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Isolation Bioassay-guided identification
Beutler et al in NCI

Bioassay-guided fractionation of the stem bark extract

¥

Chromatography and HPLC-C18

’
\__,, englerin A: R = COCH,OH
englerin B: R=H
Tanzania Zimbabwe englerin B acetate: R = Ac

Beutler et al. Org. Lett. 2008, 11, 57-60



Why people pay attention to this molecule?

Highly selective and low nanomolar activity
to renal cancer cell lines.

Table 2. Renal Cancer Cell Growth Inhibition Data (Mean Gl
in uM) for Englerin A (1), Compared to Average Values for
Taxol

renal cell line 1 Taxol
786—0 <0.01 0.034
A498 <0.01 0.10
ACHN <0.01 0.65
CAKI-1 15.5 0.35
RXF-393 0.011 0.041
SN12C 0.087 0.018
TK-10 15.5 0.11
UO0-31 <0.01 0.45

2 or 3 folds more potent than current medicines

Me

O
H Q&OH

7-contiguous stereocenters

5-6-5 oxabridged tricycle

Stereochemistry of the ring junction is not obtained
by thermodynamic controlled reaction.

Glycolate is critical

Beutler et al. Org. Lett. 2008, 11, 57-60



Current Drugs for renal cancer

Bevacizumab (Avastin, Genetec, 2004) Sunitinib (Sutent, Pfizer, 2006) Sorafenib (Nexavar, Bayer and

Onyx Pharmaceuticals, 2005)
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Gastrointestinal (Gl) perforation. A hole that develops in your stomach or intestine
Wounds that don’t heal.

Serious bleeding

Birth defects or death of an unborn baby
High blood pressure

http://www.nexavar-us.com/scripts/pages/en/patient/about-nexavar/possible-

side-effects/ http://www.sutent.com/possible-side-effects.aspx

http://www.avastin.com/patient/overview/side-effects



Proposed Biosynthesis

By Christmann (Nature Chem, 2010, 2, 519-920)

Ph o
/
OPP Me 7 e

Me Me
: M Me
N = ™ Cyclase Oxidase S
=
O
Farnesyl Ve H O/&OH
pyrophosphate Me
(-)-englerin A
By Shang (Chem. Eur. J. 2013, 19, 2539-2547) monooxygenase
and esterase T
OPP Me
. terpenoid Me MoNo
- cyclase -oxygenase
= H,0
Farnesyl H MeOH
pyrophosphate

known natural compound



Synthesis of (-)-englerin A (about 4.5 years since isolation)

Total Synthesis — 9 papers

Christmann — Angew. Chem. Int. Ed. 2009, 48, 9105-9108.

Nicolaou and Chen —J. Am Chem. Soc. 2010, 132, 8219-8222.

— Angew. Chem. Int. Ed. 2010, 49, 3513-3516.
— Angew. Chem. Int. Ed. 2010, 49, 3517-3519.

Christmann — Angew. Chem. Int. Ed. 2011, 50, 3998-4002.

Chain —J. Am. Chem. Soc. 2011, 133, 6553-6556.

Hatakeyama —J. Org. Chem. 2012, 77, 7365-7370.

Metz - Angew. Chem. Int. Ed. 2013, 52, 5390-5392.

Shen — Tetrahedron Lett. 2014, 55, 1339-1341.

Formal Synthesis

Theodorakis — Org. Lett. 2010, 12, 3708-3711.
Maier — Org. Lett. 2011, 13, 2090-2093.
Parker — Org. Lett. 2012, 14, 2682-2685.
Cook — Org. Lett. 2012, 14, 3340-3343.

Lin and Shang -

Tetrahedron Lett. 2011, 52, 2155-2158.

Synlett. 2012, 23, 263-266.,
Chem. Eur. J. 2013, 19, 2539-2547.




First Total Synthesis- Christmann: Retrosynthesis

H Transannular
epoxide-opening

RCM
[M]Jkrlvie \

Me
5 Me {;lylatuon

CHO

MeOHOH

6 4

computer-based
search of the carbon 7: trans,cis-

nepetalactone
-framework

Christmann — Angew. Chem. Int. Ed. 2009, 48, 9105-9108.




