Sarlah Group Syntheses of furanocembranoids and related natural products

Outline:

i. Overview
ii. Structural features and representative examples
iii. Biosynthesis
iv. a) Total syntheses
Paquette — gorgiacerone (1992)
Marshall — ent-rubifolide (1997)
Trauner — bipinnatin J, rubifolide, isoepilophidione B, intricarene (2006),
coralloidolides A, B, C, and E (2010)
Pattenden — (Z)-deoxypukalide, (E)-deoxypukalide,
deoxypseudopterolide (2010)
Mulzer — 11-gorgiracerol, 11-epigorgiacerol (2012)
Clark — 7-epi-Pukalide and 7-acetylsinumaximol B (2017)
b) Synthetic studies
Theodorakis — verrillin (2013)
Sulikowski — bielschowskysin (2013)
Mulzer — bielschowskysin (2013)
Roche — bielschowskysin (2018)
Stoltz — ineleganolide (2017, 2018)
c) Not covered
Paquette — acerosolide (1993)
Marshall — kallolide B (1996)
Marshall — kallolide A (1998)
Marshall — deoxypukalide (2001)
Pattenden — bis-deoxylophotoxin (2001)
Rawal — bipinnatin J (2006)
Pattenden — bippinatin J, intricarene (2006)
Donohoe — (Z)-deoxypukalide (2008)
Theodorakis — norcembrenolide B, scabrolide D (2011)
Mulzer — 17-deoxyprovidencin (2014)
Trauner — intricarene (2014)
Furstner — sinulariadiolide (2019)
Other synthetic studies (Nicolaou — bielschowskysin, Lear — bielschowskysin,
Barriault — havellockate, Trost — rameswaralide, Vanderwal — ineleganolide,
Ilto — Yonarolide, Mehta — plumarellides and mandapamates...)

. ® g
gorgonian corals, northwestern
Atlantic Ocean and the Carribean sea

Reviews:

Trauner, Nat. Prod. Rep. 2008, 25, 298-317
Pattenden, Nat. Prod. Rep. 2011, 28, 1269-1310
Stoltz, Chem. Rev. 2017, 117, 7878-7909

-most furanocembranoids have Z olefins, but most
of the corresponding C7-C8 epoxides are derived
from the E diastereomer

-only C1 and C9 are spared of oxidation in vivo
-C18 can be in all oxidation states

-the furan moiety is often oxidatively cleaved in vivo
to give enediones that are converted to a variety of
different products
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Furanocembranoids Pseudopteranes
OH OH
nl“/< ul‘/<
N\ A\
(o] (o) (o]
(o] (o]
lophotoxin bipinnatin | providencin kallolide A pseudopterolide
neurotoxin potent cytotoxin cytotoxin strong anti-inflamatory activity cytotoxin
Gersolanes Norcembranoids

2 H 2 H
%"f %‘f
(o) o
o o)

pinnatin A pinnatin B sinuleptolide scabrolide D 5-epi-sinuleptolide
potent cytotoxin cytotoxin strong anti-inflamatory activity cytotoxin
cytotoxin

bielschowskysin verrillin rameswaralide intricarene plumarelide ineleganolide
very potent cytotoxin uknown bioactivity cytotoxin cytotoxin moderate hemolytic activity antileukemic
antimalaric
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iii. Biosynthesis

\ 4 \ o furan and
(CoPP electrophilic butenolide
/ macrocylization [O] ring formation
- e, —_— ", > “
S "I/ "I/ double bond 'I‘/
isomerization
N 10 N N 3 \
HO

20 HO,C

geranylgeranyl Neo-cembrene
diphosphate rubifolide
(furanocembranoid)

R
hv R’ hv
lo25 * 2] /( [o2a* ;2]
L W L
1,3-sigmatropic 1,2-sigmatropic
rearrangement & N rearrangement
(o]
furanocembranoids pseudopteranes furanocembranoids gersolanes
R'=H or OH when R = Me
R'=H when R = CO,Me
R R H
H H 18
oxy-Michael
epoxidation tautomerisation cyclisation
‘4, —_— " / —_— 3 K "/
loss of C18 R N I/
o \ (o} \ o
o o °
furanocembranoids R = CO,H norcembranoids

