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Isodon is a group of flowering plants in the family Lamiaceae

Traditional medicine for treatment of inflammation, gastric, respiratory, cancer, etc.

Yagi in 1910 “enmei-so” - first Isolation of Isodon diterpenoids from a mixture of
leaves of I. japonicus and I. trichocarpa.
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Since first discover, >600 compounds are reported in China mostly, Japan, and Korea.
Experts in this field — E. Fujita (Japan), H. -D. Sun (China)



Basic Backbone

OPP

copalyl DPP
synthase

geranylgeranyl
diphosphate

>212 compounds (majority) - non-oxidized at C20

C15 — generally functionalized with ketone or alcohol

C5, C9 — almost never functionalized except one case
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Yeonman, J. T. Ss Thesis, 2014



Classification by Sun in 2006
three major classes

C-20 non-oxygenated ent-kauranes C-20 oxygenated ent-kauranes
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> 200 compounds

etc > 105 compounds

Sun, H.-D.; Huang, S.-X.; Han, Q.-B. Nat. Prod. Rep. 2006, 23, 673-698.




Classification by Sun in 2006

minor classes

8,9-Seco-ent-kauranes ent-Kaurane dimers

rabdohakusin rabdoumbrosanin

AcO— OH
8,15-or 15,16-Seco-ent-kauranes
etc
dehydrogenative 4+2
laxiflorin F Rubescensin S Miscellaneous ent-kauranes ent-Gibbrellane

7,20-Cyclo-ent-kauranes only compound

Rabdoepigibberellolide

etc...
only one compound
xerophilusin F Maoecrystal V
cytotoxic to HL-60 highly selective to HeLa cells
and MKN-28 Human (anti-cancer, IC50 = 0.02 ug/mL)

cancer cells

Sun, H.-D.; Huang, S.-X.; Han, Q.-B. Nat. Prod. Rep. 2006, 23, 673-698.



Known Bioactivities: antibacterial, antitumor, anti-inflammatory, anti-feeding agents

antibacterial

eriocalyxin B
turned out this moiety is crucial H-bonding is important: beta-OH has stronger H-bonding
for antibacterial activity
; Michael acceptor of a sulfhydryl enzyme of bacteria

antitumor
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HO “H shikoccidin epoxyketoshikoccin
=" OH H- bonding
enmein oridonin O
also important for antitumor activity higher activity than enmein, but less toxicity Eé:
/ -anitumor agent developed in 1980 in Japan
CO,H

sarkomycin

antitumor activity in vitro and in vivo

sculponeatin A = sculponeatinC > sculponeatin B

Sun, H.-D.; Huang, S.-X.; Han, Q.-B. Nat. Prod. Rep. 2006, 23, 673-698.



Total synthesis of ent-kauranoids 11 total synthesis papers regarding this family
>13 papers regarding synthetic study

enmein 15-desoxy-effusin longirabdolactone Sculponeatin
Fujita-1972 Mander-1986 Mander-2003 Zhai-2013

Thomson-2014

CHO

0" ™o
Yang-2010
Danishefsky-2012
Zakarian-2013
Thomson-2014

Maoecrystal V

(-)-trichorabdal A (-)-longikaurin
Reisman-2013



Early Synthesis based on step-by-step synthesis
with classical chemistry

enmein 15-desoxy-effusin longirabdolactone
Fujita-1972 Mander-1986 Mander-2003




Fujita’s Synthesis of Enmein in 1972

Birch in the next page
1. Li% NH(liq),
EtOH
MeO,C 6 step ; 2. HCI, acetone
OMe OMe |3 ©.TsOH,
o MeOH
0 L
(34% vyield,
e 3 steps)
1. NaOMe,
EtO,CH
2. BuSH, p-TsOH, 1. KOH, EtOH
PhH, A 2. 05 DMS
—_—
3. KOt-Bu, 3. NaOMe
allyl-Br MeO MeO
(46% vyield, (43% vyield,
3 steps) 3 steps)

OMe

KOBu,

MeO,C O Mel MeO,C O
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HO
1) ethylene glycol
2) LiAlH,

1) Ac,0
2) MCPBA
3) LIAIH,
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Fujita’s Synthesis of Enmein in 1972

1. Lio, NH (liq),
EtOH
MeO,C 2. HCI, acetone
OMe 3 b-TsOH,
MeOH
(o}
(34% vyield,
We 3 steps)
1. NaOMe,
EtO,CH Bu
2. BuSH, p-TsOH, 1. KOH, EtOH
PhH, A 2.0, DMS
. R
3. KOt-Bu, 3. NaOMe
allyl-Br MeO
(46% vyield, (43% vyield,
3 steps) 3 steps)

A H
S ) :
el
OMe
1) Birch red. ¢
2) HCI ;
OMe ' 3) hTSA, MeOH o—=X  first step
_—
A
anions )
OMe 0~ .
Y
OMe .. H
Kom H
birch reduction is more challenging OMe

C
second step



Fujita’s Synthesis of Enmein in 1972

obtained by
degradaflon relay compound
of enmein

Huang-Minlon reduction/ dehydration w/SOCI2, hydroboration

."'\H

1. DHP, H* OH 1. 03 Jones rgt; Mo
2.S0Cl,, Py CH,N, OH
——
3. pTsOH, C 2. PPhy=CH, CO,Me
HO OH o H 3.HCI, acetone O H
Me Me Me Me
(25% yield, (5% yield,
relay compound 3 steps) 3 steps)
10% KOH upon heating o Me 0© Y
1. Bry, AcOH Me 1-KOH, MeOH ; LG
2. Me4Py, A 2. BF ;OEt, -
3.DMSO, A o 3. H,S0,, acetone
4. p-TsOH CO,Me 4. Al(Oi-Pr) 5,
Ho ™~ ‘Lo ‘ i-PrOH HO
Me Me Meerwein-Ponndorf-Verley H %
(8% vield, (15% yield, Me Me OH
4 steps) 4 steps) (-)-enmein
Introduction of double bond . F3B oH
Dehydration by heating approaching from