First Total Synthesis- Christmann: cont'd

mCPBA
CH,Cl,, 0 -25°C

undesired configuration at C5,

mCPBA but correct configuration at C10

CH,Cl,, 0+25°C

cfs,trans-
nepetalactone (9)

10a (55%) 10b (36%)

Br Me
Me H O , Zn, Me_; H O
- P 13 Me sonication A
+ MeQ N

O -
: aqg. NH,CI, THF,
|:| MeCHO D_.25 oC
11 (93%)
MeQ OMe o
Me H OH ME: H |
LIAIH,, THF = cat. pTsOH'H,0 IBX, DMSO = DBU
025 °C _ Me CHCL25°C 96% L Me, Me PhMe, 25 °C
o w3 s HI & 70%
98% WL Ve 95% 5. oMe b
17a
15 Mé Me

Selecting the starting material having

° 7<l'u"|ta|

Me
17b (d.r. 3:1)



First Total Synthesis- Christmann: cont'd 2

Me
Me ,I_Il) Grubbs |l cat. Me g Me
MePPh.Br, nBulLi < / (20 mel%) /7 aq. HCI
N Me  THF.0°C H\\H‘*/—g Me CH:Cls, A "3’/ MeoH.25°C
5. O Me 95% H5_ oMe 99% H5 0 88%
Mé Ve 18 Mue 19 Mute )

O Me Sﬂe
Me - Me -
M _otes Me u \8 Me 2 H Me
cl < = mCPBA <¢/ A
pyndine, ol } o CHyCl, 0°C f“g}_, j 0 Eg:g;]
CH,Cl, 25 °C : 90% HE 5
oo Me OH Me OH _<—DTES
20 TBSO 3(dr. 2.31)

2.4 B-trichlocrobenzoylchloride
Et:N, 4-DMAP, PhMe, 80 °C

60%

ol _o
TBAF, THF ~ K‘f/

0—25 °C H
91%

Total steps: 15 steps.
&Me Key reactions: epoxylactone rearrangement, regioselective Barbier,

i O Me ring closing metathesis, transannular epoxide-ring opening

Me H
(+)-englerin A (1)



Multigram synthesis- Christmann’s second paper

o=t

nepetalactone

Me 4 iPr

m-CPBA
—_—

R

n, somcatlon

-

aq. NH.CI, THF

0—>25°C

CH,Cl,

Ba: R =iPr
5b: R = Et
bc: R = Me

R

Me H @)

O

H 2 0°C
Me OR
8a, 9a, 10a—d
Entry Alkene R R2 Epoxide  11/12 YM\
0
1 10a X K)H 1Mal2a 23:1 90
TBSO

2 10b X TBS 11b12b  5.4:1 91
3 10¢ TBS  TBS Mel2e 9 99
4 10d X Troc 11d12d 120 73
5 8a 1,2-acetonide T1e12e 11:1 78
6 9a H H 1M£12F 13 99

[a] Yield of isolated product. Troc=trichloroethoxycarbonyl.

Me H R
conditions
—_—
CH,Cl,
reflux Me O7<O
8a-c
Me Me
_ time yield
7a: iPr Grubbs Il (15) 60 99
7b: Et  Grubbs Il (15) 60 88

7c: Me Grubbs 11 (5)

Angew. Chem. Int. Ed. 2011, 50, 3998-4002.

23 99

® point of diversion
® highly crystalline
® 7.8 g prepared



SAR study- Christmann’s second paper

Variation of the
isopropyl group

Y

MeQ__ R

(-)-1: R=/Pr (45 nM)
(+)-1: R=iPr(>1uM)
13: R = Et (0.95 uM)
14: R = Me (4.64 uM)

Variation of the
glycolate ester

Y

Me HO iPr

H
Me OR

O
36 065 uM) ., J_ome

o)
37 (0.23 uM) EJK/O \n/(,,)s\\

N

o}
0

38 (4.61 uM) %Jl\/\/é
0

39 (154pm) ., M _o #Z

Boc

0
40 (>10 puM) h)l\/,{,,Me

0
41 (5.04 uM) %)k/'ﬁ'\Me

0]

42 (5.23 uM) a‘J\LO)
0
43 (>10 pM) - o
W
o}
44 (>10 uM) g I N\
=

Variation of the
cinnamoyl ester

Me |:|O'-,R Pr

15 (25 nM)

(0]
0
— a

18: R' = F (0.72 uM)
19: R' = Cl (4.59 uM)
20: R' = Br (>10 uM)
21: R' = NO, (>10 uM)
22: R' = j/Pr (>10 uM)

0O

Z
z&)‘\/\(:_ =

23: R? = 3,4-OCH,0 (4.88 uM)
24: R? = 2-Cl,6-F (92 nM)
25: R? = 3,4,5-OMe (>10 uM)

(@)

N N
26 (>10 uM) kis
0
R3

27:R®=H (>10 uM)
28: R® = F (>10 uM)
29: R® = Cl (1.48 uM)
30: R3 = NO, (1.84 uM)

o) 0
i‘L)‘\C{CI % )I\LNj
cl | #

31 (0.28 uM) 32 (>10 puM)

O (o) O Me
E)LMe "’LJ\/\MG "5_‘)]\%
Me

33 (>10 M) 34 (>10 uM) 35 (>10 pM)



