide A and B?

Me Me Diastereoselective,
H ~OH enantioselective D-A? enantiodivergent
N VAN Diels-Alderase? oxidation
l “\}% [e.r. ~ 90:10] \
N

[O] | stereoablative

Williams 1989 proposed pathway

HMe Me

isotopic labelling DID
produce isotopically
labelled brevianamide A

brevianamide E

(+)-Deoxybrevianamide E eO H
Williams 1993 revised pathway ISOtOpIC labelling did not

o HN produce isotopically
diastereoselecti[ve] labelled brevianamide A
/ 2 Me
Me _Me . . . .
(+)-brevianamide A (+)-brevianamide B

Jj\f HN HO
| HN N\ [1,2]-shift Y D|astereoselectlve [4 +2]
/\[fN — N. JMe
H ‘tay Me
O ~
(@)

Birch, A. J. et al. J. Chem. Soc. D 1969, 644-645; Lawrence, A. L. et al. Nat. Chem. 2020, 12, 615-619. 14




Brevianamide A: Lawrence et al. Biosynthetic Hypothesis

o) O
: CriL
OH ' . \ Me
HN

N .
1,2]-shift
_) st gL
ok
N o
. . off-cycle 5-exo-trig cyclization I
(+)-Dehydrodeoxybrevianamide E
Has been observed in other tautomerization
Penicillium and Aspergillus species
Has not been isolated from
Penicillium brevicompactum
Y
P Me
Me
N ',’ ,' /’1
H ,' 'll
O N N
Diastereoselective [4 + 2] N 7
OH

(+)-brevianamide A (+)-brevianamide B

This biosynthetic hypothesis informed their synthetic approach

Lawrence, A. L. et al. Nat. Chem. 2020, 12, 615-619 15



Synthesis by Diels-Alder: Brevianamide A

Retrosynthesis

&)

+ “
‘CO,Me
N MeMe

H proline methyl
prenylated tryptophan  ester

(+)-brevianamide A (+)-Dehydrodeoxybrevianamide E

Forward Synthesis

o 1. tBuOCI, TEA
-78°C, 30 min
CO,M ’ CO,Me
2ve o COMe 2.~_~_ B(9-BBN) s
HN _ ﬁ/\/ PhthN™
PhthN*"
N\ O . -78°C—>rt., 3 h - N\
N TEA, toluene N\ THF N
H 111°C, 18 h N H /4
commercially available 69% from s.m.
25.0 ¢ used directly 21.1 g, 50.7 mmol

98.2 mmol

Lawrence, A. L. et al. Nat. Chem. 2020, 12, 615-619. 16



Synthesis by Diels-Alder: Brevianamide A

MeO,C
CO,Me COolLi (COCI),, DMF, 0°C, 30 min. o) N>—§
. PhthN"™ 2 TEA
PhthN™" [)—COQMe PhthN"3
{ LiCI (20 equiv.) A 21 h. rt _ H
\ 160°C, 21 h ” p CH,Cl, N
H / N/
H
NH N
O" NCSTEA Q\
‘CO,Me  CH,CI, 0°C, 3h COzMe
commercially available 79%,15 ¢
\_N

N
H
NH;/MeOH — m-CPBA (1 equiv.)
- A\ '
rt., 18 h N CHCI3, r.t., 6 h

H
(+)-Dehydrodeoxybreviar)amide E 850 mg 159
49% from prenylation 57%
8.51 g, 24.4 g prepared 36:64 d.r.

separated by 3 rounds of column chromatography

Provide access to all nat- and ent- stereocisomers
of brevianamide A and B

Lawrence, A. L. et al. Nat. Chem. 2020, 12, 615-619. 17



Synthesis by Diels-Alder: Brevianamide A

(+)-brevianamide A

(-)-brevianamide A 750 mg
128 mg 0 0O 937 eur.
955 e.r. H H 99:1 e.r. after recrystallization

HO, "N >N .
| . LiOH, H;0, rt, 05 h
< LiOH, H0,1t, 05h I 7]);> 7]);> iOH, Hy -

@)

(+)-brevianamide B
12 . . . . 60 mg
928 or First total synthesis of brevianamide A 93:7er.

