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Disclaimer

Out of 73 publications in his independent career, 29
papers are going to be discussed (+6 papers from
PhD and +2 papers from Postdoc)



Author Profile

Date of Birth May 28th, 1980

Education 1998-2002 Undergraduate studies, Hamilton College
2002-2008 PhD with Amir Hoveyda, Boston College
2008-2011 NIH Postdoctoral fellow with E. J. Corey,

Harvard University

Career 2011-2017 Assistant Professor at Indiana University
2017-2021 Associate Professor at Indiana University
2021 Full Professor at Indiana University
2021-present James F. Jackson Professor of Chemistry

Awards Sloan Research Fellow 2015
NSF CAREER Award 2016

Amgen Young Investigator Award 2016
Novartis Early Career Award 2016

Research catalysis, synthesis, natural products

Hobbies hiking, running, rock climbing, skiing

My favorite quote is “Simplicity is the ultimate sophistication” (Leonardo da Vinci).
The most amusing chemistry adventure in my career was driving 14 hours through the night to make my talk at
an ACS meeting after my flight was cancelled.
If | were not a scientist, | would be a park ranger.
My favorite place on earth is Jackson Hole, Wyoming.
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PhD work with Amir Hoveyda (1)

“‘Highly Enantioselective Cu-Catalyzed Conjugate Additions of Dialkylzinc Reagents to Unsaturated Furanones and
Pyranones” ACIE 2005, 44, 5306-5310

improved enantioselectivity using the prepared Cu-complex:
(o)

0 2.4-10 mol% ligand OH iPr O
1-4 Mol% (CuOTf),CgH N\)L
0 (CUOTCelle g \N)\n/ " > NHnBu
. Cu (0] E
P Cl ~Ph

[(alkyl),Zn], PACHO,

n toluene, -30°C " "'alkyl
Ph,
orange powder

“A Practical Method for Enantioselective Synthesis of All-Carbon Quaternary Stereocenters through NHC-Cu-Catalyzed
Conjugate Additions” JACS 2006, 128, 7182-7184

0 0 Y
chiral NHC complex ﬂ/ T

Y
> best combination o

3.0 equiv. Et,Zn, Et,0, -30°C .
allyl R =R DNalkyl  (CUOTNCeHs

, “All-Carbon Quaternary Stereogenic Centers by Enantioselective Cu-Catalyzed Conjugate Additions Promoted by chiral NHC”
Amir Hoveyda, Boston CO”ege ACIE 2007. 46. 1097-1100

o= N -Na—N fe,
0 2.5 mol% chiral 0 jo\\r =

NHC-Ag complex - where NHC-Ag complex: AdAg
( 2.5 mol% (CuOTR,CeHs (Y=o o N/
n CO,tBu MexZn, Et;0, -30°C bOztBu Q\\S/N\/;K
P

ACIE 2005, 44, 5306-5310; JACS 2006, 128, 7182-7184; ACIE 2007, 46, 1097-1100.



PhD work with Amir Hoveyda (2)

“Enantioselective Total Synthesis of Clavirolide C. Application of Cu-Catalyzed Asymmetric Conjugate
Additions and Ru-Catalyzed Ring-Closing Metathesis”

Retrosynthesis

Me catalytic
ne Me RCM
| |
clavirolide C
conjugate
addition
catalytic diastereoselective
Amir Hoveyda, Boston College R3SiO ACA aldol HO Me OPG

O \_I\_Ile OPG

+ Jk/\/K/
H /
catalytic

ACA Vv IV

0 N F

Me

N

JACS 2008, 730, 12904-12906.



PhD work with Amir Hoveyda (3)

2. Et3SiCl, imidazole, DCM, |

' 1. 2.5 mol% iPr H\)(J)\
1 N N
1 o)
: 0 ©\/\N/kg’ T NEt 1. Me(OMe)NH-HCI,
! PPh, ~Ph o i-PrMgCl, THF, 0°C
. O >
o 3.75 mol% NHC-Ag Et,SiO ' . 2. (COCl),, DMSO,
7.5 mol% Cu(OTf), ' 1.0 mol% (CuOTf),toluene, PhCHO, “Me DCM, -78°C; EtN,
3.0 equiv. MesAl, : 3.0 equiv. Me,Zn, toluene, -15°C, 24h 4 -78°C to r.t.
__ -78°C, 36h = 2 2. K»COj3, toluene, 120°C, 2h 86% yield
" 70 . > -, ] comm. av. >99:<1 er
en 4.0 equiv. % ' 2 steps
Et,SiOTf, -78°C, 4h Me . (2 steps)
1 \') ! .
. ! o Me  OSiEt o) Me O
1 step 72% yield ! ® 1. H,C=C(H)MgBr, THF, 0°C
from comm. av. 84% ee : HJW -« Me\N H -~
: \Y rt. OMe
: 299 viel 3. Dibal-H, THF, -78°C
1 1/11}/(;? d 81% yleld
' (3 steps) (2 steps)

JACS 2008, 730, 12904-12906.



PhD work with Amir Hoveyda (3)

2. Et3SiCl, imidazole, DCM, |

' 1. 2.5 mol% iPr H\)(J)\
1 N N
1 0)
: 0 ©\/\N/kg’ T NEt 1. Me(OMe)NH-HCI,
! PPh, ~Ph o i-PrMgCl, THF, 0°C
. O >
o 3.75 mol% NHC-Ag Et,SiO ' . 2. (COCl),, DMSO,
7.5 mol% Cu(OTf), ' 1.0 mol% (CuOTf),toluene, PhCHO, “Me DCM, -78°C; EtN,
3.0 equiv. MesAl, : 3.0 equiv. Me,Zn, toluene, -15°C, 24h 4 -78°C to r.t.
__ -78°C, 36h = 2 2. K,COj3, toluene, 120°C, 2h 86% yield
- 70 . I -, ] comm. av. >99:<1 er
en 4.0 equiv. % ' 2 steps
Et;SiOTf, -78°C, 4h Me . (2 steps)
1 \') ! .
. ! 0) Me  OSiEt 0] Me O
1 step 72% yield ! ® 1. H,C=C(H)MgBr, THF, 0°C
from comm. av. 84% ee : HJW - Me\N H -~
: \Y rt. OMe
: 299 viel 3. Dibal-H, THF, -78°C
1 1/11)/(;? g 81% yleld
' (3 steps) (2 steps)

JACS 2008, 730, 12904-12906.