Nicolaou and Chen’s synthesis

@ - -
O Me I-PI'\'I\I/I-PF
. | ~ Me Me M6802 0
Retrosynthesis _Og / OJ<:
ogn Me CO,Et
. 4 5 6 7
\ (-)-englerin A [(-)-1] /
(+/-)-englerin A
Bn Ph3PAuCI AgOTf OBn €) DMF.  oBn
) Red-Al, |2 Q\)OH b) Pd(PPhs)s, Me. o POCs Me_ o
TMS——= ) | )—CHO

9 — 10: R=TMS
)K2C03, MeOH . _
—11:R=H
OBn o

OH 0 Me
, OBn OBn O Me Me
f) i-PrMgClI Me. o OH 9) m-CPBA h) I_\_/IsCI, .) PtO,, H,
Me i-ProNEt
| | 5 TEY j) Pd/C, H,
Me 402 COZEt H/ “co,Et
Me
16

Me Me OH 15 0
14
46% [CQB.Cga ca. 8:1]

J. Am Chem. Soc. 2010, 132, 8219-8222



Nicolaou and Chen’s synthesis: cont'd

a) ArSeCN, n- Bu3P Wacker [0] ¢) KHMDS
then m- CPBA
COzEt H CO,Et CO,Et co Et

d) NaBH,
CeC|3°TH20

e i) 2,4,6-Cl,CgH,COC
cinnamic acid

| B[(*
- Gadate 013

2.,4,6- tru,h]orobenzo | chloride
Me y O)J\,OTBS y Me

E:N 4-DMAP

Me O/[{,OR

26: R=TBS
*)-englerin A[(*

(¥)-englerin B[(*)-2] |) TBAF

Asymmetric Synthesis

OBn O Me OBn o Me
a) MsCl, Me
| Me ", pr,NEt
+
© O
Me OH *
N A o "COLA* \ oAt
15 7
) 27 28
Me Me SO,Ni-Pr; exo products
. [27:28 ca. 1:2, separable]
A*= b) Dibal-H
c) DMP
OBn

OBn p OBn ¢
e) EtOH, H* w ) NaCIO, w
COZEt COxH

Cytotoxicity of synthetic racemic engerin A still
showed high potency and selectivity toward
renal cancer cell lines.

25 stepsinlls



Ma and Echavarren’s synthesis

Echavarren’s gold catalysis

[2+2+2]-cycloaddition (alkyne/alkene/carbobyl)

Angew. Chem. Int. Ed. 2006, 45, 5452 —5455

/Synthesized natural products
Chem. Commun., 2009, 7327-7329




Ma’s synthesis

Retrosynthesis Svynthesis of the precursor for Au-catalysis

$ 200/ 25 mL
O\n/\oH Ph/\\\)kcv"' 1) P(OPh)s, Br,, NEt3 ?ggﬁ,
Me O Me 2) t-BUOK Me salicylic acid
= - = - = -
, - O . =Z
1 (englerin A) 2: X = OH (englerin B) (R)-citronellal
3: X = OAc (englerin B acetate)
JJ IBX O
. P - P -
/ M
Z OH Z ! ()-Ipc,BCI, NEt;
41% 32% then, H202

Paterson’s procedure

R =TBS, TES, or Me

Angew. Chem. Int. Ed. 2010, 49, 3513-3516.



Ma’s synthesis

Me
Me OR O
5__catalyst @ 0R+ S Me
CH,Cly, RT Ve Me Me
Me . H 10

Entry R Catalyst t [min] Product (yield [%]™)
1 TBS A 30 10b (80)

2 TBS B 301 10b (40)

3 TES A 20 10c (90)

4 Me A 30 L

5 Me B 30! 10d (10)

6 H A 20 5a (48)

7 H B 201 5a (20)

[a] Reaction conditions: enyne (0.1-0.5 mmol), catalyst (10 mol%),
CH,Cl,, RT;|catalyst A: AuCl,|B: [Au(PPh,)Cl]/AgSbF,, [b] Yield of isolated
product, [c] 50% conversion was observed. [d] a complex mixture was
obtained. [e] 20 % conversion was observed.

/[Au o OR ©
Me
\ Me
Me Me
H OR 10
for 6b—6d“
Au
Me 0O //[ e 0
Me
OR
A more stable B
( Me \
Me

Angew. Chem. Int. Ed. 2010, 49, 3513-3516.