(first isolated 1969!)
7.2% overall yield
7-9 steps

(-)-brevianamide B

Lawrence, A. L. et al. Nat. Chem. 2020, 12, 615-619; Birch, A. J. et al. J. Chem. Soc. D 1969, 644-645 18



Synthesis by Diels-Alder: Brevianamide A

tautomerization

(+)-brevianamide A

Proposed mechanism follows their biosynthetic hypothesis

Lawrence, A. L. et al. Nat. Chem. 2020, 12, 615-619. 19



Citranalin B and Cyclopiamine B

Lack the bicyclo[2.2.2]diazaoctane core
Possess alkyl nitro group, extremely rare in
natural products

Cyclopiamine B

discovered in 1979 from Penicillium cyclopium Exact blOsynthetiC Origin unknown
© Basis for structural revision of Citrinalin B:
OoN
/ N Analogy of citrinalin A and B to cyclopiamine A and B
O
HN Q8
H ®
OO,N 0.°.0 OOyN
OMe mé' | 2 O .N §?\? 7
Citrinalin B (originally proposed) N™™ ’ . . — - ,
Me _Me H P
O H
02N N MeO MeO MeO . .
4 A cyclopiamine A cyclopiamine B
/ = interconversion observed upon heating in dioxane/ water and in DMF
HN gl H
M M M
OMe Me_Me Me_Me
Citrinalin B (revised) O Me Meo © o O
discovered in 2010 from Penicillium citrinium O,5N O, .0 O,N
@) ; _— 2 — O y
HN H O : - HN H
mé AN H mé
OMe M Ty OMe
citrinalin A oMe citrinalin B (revised)

Calculations also suggested that citrinalin A structure was correct but that the
revised structure was a better fit for citrinalin B based on 'H, 13C NMR data

Berlinck, R. G. S.; Sarpong, R. et al. Nature 2014, 509, 318-324. 20



Synthesis by Diels-Alder: ent-Citranalin B and Cyclopiamine B

'indole-to-spirooxindole'

HN

N
OMe

ent-Citrinalin B

OMe o
s . NC\K;{N : N
TIPso” - Me ',»yp HO )
Me H 0]
D-proline
1. O
H I:,\,OMe
\Ll’ OMe
2
1. Boc,0, NaHCO3, H,0, THF, rit. K,COs3, MeOH, 0°C > rt. o
N 2. BHge THF, THF, 0°C —> r.t. . BocN 2. 4N HCI in dioxane, 0°C — rt. Nne
HOL 3. (COC),, DMSO, CH,Cly, DIPEA, -78°C 1 3. 2-cyanoacetylchloride, TEA, CHyCly, 0°C > 1t 'D
I 87% over 3 steps \g H 65% over 3 steps ="

D-proline

Berlinck, R. G. S.; Sarpong, R. et al. Nature 2014, 509, 318-324. 21



Synthesis by Diels-Alder: ent-Citranalin B and Cyclopiamine B

z
0 Me
Me
TIPSOTf (2.0 equiv.)
— —_ Triethylamine (6.0 equiv.)
* Et,0, 0°C — .t
80%
NS OMe
N4
p wRU_ z
Ph, MeCN s _Me
N . TIPSO
0 | \—PPh; PFe 0 Me NG O
NC\)LN = 8mol %) NC N snCl, _ :
—— > | CH,Cl,, -78°C — -42°C 5
~— H Acetone/ water, 70°C, 22h H OM H H
€ Me
98% 73%
I, (3 equiv.)
DMAP (3 equiv.)
O e} 1:1 pyridine: CCly
60°C, 12 h

Me Me—i'| H
93%
Berlinck, R. G. S.; Sarpong, R. et al. Nature 2014, 509, 318-324; Grotjahn , D. B. et al. J. Am. Chem. Soc. 2004, 126, 39, 12232-

12233 22



Synthesis by Diels-Alder: ent-Citranalin

B and Cyclopiamine B

MMe 0] NH2 Me
e\P/ Me \PMeZOH ?’ Me P', Me \PMe2OH
Hi-0”prPtS R O\P
v/ Me >
O (20 mol %) of Ve ™
H,O/ EtOH, rt., 38 h
H,O
H, + OH"
PIFA, MeOH, r.t., 16 h : 2 o + e
) e , I.L, .C. Me P~ Me \PMe-,OH
70% (2 steps) . HaN" R Heeg e PE
o/ "Me
o
o)
o B 1+ B 1+
- Me Me Me
B \ v _Me
\o, & Me PrMe.P<q 'V'e\P,, Me .+ PMe;0H
o/ MenN—Cl NVATS
dppfPdCl, (10 mol%) 0 K H R O C.
KsPO,, DMF, 40°C, 16 h _ i L R
1. Zn dust (10 equiv.), NH4CI,

