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l. Introduction

e » Isolation and structural determination were reported in 1970s.

=HO )y » They belong to the only family of alkaloids with an eight-membered
MeO WQ endoperoxide ring.
N o »  Structural characters: hexacyclic alkaloids with five-, six- and eight-
/@AO_O membered rings; juxtaposition of oxidizing peroxide with two nearby prenyl
groups; oxidizable 6-methoxyindole residue.
fumitremorgin A (1): R = prenyl » Fumitremorgins display potent activity against multi-drug resistant (MDR)
verruculogen (2): R = H cancer cell and HIV.

» Simple family members without the endoperoxide had been synthesized.
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fumitremorgin A (1): R = prenyl 3 L-tryptophan methyl ester
verruculogen (2): R=H
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|. Rationality to direct C-H functionalization on indole C6 position
A short, scalable and regioselective route to compound 3 had not reported.

ll. Synthesis

Literature summary: reported methods to 6-methoxytryptophan (see Sl for details)
A: Direct C-H oxidation from tryptophan derivative

0
OMe OMe
NHCO,Me > MeO \  NHCO,Me
N

4 steps, 33% overall yield, stoichiometric Pd(OAc),

B: 6-Methoxytryptophan derivative by ring synthesis
i. Japp/Klingemann/Fisher indole synthesis followed by Schollkopf amino acid synthesis

0
Q — Qﬁ
COOEt COOEt MeO \  NHCO,Me

N
74% over 2 steps 6 steps, 54% overall yield H
ii. Larock indole synthesis using an alkyne that has incorporated a Schollkopf auxillary
.
MeOQ / SOEt
M
H2  TES \H\ e0 \ NH;
OEt ”
2“steps from 3 steps from 66% over 2 steps
aniline analogue propargyl alcohol

iii. lodoaniline/ketone cyclization

@)
COOMe COOMe Q
1 Pd(OAC), Mg Detosylation and e
RO NCbz or  NBoc, — DABCO. R‘OW 2 methylation o
NR%  ~--mmrmmmommsooee- > MeO
DMF, heat ) (was not performed \ NR?
N

R'=Tsor Me 75% and 58% ” in publication)
2 steps from 2 steps from 4 stepsfrom  separately R' = Ts or Me H 5

proper phenols  Cbz-Glu-OMe Glu-OH

or anilines R2 = NCbz or Boc,
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IIl. Synthesis ] |. Rationality to direct C-H functionalization on indole C6 position

Literature summary: reported methods to 6-methoxytryptophan (continued) (see Sl for details)
C: 6-Methoxytrytophan derivative by C3-subtitutionof 6-methoxyindole
3 steps

o]
OH
€0 | NH,
N
ii. CS-AmmomethyIatlon then displacement W|th malonate
Q\) HCHO_ 11 NMe, o
Me,NH N

AcOH H
59% 18% over 4 steps

i. C3-Formylation then hydantoin condensation

heat

iii. C3-Formylation, reduction, then displacement with Schollkopf auxilliary

Et
eO*% POCI,, DMF Qj
N~ then PhSO,CI, NaH
H So,Ph

85% 83% over 4 steps SOzPh
iv C3-Substitution using serine and acetic anhydride, followed by resolution

0
OH
eO«Q“\) L-Ser MGOW acylase resolution OH
N~ Ac0, AcOH N\ NP2 509, 01% e MO | NH
H H H

7%

C-H functionalization was applied to this C6 problem.

Indole preferentially react at C2, C3 and C7. C6 is the most difficult position to directly functionalize on indole.
C-H borylation on tryptophan system: C2 and C7

Ligand control of regioselectivity and large blocking group on indole nitrogen for desired regioselectivity. 3
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C-H borylation of indole derivatives: optimization of ligand-controlled borylation

0 Dimeric [Ir], Bing 0 0]
i n
OMe HBIllingfrI]de’Pinz : OMe OMe
) NHBoc )\  NHBoc PinB7g ) NHBoc
N solvent, N N
TIPS temp_erature, TIPS TIPS
40 time 5 6
Entry cat[zlarl]yst (m[cl)rl]%) Ligand k&goﬁg}s (ZqB uPii/rT) (335233 Solvent® T?’Ef ' Ti(rr?)e \(KOI/S)I : 6:5¢ Rezo(\g/f)red