PhD work with Amir Hoveyda (3)

o) 3.75 mol% NHC-Ag Et3SiO
7.5 mol% Cu(OTf),
3.0 equiv. MesAl,
-78°C, 36h
— > | f
then 4.0 equiv. “%
Et,SiOTY, -78°C, 4h Me
1 \;
1 step 72% yield
from comm. av. 84% ee
Et;SiO
(o) Me OSiEt;
+ Jk/\/K/
y f H F
Me v

JACS 2008, 730, 12904-12906.

1. 2.5 mol% iPr H\)(J)\
N N
0)
o) ©\/\ N/kg’ T NEt 1. Me(OMe)NH-HCI,
PPh, \Ph i-PrMgCl, THF, 0°C
o) 3 ©
, 2. (COCl),, DMSO,
1.0 mol% (CuOTf),toluene, PhCHO, “Me DCM, -78°C; Et3N,
3.0 equiv. Me,Zn, toluene, -15°C, 24h 4 -78°C to r.t.
2 2. K,CO3, toluene, 120°C, 2h 86% yield
comm. av. >99_~<1 er
(2 steps)
o) Me  OSiEt; 0] Me O
: 1. H,C=C(H)MgBr, THF, 0°C :
& 2. Et,SiCl, imidazole, DCM, N H
v r.t. OMe 5
% Vi 3. Dibal-H, THF, -78°C
727 yield 81% yield
1:1dr 2 st
(3 steps) (2 steps)



JACS 2008, 730, 12904-12906.

PhD work with Amir Hoveyda (3)

O Me OSiEts
JJ\/:\/I\/

IV

10



PhD work with Amir Hoveyda (3)

Et;SiO
QO Me OSEt i THF 1
+ ' = >
| - H then 3.0 equiv.
BEts, -78°C
Me v 6
' 75% yield
>95% anti,
1.5:1 dr

JACS 2008, 130, 12904-12906; Tetrahedron 1982, 23, 2387-2390.
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Et;Si0

JACS 2008, 730, 12904-12906.

PhD work with Amir Hoveyda (3)

IV

MesN . NMes
10 mol%  ClI Me,

—Ru
oo
OiPr
7

OSiEt;

Ho Me

nBuLi, THF, r.t.; \
OSiEt;

then 3.0 equiv. o NG CI(CH,)CI, 83°C, 6h

BEt3, -78°C Me /\
75% yield 70% yield
>95% anti, >95% trans

1.5:1 dr

12



Et;Si0

JACS 2008, 730, 12904-12906.

PhD work with Amir Hoveyda (3)

IV

nBuLi, THF, r.t,;

then 3.0 equiv.
BEts, -78°C

X-ray structure (R at C18)

Me

Ho I,

Ho Me

e, M

Me
6
75% yield
>95% anti,
1.5:1 dr

Me
*
3
,

Me

|
35% yield
(4 steps)
3:1dr

OSiEt;

(0

MesN . NMes

10 mol% Cl Y

CI(CH,)CI, 83°C, 6h

S

1. 30 mol% CSA,
MeOH, 0°C
-

2. MnOz, Etzo, 2°C

OSiEt;

70% yield
>95% trans

1. BrC(O)CHBrMe,

20 mol% DMAP,
pyridine, DCM, r.t.
2. Sml,, THF, 0°C

Me

’
*
.

Me
HO"I-

-
-
-
-

OSiEt;

Me

13



PhD work with Amir Hoveyda (3)

Et;Si0

1. Me,CuLiLil, TMSCI,
THF, -78°C

MesN . NMes

10 mol% Cl

—Ru
Y Cl
OiPr
7

OSiEt;

Me OSEt  puLi THF rt.
. / > >
then 3.0 equiv. CI(CH,)CI, 83°C, 6h
BEts, -78°C
W (a\
75% yield 70% yield
>95% anti, >95% trans
1.5:1dr
1. BrC(O)CHBrMe,
20 mol% DMAP,
pyridine, DCM, r.t.
2. Sml,, THF, 0°C
o Me, 3 Me*.
Me Me Q
0 ]
HO 1. 30 mol% CSA, HO.)

o MeOH, 0°C OSiEt;

2. HF-pyr, THF, 0°C

JACS 2008, 730, 12904-12906.

-
2. MnO,, Et,0, 2°C

Me

Me
I 9
35% yield 3:1dr
(4 steps)
3:1dr

1. MsCl, EtsN, DCM, r.t.
’

2. DBU, MeOH, 55°C

Me

10 clavirolide C
71% yield 82% yield
9:1dr at C4 X-ray structure (2 steps)

14



Postdoc work with E. J. Corey

“Catalytic Enantioselective Formation of Chiral-Bridged Dienes Which Are Themselves Ligands for
Enantioselective Catalysis” Org. Lett. 2010, 12, 172-175.

H
Sl
20 mol%'-N

(0

Q HE B (N n (N, Me Me
Tf,N o-tol 3 steps :
OR _ »>  // — OR
| cyclopentadiene, CO,R 1

DCM, -78°C, 15h

M
33mol% \MVe, e o
o ' OBOM

1.5 mol% [RhCI(CH,CH,),ls %> 0Bn
>
. BOM group
2.0 equiv. PhB(OH),, 1.0 equiv. KOH, ‘Ph

dioxane/H50, r.t., 2h

“Mechanism of the Enantioselective Oxidation of Racemic Secondary Alcohols Catalyzed by Chiral
Mn(lIl)-Salen Complexes” JACS 2010, 732, 11165-11170.