Ma’s synthesis

15 steps!
8.1% overall

mCPBA, Me
OH CH:CI:. ﬂn{: OH CSA CHC|3 nc
93% T94%
Me Me Me

[Cp,TiCly], Zn, - _ TPAP, NM&D I?E y
1,4-cyclohexadiene, » NaBH,, MeOH, 0°C

THF. RT
Me

Me Me

Raney Ni,
9 .OH H, (90 atm)

HO OH HO! -—
. 86%
Me Me Me
15
Dess—Martin periodinane
, cinnamic acid Me
: O NaBH,, MeOH, 0°C 0]
Yamaguchi | _ o M@ﬁ
e Me °
78%
Me
LIHMDS, (imid),SO,, [17a: R=H
THF, OOC—>RT 17b: R = SOzimid
HOCH,CO,Cs, [18]crown-6 Me
OMe

O\H/\OH

Meo

67% NG

99%



Echavarren’s synthesis

1) Sharpless epoxidation 1) TESOTT, NEt Ph3Py,CHO
$370/ 1Kg 2; CCI4pPPh3 P 2) AD-mix-a, t-BUOH/H,O ° ﬁ/ Q
HOW ) . W . \\w/\/CHO benzene, reflux, 76% N

P " OTES
OH OTES

OSiCl,
[IPrAUNCPh]SbFg TESO, 1) TBAF
CH2C|2, r.t.

2) TBSCI, DMAP, imid.

H Me : :
Phac-N_ O (5 mol%) 58% single diastereomer
/P\/ Vi
Ph™[~N D Denmark’s procedure oy |*
H Me y

CrO3(3,5-dimethyl
pyrazole)

+ isomer (1:1)

TBAE Yamaguchi protocol

- >

Ph 0
Ph__~__0O W TBDPSO™ COH TS0
\/Y 1 2 \/\C‘f

‘\\I

18 steps, 7% overall yield
then TBAF

Angew. Chem. Int. Ed. 2010, 49, 3517-3519.



Chain’s shortest synthesis

0
I
ipr” O ‘
o 5
new aspect to see the molecule Cﬂf‘bﬂf’yi'E”ab*‘Ed J-Prﬁ/
Cyclization Sequence
OR H.C CHE
CHy 4 Ph
H

h: H
)\E i—ProﬁL
\ch I:IH (I.‘,Ha/

Ph
Englerin A, 1, R = HOCH,C(0O)- 3]
Englerin B, 2, R =H-
Englerin B Acetate, 3, R = CH,;C(0)-

J. Am. Chem. Soc. 2011, 133, 6553-6556.



Chain’s shortest synthesis

MesN NM
es es
Cl,_\( Ho 7 I
Me O ci-Ru==pp
0 LD?S’ IEIF OH © ’ PCy;
— Me"
H3C CH;, _— H3C\|)\/u\|/CH3 ﬂ... e | CHj 5 mol%
CH, Q CHs Cl THF 3 CH,Cl,, 12 h, 40 °C X0
ci 14 \_ 80%yield )
89%
a. _ _
0 ; 0 o
Michael H
a. LDA, THF Addition iY,0 H b. Smly, HMPA OH H
| >—ch, - — AL > PR
ipr” O tT%E/f HC HL  CHs THF H' I CHg
4 2:1 dr desired X others 7 43% 8
cl O
¢. cinnamic acid
Cl 9, DMAP, Et;N
[¢]
Cl Cl 86%
Ph 9

Hol_
0
l—Pr"?L

1
ch H|-| CHj

Englerin A, 1

e LIHMDS, (imid)2S0,, 98%

f cesium hydroxyacetate,

18-cr-6, 74%

0 GJ
H 0
° M Ph 4 NaBH4 0
f-Pr
9“}’0



Chain’s key Sml2-mediated reaction; undesired products

In different conditions

H
O ch,

7

Also, intramolecular Stetter reaction did not give any product...

Smils (5 equiv)
o

LiCI (20 equiv)
THF
23 °C

Sml, (4 equiv) HO—§

ROH (1.5 equiv) e
THF i-Pr
23 °C 13



Hatakeyama’'s synthesis

Scheme 1. Retrosynthetic Analysis of Englerin A

englerin A (1): R = C(=0)CH,CH
englerin B (2): R=H

RCM then
epoxidation

CN

OTBS

Similar work to Christmann’s approach

. 1) DIBALH
$g /16 _ mCPBA ™ CH,Cl,, —78 °C
5/1 2) PhaP=C g
4P=C(Me)CO,Et
CHQCIQ TFA o~ o CHCly, 45 °C
sigma 100% 10
82%
1) TsCl, pyridine
- 2) DIBALH, CH,Cl, .
: -78 °C :
= _ =
(\/\)\wﬁ 3) NaCN, DMSO K\/\)\
CN 12 OH

OH 1

81%

(-)-DET (0.2 eq)