R= CH3, CHO, COzH, COZMe
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iv. a) Total syntheses: Paquette, J. Am. Chem. Soc. 1992, 114, 3910-3926; J. Am. Chem.

o)
1. (COCl),, Et;N, DMSO

Soc. 1992, 114, 3926-3936

1 Phs\)j\/cozme CO,Me DCM, -60 °C, 90% CO,Me  Me,AISnBus, Pd(PPhs), CO,Me
0/>J0 neat, rt - 7\ Swern oxidation AcO 7\ THF, -78 °C to rt - I\
+o 2. HOAc, H,0, EtOH, (o) 2. MgBr g0 THF, (o) 64%, dr = 82:18 [ o
80 °C, 60% overall HO SPh ~30 °C, 74% SPh SPh
3. Ac,0, Py, DMAP, DCM Bu,Sn
82% 1. A, DCM, -78 °C
BF5 OEt,
2. CSA, PhH, A
67%, dr = 7:1
COZMe COZMe COZMe
1. AgClO,, PhH, H,0 seph KHMDS (2 eq), THF, -78 °C Y\
1. NaBH,4, MeOH, 99% B 97% ~_ then PhSeCl (2 eq), 74% o
2. MsCl, Et;N, DCM O 2.Nalo,, NaHCO; SPh o SPh
then LiBr, THF o MeOH, H,0, THF o
99% OTBDPS 90% OTBDPS H OTBDPS

CO,Me 1. Pd(PPh3)4,DME, B, 59%
Stille coupling
2, PhQPCHzCHZPPh2~Br2
DCM, 0 °C to rt, 63%

3. HF, MeCN, 67%

/ \

(0)
Br

\

OTBDPS

o
1B B
t-Bu0,C OTBDPS | | r\)\/ r

Br

H DMPU, THF, 740/0‘
i 1 ~\OTBDPS 5 DA, THF, -78°C
: allyl bromide, 96%
3. 05, DCM, -78 °C
then PPh3, 90%

1. PDC, DCM, 0 °C, 52%

2. CrCl, (20 eq), THF £OzMe
4 AMS, 25%
Nozaki-Hiyama-Kishi “‘\/4
coupling .
3. (COClI),, Et3N, DMSO ! N )
DCM, -60 °C, 17%
o
gorgiacerone

- THPO\)\/SnMe;, :

1. MelLi, LiBr, Et,0

1. K,CO3, H,O pentane, -100 °C

A, 67% THPO N gr _ then MeOH, 88%
2. DHP, TsOH 2. t-BuLi, DME then
DCM, 70% Br Me3SnCl, 63%
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Marshall, J. Org. Chem. 1997, 62, 4313-4320

OH

1. VO(acac),, TBHP o 1. NaBHy, MeOH, 0 °C TBSO 1. DIBAL, THF, 78 °C, 98% TBSO
DCM, 99% o 2. TBSCI, imidazole, DMF 2. (COCI),, EtsN, DMSO, DCM, 91%
2. HglOg, THF, Hzor 74% over four steps g 3. ﬁ 3
3. TMSCHN,, E,O  yeo,c MeO,C H__~R~0Me KOt-Bu, THF, 90% ~
\[I/ OMe Z
(S)-(-)-perillyl alcohol N,
Seyferth-Gilbert Homologation
+
OPMB
1. Z , n-Buli, THF OPMB OPMB
Jj\/\ 1. TBSCI, DMF, imidazole <§|\/\ BF3-OEty, -78°C, 81% — 1. TBAF, THF, 87% —
OH 2. m-CPBA, NaH,PO, OTBS » MOMCI, DIEA, DCM, 95% OO 2.(COCI),, EtsN, DMsO ~ MOMO
DCM, 79% overall oTBS DCM, —78 °C, 99% No
1. n-BuLi, THF
-78°C, 80%
2. n-BuLi, THF
CICO,Me
-78°C, 98%
1. TBAF, THF, H,0, 91% BusSn © DDG. DOM. 0. 81% OPMB
2. EtMgBr, t-BuOH, C : ’ P T2 "o —
< THF, 0°C 91% MOMO - 2. MSC', Et3N, DCM, -78 °C MOMO
3. BF3-OEty, DCM, -78 °C  pe0.cO 2. BuzSnH, n-BuLi, THF MeO,CO
4. DMP, Et;N, DCM 2 CuBr-SMe,, 0 °C then —78 °C 2 N\ e
74% over two steps 84% over two steps
1. 10% AgNOj3 on SiO,
hexanes, 84% Pd(PPhs)s, CO, TFAA
2. PTSA, DCM, 73% 1. K,CO3, MeOH, 96% 2,6-lutidine, THF, then
2. MnO,, DCM AgNO3, hexanes, DCM
o -
3. K-Selectride, THF, —78 °C 49%
— 99% over two steps —
MeO,CO HO