E. J. Corey, Harvard University Q

2 mol% —N N-=
Mn_
t-Bu (o) od O t-Bu
OH OH 0

t-Bu t-Bu
- +
8 mol% KBr, 0.7 equiv.
Phl(OAc),, DCM/H,0,
r.t., 30 min (S)
68% yield
>99% ee

Org. Lett. 2010, 12, 172-175; JACS 2010, 732, 11165-11170.
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Independent Career
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Independent Career

Lewis Acid Mediated [2+2] Cycloadditions

X
|
P
X=0 or
CH(EWG)
activated or
unactivated alkenes
Me ?H
(o] o) - /
H
Me
H H
Me
Me

(-)-Hebelophyllene E

stereospecific

Hippolachnin A

Cu/Pd Catalysis and Carboboration

/\/. O )\l/.
(Bpin),, ArX

Bpin

Catalyst controlled selectivity

Total Synthesis

aulD

sttt

(-)-Cajanusine

H

ent-[3]-Ladderanol

H

Photochemical Dearomative Cycloadditions

soglie

®

blue LEDs

L@

7\
—N

Gracilioether F
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Lewis Acid Mediated [2+2] Cycloadditions

X
|
C
S —
X=0 or
CH(EWG)

(:_

activated or
unactivated alkenes

X 9o
[
stereospecific

Independent Career

18



Cyclobutane as important scaffolds

strain energy
26.7 kcal/mol

e Valuable intermediates In
synthesis

« [Favoured structures in
drug candidates,
iIntroducing
conformational restriction
and reducing planarity,
as aryl isostere

e Presentin >2000 natural
product

Acc. Chem. Res. 2023, 56, 2253-2264; Org. Chem. Front. 2020, 7, 136.

ring flip

A .

—~-gr

1.45 kcal/mol

AcO

/O M
e
."'/OMe

H “'‘OMe

H

OH

(-)-14-O-methyl-pestalotiopsin A
immunosuppressive

"0
OH

HO o OH
Nalbuphine
analgesic
19

H oAc

(+)-plumisclerin A
cytotoxic against multiple tumor cells



Cyclobutanes through [2+2] cycloaddition

Diradical [2+2] cycloaddition

hv

+ '
| with or without
sensitizer

enones, mostly activated
styrenes alkenes

Acc. Chem. Res. 2023, 56, 2253-2264.

L
®

stepwise

0“
‘

Stepwise by triplet
Concerted by singlet

20



Cyclobutanes through [2+2] cycloaddition

Polar [2+2] cycloaddition

Lewis acid,
heat

+
] I or oxidant/

reductant

= EWG @ -cpcEWG

Acc. Chem. Res. 2023, 56, 2253-2264.

>

of

S

'0
*
'

stepwise

*
‘0
'

Thermal, Lewis acid,
radical cation/radical anion



Cyclobutanes through [2+2] cycloaddition

Lewis acid promoted [2+2] cycloaddition of ketenes and allenes

X

T Lewis # X ‘

C . acid N—"
i o —| T o —

X =0 or CHEEWG) activated or
unactivated
alkenes

concerted
asynchronous

Acc. Chem. Res. 2023, 56, 2253-2264.



Lewis Acid Mediated [2+2] Cycloadditions

General reactivity explored:

O 1.1 equiv. Et3N,

Ph DCM, rt., 1h
Cl >

Et

Why does the use of a Lewis acid promote the opposite diastereocisomer compared to the thermal conditions?

Thermal: usually >120°C, : /0
> 24h, >10 equiv. alkene < |
> - low yield
- -low d.r.
H
inverse
selectivity
Lewis acid ted : 0
ewis acid promote o /4 . good yield
. - good d.r.
H
o) _ o
T 2.5 equiv. EtAICI,, DCM, RN
C 1.5 h, -78°C to r.t. r
)]\ - =
- ~ 3 "y, Ph
r -
Ph Et 2.0 equiv. :\MJ nH Et
. w/ cyclohexene
enerated in situ n )
° or isolated 83% yield
13:1d.r.

JACS 2013, 135, 1673-1676.

23



Origin of Diastereoselectivity

Thermal
_>
(0
I
| C
.S
Ph
EtAICI,
_>
Lewis acid
promoted

syn-to-Ph favored

\"'Ph

\"'Ph

Phenyl group rotates out of conjugation in presence of the Lewis acid

JACS 2013, 135, 1673-1676; Org. Lett. 2014, 16, 5168-5171.

24



Further Developments of The Reaction

Catalytic Allenoate-Alkene [2+2] Cycloadditions

r ]/ 2 20 mol% cat., ¢° g ~COR
! | + | - I
G DCM, r.t., 16h
S ~
R =Bn or CH,CF3
Ph
: i Ph
catalyst ® o Ar=2CFy4-ChCoHs
N7
- B
Ar

proposed model
for selectivity

JACS 2015, 137, 3482-3485. ACIE 2015, 54, 11918-11928; Tetrahedron 2019, 75, 3265-3271; JACS 2018, 140, 15943-15949; 25



Further Developments of The Reaction

Catalytic Allenoate-Alkene [2+2] Cycloadditions Thioallenoates in [2+2] cycloadditions Ar
20 mol% cat., , 74
~ CO,R ¥ cor ¢ ;\ ' IHLS/\” PN °
r” ]/ 2 20 mol% cat., ¢° ° 74 2 (g[8 C DCM, rt., 16h (\e ’ '
) T - A
- DCM, rt., 16h
n ” n H
R =Bn or CH,CF;
Me,
Ph
proposed model ' . :
H Ph for selectivity szNeH/@\B v
: i Ph | H
catalyst: @N_g Ar = 2-CF3-4-Cl-CgH3 Bn H
AN
- B
Ar

Periselectivity with isoprene

SBn SBn

(0]
JI\/ y)]\SB catalyst, DCM, /
=+ n — 3 Me. [o) + o)
Me L rt., 16h '
| ) Me

a b
Catalyst Yield Selectivity (a:b) e.r.

proposed model
for selectivity

oxazaborolidine cat. 73% >99:1 75:25
EtAICI, 83% 37:63

JACS 2015, 137, 3482-3485. ACIE 2015, 54, 11918-11928; Tetrahedron 2019, 75, 3265-3271; JACS 2018, 140, 15943-15949; 26



Independent Career

Cu/Pd Catalysis and Carboboration

/\/. —_— )\|/.
(Bpin),, ArX
Bpin

Catalyst controlled selectivity

27



Cooperative Catalysis

uv 1
/\) )\(‘
(Bpin),, ArX

Bpin

Catalyst controlled selectivity

ACS Catal. 2022, 12, 2058-2063; Organometallics 2006, 25, 2405-2408.

Key precedent:

] Ph
Bpin ]
: P —_— w/\Bpm
Cu

Ph Cu
A -
Ar— - Ar n-pentane, )\
N‘ a ,N r.t., 20min Ar~NASN-AT
Ar = 2,6-diisopropyl- 91% yield

phenyl
Sadighi, J. P. Organometallics 2006, 25, 2405-2408.