1
\
less hindered site \

\

maximum orbital overlapping i CO,Me
0 T

H
Me Me



Fujita’s Synthesis of Enmein in 1972

(=)-enmein

1) NBS
1) LiAlH,4, -78 °C 2) mCPBA
2) MeOH, H+ 3) Zn
3) Ac,0 4) CrO5-Pyr.

Total 44-steps from highly scalable phenanthrene derivative
- too many steps — not efficient
- asymmetric synthesis was only achieved by semi-relay-synthesis

- Birch reduction and well studied reaction conditions for high stereoselectivity
is still interesting.



Mander’s Synthesis of 15-desoxy effusin in 1986

CO.H CO;H
5 steps 15-desoxy-effusin
Mander-1986
MeQ OMe
MeO OMe
Birch
reduction
In situ CO,Et CO,Et
alkylation HO.C Pb(OAc),, Cu(OAc),
a 98% b 85%
—_— —————
MeQ OMe
c 91% Vilsmeir
COCH=N, CO,H CO,Et
‘ CHO
e.f 80% d 98%
—
KOEt MeQ OCMe
CMe and
hydrogenation didn’t work hydro

reduction w/Na gave saturated carboxylic acid lysis



Mander’s Synthesis of 15-desoxy effusin in 1986

1. LAH
COH 1. (cocny 2. MOM-CI,
CH,N, ) DIPEA
2. TFA/DCM ‘ 15 3.LDA, EtO,CCI
4. NaH, allyl-Br
OMe
MeO OMe (73% vyield, (40% vyield,
2 steps) 4 steps)
Dearomatized C-C bond formation
H OMOM
1. LDA, THF Me -
2. TBAF
-—
3.PDC A
0 O o}
(82% yield,
3 steps)
OCH,OMe OMM
Red-Al reduction ab 60% H
hydrolysis EE—
Z Br borohydride reduction/protection
propionate d 60% o e-h 54% oMM
and Michael addition 0<!: ? hydroboration/ bromination w/ CBr,
(KH, DMF, -30 °C) 0 oc

OTBDOMS




Mander’s Synthesis of 15-desoxy effusin in 1986

H OMOM
> 1. TBSOTH, H .TBS

Me Et3N Me
J 2. m-CPBA
0 O 0 0 0 0
(92% yield,
2 steps)

P = KOH, g = CH,N,

CO,Me OTEBDMS
X-ray obtained

r=LAH
s =Ac,0

MOM deprotection/oxidation/wittig
OTBOMS

Hsl0g Me
Et,0 Am'ij Total 29 steps from

(94% yield) 0 dihydronaphthoic acid
15-desoxyeffusin

oxidative cleavge




New Design and Synthesis: Cascade and Catalysis

Maoecrystal V

- isolated in 2004 by Sun and co-workers from
the leaves of a Chinese medicinal herb
called Isodon eriocalyx

- IC50 60 nM, selective to HelLa cells

- 6 stereogenic centers (three vicinal
quaternary stereocenters)- confirmed by
X-ray crystallography.

- pentacyclic framework



First total synthesis: Yang’s Synthesis of Maoecrystal Vin 2010

Retrosynthesis

Key: Wessely oxidative dearomatization of a pheol
followed by IMDA reaction

Me Me Eto"]’=o
OEt




Yang’s Synthesis of Maoecrystal V in 2010

other reducing agents — organoboranes,
NaBH,/Lewis acid/ hydrosilane different isomer
cationic-pi interaction between ammonium salt and aryl

1. NaH, MeOCOMe, MEDE‘% 1. n-BusNBH,
THF, A Me 2.LAH
0 2.Py, CHCI,, 60°C o OMOM 3. EDC, DMAP,
Me o]
Me Me B5 n
53_L._omMom Me  Me Eto-P . COH
EtO
Pb(OAc)s 4. TsN,, DBU
(81% yield, (38% yield,
2 steps) 4 steps)
B(OH), Pb(OAc); LAH or DIBAL
Pb(OAc), . flask reducti
OMOM Hg(OAc), OMOM INn one Tlask reauction
— favors anti-diol
CHClI,
60 °C

one pot




Yang’s Synthesis of Maoecrystal V in 2010

. ,OEt
P OBt 1. Rh,(OAc), Pb(OAc), 1. NBS, (Bz0),
o N PhH, A AcOH, 0 °C; CCly, A
’ then =
2. KOt-Bu . 2. BusSnH, TEMPO
Me 3. TFA, DCM (36% yield)
OoMOM (51% yield, (40% yield (68% yield,
H 4 steps) isomeric products) 2 steps)
Me Me
AcO. b,OAC OH

Pb; 0
_ Pb(OAc), _ O "OAc OAc Nu: §
-HOAC ©/ -Pb(OAc)s - OAc N| /-
u

Wessely et al. Monatsch. Chem. 1950, 81, 811.