- TBSCI
Ti(OPr), (0.2 eq) K\/\)\ Et3N DMAP
TBHP, CH,Cl» CHECIQ 0°C oTBS

4AMS, -40 °C
95% >95°/o de 98%
CN CN ©
tw\ conditions m . Me //N
OTBS OTBS H C
0 H : OH %H
° ! o OTBS
Me
entry conditions 7 14 15a
1 NHMDS (1.5 equiv), toluene, 0 °C, 6 h 46 0
2 NHMDS (3.0 equiv), toluene, rt, 6 h 46 + Me HH
3 KHMDS (1.5 equiv), toluene, 0 °C, 6 h 62 0 _A
4 KHMDS (3.0 equiv), toluene, rt, 1 h 53 3 ’ C*l"Ne
S LHMDS (1.2 equiv), THE, 0 °C, 2 h 84 0 3 ™
6  LHMDS (2.0 equiv), THF, 0 °C, 2 h 76" 0 Me OTBS
7 LHMDS (2.0 equiv), toluene—THF (2:1), 0 °C, 3 h 87 0 15b

“Isolated yield. P Obtained as a 1:1 mixture of 7 and its Cl-epimer.

J. Org. Chem. 2012, 77, 7365-7370.



Hatakeyama’'s synthesis

CN CN ) )j‘/\ar 'R
MOMCI, PPr,EtN CHO S +
OTBS CH.CI - OTBS _ conditions ‘ oH
' o H : OMOM H z OMOM H < omoM

< “OH
H ; OH : H < omoMm
yield (%)% ratio
1) DIBALH entry conditions 19 + 20 19:20”
CH,Cl,, 78 °C ( ) ( ) (87)
1 5 (2 equiv), Zn (3 equiv), aqg NH,CI/THF, rt, 47 (87 1.5:1
2) PhaP=CH, : oT1BS 2 h; then sonication, rt, 1 h
THF, 0 °C H i OMOM F
2 5 (4 equiv), Zn (6 equiv), ag NH,Cl/THEF, t, 62 (97) 1.7:1
87% 2 h; then sonication, rt, 1 h
3 S (4 equiv), Zn—Cu (6 equiv), ag NH,Cl/ 22 (44) 1:1
THEF, sonication, rt, 3 h
1) TBAF, THF - 4 5 (4 equiv), CrCl, (6 equiv), THF, rt, 3 h 82 1:1
| 2 |
2) (COCI),, DMSO . S 5 (6 equiv), In (4 equiv), THF, 0 °C, 4 h 95 8:1
CHECIQ, 78 DC H : OMOM - . . .
then EtgN, rt = 6 5 (4 equw), In (4 equiv), InBry (4 equiv), 30 8:1
y THF, 0 °C, 12 h
91%

The yields in parentheses are based on the recovered aldehyde 18.
PDetermined by 'H NMR analysis.



Hatakeyama’'s synthesis

triphosgene N\ N Grubbs 2nd
+ epimer (11%) pyridine (10 mol %)
CH,Cl, ANy CHCL, reflux
89% H: Oﬁé quant
8:1 mixture of 21 (84%) 22 @]
19 and 20
(15 steps)

1) (E)-PhCH=CHCO,H

1) 0.5 M NaOH 2,4,6-Cl,C4H,COCI
MMPP 1,4-dioxane, 0 °C EtsN, DEM?P, Toluene
MeOH-H,0 (1:4) 2) TBDPSOCH,CO,H 80°C -
50°C EDCI, DMAP, CH.Cl, 2) TBAF, AcOH, THF

3) CHCls, 60 °C
81%

89%

67%

(=)-englerin A
4 )

<’ Mﬂ Me

O Me 24 steps, 14% overall

O

18 Mo Me

\Christmann's intermediate (7 step?




Metz's synthesis

(-)-isopulegol
Pb(OAc),, CaCO,,
O)\\ benzem—i, reflux, 74 % OAc
e oy I v
‘ OH CHO
! 8
$ 128/ 1Kg

5 mol% [Pd(PPh,).],
40 mol% pyrrolidine

+
Et,N, THF, —10°C, 89% @%

— g CHO CHO

__°
(~)-photocitral A

2-epi-6

o

6/2-epi-6/6'=47:43:10
CHO [2-epro]

-
-

6'

(-)-englerin A (1)

-

-~

\(~)—photocitral A (G)J

“CHO

~

e

Retrosynthesis

RCM + Chiral pool

Angew. Chem. Int. Ed. 2013, 52, 5390-5392.