28



Pd/Cu-Catalyzed Carboboration: Mechanism

Ar

A Ar
NaOR + B,pin, PdL,
L,CuX )\l/‘
. l _
BPIHOR‘/ Bpin \/ Bpin
\")
L,.Cu—Bpin L.Pd(0
" Cu-Cycle Pd-Cycle nPd(0)
| Vv
/\/‘/\ T L /\Ar—x
n
*|/‘ Ar—Pd-X

ACS Catal. 2022, 12, 2058-2063; 29



Pd/Cu-Catalyzed Carboboration: Mechanism

NaOR + szinz

L,,CuX
BPinOR‘/ |

L,Cu—Bpin

0 Cu-Cycle

ACS Catal. 2022, 12, 2058-2063;

30



Pd/Cu-Catalyzed Carboboration: Mechanism

NaOR + szinz

L,,CuX
BpinOR‘/ |

L,Cu—Bpin L..Pd(0
" Cu-Cycle Pd-Cycle nPd(0)
| \'}
/\/‘/\ T L /\Ar—x
n
*l/. Ar—Pd- X

ACS Catal. 2022, 12, 2058-2063;

31



Pd/Cu-Catalyzed Carboboration: Mechanism

Ar

\
NaOR + szinz PdLn
L,CuX )\l/‘
: |
BpanRw/ Bpin
\Y
L,Cu—Bpin L..Pd(0
" Cu-Cycle Pd-Cycle nPd(0)
| \'}
/\/‘/\ T L /\Ar—x
n
*l/. Ar—Pd-X

ACS Catal. 2022, 12, 2058-2063;

32



Pd/Cu-Catalyzed Carboboration: Mechanism

Ar

N Ar
NaOR + szinz PdLn
L,CuX )\l/‘
. | :
BPIHOR‘/ Bpin \/ Bpin
IV
L,Cu—Bpin L..Pd(0
" Cu-Cycle Pd-Cycle nPd(0)
| \'}
/\/‘/\ T L /\Ar—x
n
*l/. Ar—Pd- X

33

ACS Catal. 2022, 12, 2058-2063;



First Works on Carboboration

ACIE 2014, 53, 3475-3479.

Me Me | ol L

10 mol% Xantphos-CuCl Ar "
3 equiv. NaOtBu cux potential  cy-
. | N > N Q O Xantphos cycle
0.0 N toluene, 80°C, 15h | \ o
1 Ri R PPh, PPh,
—-B(OR), B(OR);
+ NaOR

JACS 2014, 136, 14730-14733.

. 1 mol% dppBz-Me-CuBr Cu Ph
Bpin 5 equiv. Phl PAr,
> —>
. Ar = 3,5-(Me),CHgH3
O/\/ 1 equiv. NaoOtBu, toluene, dppBz-Me
140°C, 12h o o) PAr,

syn-migratory 72% yield
insertion
JACS 2015, 137, 14578-14581.
Bpin 3 mol% BenzP*-CuBr Me Me, .tBu
1 equiv. NaOtBu ~TPh P
> BenzP*
0/\( 3 equiv. Arl, toluene, enz
Me 120°C, 12h o) - /p"'M
up to 77% yield, u e
98:2 e.r.

ACIE 2014, 53, 3475-3479; JACS 2014, 136, 14730-14733; JACS 2015, 137, 14578-14581.
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First Works on Carboboration

JACS 2015, 137, 14578-14581.

Bpin 3 mol% BenzP*-CuBr Me Me, .tBu
©i 1 equiv. NaOtBu " ~Ph P’

> *

0/\( 3 equiv. Arl, toluene, ©i BenzP

120°C, 12h o)

Me 7
up to 77% yield, tBu” Me
98:2 e.r.
Hypothesized mechanism:
Bpin CuBenzP*
1 equiv. BenzP*-CuBr
(o) 1 equiv. NaOtBu o
y toluene, r.t., 4h y
toluene,
Me | Me _ 110°C, 90min
Benz*PCu tBu \\
3 equiv. Phl Me ‘\ \

toluene, 120°C

in this case, R = Me

ACIE 2014, 53, 3475-3479; JACS 2014, 136, 14730-14733; JACS 2015, 137, 14578-14581.

35



Catalysts:

ACIE 2015, 54, 5228-5231.

Diastereodivergence

5 mol% SIMesCuCl
1 mol% Pd-RuPhosG3

Arl

Ar'Br, (Bpin),, NaOt-Bu,
THF, r.t., 12h

5 mol% SIMesCuCl
1 mol% Pd-Pi-Bu3;G3

- S

Bpin

Ar'Br, (Bpin),, NaOt-Amyl,

toluene, r.t., 12h

[\

e

MesN \_/ NMes NH,

Ar'

Bpin

Pd—-PiBu;
CuCl
‘ G)OMes

SIMesCuCl

Pd-Pi-Bu;G3

RuPhos



Diastereodivergence

5 mol% SIMesCuCl
1 mol% Pd-RuPhosG3

Ar'Br, (Bpin),, NaOt-Bu,
THF, r.t., 12h

5 mol% SIMesCuCl
1 mol% Pd-Pi-Buz;G3

’

Ar'Br, (Bpin),, NaOt-Amyl,
toluene, r.t., 12h

[\

Catalysts: MesN \_/ NMes

CuCl

SIMesCuCl

ACIE 2015, 54, 5228-5231.

'

SIMes—Cu E’d— Ar!

N /PCyz

H)'\l/.

Bpin
Bpin i
[RO]. or
“Cu-- /- -Pd—Ar
7~ . 1
SIMes ‘4 Pi-Bu;

Ar'
if Ar'=4-MeCgH,4
—_—
62% yield

Bpin 17:1d.r.

Ar'
: if Ar'=4-MeCgH,4
_>
26% yield

(e
N
Pd—-PiBu;
‘ G)OMes

Pd-Pi-Bu;G3

Bpin 14:1 d.r,

37



JACS 2017; 139, 9823-9826.