ent-rubifolide
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Trauner, Org. Lett. 2006, 8, 5901-5904; Angew. Chem. Int. Ed. 2010, 49, 2619 —2621;

1. DMP, NaHCO3, DCM
2, =—TMS, n-BuLi, THF

-78 °C, 60% over two steps

1. K2C03, MeOH, 99%

2. TESOT(, 2,6-lutidine
THF, 93%

OH
’)\)

3. DMP, NaHCO3;, DCM
4. (S)-alpine-borane, THF
91 over two steps, 92% ee

TFA, Et3SiH, DCM
99%

(o}

. LIHMDS, CICO,Et, THF
-78 °C, 97%
4. HF, MeCN, 95%

MeSSn/mo

(o) o]
Pd(PPh3)4, Cul,

CsF, DMF, 92%

2. NBS, PPh;, DCM
-5°C, 87%

3. CrCl, (10 eq), THF
4 AMS, 72%, 88% ee

T™MS

B\
= //I

OH

s ‘I/

bipinnatin J

'I,,(

1. m-CPBA, DCM
Achmatowicz
rearrangement

2. Ac,0, DMAP, Py, DCM
81% over two steps

N

(o}

a\
o
rubifolide
m-CPBA, DCM
0°C, 88%
NaOH, H202
MeOH DCM
( 95%
o \
o

isoepilophodione B

\

--.,,{ 140 °C

m- CPBA DCM

'l, » ':, ,

95%

corallo:dollde A corallo:dollde E

N\
//I

DMSO, TMP

1. RuCp(MeCN)3PFg (5 mol%)
CSA, allyl alcohol, THF, acetone

52%

2.
CO,Et A\
Ph;PZ CO,Et, DCM

84%, 88% ee

1. DIBAL, DCM, -78 °C

2. PDC,DCM,0°Ctort
70% over two steps
3. NaBH,4, MeOH, 99%

OH

1,3-dipolar
cycloaddition
26%
intricarene
OH 0
Sc(OTf)3-H,0 < s
dioxane, 63%
or 'u;l/ or "\\J\
(o) o (o)
OH
(0]

coralloidolide B
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Pattenden, Tetrahedron 2010, 66, 2492—-2500, Tetrahedron 2010, 66, 6546-6549

/Sekph/\)\/
_A_ _oTBs
MeO,C '

1. AlMes, Cp,ZrCl,

1. PTSA, DCM
2. H,0,, THF, 0 °C
3. PPTS, DCM, MeOH

|| (CH,CI), A, then, I, 17X
THF, -30to 0 °C o /\(<\ o SePh
> > (S
OH 2. TsCl, Py, 48% overall S NaHMDS, THF, —78 °C, BF3-OEt,, 60% WOTBS
OH CO,Me

OH 3. K;,CO3, MeOH, 73%

1. L-tartaric acid, MgSO,4, PhH

2. TBDPSCI, DMF
imidazole, 74%

62% overall

OTBDPS

HO OH
£O-Me "SOH, A, 97% . N
mo 2. LAH, Et,0, 89% [l N O 3.n-BuLi, MesSnCl / \. o0
o 0 0_7 THF, -40 °C, 86% Me;Sn™ ~o 0_7