HCO,NH,, p-TsOH eH,0

+
Me Me
Me\p,T.Me‘\PLI\(A)e
MeOH, r.t.. 2h > H;~-O/ P\'Pt\ I
2. NaCNBH3 (2 equiv.), 1 N HCI (aq.) H,O o/ Men=C.
0°C, 30 min N D O 4 R
82% (2 steps) Me Me Me L

Berlinck, R. G. S.; Sarpong, R. et al. Nature 2014, 509, 318-324; Parkins, A. W., et al. Tet. Lett. 1995, 36, 8657-8660

23



Synthesis by Diels-Alder: ent-Citranalin B and Cyclopiamine B

Pd(OAC), (40 mol%)

Benzoquinone Me,S, MsOH
H2S04 40°C. 14h
MeCN/ H,O, r.t., 12 h 96%
71%

oxone (10 equiv.), NaHCOg -

acetone/H,O
0°C—>rt., 2h
56% as 4:1 mixture of diastereomers
Oo,N
1. Me3OBF,, CH,Cl,, 4A mol sieves o HN—Z 72
45°C. 16 h - ; N
2. MeOH, NaCNBHy,4, 0°C 2
Me—7q MeMe H
Me

ent-citranalin B
consistent with spectroscopic
data of isolated citranalin B;
opposite sign of optical rotation

19 linear steps from proline
6.4 mg prepared
5.5% overall yield

Structure confirmed
Berlinck, R. G. S.; Sarpong, R. et al. Nature 2014, 509, 318-324 crystallographically (HCI salt) 24




Synthesis by Diels-Alder: ent-Citranalin B and Cyclopiamine B

Conversion of ent-citranalin B to cyclopiamine B

OouN Me Me
W NaH, DMF, 60°C, 1.5 h
> 85%
NIE 0 elvie
ent-citrinalin Me Me
Mel, K,COs 21 linear steps from proline

acetone, 60°C, 19 h © | 4.0 mg prepared

92% MeO Mdpe H o 4.3% overall yield

cyclopiamine B




SYNTHESIS BY RADICAL CYCLIZATION



Stephacidin B and Avrainvillamide

Me Meo

HO\N N o

\ Q Me M
= , . NoY'D
H N Dimerization = O O ‘

O H N

_ _ ]]—N 0]
[\l 0] Avrainvillamide
0O Me Me
©

Stephacidin B
= Stephacidin B was isolated from Aspergillus ochraceus WC76566 (fungus
from Indian clay) in 2002 by researchers at Bristol-Myers Squibb and
found to exhibit antiproliferative effects on cancer cell lines

= Avrainvillamide was independently described by Fenical et al. in 2000 and
Sugie et al. in 2001 in which cytotoxic and antibiotic effects were described

Qian-Cutrone, J. et al. J. Am. Chem. Soc. 2002, 124, 49, 14556-14557; Fenical, W. et al. U.S. Patent 6,066,635, 2000; Sugie, 27
Y. et al. J. Antibiot. 2001, 54, 911-916.



Myers Retrosynthesis

Retrosynthesis

Me
Ho, Me

Me
N
> NG —— N
Dimerization ~ coupling =~ I"H’
HN
O O
N Avrainvillamide
O' Me Me
©
Stephacidin B
TBDPSOMe, Me g TBDPSO M& e