[\

IPrN A\ NIPr

T

CuCl

IPrCuCl

Regiodivergence (1,2 vs 1,4)

5 mol% IPrCucCl Ar

0 - -
1 mol% Pd-PAdzn-Bu G3 - /v\/Bpin 1,2-arylboration

1.5 equiv. ArBr, 1.5 equiv. (Bpin),
1.5 equiv. NaOt-Amyl,
toluene, 45°C, 12h

2.5 mol% SIMesCuCl
2 mol% Pd-JackiePhos G3 —
o Bpin  1,4-arylboration
1.5 equiv. ArBr, 1.5 equiv. (Bpin), Ar
1.5 equiv. NaOt-Bu,
toluene, 30°C, 12h

I OMe
O MeO PAr2
®
A ’)

: R i-P i-P
| MesN \_/ NMes A e
Pd—PAd,nBu : Y

© - CuCl

OMes :
; i-Pr

Pd-PAd,nBuG3 : SIMesCuCl Ar = 3,5-(CF3)CgH3

: JackiePhos

38



Regiodivergence (1,2 vs 1,4)

Mechanistic investigation on 1,2 addition:

IPrCuOtBu, (Bpin),, — _
PhM » Ph Bpin
pentane, 22°C, 1h CulPr

67% yield, >20:1 Z:E
(from NMR)

2 mol% Pd-PAd,;nBu G3
PhBr, toluene,
45°C, 6h

Ph PdPhPR;

Ph/\)\/Bpin -~ Ph/\)\/Bpin

Mechanistic hypothesis for 1,4 addition:

JACS 2017; 139, 9823-9826.

CulPr PdPhPR3

proposed model for transmetallation:

- aE:
HoUWPr H Y
Ph T Bpin
H ! H P
Ph-Pd-PR;
X

39



Regiodivergence (1,2 vs 1,1)

5 mol% SIMesCuCl
0.5 mol% Pd-APhos Ar?

’

10:1 toluene/THF, 30°C, 12h

Ar! & 5 mol% SIMesCuCl

Ar?Br, (Bpin),, LiOt-Bu, :
10:1 toluene/THF, 30°C, 12h Ar?

Mechanistic studies:

MezN
20 mol% Pd-APhos
20 mol% LiOt-Bu
'
PhBr, 10:1 CgHg/THF, Ph  ptBu,
30°C, 4h Me Pd'

3 Bpin

Me CuSIMes Ph

S Bpin
Ph

20 mol% Pd-PCy;G3
20 mol% LiOt-Bu
PhBr, 10:1 CgHg/THF,
30°C, 4h

Ph (S),
\N 7

Ph

H H

L H - -

ACIE 2019, 58, 1719-1728.

Me )
Me Pd Bpin ,
S H —> X/—Pd—(S),
Ph = Bpin Ph \

1 mol% Pd-PCy;G3
o A 1/l\/Bpin 1,1-arylboration
r :

. 1,2-arylboration
2 , : Bpin
Ar<Br, (Bpin), LiOt-Bu, Arl ®

\He
Pd—-PCy;
S)
OMes
Pd-PCy;G3

I Mo 47% yield
I:’r‘>’\/Bpin °yie

Me
)\/Bpin 41% yield
Ph” >20:1 d.r
Ph

A

Ph (S

\ 7/
Me ;H Pd

Ph =~ Bpin

L H -

Pt-Bu2

NMe2

APhos
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Independent Career

Photochemical Dearomative Cycloadditions

Y - e
N
| @
blue

v

L < N

41



Dearomative Cycloaddition Reactions (DAC)

Intermolecular Dearomative }‘/‘
R Cycloaddition (DAC) Reactions
R > Z
N underdeveloped =N
81.0 kcal/mol
resonance

stabilization energy

Selectivity challanges:

= _ e _- ‘7 ,"\"
! .J‘\ /‘\ .J‘\ r
e B0 oo an Tendn
Z~NZ "~ N7 N ] Vi “FSNF Z~NZ
carbocycle vs heterocycle ortho vs meta vs para syn vs anti exo vs endo
Chemoselectivity Regioselectivity Regioselectivity Diastereoselectivity

Science 2021, 371, 1338-1345; 42



Photochemical DAC

ortho meta

Science 2021, 371, 1338-1345; JACS 2022, 144, 17680-17691; Pure and Applied Chemistry 1982, 54(9), 1633-1650.

para
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Photochemical DAC

directed [ @ J -l :' H
excitation ot

. '___\‘ concerted
Sy (m-7") cycloaddition

meta

Science 2021, 371, 1338-1345; JACS 2022, 144, 17680-17691; Pure and Applied Chemistry 1982, 54(9), 1633-1650.

44



Photochemical DAC

ortho para

hot / . stepwise radical
photo- [ -‘ cycloaddition
sensitization [
{
T4 (m-7%) - -

Science 2021, 371, 1338-1345; JACS 2022, 144, 17680-17691; Pure and Applied Chemistry 1982, 54(9), 1633-1650. 45



EnT could help to solve the problems

G
EnT
, ,"' reversible path
Thermal [S] —
y
reaction coordinate
Challanges: Solution: EnT process
o High kinetic barrier o Mild conditions
o Reverse reaction o Selective excitation

o Compressed kinetic barrier

Science 2021, 371, 1338-1345;
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EnT could help to solve the problems

*[S]
* Quinolines
* Isoquinolines

« Quinazolines

EnT

.-*" reversible path

Thermal [S] —
y
reaction coordinate

Solution: EnT process

Challanges:
o High kinetic barrier o Mild conditions

o Selective excitation
o Compressed kinetic barrier

o Reverse reaction

Science 2021, 371, 1338-1345;

®

@

, blue LED

Bransted or Lewis
acid activation

Ent

» Carbocycle selectivity
* Para selectivity
 Controlled regioselectivity
« Endo diastereoselectivity

47



Initial evaluations

|
\n Condition A;
2 mol% [Ir], HFIP

(\/©/ /\. Condition B:
1 mol% [Ir], DCM, 1.25

equiv. BF3'OEt,

2a, @ = nBu
1b, = Me 2b, @ =iBu 4a, ® = Me, @ = nBu 4b, ® = Me, @ = nBu
2c, @ =Ph 5a, =Me, @ =iBu 5b, = Me, @ = iBu
6a, = Me, @ = Ph 6b, = Me, @ = Ph
Lewis or
Bronsted |
acid [A] s -l/'

PL74

[Ir] [Ir]*

Y
Tt
N

[A]
I !
Activated by Lewis or Excited by N .
Brgnsted acid EnT process Regio- and diastereocontrol

Science 2021, 371, 1338-1345;

48



Scope and next developments

4 5
Scope of 3/j© 2 |_6
quinolines: I l
A W
8
Condition B used Condition A used
Scope of | XY N NN X
isoquinolines and N — l —
quinazolines: / Z N/ /
Condition A used Condition A used

= activated or unactivated alkenes

Science 2021, 371, 1338-1345; JACS 2022; 144, 17680-17681.