. [\
Metz,s SvntheSIS Mes—NYN—Mes

CIH._
»RU=N MeONH-Me-HCl,
CI” |~ "Ph )
7n PCy, iPrMgCl, THF,
—30°C —refl
benzene, reflux, 86% / 1 retiux
- I . 12: X = OFEt
§ CHO Wg $ y COEt
CO,Et O
6 10
MelLi, THF, 1. MsCl, Et;N, CH,Cl,, 0°C, NaOH, H,0,,
—78°C—RT, 2. DBU, RT, 85% MeOH, RT,
I - —_—
0
12 steps from the known 6 . s

1 mol% K,0sO,, NMO,

Ph,P=CH,, THF, RT

0 acetone, water, THF, RT, 97 %, OH o OH OTBS 3 2 r
16% overall d.r.=2:1 T OH - pyridine, RT, 93% a ,\O\\g\ ,then 2N HCl, 70%

—_— _— R
O OTBS ) O
o] s
16
3 0 17
DMAP
OTBS ’ OR
,\0\\(\ 1 atm H,, 10% Pd/C(en) OTBS Et;N, CH,Cl,, H \\O{
0

EtOH, RT, 90%

, reflux, 94 % .o

Cl : H
o
PhMo PhMo

2 19

—

18

20: R=TBS

2N HCI, THF, RT, 100% [ 0 0 C



Shen’s synthesis

(-)-Englerin A T——>

Pinacol
Coupling? o

=t

9-steps

etherification

OH T—)

HO,,

(T

R-(-)-carvone

’ / T\rﬁ

( TiCl,, LiAIH, THF

e
Y N

X
Y i

Grubb's Il catalyst
Metathesis reaction

Tetrahedron Lett. 2014, 55, 1339-1341.



Shen’s synthesis

(a) n-BuLi
(b) HegCl5 (2.5 equiv),
+ g S CdCOs (3.0 equiv),

-

(c) allylmagnesium bromide (1 M in

ether, 2.3 equiv),
THE, —20°C, 1h, 92%.

—_—

trans-cinnamoyl chloride
triethylamine (3.0 equiv),

(e) NalOy4 (1.2 equiv),
sat NaHSO; CH3CN,

Grubbs 11 .
(0.05 equiv) HO .., Hy0, 50°C, 0.5h, 94% o 4-DMAP (0.5 equiv)
- —_— H‘-', S I Ph vl
dichloromethane, ~ ’
40°C, 1 h, 94%. Ishii’s procedure
.
(g) AgOAc (2.0 equiv), o o “DJEB\JDTBS
AcOH, 100°C, 4 h, 87% K2COs5 (3.0 equiv) Yamaguchi
T /\)Lom. — /\)Lon-. then -
ph” T H, OAc PR”  H OH Ph

.r".’

deprotection

(-)-Englerin A

(-)-Englerin B acetate(9) (-)-Englerin B



Summary of Total Synthesis

_ Me O Christmann; chiral pool
Meo 7 OR O o RCM/Transannular
C - . . .
N Me Ma and Echavarren ! ring opening of epoxide
Me Me Gold-catalyzed cycloisomerization Me
(=)-nepetalactone
OH O
NV B ) _ |
WH/ 0O Me r-F"rHrIq,,;-Fr
OTES i =" "Me e MeSO2
9 xD@ 1 | D—<_
Me —
O H Chain OBn H

Nicolaou and Chen — [5+2] to give oxabicycle

0 H . o
i-Pr=7 % Michael addition
o S e 1 . .
HC | CHs reductive coupling

Hatakeyama Metz; Shen;
: chiraly 00l _ chiral pool Chiral pool from R-(-)-Carvone
iRCIVI g § ‘CHO RCM RCM; iodoetherification

(-)-photocitral A (6)



Theodorakis’ approach

Rh-Catalyzed [4+3] cycloaddition

HO. & TBSO
EnglerinA ) @ on — @
Ox, o

j/(_)\ Rh- [4+3] @
TBSO —— TBSO
TBSO \t; O
. Oy_#
O\“‘ W )——- H

i’ \
O
10 o
2 mol % Rhs(Ooct)s TBSO @
+ o
hexane, reflux O
BSC O X 90% o. f ©
)\f(u\o"’ 1}<
No o
- . 9, dr=3:1
Chiral auxiliary;
(R)-pantolactone DIBAL-H, CH,Cl,
—78 °C, 15 min
then BF3 Et,0,
CH,Cl,, =30 °C,
5 min, 59%
Y

LDA, TMS-CI,

HOW® —78°Ct00°C, 1h, 6 _A
() = (3)

O then m-CPBA, NaHCO,, o

CH,Cl,, 0°C, 1 h,

then (COOH),, 87% brsm

13 12

Theodorakis — Org. Lett. 2010, 12, 3708-3711.