M
:>TBDPSO RS
| %)\—N

H radical cascade
HN

O

OTBDPS OTBDPS OTBDPS o

e e iPrO,SO Me
\) () Me a Me af Me
7 ‘e, : ., : BOCN \ +
O \ O

Myers, A. G. et al. J. Am. Chem. Soc. 2005, 127, 5342-5344 28




Stephacidin B and Avrainvillamide

IBX or Saegusa-Ito oxidation, Corery-ltsuno reduction, TBDPS protection

OTBPPS
| OTBDPS ?@Me FTRRS

IPI‘OZSO . 'Me KHMDS TMSCN .«\Me
Me ——— y —
+ 4

BocN"N\ 0 A HFIPA 5 JeCN
O BocN BocN
70% 65%

Lithiation, formylation, reduction, iPrSO,CI

1. TMSOTY, 2,6-lutidine
2.DIPEA

md}@

1. KHMDS, PivOH

2. Me
Me\P:T,MQ‘.\PMeQOH
H:-0 PPty
o/ Me
(20 mol%)

EtOH, H,0

epimerization, then nitrile hydrolysis

PhSH, TEA

-~

O

Myers, A. G. et al. J. Am. Chem. Soc. 2005, 127, 5342-5344 29



Stephacidin B and Avrainvillamide

TBDPSO 1. HF Me
M 0 Me ' M
PhS... ﬁ\"eo o. JL TBDPSOL Y0 2. DMP © o
t-Amyl” 0" "Ph N 3. |,, DMAP N
> 3 > | = %j
= t-BuPh H 4N HN
\) O
0 62% © 72%
l NO,
0
TBDPSO
M Me Pd,(dba)s, Cu
PhS.. TBDPSOL_\"® 2Adb2)s
- N
HN o)
aminoacyl radical formation phenylthiyl radical expulsion

Myers, A. G. et al. J. Am. Chem. Soc. 2005, 127, 5342-5344 30



Stephacidin B and Avrainvillamide

TEA, MeCN, 25°C
> 95%

MeCN, H,0, 38°C
2:1 avrainvillamide: stephacidin B
. . . 'OR' 4 M Mg
Avrainvillamide 50/ 50 DMSO"dg/ MeCN +3A mol. sieves S Ve

49% 0
23°C,1h -
1.7 mg prepared Stephacidin B

2:1 stephacidin B: avrainvillamide
-OR-
silica gel (partial conversion)

Is avrainvillamide responsible for stephacidin B’s purported activity?
Later studies by Myers et al demonstrated binding of avrainvillamide
to nucleophosmine, an oncogenic/ cancer-marking protein
Synthetic avrainvillamide (tethered to biotin) crucial to this discovery

Myers, A. G. et al. J. Am. Chem. Soc. 2005, 127, 5342-5344; Myers, A. G. et al. J. Am. Chem. Soc. 2007, 129, 46, 14444—
14451

31



Notoamides F, |, R, and Sclerotiamide

LDA
prenyl bromide

then aq. H,SO, < H,NCH(CO,Me 1. TFA
\‘LO then (Boc),0 >~*\_OH 2 (COMe), 2. AcOH
HATU, DIPEA
N~ ™MBuy NBoc
58%
BnQ
— — NBoc
NBoc = .
Me Cobalt catalyst (0.2 equiv.)
FeCl o o PhSiH3 (1.2 equiv.)
3 MeO,C IPngCI then DMP (2.5 equiv.)
B I-%N ?o HN {N o
O
0, /
| ] 67% 47%
CO\O
I Cl
BnQO 2;
NBoc 1. Pd/C, HCO,NH, Cobalt catalyst

Me 2 CuCly, Me NBoc

Z € _ Me A Me
Me —  0OCO;Me Me

o} o) > o 0

HN] HN= <

N N

O 0

82%
Sun, D. and Li, C. et al. Angew. Chem. Int. Ed. 2016, 55, 10435 —10438 32



Notoamides F, |, R, and Sclerotiamide

180°C
1,2-dichlorobenzene

9) allenyl Claisen rearrangement
Notoamide | Notoamide R
0,
87% 85%
28.5 mg prepared 24.9 mg prepared
10 steps from Seebach acetal AcOH/ MeOH
p 11 steps from Seebach acetal \120 25°C, 24 h
§02Ph

N\
/@/LO
O5N

Notoamide F

Sclerotiamide 95%
55% 10.1 mg prepared
3.1 mg prepared 12 steps from Seebach acetal

12 steps from Seebach acetal

Sun, D. and Li, C. et al. Angew. Chem. Int. Ed. 2016, 55, 10435 —-10438 33



OXIDATIVE ENOLATE COUPLING



Baran et al’s oxidative enolate coupling

(N‘,bz
~COy,Me OMe
O
H,, Pd/C
97%
H MeO 0
COOH .
& MeOMe 1. Pd,dbay,eCHCI
MeO,C, - Fdxdbage 3
NHCbz o) 0] ; Et;SiH, TEA
Q _ Boc { NHCbz 2, NaH, MOMCI
Me
Me O N
Me Boc
Me
81%
0 @
OMe LDA (2.2 equiv.), 5 min, -78°C, BSCN\
Fe(acac); (2.2 equiv.) -78°C— 20°C
(acac); (2.2 equiv.) Ve L
bis-enolization and oxidative coupling O
S[~=Nmom
N
O