Scope and next developments

4 5
Scope of N
quinolines: I
AN
Condition B used Condition A used
Scope of | XY N N™NXY N
isoquinolines and N 1 t YR
quinazolines: \F N/ =

Condition A used Condition A used

= activated or unactivated alkenes

Science 2021, 371, 1338-1345; JACS 2022; 144, 17680-17681.

Scope expanded to disubstituted alkenes and allenes:

10 equiv. M

1 mol% [Ir(dFCF3ppy).dtbbpy]PFg

N 1.25 equiv. BF3'OEt,
) - 7N
N DCM (0.05M), r.t., 24h _
blue LED N
8-to-5 prdt, >20:1 dr
H'o/ Cl
Me r
1 mol% [Ir(dFCF3ppy).dtbbpy]PFe — /| Me
N 1.25 equiv. BF3OEt,
> /i AN
N7 DCM (0.05M), r.t., 24h /
blue LED N—

8-to-5 prdt, >20:1 dr

50



Proposed mechanism

hv
Me /\ *
Me [Ir] [Ir]
\/
BF3OEt2 EnT
> \ >
\ @ [Ir-F]
N= N Et = 60.8 kcal/mol
F3B ©
So So
Er =61.7 keal/mol Et = 61.7 kcal/mol
A
radical
fragmentation
(fast)
H nBu nBu ]

Me radical i Me

recombination H } ISC (T1 - S4)

/4 /@ N - / / \\ | =
N= Selectivity @_
/ Determining ,N
F3B@ Step F3B@
St

open shell

JACS 2022; 144, 17680-17681.

radical
addition

\

nBu
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Me ?H
o, o S
H
Me
H H
Me
Me

(-)-Hebelophyllene E

Independent Career

Hippolachnin A

Total Synthesis

(-)-Cajanusine

-

HH

ent-[3]-Ladderanol

Gracilioether F

52



Hebelophyllene E

Fungus Hebeloma longicaudum (-)-Hebelophyllene E

« c/s-fused caryophyllene-type sesquiterpenes family
* No previous synthesis reported
 Unknown C4 stereochemistry

ACIE 2018; 57, 4647-4651; Phytochemistry 1999, 51, 873-877;. J. Nat. Prod. 1999, 62, 484-486.
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Hebelophyllene E: retrosynthesis

Me OH /
© O 4 BnO 0 diastereo- BnO 0
H R selective R
FGI reduction
o
e > B > \
H H H H ’
Me Me Mo
" v o m Ve
(-)-Hebelophyllene E
Lewis acid
mediated
[2+2]
\v/

R
.|+ |
C

Me Me

54
ACIE 2018; 57, 4647-4651.



Hebelophyllene E: model system

Lewis acid mediated [2+2] screening

Conjugate reduction screening

Me 20 mol% HNTf,

DCM, r.t., 16h

Il R= 3,5-(CF3)2-C6H3
Ar= 2-CF3-4-C|-C6H3
86% yield, 35:65 E/Z, 93:7 e.r.

BnO o Bno (@)
Crabtree’s catalyst, Ho, 74
OTIPS DCM, r.t., 16h )
N\ >
77% yield
Me Me
Me @ Me
i “ \ I PFE trans-IV
XNt 100

Cy:;P/ N \

ACIE 2018; 57, 4647-4651.

Crabtree’s catalyst

OTIPS

(@)
OTIPS
Me
Me
1]
BnO o
OTIPS
Me
Me
cis-IV
0
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Hebelophyllene E: model system

Conjugate reduction screening

BnO o - | y BnO o BnO o
tree’ t t, Ho,
OTIPS oMt ten 2 74 OTIPS OTIPS
\ > ., +
77% yield
Me Me Me
Me ® Me Me
i “ l PFS |
A\ trans-IV cis-IV
NN 100 : 0
Crabtree’s catalyst
Me H . favored
approach
/ C02Bn
Me \_ ——— Me ‘
R \
| | H X—H
1,3-allylic strain Me
H COan

ACIE 2018; 57, 4647-4651. 56



Crabtree’s catalyst mechanism

® ® ®
\ H I + olefin (ol)
L. .\ H, H, | .\ \ \
Ir E > . R 'COd > L,' ““
\

Crabtree’s catalyst

JACS 1982, 104 (25), 6994-7001.



Hebelophyllene E: model system

Conjugate reduction screening

BnO 0 Josiphos-type ligand, BnO O BnO O
Cu(OAc),, PhSiH;, tBUOH, 7¢
\ OTIPS THF, -78°C. 2h A OTIPS OTIPS
> " +
85% yield
Me " Me Me

Me ---I-? Me Me
1] - - S-

= I:,Pth’(tBu)z trans-IV cis-IV

! 20 : 80

S

Josiphos-type ligand

ACIE 2018; 57, 4647-4651.



Hebelophyllene E: synthesis (1)

O o) o)
O AcO
4 steps Me -amano Me AcO Me
lipase PS
Me - - —_— +
COztBu |
1
Me Me Me Me Me Me

rac-2 3 (R)-2
46% yield 49% yield
>99:1 e.r. >99:1 e.r.

ACIE 2018; 57, 4647-4651; JACS 1963, 85, 1245-1249. 59



Hebelophyllene E: synthesis (1)

(0
O AcO
4 steps Me l'amano
ipase PS
Me > E —_——
COztBU
1 Me Me Me Me
rac-2 3
46% yield
>99:1 e.r.

ACIE 2018; 57, 4647-4651; JACS 1963, 85, 1245-1249.

1.5 equiv. BzOH,
1.5 equiv. DCC,

10 mol% DMAP,
DCM, r.t., 16h

\

Me

AcO
Me

Me Me

(R)-2

49% yield
>99:1 e.r.
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Hebelophyllene E: synthesis (1)

o) o)
O AcO
4 steps Me IiSargaenlgS HO.,,
_>
Me 3 —_—
COztBU
1 Me Me Me Me
rac-2 3
46% yield
>99:1 e.r.
1.5 equiv. BzOH,
1.5 equiv. DCC,
10 mol% DMAP,
DCM, r.t., 16h Y
(o)
l. 4 equiv. vinyl-MgBr, THF,
-78°C, 2h B20.. e

(S)-5

59% yield (3 steps)
>99:1 e.r.