OMe _(
__PooAcy, 80°C \= 0
—_—
|-|2c CHCO,H (82%) ° —
0
Cc CO,Et Et0,C
e
° Et OAc

O,Et
Ph( 0AC)4
ACOH
(72%)

Tisdale, E. J. etal. Org. Lett. 2002, 4(6), 909.
3hamare, N. K. etal. J Chem. Soc., Chem. Commun.. 1990, 739



Yang’s Synthesis of Maoecrystal V in 2010

1. NBS, (Bz0),
CCly, A
2. BusSnH, TEMPO allylic bromination/ trapping w/ tempo
PhH, A
(68% yield,
2 steps)
Me Me
Me
N Moo A 1.2Zn, AcOH H 1. Hy Lindlar
~o oH THF/H,0, 70 °C ' THF/MeOH
Me Me : ' o
2. Sml, 2. Dess—Martin
MeOH, THF 3. DBU, PhMe
M Me 0 100 °C
® b O (75% yield, Me (39% yield,
2 steps) 3 steps) maoecrystal V

no epimerization

17 steps longest linear sequence

TO summarize.... features Rh(ll)-catalyzed O-H insertion
Wessely’s oxidation/ IMDA cascade
, but not asymmetric



Danishefsky’s synthesis of Maoecrystal V in 2012

Me IMDA
OMe Me Y| | 0 T >
o) O gle bicyclo [2.2.2] octane - IMDA
O
PGO PGO
M Me O /~0
Me OHOO 0 ° Me SO e O
Me 4 maoecrystal V
MOMO oTBS
130 °¢
Me Maoecrystal V
Me sealed tube

\
Meo

\"/%/ COsMe

0

Peng, F.; Yu, M.; Danishefsky, S. J., Tetrahedron Lett. 2009, 50, 6586-6587.



Danishefsky’s synthesis of Maoecrystal V in 2012

First approach- frustrated

wrong diastereomer manecrystal V
as a major



Danishefsky’s synthesis of Maoecrystal V in 2012

Second approach

OTBS O

Simplified structure
to avoid chiral influence of cycloxane
New strategy to induce C8-C14

IMDA

1.LDA, 1. Py, DCM, OTBS

cl z
64 ci Ho SO,Ph O
r r
co,Me 2.DIBAL, -78°C 2. TBSOTY, EtsN
OH

3. MnO,, DCM DCM, -78 °C o \“/%/sogph
(27% vyield, (78% yield, o Meso
3 steps) 2 steps)

PhMe, 166 °C 1. NaOH, H,0, 1. m-CPBA
sealed tube; MeOH, 0 °C DCM
then 2. Mgl,, DCM 2.pTsOH  po'
TBAF, THF 3. AIBN, Bu3SnH DCM
PhMe, 110 °C
(62% yield) single isomer (48% vyield, (65% yield,

3 steps) 2 steps) wrong isomer!!



Danishefsky’s synthesis of Maoecrystal V in 2012

from here... 21 steps...

Ac,0; NaBH, MOMCI; K,CO, mCPBA
0 _ OH
HD Ly AcO “~
H ’ S 1:1 mixture
y g
070 O0™n
PhS
OMOM . OMOM
o OH
f: a h OA i<k
——- - -
)
Ac,0, Pyr; .
DMP O™SQ  phsH; NaBH, O~0  RaneyNi 0 DMDO; BF;,

MsCl, DMAP



Danishefsky’s synthesis of Maoecrystal V in 2012

, OMOM _ OMOM _ OMOE 5 0
c
—
Lombardo Simmons PCC
reagent Smith 00
5 O o Me
d e f g
— Me N ™ Me O Me s :
aegusa
,/Pto, Me 7 Lombardo & ) PTSA, Me
070  reagent 0750  penzene 070
Me 0. Me
@] " O '
ve 0 'I:I;O T v
Me ) Me
0o 11 dr 0o

31 steps longest linear sequence
tedious than Yang’s synthesis
potentially applicable as asymmetric IMDA

00
maoecrystal V




Zakarian’s synthesis of Maoecrystal V in 2013

a different disconnection for Diels-Alder using silyl-tethered precursor
: early construction of tetrahydrofuran

@ key IMDA
reaction
OEt
EtO P OBn OPMB
o
E) 1'i""------.(:w}-"'J
o) o) o _
o7 3&
maoecrystal V X" ~0 a:Y=CO0
intramolecular X =H b: Y = SO,
hydroacylation X = SePh c: Y = SiR,
or
radical mediated cycliaztion efficiency of tether removal and distance
uﬁn ® early-stage

GD:V C — H functionalization

OPMB




Zakarian’s synthesis of Maoecrystal V in 2013

2 equiv sesamol

(FPrOZC)oN,, PhsP  —q n-BuLi, THF;
THF-PhMe,reflux, 18 h O ZnCl,, CICOCO:Me
HO/X\OPMB > R

79% yield OX\OPMB 47% yield

(96% brsm)

/~0 0 TsNHNH,, PhH; o N, 1 mol % Rhy(CAG),
o DBU, CH,Cl, O CH,Cl,, 23°C
CO,Me CO,Me _
_— —_— controlled by steric
o’wopma 829% yield O’X\UPMB 74% yield
dr 10:1
. OBn )
/=0  co,Me LDA, THF; o) LiAH,
o Et;Zn, BnOCH.CI (0] .wCOMe THF, 23 °C
. —_— 10, —_—
o '/‘\/\0"’“'5 _ g K\OPMB
76% YIE|d 88%
dr 9:1 yield
OBn CH4MgBr OBn 1. PhI(O,CCFa),, EtOH
~*~~0H PhH, 80 °C EtO ~A™0H 2. CH2=CHS|(ME}20|
K\ OPMB 959 o /<\ OPMB  85% yield
0
another toluene, 110 °C, 24 h eto. %9 omn oPMB
Wessely (10 mol % BHT)
—‘.
type
95% yield 0
~si_
IMDA | o