1 [Ir(cod)Cl], 15 L1 3 0 0.5 octane 80 16 5 20:1 78
2 [Ir(cod)OMe], 3 L1 6 35 0 MTBE 23 16 0 ~100
3 [Ir(cod)Cl], 15 L1 3 1.0 0 octane 80 16 0 ~100
4 [Ir(cod)OMe], 3 L1 6 0 1.0 MTBE 23 16 0 ~100
5 [Ir(cod)OMe], 3 L1 6 0 1.0 hexane 23 16 23 20:1 52
6 [Ir(cod)OMe], 5 L1 10 0.25 4.0 hexane 60 24 a7 27:1 25

[Ir(cod)OMe], 5 L2 10 0.25 4.0 hexane 60 24 64 38:1 7
8 [Ir(cod)OMe], 5 L2 10 0 4.0 hexane 60 24 55 32:1 13
9 [Ir(cod)OMe], 5 L2 10 2.0 0 hexane 60 24 0 ~100
10 [Ir(cod)OMe], 5 L2 10 0.25 4.0 hexane 60 48 66 39:1 6
11 [Ir(cod)OMe], 5 L2 10 0.25 4.0 hexane 80¢ 24 74 38:1 0
12 [Ir(cod)OMel, 5 L3 10 0.25 4.0 hexane 80¢ 24 77 8.0:1 0
13 [Ir(cod)OMe], 5 L4 10 0.25 4.0 hexane 80¢ 24 0 ~100
14 [Ir(cod)OMe], 5 L5 10 0.25 4.0 hexane 80¢ 24 69 6.2:1 0
15 [Ir(cod)OMe], 2 L3 4 0.25 4.0 hexane 80¢ 18 72 75:1 0

tBu tBu
\ ' N7
L1: dtbpy L2: Meyphen L3: phen L4 (R =H)and L5 (R = Me)

a All reactions were performed on 0.1 mmol scale; ® Dry solvents were used; ¢ Isolated yields represent the sum of C5- and C6-borylated indole products; ¢ Regioselectivity was
determined by 'H NMR; € Sealed tube.
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C-H borylation of indole derivatives: indoles and carbozoles substrate scope

Substrate scope: indoles and carbozoles 2

5 COOMe 5 5 OTBS 5
N N N N
TIPS 7 TIPS 8 TIPS 9 TIPS 10
L1: 77%, 3:1 C6:C5 L1: 69%, 2:1 C6:C5 L1: 65%, 3:2 C6:C5 L1: 66%, 3:2 C6:C5
L2: 80%, 4:1 C6:C5 L2: 73%, 3:1 C6:C5 L2: 79%, 3:1 C6:C5 L2: 74%, 2:1 C6:C5
L3: 84%, 14:1 C6:C5 L3: 75%, 9:1 C6:C5 L3: 81%, 8:1 C6:C5 L3: 76%, 6:1 C6:C5
5 CN 5 Br 6 3 6 4
N N N N
TIPS 119 TIPS 12 TIPS 13 TIPS 14
L1: 49%, 2:1 C6:C5 No reaction L1: 55%, regioisomeric mixture L1: 80%, 2:1 C7:C6
L2: 51%, 3:1 C6:C5 L2: 64%, regioisomeric mixture L2: 87%, 2:1 C7:C6
L3: 54%, 8:1 C6:C5 L3: 67%, C2, C7-product major L3: 89%, 5.5:1 C7:C6

/ Conditions: 5 mol% [Ir(cod)OMe],, 10 mol% ligand, 0.25 equiv. HBPin, 4 equiv. B,Pin,, hexane, 80 °C, 24 h; £ 50 °C

» This method has been field-tested on decagrams scale at Novartis for valuable unnatural amino acid.

ll. Total Synthesis of Verruculogen and Fumitremorgin A

S LIHMDS 9 Q Q
i ,
WOMe TIPS-CI \ OMe ' OMe OMe
V' NHBoc —— - = NHBoc PinB MeO
N THF, N Ir{(cod)OMel,, N ) NHBoc Cu(OAc),, EtsN, Y} NHBoc
H -78°C TIPS phenanthroline, TIPS MeOH, Oy, 23 °C, Nes
Boc-L-Trp-OMe 89% 4 HBpin, B,Pin,, 24 h, one pot,
hexane, 80 °C, yield 65% (8:1 C6:C5) 23
24 h over 2 steps

» Modified Chan-Evans-Lam condition by Merlic, C. A. et al: suitable for simple alkyl and allyl alcohol; BPin
is better than boronic acid; only 1 equiv. boron partner.