-«

ll. 2,2-DMP, 5 mol%
pTsOH, acetone, r.t., 1h

Felkin-Ahn
d.r. = 93:7 Me Me

ACIE 2018; 57, 4647-4651; JACS 1963, 85, 1245-1249.

Me

AcO
Me

Me Me

(R)-2

49% yield
>99:1 e.r.
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Hebelophyllene E: synthesis (1)

(0] (@)
O AcO amano HO
4 steps Me , .
lipase PS
Me » i —_—
COztBU
1 Me Me Me Me
rac-2 3
46% yield
Felkin-Ahn Cram-Chelate >99:1 e.r.
(@) -~~~ chelation
_-alkyl _OAc 1.5 equiv. BzOH,
BzO ~ alkyl ~ 1.5 equiv. DCC,
H Nu H Nu 10 mol% DMAP,
Me Me DCM, r.t., 16h Y
(0]
l. 4 equiv. vinyl-MgBr, THF,
-78°C, 2h B0 e

-«

1. 2,2-DMP, 5 mol%
pTsOH, acetone, r.t., 1h

Felkin-Ahn

d.r. = 93:7 Me™ Me
(S)-5 4
59% yield (3 steps)
>99:1 e.r.

ACIE 2018; 57, 4647-4651; JACS 1963, 85, 1245-1249.

Me

AcO
Me

Me Me

(R)-2

49% yield
>99:1 e.r.

l. 4 equiv. vinyl-MgBr,
DCM, -78°C, 2h
Il. 2,2-DMP, 5 mol%
pTsOH, acetone, r.t., 1h

Cram-Chelate
d.r. = 82:18

Me

(R)-5

59% yield (2 steps)
>99:1 e.r.

62



Hebelophyllene E: synthesis (2)

Me

o 4 equiv. (R)-5, Me\/Lo
0.5 equiv. oxazoborolidine ent-cat., o) RS
0.4 equiv. HNTf,, DCM, -17°C, 48h ~ CO3Bn \ Me
BnO | - H\‘
N\

Me
Me

(2)-6
52% yield

ACIE 2018; 57, 4647-4651.
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Hebelophyllene E: synthesis (2)

Me Me
: Me Me
0 4 equiv. (R)-5, +0 11 mol% Josiphos ent-cat., +0
0.5 equiv. oxazoborolidine ent-cat., o S 10 mol% Cu(OAc),, PhSiHj, o) R
0.4 equiv. HNTf,, DCM, -17°C, 48h  CO,Bn \ Me tBUOH, THF, -78°C, 2h CO,Bn \
BnO | - H\ - I H\‘
ﬁ \ ““‘ @ "'O‘ ,u\\
Me Me
| Me Me
(2)-6 cis-7
52% yield 89% yield
89:11 d.r.

ACIE 2018; 57, 4647-4651.



Hebelophyllene E: synthesis (2)

Me Me
: Me Me
0 4 equiv. (R)-5, +0 11 mol% Josiphos ent-cat., +0
0.5 equiv. oxazoborolidine ent-cat., o S 10 mol% Cu(OAc),, PhSiH3, o) o
0.4 equiv. HNTf,, DCM, -17°C, 48h  CO,Bn \ Me tBUOH, THF, -78°C, 2h CO,Bn \
BnO | - H\‘ - I H\‘
ﬁ \ ““‘ @ "’0‘ ,“\\
Me Me
| Me Me
(Z)-6 cis-7
52% yield 89% yield
89:11 d.r.
I. TFA, THF/H50, r.t., 3h
Il. 5 equiv. pyrSO3, Et3N,
CO,Bn DMSO, DCM, r.t., 19h
| [1l. 9.4 equiv. Zn(BH,),,
THF, -78°C, 2h
€
Me
Me
8
69% yield (3 steps)
71:29d.r.
Generally:
R H ent-Josiphos type cat Rq Josiphos t t R !
R -JosiI y . osiphos type cat. :
1\"‘ COEt ﬁ/\cozEt > 1j/\coza
R2 R R2

ACIE 2018; 57, 4647-4651.



Hebelophyllene E: synthesis (2)

Me
: Me
o) 4 equiv. (R)-5, O 11 mol% Josiphos ent-cat.,
0.5 equiv. oxazoborolidine ent-cat., o) SN 10 mol% Cu(OAcC),, PhSiH3,
0.4 equiv. HNTf,, DCM, -17°C, 48h  CO3Bn \ Me tBuOH. THF. -78°C. 2h
BnO | . H\“ ! ) ! -
Me Me
| Me Me
(Z2)-6 cis-7
52% yield 89% yield
89:11 d.r.
l. TFA, THF/H,0, r.t., 3h
Me, OH o Il. 5 equiv. pyr-SOs, EtsN,
- / [. 10 equiv. LIOH, THF/Hzo, r.t., 2h DMSO. DCM. r.t.. 19h
O 0O II. 2 equiv. DCC, 20 mol% DMAP, 1. 9.4 equiv. Zn(BHy ),
H DCM, r.t., 2h \ THF, -78°C, 2h
‘ S o ] 3
€
Ne [ll. 10 equiv. TMSCI, 12 equiv. Me
H H imidazole, DCM, r.t., 2h
Me IV. 5 equiv. LIHMDS, 5 equiv. Mel, Me
Me THF, -78°C, 0.5h, then HCI 8
o) i
(-)-Hebelophyllene E 69% %e,lzdg(g fteps)
47% yield (4 steps)
99:1e.r.
99:1d.r.
Generally:
R H ent-Josiphos type cat Rq Josiphos t t R !
- : osiphos type cat. :
1\’,. NCOEt %cozEt _ 1ﬁ'/\002Et
R2 R R2

ACIE 2018; 57, 4647-4651.



ACIE 2018; 57, 4647-4651.