CcOo,Me 1. TFA, Et3SiH, DCM

0°C, 82%
2. TBAF, THF, 0 °C
51%
'( 3. MnO,, DCM, 97%
N 4. HOAc, NaCN, MeOH
o then MnO,, 65%
o}
(Z)-deoxypukalide
CO,Me
hv, MeCN, 20 min ’I/
20%, 67% brsm \
o
o}
(E)-deoxypukalide

Pd(PPhj),, Cul
Et;N, DMF
90%

OTBDPS
OH 1. PhgP, NBS -78 °C
/ ‘ 67%
( 2. CrCly (20 eq),
A\ THF, 4 AMS, 63%
o
CO,Me
hv, MeCN, “/<
1.5 h, 90% !
o A\
o
(o)
deoxypseudopterolide
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Mulzer, Org. Lett. 2012, 14, 2834-2837

fo) NaH, THF, 0 °C, then o
MeO,C 1. DIBAL, DCM, -78 °C MeO,C Etozco\ — MeO,C 1. K,CO3, DMF, 90 °C, 97%
‘ 2. MeOAc, LDA, THF, -78 °C ‘ | ' 2. TFA, H,0, CHCl3, 99%
"/ 3. IBX, EtOAc, A g ]]/ 90% " Eto,co. ]
MeO OMe 71% overall MeO OMe MeO OMe

4 steps from (R)-
(-)-carvone, 63%

Y
CO,Me
/ \
hv, MeCN Grubbs I, PhH, A ~_1.D,LDA, THF, -78 °C 0
a: 63% a: 31% 2. H,0,, DCM, NH,CI (sat) ]/
b: 83% b: 29% 71%, a:b =2:1 ~ ]
a:R1=OH, R2=H
b: R, =H, Ry =0H
(chromatographic
separation)
Y
CO,Me
u\‘/< H
: 1. TsCl, Et;N, DMAP, DCM
g : 1. NaH, THF, 0 °C
! N o — 94% . WOTS -
i 0 2. MgBr OH 2. j-PryNH, n-BulLi, -10 °C SePh
0 ; _A\ + Cul. THF, -78°C PhSe._COH
R4 =OH, R, = H, 11-gorgiacerol : 90% o
R, = H, Ry = OH, 11-epigorgiacerol : 85% overall D
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Clark, Chem. Eur. J. 2017, 23, 9761-9765

HO TIPSO
° OH MsCl, Et;N, DCM 1. TIPSCI, imidazole 1. Ph3PCH3Br, n-BulLi
LDA, Et,0, 78 °C then NaHCOj3 (sat) DMAP, DCM o THF, 0°C tort, 86%
Y 87% - Y 61% Y 2. O3, isoprene, Py 3 Y 2. Ac,0, Et3N, DMAP
: 3 z DCM, MeOH, -78 °C 3 DCM, 94%
e e A~ s NaBH(OAc)s, PhMe AN 3. TBAF, THF, 99%
(+)-limonene (R)-(+)-perillyl  41% over three steps
oxide alcohol
\
0 ° HO 0 1. DMP, DCM HO
J/ N,CHCO,Me, J/ 1. DCC, DMAP, DCM 2. NaClO,, NaH,PO,
™S DCM, SnCl, TMS TMS(CH,),0H, 87% t-BuOH, H,0
Roskamp reaction 20 5 K,COs3, MeOH OAc  Pinnick oxidation OAc
: H 99% over two steps H
67% : 3. DMP, DCM : :
AN 84% over two steps AN N
+
or . .
OR OTIPS 1. TIPSOTf (2.1 eq) OH OH 1. (i-PrO)sTiMe, Et,0 O OH 1. TESCI, DCM OH
SE ~_2,6-lutidine, DCM, 97% SE _ 0°C,97%, dr=9:1 H imidazole, 95% MeO z
Z | © 2.n-BuLi, DMF, THF  Z | 2. TBAF, THF, 89% FZ | 2. TIPS—= n-BuLi \T |
OHC -78 °C 90% TIPS THF, 0 °C, 91%
orR=TIPS 3. PPTS, MeOH, THF
99%
piperidine
4 AMS
[ S 1. TBAF, THF, 10 °C
s COzMe 2. Cl3CgH,COCI, i-PryEtNH
DMAP, PhH,
or or 25% over two steps 7
AcOH, 85% >
— 3. DCM, 40 °C, or 25%