Theodorakis’ approach

1. TBSOTT, Et3N,

HO CH,Cl,, 0°C, 1 h
& -
O 2. propanal, 14 (20 mol %),
Et;N, 80 °C,5h
13 75% over 2 steps

1. NaHMDS, THF,

Bn
& o 0°C, 2h
HO / 'y Cl 2. NaOMe, MeOH,
S 65 °C, 20 min
14 43% brsm over 2 steps

1. NaBH,, MeOH,

TBSO rt, 15 min HO
~-
é 2. NaH, BnBr, DMF

H 60 °C, 30 min ‘

BnO 71% over 2 steps o)

Y

high pressure with various
catalysts — not working

1. BH4THF, THF. it, 1 h
TBSO @ then NaOH/30% H,0,, 60%
‘ 2. TBSOTF, EtsN,
e H CH,Cl, 1t, 1 h, 97%
&
BnO
" s

3. H> (1 atm), Pd(OH)s,
rt, MeOH, 1 h, 99%

1. Burgess reagent,
g g (\_CHS

PhMe, 80 °C,
30 min, 90% M
TBSO 2. H, (1 atm), Pd/C,
Ha, OTBS rt, MeOH, 1 h,
quant
. H Y
HO 4,

TBAF, TBSO
H microwave a OTBS
THF, 80 °C, ‘
H 45 min, 93% H

(+)-6 18

Ma’s intermediate



Maier’s approach

(—)-isopulegol (11)

_,//I PCC #MgBr
HO CH-ClI» THF, -80°Ctort
rt, 3 h O 1 h (92%, 2 steps)
(=)-isopulegol (11) 12
KH, THF
m 18-C-6 %—F’\\JZ mCPBA, CH,Cl,
| g g
OH reflux, 12 h | rt, 12 h (83%)
(89%) O
10 5
HO HO
p\ﬂrﬁ\\i NaHTHE LSy N
| |
80°C,1h
(90%) O ©
13 7 14

Maier — Org. Lett. 2011, 13, 2090-2093.



Maier’s approach

Piv,0, CH:CN

Sc(OTf), (cat.)
0°C, 12 h (60%)

KzCDa, MeOH

) reflux, 10 h
(92%)

(7/16 = 30:70)

H-': OPiv
17

18
(17/18 = 62:38)

LDA, THF
45 °C, 1 h, then

_78°C, ZnCl,
acetone, 90 min
(83%)

17

K;CO;4

MeOH. reflux
4 h (100%)

21

a) Hg(O,CCF3),
CHzclzerEO H

~-78°C, 12 h
22 ’

19

(1:1) 7
F;'D

H

PivO

b) NaBH,, MeOH
—f8tort, 3 h
(95%)

Et3SiH, TiCly

CH,Cly, —80 °C
30 min (72%)

OH

Burgess

toluene, 110 "‘L:,

-
-

LiAlH4, THF

10°Ctort.2h
(69%)

Dess-Martin

CH,Cls, rt
2 h (89%)

23

cinnamic acid

Cl3CeH,COCT
DMAP, toluene
t, 12 h (87%)

20

H “Yopiv




Parker’s approach O, om0 1S e

— TEBHP
salicylic CH,Cl,
acid, - 26 to

o CH2C|21 rt == -30°C
: allyl OH
Retrosynthesis bro. —7a R=H
mide 7Th R=
NaH, allyl
THF, rt
SO; py
DIPEA
DMSO,
CH5Cly
10 °C
OH
10 (82%)
1 (—)-englerin A 2 3 Zn dust
THF/NH,CI,
—
2-bromo-
[RU],/ methyl-3-
f + CHO  methyl-1-

butene (12),
rt

Parker — Org. Lett. 2012, 14, 2682-2685.



Parker’s approach

Stewart -
Grubbs
catalyst, +
. N
H H
toluene g“' -ﬁj \{)
80°C, 24 h % 5
14 (45%) 15 (32%)
5 col 13 1 N NaOH
NaH a R, R'=H (B0%) rt, 14 h
DMF Le b R, R'=C=0 dioxane
n3h TBSOTf 1) Hg(O,CCF3);
E,E—Iutidine GHE(:'EIMEDH
3R=H _
{g?ﬂfﬁ} GHE'CHQ r - ?B 001 12 hl
t, 2 h HY,, OTBS 59C 4h
_ . 2) aq NaHCO,/
3, R = TBS (93%) NaCl. 2 h 16
1] %
QN N-@
Y Stewart-
ClRu== Grubbs .
| catalyst
YD H : 'OTBS :
17 (55%) 18 (379%)
12 steps yields from 3, R = TBS.

Echavarren intermediate




Cook’s approach

Me
/ (5steps)
Plan |

—_— - Me

Pd(OAc), (10 mol %)| HCOONa (1.2 equiv)

Reductive Heck "BuyNClI (3.0 equiv) | DMF, 1t, 36 h
O - -
0 Me H 0 H o Q
Me E Me Me_Pd Me
/ - - / + +
I H
Me Me Me H e " Me
7 8 14 (<5%) - - 15
t1,5 = minutes
l air/Sio, Schenc!( ene
reaction
----= englerins
0] O
Me, H Me
X-ray structure L HOO
confirmation
on derivative H
Me Me
8 (73%) 16 (<5%)

Cook — Org. Lett. 2012, 14, 3340-3343.