. ’ . .
Zakarian’s synthesis of Maoecrystal V in 2013 L . \
0
""Si..._o.f"
OEt O |
EtO OBn OPMB Sml,y OBn OPMB  1-BuyNF, DMPU
MeOH THF 0°C,1h
OEt X
s“‘-o 00/0 yield “"Sl-..o 50% vyield n-BuyNF, DMF EtO OBn \
B ———
o} 0 (Me,Si),SiH o
OBn OPMB OBn OPMB 3203 A
1.1m,CO, THF AIBN, PhH HO
2. PhaSe, NaBH, 80°C,12h X = O, complete after 1 h at 0 °C
) 0 - ) o - X = H, OH, complete after 12 h at 80 °C
HO 68% yield o 55% yield
PhSe/gO (o}
OBn QPMB
1.DDQ, aq. CH,Cl, o
0 2. DMP, CH,CI 0 LiN(SiMes),, CHgl OBn 0
OBn OPMB | = '~ F7F OBn Pt o !
3. PhsP=CH, ~. THF -40°C )
(o}
B —— —_—Tn /& Io
o 68% yield \0 90% yield H 0
l\ dr7:1
(o] o o (o}
1.DDQ, aq. CH;Cl, Bu;SnH- too reactive
2. DMP, CH,Cl, 1. 20 mol % HGII

under many types of initiators

3. CH,=CHMgBr (CH,CI),, 80 °C
CeCls, THF 2. DMP, CH,Cl, Ny Hsc CHs N /O
—— '“N \\N
—Ip— B — MaoecrystaIV H3C><CH3 N ©<CN CN
71% yield 86% vyield
//N
0<JL><:J, e
/ N]<\7L
24 steps longest LS; tether mediated DA reaction ¥




Zakarian’s enantioselective synthesis of (-)-Maoecrystal V in 2014

MeO

O/\o

Ny

0

1 mol % Rhy(S-PPTL),

MeO,C 0'\0 developed by Davies —

toluene, -78 °C, 7 h . . .
- benzylic ether C-H insertion
91% yield, dr 96:4, 96% ee HO

MeO,C  0—\

~2 mol % catalyst

4AMS, solvent

4]

Ar = p-CyagHasCaHy
Rh,(S-DOSP),

FliH.D

S

A=

239C, 3h 10

§0,-2,4,6-tri-HPrCgH,
Rh,(S-bITISP),

RhalR-BNP),
RA! =H, RZ = t-Bu Rh3(5-PTTL),
R =H, A2 = adamantyl Rhg{5-PTAD),
R' =H, R% = -Pr Rhy{S-PTV),
R!'=Cl, RZ=+Bu Rhg(S-TCPTTL)y

A = Cl, R? = adamantyl Rhy(S-TCPTAD),

1 mol % catalyst
MeO,C 00—, RO,C  0—\ 4AMS, solvent RO,C 0\

cig- trans
[ i, potRn T .
o i -
" gﬂ_' h Ph—jqnnl ‘ﬂ Rh
He O Rh
4
L da
R' =Ph, R2=4-BrPh  Rhy(R-BTPCP),
Rna(R-BFTV), RhAS-NTTL), R'=H, R2=FPh Rh(R-DPCP),

Chiral ligand screening

low dr or ee for all cases



Zakarian’s enantioselective synthesis of (-)-Maoecrystal V in 2014

0=, 2 mol % catalyst

3 Ng 0 CH4ONa
(0]
Ao 4AMS solvent Cn—(_ o CHLOH, 28 °C
Pl 289G, 24h 0y 0—\ 5 min
R e o PHBD
9 — -
PMBO ’76 . yield 1 PMBO "7< o yueld 2

22a R =CHj, 23a R =CH4
22b: R =Ph 23b: R =Ph
starting yield 1  yield 2  ee
entry material catalyst solvent (%) (%)°  %°
1 22a Rh,(S-PTAD), CH,Cl, <10
2 22a Rh,(R-PTAD), CH,Cl, <10
3 22a Rh,(5-DOSP), CH,Cl, 63 83
4 22a Rh,(R-DOSP), CH,Cl, 74 86
Chiral Auxiliary screening 5 222 Rh,(OAc), CH,Cl, 84 84
6 22a Rh,(0,CCFy);  CH,Cl, 0
7 22a Rh,(R-DOSP), (CH,Cl), 72
8 22a Rh,(R-DOSP),  PhMe 61
9 22a Rh,(R-DOSP),  ¢CiH,, <10
10 22a Rh,(R-DOSP),  CH;CN 0
11 23b Rh,(S-DOSP), CH,Cl, 84 89
12 23b Rh,(R-DOSP),  CH,ClL, 57 77
13 23b Rh,(OAc), CH,Cl, 72 85°
14 23b Rh,(OAc)4 CH,Cl, 619 84