61%

Baran, P. S. et al. J. Am. Chem. Soc. 2006, 128, 26, 8678-8693 35



Baran et al’s oxidative enolate coupling

7
4 O 7 e} O
BocN O‘B—B . BocN BocN
O [ S r (1.5 equiv.) O 1. MeMgBr X
0,
MeO H 63% - Me% H 2. Burgess reagent .~ M% H
0]
S-~=Nmom Y oNH 0O 0 T
N \\zo N \
N NS \
O 0 MeO™ "N'®NEty O
61% Burgess Reagent 88%
7 @)
HN
200°C, sulfol MO
, sulfolane Me H
O
S-[~=NH
N
O
(-)-Stephacidin A
28 - 45%

CD revealed opposite enantiomer of isolated nat-stephacidin
route repeated with D-proline derivative for synthesis of congeners

Baran, P. S. et al. J. Am. Chem. Soc. 2006, 128, 26, 8678-8693 36



CATIONIC CASCADE CYCLIZATION



Synthesis by Cationic Cascade

Initial studies

QW 1.LHMDS, THF Me Ph H
PMBN prenyl bromide AgOTf, THF Me—
B~ N 2. Bn . 65% O ~NPMB
iy LieN~~\ -l PMBN N
O Bn PhS" @]
PhSSPh B!
Envisioned cationic cascade
NH
cation H — Nl\l/?e ) = Ml\e/:I
formation <-NH prenyl trapping indole trapping Oe
R-NTJ® bicylo[2.2.2]diazaoctane HN= <
o) NH formation N

Simpkins, N. S. et al. Tetrahedron 2010, 66, 6585-6596. 38



Synthesis by Cationic Cascade

Application in synthesis of enf-malbrancheamide B

COOH OB
- Me Os _NH Me
c OSEM ° Oy o 5o
\ Me H BnQ
N Oy N wo. N
Boc - iPrOH, CBry N
HATU, iPrNEt, o = NOSEM 50°C Cl {4
MeCN, r.t. A\
N
E Boc
oc 52%
Cl 74% Cl
HN HN e HN
Me AN Me AN D g
TMSOTf _ Me H Sml,, LiCl Me H DIBAL-H Me
CH,Cl, > 1t., 3h Oy (K -0Bn THF 5K nn toluene, r.t. AENH
N N N Y
0 0
64% 70% 63%

ent-malbrancheamide

41dr 10 steps from 6-chloroindole
8.7 mg prepared
4.4% overall yield

Simpkins, N. S. et al. Tetrahedron 2010, 66, 6585-6596; Simpkins, N. S. et al. J. Am. Chem. Soc. 2009, 131, 4214-4215 39



Sarpong et al.’'s Synthesis of Several Congeners

NH
OH
O

NH
d-proline Me AN
p+ TMSOTf Me Sml,, LiCl H Me
XN o THF HN {O
N N
@)

-

©)
OH
O
A\
N
H

indole-3-pyruvic acid

Route to malbrancheamide C and B

Ketopremalbrancheamide

43% (single diastereomer) over 2 steps

optimized route: 17% overall yield
and > 2 g in a single pass

Br Cl
NH Br
A Me NH NH 1. Bo(pin)s NH
H Me A\ Me A Me hv, TMDAM A Me
O } 2. CuCl,eH>0O Me
HN .{ H Me DIBAL-H H Me 20 H
N HN _{O toluene HN N HN S\
o) N N N
Ketopremalbrancheamide © ©
B 7 o Malbrancheamide C Malbrancheamide B
NBS N 74% 70% 18% yield (27%) b.r.s.m. over 2 steps
\ Me poTTT o m et :
! TMDAM .
CHCl,, 23°C B ' .
’ jr Me ' Me Me !
O ' "
HN -{ :Me’NvN"MeE
N | R e
O

Sarpong, R., et al. Nat. Chem. 2018, 10, 38-44.
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Sarpong et al.’'s Synthesis of Several Congeners