Merlic, C. A. et al. J. Am. Chem. Soc. 2010, 132, 1202-1203.
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Iridium-Catalyzed aromatic C-H borylation Chan-Evans-Lam coupling
O H,0
. - | .
leig: Bpin O, ACO\CJOAC PinB™
Ir(cod)OMe], — < (" " n-Bp! AcOH
MeOH i
) Bpm ACO, PinB-OAc
+LJ[-L
N ,,,,,,,,,,,,, |||““Bp|n Ar'H H3C~O/\/R
.
H-Bpin N Bpin
Bpin
AcO.
H3C O C R e Y
B.pi
2pIng At H
N, ~H s .
"""" |r|” . N""”""'u,. $ V,.“\\\Bpln
Bpin ~>_/ Bpin
Ar-Bpin AcO
AcOH
H3C e Y
0 o .
OMe
MeO \ 3N HCI OMe 1M TBAF OMe
o 8o “mMeoH, 60 C MeO | NHyHci THF MeO { \n,
N 0
TIPS TIPS 91% over 2 steps ”
23

Smith, M. R. lll et al. J. Am. Chem. Soc. 2013, 135, 7572-7582.
Stahl, S. S. et al. Organometallics, 2012, 31, 7948-7957.
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Synthesis of aldehyde 24

WO (EtO)3CH, KHSO4, EtOH TESOO><\r0Et TBAF, THF TBDPSOO><\r0Et TFA TBDPsoo><vo
then Co(modp),, Et;SiH, O,, DCE OEt  then TBDPSICI, imidazole OEt  CHCl3H,0
20 yield 73% for 2 steps yield 84% for 2 steps yield ~100% 24
Aldrich 25 mL/$203.5
o Silane Yield (%) . . .
tBU_~ N TES-TBDPS switch to make the intermediates
TESi-H 73 - .
o on L_o stable in the following steps.
modp TBSi-H 30
TIPSi-H No reaction
TBDPSIi-H No reaction

Isayama—Mukaiyama peroxygenation of alkenes

Co' + 0, — co'"0,
R3SiH

Y\(OEt R3Si—0-0O-
OEt

HCo'"

H
nm i

Co)‘_/—"\(OEt
OEt

OEt

H

C%OEt
OEt
CO”

H
/-H\/OEt
N\ OEt

H

co''oo OEt
’/_\ CO||
OFt \/
H .
R38iO%OEt RSiH

H
: o—%)\(OEt
OEt

/

O,

Related reaction

Mukaiyama hydration of alkenes

R’ : LR
R2§R3 Co(acac),, PhSiH3 R2jw<R3
Lo 0,, H,0 [0
0
1 R
HR H 3H
RZ&RS Rearrangment RZ&R N
,0-0-SiH,Ph ,0-Si=Ph
R R™  OH

Regioselectivity in Isayama-Mukaiyama
peroxygenation is based on the relative
reactivity of alkene (radical stability, steric
effect and electronic factor).

A O Terent'ev, A. O. et al. Russ. Chem. Rev. 2011, 80, 807-828.
Masuyama. A. et al. J. Org. Chem. 2005, 70, 251-260.
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TBDPSOO><VO

Q 24
OMe 4A'MS, CHCI5,0°C, 1 h
MeO MeO
} NH, then TFA (10 mol%), 0 °C, 24 h © \
H yield 49% (2:1 dr desired:undesired)

TBDPSO-O

25
Pictet—-Spengler reaction >

@)

P NC

YV NH, —
N
H

N
H

J— NZH
I ;\‘{D
R

C2

Migration

Klausen, R. S. Ph. D. Thesis, Harvard University, 2010.

o (0]
OMe OMe
NH \ NH
N
H R
cis

In favor of C3? Most nucleophilic position in
intermolecular reactions of indoles;
Spiroindolinone can be isolated when C2 is
substituted.

In favor of C2? C3-Addition is a 5-endo-trig
cyclization (disallowed by Baldwin’s rules).
Experimental evidence: Reversible C3-
addition.

Computational evidence: C2-addition is
productive, while C3-Addition is non-
productive.