Zakarian’s enantioselective synthesis of (-)-Maoecrystal V in 2014

potential tethers

# > B(0Bu),
Q OEt BHT, 0-CgH.4Clz
1302C, 4h



Zakarian’s enantioselective synthesis of (-)-Maoecrystal V in 2014

BnO

OEt
Q OEt

~ -

o—5i

o 27 Si(CHy),Cl
ImH, CH,Cl,

0 °C, 30 min 120°C,6h
—_— —_—

60% yield 96% yield

Li(NSiMeg),, THE
0 QEloer  Smly MeOH 0 Et,Zn, DMPU, CH,
THF 230C,25h BnO -50 °C, 20 min
= —_—
94% wald 0 Y 95% yield
— - —
o 2 o—s! dr >20:1
1.1m5CO, THF, 40 °C, 1.5 h
0\ n MBuNF DMSO O \ H 2.(PhSe), NaBH, DMF
= 230C,10min  BnO O 3o 15H
—_— :
30% yield 76% yield
L‘n—-sr’ L"“m-u
\
n-BusSnH
ABCN, PhH

B0 °C, 2h

0  63% yield




Zakarian’s enantioselective synthesis of (-)-Maoecrystal V in 2014

MeO.C 0=,
0
PHIE:]/7\ . PMBO M — (-)-Maoecrystal V
(BB% ee) '3' "'5'

10 mg of the natural products
[a]p” —101.1° (¢ 0.3, CH;0H)
lit.° [a]p® —92.9° (¢ 0.7, CH;0H)

chiral auxiliary with simple non-chiral catalyst solved low ee-problem

; less efficient than asymmetric catalysis, but can be alternative way



Thomson’s enantioselective synthesis of (-)-Maoecrystal V in 2014

another Diels-Alder; but asymmetric and intermolecular reaction

0N 7
\N—
15 16
OTMS
Me g
13
Me O .
I\D no ring closure
under the same conditions
c. TIOH, 10 oTIPS

a. CH,0, DMAP d. NaBH, g. TESCI, im. (92%)
b. (-)-DIPT, Ti(Pr0),, © OH e I, PhyP,im. h. Pd(PhsP),, PMP;

BuOOH f. Zn, NH,CI Br TBAF (52% of 13)

- o - - +
(53%, 2 steps) a (61%, 4 steps) o 4:1 ratio of alkenes
Me” Me Sharpless Me” Me OTIPS . single C10 d.‘astereon::er o
epoxidation “OH Scale-up to 1G —ratio 1:1
% ee Me Me - 1 minor major
Br
o, QP cunl Stryker’s oxidative i. PhI(OAc),
, - A cat cyclodearomatization |  (95%)
complete regio, endo-selectivity HN™ ™~CCl, )
NO OTMS
l. W 2 Me ) k. LDA, |. Stryker's cat., O
s HCI ’ TMSCI PhSlHa
Me OK 3 Me o ..
(55%, 2 steps) o (92%)
[4+2]
s:'ngle diastereomer - O n e Q Ot _

fragmentation to pheol was not observed.



Thomson’s enantioselective synthesis of (-)-Maoecrystal V in 2014

OsN
Me 9 13
Me 0\ 0 «—  early attempts by other reductions — poor conversion, reproducibility, decomposition
o)
16
single diastereomer
a developed by Nicolaou
ng
0 Q )
BFy* EtQO 15 s
7ol b. IBX; HCI Me s ¢. Raney-Ni Me
(87%) Me Dg 5_> (98%) Me ©
0 0
e. KCO3, (CH0), d. LHMDS, Mel | 4.1 gr
(97%) (95%) :
Y
M
e o &7 . NaBH,: 0 161? (0] 15ME1T
Me Raney-Ni Me g Me
Me ?-:'\ (95%) Me O 8—7 Me O
0”7 >15:1 dr 0 o]
Q'R'S’Bsﬁfaéa’é‘b First try; inseparable
e
(73%)
allylic
oxidation el Me 00 L\‘Me
Mo 3 h. CrOs, AcOH Me Me
- = D
Me
Me © late-stage C—H 0
kornblum 2"1\0 . oxidation 0 g O electronic factor (at C1)
H i maoecrystal V is very important
oxidation ot (47%)

in C-H oxidation step

18 steps LS, sharpless epoxidation; Heck; intermolecular DA; beautiful



Reisman’s concise synthesis of (-)-Maoecrystal Z in 2011

CHO

- isolated in 2006 by Sun and coworkers
from the herb Isodon eriocalyx.

- in vivo cytotoxicity to A 2780 ovarian

Me cancer cell line
@) \ CHO
Me k OAc - tetracyclic core structure
O ~o
Maoecrystal Z - 6 vicinal stereogenic centers, 2 quaternary Carbons
Retrosynthesis
H. '@ reductive
Me cascade
o 3 “ok cyclization
AcO ] HO —
b selective initiation
NaOH, maoecrystal Z due to steric?
MeOH
refro-
Dieckmann/
aldol
reaction
H
Me
HO : e reductive
AcO o/ - 0 H epoxide
o couphng

report by Fujita in 1981
- retro Dieckmann/aldol cascade

wf I 1

CO,R
SotBs



Reisman’s concise synthesis of (-)-Maoecrystal Z in 2011

more electrophilic MA/
A co,cHcF, < portionwise addition

Cp,TiCl, (1.6 equiv)
Zn° (1.5 equiv)

1. TBSCI, imid.
CH,Cl, 0
Me - Me
e : 2. m-CPBA, Me :
z NaHCO;, CH,CI 3
g 35 ALY ~N
OH  (91% yield, ores
2 steps) 3:1 anti:syn
_ “ H