Cook’s approach

0 (0] 7 Me
Me, H, TiCl,, DIPEA Me H CuCN, MelLi
CH,;CHO, CH,Cl, TMSOTf
~78°C 10 60 °C Et,0, -78°C
8 17
Me Me
VSO Me (1) mCPBA (1.0 equiv), 0 Me
e, H NaHCO3, CH,Cl,, Me  H OH
=40°Ctort .
(2) TBAF, THF, rt
H Me 62% for 2 steps H Me
18 19
Me
mCPBA (1.1 equiv) Me |.|
BF 5 OEt, (1.0 equiv) _ X-ray structure
. confirmation
CH,Cl5, 0 °C to rt on derivative
16 h, 67%
20
T mCPBA Me Me
(2.0 equiv) 0 Me 0 Me
NaHCO; Me H OH Hcio, Me H
CH,Cl, CH,Cl,
O°Ctort 0°C -
3 days H, "0 0 9 H OH
820,.: Me 65% + 24% SM Me

21 22

Me o Me
Me 1 O Me TBSOTf Me u Me
Et;N
—_—
CH,Cl,
H oH 0°Ctort H OTBS
Me 98% Me
22 23

Pd(OAc),, PPh;
"Bu,N, HCOOH

DMF, 65 °C
84% for two steps

H OTBS

Me

_ TBAF _ _ref12d
THF, 0°C .

67%

KHMDS
Comins' reagent

THF
-78°Cto rt

R s

H OTBS
Me

——— = (+)-englerin A (4)



Lin’s approach to (+)-englerin A

O
H : OH =
O
Organocatalytic [4+3]
OHC
MacMillan cat. q oms
I o T
N ’
J—— A @\ , A Harmata’s procedure
= S —_ —_
)\/\CHO CH,Cl, ‘ \ ‘ \
B < ”
A \

JACS, 2003, 125, 2058-2059.

7\

(more favored) ent-6a ent-6b (less favored)

M

OHC— 1 Me

o _
ee of ent-6a/ent-6b' @ ‘)
77|88 (

Lin — Tetrahedron Lett. 2011, 52, 2155-2158.



Lin and Shang’s approach

1)CH,CHMgBr  2) Ac,O

) CelCls TEAD
7\ (R.R)-11a a1t MAP
0 TFA (94% bram)
9 . MeMNO-
OTMS 63% 07 ™ 88%
2.4:1 H
L CHO OHC
10 ent-8 (ent-8")

;-Erﬁ 0 [Pd ﬁéﬁ P)al 1) m-CPBA
73% 110 — 2) DIBAL-H
(92% brsm) " 52% from 19
— 19 20

P

HCOONH, @
0% O

= 15 (15")

9-BBN; H:0-
149

or
Ha(OTFA)., NaBH,

38%

Ma’s intermediate

Chem. Eur. J. 2013, 19, 2539-2547.



Summary of Formal Total Synthesis

Parker: relay RCM

Theodorakis: Rh-catalyzed [4+3]

}/O\ @ H V) JoR
{—— T1BSO

+

\t; Cook: reductive Heck reaction
rBSO
. O
D“" ﬁi>< 0 Me H
Me :
J |
| H
Me Me

Maier: epoxide ring opening

0 o : .
Lin and Shang: organocatalytic [4+3]

D = &)
= HO D @%@
HfoH CO ©
7\ OTMS
Aoy = D I8
OHC



Direct C-H Oxidation?

Yes, we can find an opportunity
for site-selective and stereoselective

biomimetic procedure.

(-)-englerin A
Me
Me Me
HO,C
[5,3,0]bicyclic structure |
O H INOH
Me
H guai-2-en-10a-ol
Me

Me

rupestonic acid

HO,C -
Me S Me py =
HOC' éj :
; Me Me
Me Me Me Me
@) Me = aromadendranes

OH -
Me H MeOH

Xylaranone Xylaranol B

¥




http://thatstotallytarot.com/?p=2043




MCPBA (77%)

OH Q
O CH2C|2, 0 OC
\ g
R
/ OH ™

O R
R T
\‘ /o OH
o o) ¢ ) OH 0
JL m — O - (I—I\O _ 8H
Al O’H_\(_)/ \.) HO \— R
R R



XVl
1 - [Au(L)’

OEt
e
R H

7a-d

Echavarren et al. Angew. Chem. Int. Ed. 2006, 45, 5452-5455.



TBOMSO

Davies et al. JACS, 1996, 118, 10774-10782.