/A
Mes_N\rN‘Mes

C|I"Rl|"
gL

(o}

7-acetylsinumaximol B
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iv. b) Synthetic studies: Theodorakis, Org. Lett. 2013, 15, 2410-2413
1.MeO OMe

HO :5‘ )<NM82, PhMe - \)\/\/ N
7\ 4 steps, 21% | uW, 190 °C TBSO .0
OH ' - ' Hu--/ H ’ Hlu-/ H
o Eschenmoser-Claisen 3 LIHMDS, THF, —78 °C d _ oTBS
TBSO rearrangement 53%, dr = 1.7:1 )

2. PTSA, THF, H,0 0 O OH 1. MOMCI, DCM
0, ) y
64% overall uw, 80 °C
2. PPTS, EtOH

72% overall

1. NBS, PPh;, DCM Pd,(dba), PhsAs

-20 °C, 84% Ho CHO CsF, THF, 50 °C
2. CrCl, (12 eq), DMF o OH
NiCl,(DME), 34% H i\
lo) oMOoM Me;Sn 0 CHO
verrillin 65%

Sulikowski, Org. Lett. 2013, 15, 5096-5098

™S
(o] . 8 steps

AgNO3, MeOH

1. hv, pyrex, Me,CO, 95% H,0, 0 °C, 70%

2. H, (1 atm), Pd(OH),
EtOAc, 84%

bielschowskysin
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Mulzer, Eur. J. Org. Chem. 2013, 8214-8244 1. LIHMDS, THF, -78 °C,
then O _OMe OTES OTES
TESOu, . c-hexane  TESO,, Q
\/-0 OH 8 steps OHC— OTES UV-C, 51% OMe
5 E— > "
o\)\>\\ 2. H202, Py, DCM, 0°C &
= o SePh  83% over two steps OH oTES
o dr=3:1 ©
4 steps

Pd(OAc)z, NaOAc, BuNCI ___
4 AMS, DMF, 85 °C

M
HO, | H ¢¢ —i-O
NS o) wQH ; E -
H'/,, 55%
H
0 OAc
O O -
bielschowskysin
LAH, NaOMe  TBSO,
THF, then I, / :
CrCl, (7 eq)
NiCl,, DMSO

Mulzer, Eur. J. Org. Chem. 2013, 8245-8252

— -
65% :
MOMO 0.9 o
)‘— OHC\Q/OMG

—= oTES
64%, dr = 2.4:1

"lIOTES (COC')Z, EtsN, DMSO
DCM, -78 °C

47%, dr = 5:1

TBSO,

MOMO

bielschowskysin

11
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Roche, Angew. Chem. Int. Ed. 2018, 57,1316-1321

CO,Me CO,Me CO,Me MeO,C
OMe
DMDO, Me,CO TMSCI AgOTf, MeOH HO F
-40 °C, 52% bem,0°c_ 2,6-lutidine , _UV-C, CHCly
78 °C, 46% o n/ 83%
(0]
acerosolide
Stoltz, Chem. Sci. 2017, 8, 507-514; J. Org. Chem. 2018, 83, 3467-3485
OTES
. o
MeO OMe N 1. EI(D;\)/I HCI, E, DMAP
_Gsteps [T _9steps % / Rh,(OAc); (1 mol%), DCM
[—i
é Ho\\\ ", "“"OH ACHN_©_802N3 Nz 53%
EtsN, MeCN, 0 °C “ngy o
75% overall
OH
5 steps Cope rearrangement ‘\ Q
= -
o H o 1. OLi o o
OEt K,CO3, MeOH ;
HUUTR > CeCly, THF, -78 °C H,0, 99% :
o » EtO,C — = » HO.C :
: 2. TEMPO-BF,4, MeCN .
H 0 X ' 68% overall E

ent-ineleganolide B eSS Sooossnssssssssssssssssssene

Marko Nesic, February 8, 2019 12