Me
510

|| TBSO
Me% OCH,CF; o
TBSO o—TiV d

0

2,4,6-collidine*HCI

(3.0 equiv)
THF, 23 °C

H

Me /)
TBSO7
Me
OH

OTBS

- (74% yield)
single
diastereomer

Me O
o PivCl, NEt, Ph\/L J.I\/\//r
o
HDJI\/\’/ THF then 7N
(R,R)-pseudoephedrine OH
(82% yield)
LDA, LiCl Me O 1. BHy-NH5
THF Ph \/LN — LDA, THF | _
ﬁ -
A~_OTBS : Me 2. 15, PPh;
I OH imid, CH,Cl,
92% yield ‘
( Ve OTBS (85% yield, OTBS
Myer’s alkylation 2 steps)




Reisman’s concise synthesis of (-)-Maoecrystal Z in 2011

o
H I

TBSO; > TBSO,
Me LHMDS, 4:1 THF/HMPA, Me

o 0to 23 °C

(63% vyield) OTBS

1. KHMDS, =78 °C,
PhSeBr; then H,0, | (70% yield,
2 steps)

2. O3, =78 °C; EtsN

Smil,, LiCl
+BuOH Me

Sml,/THF - decomposition
ﬂ 12 eq LiCl/ 'BUOH (1.1 eq)

(45% yield)

(1) The lithium cation may
coordinate

to the carbonyl and make it
easier to reduce;

(2) the bromide and
chloride anions may
coordinate

to the Sm(Il) and alter its
reactivity;

(3) the lithium salts may
enhance or prevent
aggregation of Sml2,
making it more or less
reactive



Reisman’s concise synthesis of (-)-Maoecrystal Z in 2011

y
H il KHMDS, 78 °C,
Me ent-21 ‘\/OTBS Me PhSeBr; then H,0,
TBSO > TBSO i ;
Me LHMDS, 4:1 THF/HMPA, i _OTBS (81% yield)
o 0t023°C o~ >0
(o] (74% vield)

1. H,SiFs, MeCN

Me 2. DMP, CH,Cl,
TBSO . (86% vyield,
o o . -0TBS 2 steps)
H
Sml,, LiBr | Ac,0, TMSOTY,
t+-BuOH - Me CH,CI,
THF, -78 °C Me )| oH || (74%yielq) monoaceylation
(54% yield) o) 0 was challenging
2 rings,
4 stereoqgenic centers
: 03, CH2C|2; 11 MGOH:Hzo M
Et;N 1M NaOH Me
—_— HO I H
2. Et3N, CH,Cl, (38% yield) Me ) OAc
Me. & o) o o]
@1 9
Me maoecrystal Z

(80% yield, 2 steps)

highly efficient, well designed, 12 steps from (-)-cyclogeraniol,
Ti(lll)-mediated spiro-lactone formation/SmIg—mediated cascade
successful monoacetylation could cut one more step.




Reisman’s synthesis of (-)-Trichorabdal A and (-)-Longikaurin E in 2013

(-)-trichorabdal A

- inhibit tumor growth in vivo in mice

Me KO OH OAc

(-)-longikaurin

- showed in vivo cytotoxicity against several human
cancer cell lines

Retrosynthesis

Pd-mediated
oxidative
cyclization
trichorabdal A (1) 1880 /O —"
H 9Q Sm-mediated
Me reductive

cyclization
Me v
\0 OHOACc
longikaurin E (3)

demostrated previously

Sm-mediated
reductive
cyclization

-, ~OH

Me Me
y-cyclogeraniol

intermediate in the synthesis
of maoecrystal Z

same intermediate in Maoecrystal Z



Reisman’s synthesis of (-)-Trichorabdal A and (-)-Longikaurin E in 2013

1. n-Buy,NHSO,
TBSO D-TebH 0
MeOH, 0 °C
Me 2. DMP, DCM
Ve (77% yield
0~ Yo o yield,
TBSO/ 2 steps)

5 steps from
(—)-y-cyclogeraniol

Sml,, LiBr MOMCI
t-BuOH n-Bu,NI, DIPEA
-
THF, -78 °C DMF, 45 °C
(57% yield) (91% yield)
KHMDS, HO N\
TBSCI, DMPU Me
THF TBSO |':1|e ~ .
~78°C o0 OMOM
I

(85% yield) 1BS



Reisman’s synthesis of (-)-Trichorabdal A and (-)-Longikaurin E in 2013

OTBS  b4(0Ac), (3 mol %) O

O, (1 atm), DMSO Ihara et al. JACS 1998, 120, 4916.

MOMO N (81%) MOMO

H
silyl ketene acetal Pd! Me
. ————® TBSO o
more challenging , DMSO, 45 °C Me .
; few example 19 © O OMOM air 20 o  OMOM
TBS
entry Pd source (equiv) additive (equiv) yield 20 (%)“

1 Pd(OAc), (0.1) - 7

2 Pd(OAc), (1.0) - 35

3b Pd(OAc), (1.0) - 28°

4 Pd(TFA), (1.0) - 19

S PdCl, (1.0) - 0

6 PdCl, (1.0) AgBF, (20) 54

7¢ Pd(OAc), (1.0) H,0 (5.0) 38

8 Pd(OAc), (1.0) K,CO; (5.0) 0

9 Pd(OAc), (1.0) AcOH (0.5) 56

10 Pd(OAc), (0.1) AcOH (0.5) 7

11 Pd(OAc), (1.0) AcOH (1.0) 31

12 Pd(OAc), (1.0) p-TsOH (0.5) 46

13 Pd(OAc), (1.0) BzOH (0.5) 32

14 Pd(OAc), (1.0) PivOH (0.5) 40

“Isolated yield. PReaction conducted in MeCN at 23 °C. “Product
isolated as an inseparable 4.3:1 mixture with an olefin isomerization
side product. 4139% yield of a Wacker oxidation product was also
isolated. See Supporting Information. “Run under a N, atmosphere.