Route to (+)-Stephacidin A

1.By(Pin),, TMEDA 1o

B N MeCN/H,O/Acetone
NH NH NH hv, (450 W Hg lamp) NH
_\ Me Me . Me flow, 40 min X Me
H I 2. H202, MeCN M
Je NIS, CHCL| Me| BFwOEt; _ W Me _ pH®7buffer H Me
HN=|< 75 min, r.t. HN= | -5°C, 20 min HN= < HN= |
N N N N
@) @) @) @)
Ketopremalbrancheamide 82% 55% over 2 steps
\\ Me
Me
@)
M
/e'é:"f NH
Z Z M;I 170°C
€ 1,2-dichlorob
CuCl,, DBU, MeCN - H 0 ,2-dichlorobenzene -
HN=|<
N
@) .
(+)-Stephacidin A
55% over 2 steps 89% yield

Sarpong, R., et al. Nat. Chem. 2018, 10, 38-44. 41



Sarpong et al.’'s Synthesis of Several Congeners

Stephacidin A provides access to other reported natural products

g N g N
DMDO/Acetone NH NH "
MeOH Me AMe
then Me,S H Me NaCNBH3 H Me MnO, (30 equiv.)
O e 1CcOH 0 Dry EtOAc
HN HN=|<
N N
o) o)

Aspergamide B
83%
8.0 mg prepared

(+)-Stephacidin A

chloranil
THF

TFA
MeOH/ THF, r.t. TEA
10 min. H,O/ THF, rt.
30 min.
TPAP
4 A mol sieves
"Notoamide F" CH,Cl,
76%
Avrainvillamide 4.2 mg prepared "Notoamide R" :
6.3% over 3 steps _ 87% Notc;asror/:de !
0.9 mg prepared  natural product (as claimed) 3.9 mg prepared 2.1 mg prepared
or isolation artefact? natural product (as claimed) or isolation artefact? '

Sarpong, R., et al. Nat. Chem. 2018, 10, 38-44. 42



Sarpong et al.’'s Synthesis of Several Congeners

Dimeric products

Aspergamide B Avrainvillamide

K 8:1 apergamide B: avrainvillamide
Waikialoid A TEA: MeCN, r.t., 27 h

kinetically fast and irreversible,’

N
?/Ie Me
Aspergamide B dimer Waikialoid A
95% based on 1 equiv. Aspergamide B 299, based on 1 equiv. of avrainvillamide
10.5 mg prepared 0.8 mg prepared

Aspergamide B dimer has not (yet) been isolated from a natural
source; may be a biosynthetic precursor to other congeners
Sarpong, R., et al. Nat. Chem. 2018, 10, 38-44. 43



Conclusions and Future Directions

Synthetic disconnections: bicyclo[2.2.2]diazaoctane => Diels-Alder,
cationic cascade, radical cascade, oxidative enolate coupling;
monoketopiperazine and diketopiperazine => tryptophan + proline

Prenylated indole alkaloids likely to persist as synthetic targets, in part due
to a promising future for new discoveries in their isolation and biosynthesis
which will provide new targets and bio-inspired routes

However, diversity-oriented synthesis and late-stage functionalizations can
allow access to prenylated indole alkaloids from disparate biosynthetic
origins from a common synthetic intermediate

Reactivity of these natural products through interconversion/ dimerization/
formation of isolation artefacts is appreciable, but extensive studies on this
are likely limited by the amount of material available for such studies
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Grotjahn Anti-Markovnikov Hydration Catalyst

ﬂ@ —‘@e

PhzP =PPhz; Ru
PhoP —{4—ppn,

3
RCCH .
40 °C >0"°C + -RCH;CHO

j@ o m@?

Ph,P ""‘R“'--pphz

F‘hEP-""R”*—-F’F’hz
b - @(D

A = possible tautnmers of
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Synthesis of Coupling Partner

| NO, ﬂl‘ TBAI, K,COj4 NO, 4
+
\Ej\ e Me,CO | s |l
OH CHs 65°C, 20 h ; «CHg
2 O CHa

91%

NO, NO,
| [ | BHT (5 mol%) 3
CH B
: 3 m-xylene CH
07 % 140 °C, 15 h 1 S
CHs

> © CH,
78% 17
HqC,, F1
NO, ! HSC,){‘CI) NOz
I % : HaC O"B X 4
- CHj HSC 3 - CHj
O oHy HiC YO 2 O Thy
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44%
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