Rearomatization is the rate-limiting step.
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o llzlmoc 0
Cl
OMe 4 CH,CI MeO RN
MeO {  AH 26 2v2  MeO PhNO, ZrCl, e N W
N sat. ag. NaHCO; CH,Cl,, 0°C G
yield 87% yield 76% .
TBDPSO-O TBDPSO-0
25 R = Fmoc
e | T
0s0y (2.5% in tBuOH),
o N-methylmorpholine N-oxide 0]
(50% in H,0), N
MeCN:acetone:H,0 (2:2:1)
M MeO
eO A
yield 79% Y H
TBDPSO-O
28
Dehydrogenation of tryptophan
©
Ph<
© S Ph\NO N~
Nu ™ r~ Nu Il (l)H
ol Qe —
M—0~ “Ph M-0* Ph o NRz o
H y

Diketopiperidine formation
R o]

H R H o)
N. A3 R3 base
H2N © A I I
N O R? O ” R?

o 0
(VIO

Yamamoto, H. et al. Angew. Chem. Int. Ed. 2002, 41, 2986-2988. T N\g2 R R2
Baran, P. S. et al. J. Am. Chem. Soc. 2006, 128, 8678-8693. R R
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MeO Cyclization  MeO

Late-stage oxidation in biosynthetic pathway
@]

a_
ketoglutarate-
dependent MeO
dioxygenase

FtmOQOx1
/

fumitremorgin B verruculogen

HQHo

MeO

[O] ...

Late-stage
biomimetic oxidation

8 substrates
>70 reactions

R' = H, OMe; R? = H, prenyl; R® = CO,Me, diketopiperidine
R* = H, Ac, Pro-Fmoc, diketopiperidine

Intermediates obtained when forging the eight-membered endoperoxide

MeO \ N

MeO : .
N z B
H H
o) N o)
o \ /(k O’$
0
17 EtO 18

Successful endoperoxide formation on model substrates

v ol
X-ray of 19a Nf\f‘ 19a:R=H

19b: R = OMe

Li, S.-M. et al. ChemBioChem 2012, 13, 2583 — 2592.

BF3'Et20, 4A MS,
DCE, 15 min

For 19a: rt (42%)

For 19b: 0°C (23%) 21a:R=H X-ray of 21a

/@Ao—o

21b: R = OMe

10
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o) _o HOHoR
HQHQ N W/\/ HC_) N
MeO - MeO MeO H Prenyl bromide MeO
H 1M TBAF, BF3°Et,0, 4A MS, N Bu,SnO, Bu;NI
O THF, AcOH, DCE, -20°C © DCE. 23°G, 17 h
TBDPSO-O DMF, 0°C yield 23% over 2 steps | Ho-o vield 95%
29 verruculogen (2) fumitremorgin A (1)
Cyclization . .
y >  Stereochemistry in
oR . H\O/O/R Q Q cyclization: nitrogen attack
L} O/
i RO-OH 7 R _H  CJ® 4R )\ J_ oR from the bottom face
R™ "H R™ O R( O N proton
\. R'-O-OH transfer
O
Regioselective protection of hydroxyl group by organotin derivatives
Base*HBr
Base
R' .,
BuO,_ OB QH BuO_ OB R
BuO ut u uQ_ u (0]
e g RH\(OH s BUQ oB BuO._] _O-__ __OBu
OH O/Sn r R2 3 O Br O/S Sn n
oH 24250 o: OR' R OH L —  Bu0~ o~ L oBu
R'TS ~N R R'TS " Ry RO 0
R 3 R2 R 3 OH R2 RZ
R H,0 RB 'O R3 R® R RZ L1
less R-Br RS OR R
hindered R R3
Wang, X. CN104610125A
Hanessian S. et al. Tetrahedron 1985, 41, 643-663. 11

Martinelli, M. J. et al. J. Am. Chem. Soc., 2002, 124, 3578-3585.
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V. Summary ]

More than 40-years unsolved synthetic challenge posed by the peroxide-containing alkaloids,
verruculogen (2) and fumitremorgin A (1), has been accomplished in 11 and 12 steps,
respectively.

Iridium-catalyzed regioselective C—H borylation of the remote C6 position of tryptophan as a
general way to functionalize C6 position of an N,C3-disubstituted indole.

Hydroperoxide/indole hemiaminal cyclization to peroxide.

12