Reisman’s synthesis of (-)-Trichorabdal A and (-)-Longikaurin E in 2013

" 0, DCM, H Q Me,NCH,NMe, H o
Me 5 —94 °C; Me 5 Ac,0 Me
— —_—
TBSO " then PPh, 1890 . . DMF95°C = 1850+ Y
OMOM (69% yield) o OMOM (82% yield) o OMOM

H 0 (0]
1. 6M aq. HCI !
dioxane, 45 °C > Me H
2. TEMPO, . HO
Phl(OAc),, DCM o HO Sculponeatin

(73% yield, 2 steps) (-)-trichorabdal A (1)

6M aq. HCI
H dioxane H
45 °C 1. TEMPO
Me 5 (89% yield) Meo 5 Phl(OAc),
8BS0 . —> HoY v’ 2.Ac;0,
o OMOM 0 OH DMAP
(58% vield,
2 steps)
H
H 1. O3, DCM, =94 °C; Q
Sml, Me then PPhj - Me
THF 6 \ 2. MEZNCHzNM92 Me '
23°C Me \0 OHOAc Ac,0, DMF, 95 °C \0 OHOAc
(55% yield, (44% yield, (-)-longikaurin E (3)
75% vyield brsm) 2 steps)

concise and reliable now; Pdll-mediated oxidative cyclization
;15 and 17 steps from (-)-y-cyclogeraniol



Zhai’s synthesis of Sculponeatin N in 2014

- isolated by Sun and coworkers in 2010
Me
- cyctotoxic against K562 and HepG2 human
Mg, o cancer cell lines (IC5q = 0.21 and 0.29 uM)

Sculponeatin

Retrosynthesis

radical cyclization

e L3
,‘_mrf? :> S CO,Me

Off;"‘o Formal [3+2] CO.Me

+
®
Eto—FIJMTMS
OEt




Zhai’s synthesis of Sculponeatin N in 2014

LDA, (CH0),
m THF, -78 °C 10 0 °C
CO,Me 72%
CO,Me

__Ozcozme a
_—  —— = ol
“ ) L 2

epimerization

then -o’r-o
cyclization Come
“/\\’/’/'\
a)NaBH,, THF/H,0 EtO-P T™S
Q
25°C R CHO OEt 7
b)DMP,NaHCO; 1 % n-BuLi, HMPA 2
CH,Cl,, 25 °C /0 THF, -78 °C to 25 °C /—0
84%, 2 steps 0] 75% 0]

a) LiAlH4, THF, 0°C

b) acryloyl chloride
DIPEA, CH5Cl,
-78°C
84%, 2 steps




Zhai’s synthesis of Sculponeatin N in 2014

BHT, toluene
sealed tube TMS
190 °C R
g
I 0 0
B R = acryloyl

|/l§0 (endao)
| dr =60.9:9:2

different stereochemistry
at C-8 & C-13

. . TsOH, 120°C
protodesilyation | saedtube

KECOS, MeOH
25°C

80%

Single isomer!!!

/ Second try with propargyl
bromide low dr

Br first try with acrolein
\ low yield

0] Br

B
™S r

}\/Br

a) LDA, THF, -78 °C
HMPA
b) 4, 0°C

88%

BHT, toluene, 190°C
sealed tube; TsOH
120 °C, sealed tube

KoCO3, MeOH, 25 °C

80%

TBSCI, Imidazole

DMF, 25 °C |: (R=H)
85% (R=TBS)

reductive Heck — unsuccessful
AIBN as an initiator — thermodynamically more favorable [2.2.2] bicycle as a major

Et3B, (TMS)SiH
PhH, 25 °C

a) SeO,, TBHP
CH,Cl, 25 °C

b) DMP, NaHCO,
CH,Cly, 25 °C

¢) 1 MHCI, THF
25°C

smart setting for the preparation of substrate, concise, radical cycl to form [3.2.0] briged cycle



Zhai’s synthesis of Sculponeatin N in 2014

from Sl of Zhai’s paper

Conditions
—_—

16
entry conditions ratio” yield (%)
1 n-Bu;SnH, AIBN, PhH, reflux, 2 h 17:17a=1:3 92
2 (TMS);SiH, AIBN, PhH, reflux, 2 h 17:17a=1:1.2 60
3 n-BuiSnH, Et;B, PhH, 25 °C, 2 h 17:17a:17b=1:1.2:0.3 95
4 n-Bu;SnH, Et;B, PhMe, 20 °C, 5 h 17:17a:17b = 10:1:5 93
5 n-BusSnH, Et;B, PhMe, —78 °C, 24 h 17:17a:17b = 34:1:17 92
6 (TMS);SiH, s-BusB, PhH, 25 °C, 2 h 17:17a=5:3 90
7 (TMS);SiH, Et;B, PhH, 25 °C, 2 h 17:17a = 2.5:1 95

nBu,SnH seems to be very good H-donor
Et;B — seems to induce kinetic product
AIBN — resulted in thermodynamic product (maybe due to stabilized radical?)



Thomson’s synthesis of Sculponeatin N in 2014

Retrosynthesis

O
Me Me Me A OTf
Me i Me i Me
HO O oxidative OP reductive PO
o) fission o) cyclization o)
“'—- cycloaddition
PO O
P
0] P ©
——— ? Me
OP N Me
azarov OP

Me Me Me cyclization 0



Thomson’s synthesis of Sculponeatin N in 2014

ST
alkylcuprate Weinrab amide Grieco’s elimination
E;ro COgEt oo TBSO s _53
Me Bu—P
Me OTBDPS TBS 1
Me OTBDPS
high temp or high pressure f @J Q_C ,5
TBSO alkylcuprate
2\ Ve a) MeMgBr (1.2 equiv), Cul (5 mol%), LiCl (10 mol %);
Me N Me then CH,0, 88 %; b) TBDPSCI (1.1 equiv), Im (2.1 equiv), 98 %);
Me various TBDPSO c) TMSCH,CO,Et (2.0 equiv), LDA (2.0 equiv), 57% (87 % brsm);
TBDPSO 'y conditions ° oTBS d) Me(OMe)NH-HCI (2.0 equiv), iPrMgCl (4.0 equiv), 85%; €) 11
(1.2 equiv), 95%,; f) 1) AICl; (2.0 equiv); 2) TBSCI (1.1 equiv), Im
T8SO ™"Br | gei (2.7 equiv), 80%; g) 16 (4.0 equiv), tBuLi (8.0 equiv), (2-thiophene)-
Cu(CN)Li (4.0 equiv), BF;-Et,O (4.0 equiv), 78%,; h) 1) 10% HF, aceto-

nitrile; 2) the Grieco reagent (2.5 equiv), Bu;P (3.0 equiv); then H,0,

RCM /j =\, (50 equiv), 71%,; i) 1) TMSOT( (6.0 equiv), NEt; (8.0 equiv); 2) MelLi
Me N (1.2 equiv), allyl iodide (5.0 equiv) 57%; j) Grubbs Il (5 mol %), 91 %;
" m@ k) PACl, (25 mol %), CuCl (1.5 equiv), O;; 1) KHMDS (1.5 equiv),
e e
TBDPSO TBDPSO TBDPSO AN

identified by isolation

Wacker
Me
Me \O | Me \OTf hydrindane
Me Me
TBDPSO Y TBDPSO 'y



Thomson’s synthesis of Sculponeatin N in 2014

Me \Oﬂ

Me

TBDPSO 0

i conditions

—
e
Me Me Me A
Me Me Me significant by-product
TBDPSO TBDPSO
Y Y TBDPSO
22 23 24
Entry Reaction conditions Product(s) Yield
1 Pd(PPh;), (50 mol %), K,CO;, 4 A MS, 23 43 Heck or Reductive Heck
MeCN, RT _ — not successful
2 Pd(OAc), (10 mol%), TBACI (3.0 equiv) 22:23:24 68
HCO,Na (2.5 equiv), 4 A MS, DMF, RT (3:1:6)"
3 1) TBAF (2.5 equiv), THF, RT 22 71 _ _
2) Bu;SnH (4.0 equiv), AIBN (0.1 equiv), solution — radical cycl.

toluene, reflux; silica gel




Thomson’s synthesis of Sculponeatin N in 2014

o

a-hydroxylation 1) TBAF MTTG /
=]
_ 2) HelO, oHe %
Me \,ﬁ- ?-\w b g (x ray)
e .I:I
TBODPSO TBDPSD f
MB ?—ﬂi—'—\,
{plus regioisomer) Me ,-:'/A;D CHO
ae (X-ray)
allylic oxid. chemoselective
/silyl enol ether TMSO ozonolysis TMSO
v \
Ma %,—-’F—l.r" IlI
ME> L@H Me ij
TBDPSO | TBDPSD

OTMS

|9

TMSD

Melr/

TBDPSG

h, i

MEE%Jﬂluftﬁ::ﬁ
HD o*\\

sculponeatin N 12]

a) 1) TMSOTYT (15 equiv), NEt; (20 equiv); 2) MelLi
(3.0 equiv) MoQ,-Py-HMPA (5.0 equiv), 67 %; b) TBAF (10 equiv),
80 %; c) H;1O4 (3.0 equiv), 42% (26), 29% (27); d) S5eO, (2.0 equiv),
tBuOOH (1.2 equiv); e) TMSOTT (15 equiv), NEt; (20 equiv); f) O,, Py,
methanol, chloroform 49% over 3 steps from 22; g) LiBH, (5.0 equiv),
50°C, 47 %; h) TBAF (5.0 equiv), 38 %5; i) MnO, (5 equiv by mass),
85 %.

END GAME
- cyclopentanone to
lactone

attempted oxidative cleavage/
re-ring closure upon reduction

23 steps from
3-methyl cyclohexanone;

featuring Nazarov, RCM
to construct two quaternary
carbon centers,
radical cyclization for [3.2.0]bicycle



IN SUMMARY So far 11 total synthesis...Who will be the next??

enmein 15-desoxy-effusin longirabdolactone Sculponeatin
Fuijita-1972 Mander-1986 Mander-2003 Zhai-2013 13 steps + a
Thomson-2014 23 steps
44 steps + a 29 steps 27 steps P

CHO
Yang-2010 31 steps

Danishefsky-2012 17 steps

Zakarian-2013 18 steps
Maoecrystal V Thomson-2014 24 steps

Diels-Alder
is still predominant!!

(-)-trichorabdal A (-)-longikaurin

Reisman-2013
15 steps + 4 and 17 steps + 4
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