Hebelophyllene E: synthesis (2)

Me
. Me
o 4 equiv. (R)-5, O 11 mol% Josiphos ent-cat.,
0.5 equiv. oxazoborolidine ent-cat., (o) y“% 10 mol% CU(OAC)Z, PhSng,
BnOJ]\’ 0.4 equiv. HNTf,, DCM, -17°C, 48h CO,Bn R Me tBuOH, THF, -78°C, 2h
| > H'
[ Y (el
Me v Me
| Me Me
(2)-6 cis-7
52% yield 89% yield
89:11d.r.
|. TFA, THF/H,0, rt., 3h
me OH o Il. 5 equiv. pyr-SOs, EtsN,
g / .10 equiv. LIOH, THF/HZO, r.t., 2h DMSO, DCM, r.t., 19h
O (o] I. 2 equiv. DCC, 20 mol% DMAP, .94 equiv. Zn(BH4)2
H DCM, r.t., 2h THF, -78°C, 2h
< H ki
-
NI [1l. 10 equiv. TMSCI, 12 equiv. Me
H H imidazole, DCM, r.t., 2h
Me IV. 5 equiv. LIHMDS, 5 equiv. Mel, Me
Me THF, -78°C, 0.5h, then HCI 8
69% yield (3 steps)
(-)-Hebelophyllene E 7129 d.r
47% yield (4 steps)
99:1 e.r.
99:1d.r.
Me
Me s OH
0 4 equiv. (S)-5, +o . 0. o. > J
0.5 equiv. oxazoborolidine cat., o RS steps oy
BnO 0.4 equiv. HNTf,, DCM, -17°C, 48h CO,Bn Me —>
| > - Me**"
i \
Me
I Me Me
Me
9 epi-ent-Hebelophyllene E
54% yield 22% yield (8 steps)
23:77 E/Z
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Hebelophyllene E: summary

* First total synthesis of
Hebelophyllene E in 16 steps (LLS)
« (4 configuration was assigned by

synthesis of both isomers

« Development of a key [2+2]

Me
(-)-Hebelophyllene E

cycloaddition was crucial for the

synthesis of the core

ACIE 2018; 57, 4647-4651.
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Hippolachnin A

18
\d
‘5

Hippolachnin A

Marine sponge Hippospongia lachne

« Very low isolation yield (0.00014% vyield)
« Polyketide has an unprecedented carbon skeleton with six
contiguous stereocenters
« Potent antifungal activity against several species (410nM
for both Cryptococcus neoforrmans and Trichophyton
rubrum)

JACS 2016, 138, 2437-2442; Org. Lett. 2013, 15, 3526-3529.



Hippolachnin A: Carreira’s approach

Me

Me

Me

Hippolachnin A

JACS 2016, 138, 2437-2442; ACIE 2015, 54, 2378-2382.

Me

COzMe

regio- and
stereoselective
hydroalkylation
N\

)

7

Me

Me Me
- H C02Me
110
Me

70



Hippolachnin A: Carreira’s approach

OAc
1

1 step from
comm. avail.

Me Me

={ H CO,Me

Me Me

|
95% vyield

JACS 2016, 138, 2437-2442; ACIE 2015, 54, 2378-2382.
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Hippolachnin A: Carreira’s approach

o) hv (270-600nm), M M 5 equiv. K,COs3,
10 equiv. hex-3-yne, e e basic Al,Os, DCM, Me Me
acetone, r.t. T rt —
AcO N\
OAc 0 O
1 2 3
1 step from 54% yield
comm. avail. (2 steps)
Me Me
— H CO,Me
w0
Me Me
I
95% yield

JACS 2016, 138, 2437-2442; ACIE 2015, 54, 2378-2382. 2



Hippolachnin A: Carreira’s approach

OAc
1

1 step from
comm. avail.

Me Me

|
95% vyield

hv (270-600nm), B
10 equiv. hex-3-yne, Me
acetone, r.t.
AcO

40 equiv. (E)-methyl-3-
methoxyacrylate,
co,Me 0.1equiv. PPTS, 80°C
-«

JACS 2016, 138, 2437-2442; ACIE 2015, 54, 2378-2382.

Me 5 equiv. K,COg,
— basic Al,O3, DCM,
r.t.
r
o)
, .
Me Me
3 equiv. EtMgBr,
1.02 equiv. LaCl5-LiCl,
— 0°C
-
.u‘OH
Me Me
5
90% yield

Me

Me

Me

Me

X o)

3

54% yield
(2 steps)

2.1 equiv. Cul,
4 equiv. EtMgBr,
-78°C to -20°C

\

Me

4
73% yield

/3



Hippolachnin A: Carreira’s key step

Me
H Me
Me
(0] COzME
Me
8
B Me Me ] B Me Me ]
H .0 M
...Fe: \ OMe —1| "Rh COzMe
\_ 4- - > —
o) O]
Me Me : E Me Me
- hydrometalation Me Me - $-C-H metalation -
'3 ={ H  cOoMe , !
Illlo
Me Me
E/ Me | Me l
H Me
Steric control Me Me
> o CO,Me
Me
9
24% yield 6% yield

a) 2 equiv. [Fe(acac)s], 4 equiv. PhSiH3, DCE/ethylene glycol (5:1), 80°C
b) 5 mol% [{RhCl(cod)},], 10 mol% AgSbFg, DCE, r.t.

JACS 2016, 138, 2437-2442; ACIE 2015, 54, 2378-2382.

Carbonyl activation
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Hippolachnin A: Carreira’s endgame

Me Me Me
10 equiv. BF32AcOH, H
— DCM/THF (1:1), Me
H CO;Me 0°C tor.t. Me
>_/—
i) )\o CO,Me
Me Me Me
| 9
65% yield
6:1d.r.

JACS 2016, 138, 2437-2442; ACIE 2015, 54, 2378-2382.



Hippolachnin A: Carreira’s endgame

Conditions®

Yield® [%] endo/exo

[Mn(dpm),], PhSiH,, TBHP, iPrOH
[Co(acac),], PhSiH;, TBHP, DCE
[Fe(acac),], PhSiH;, TBHP, MeOH

[RhCI(PPh,)s], MeOH, H, (10 bar)
[Ir(PCys) (cod) (py)]PFs, CH,Cl,, H, (10 bar)

Pd/C, MeOH, H, (10 bar)
Pd(OAc),, MeOH, H, (10 bar)
Pd(OH),/C, MeOH, H, (10 bar)
Raney Ni, MeOH, H, (10 bar)
PtO,, MeOH, H, (10 bar)

75
63
46

31
0

92
90
89
68
88

>99:]
>99:]
>99:]

47:53

29:71
33:67
25:75
37:63
36:64

Me Me Me
10 equiv. BF32AcOH, H
— DCM/THF (1:1), Me
H CO;Me 0°C tor.t. Me
— '
Mo )\o CO,Me
Me Me Me
| 9
65% yield
6:1d.r.
Entry
]
radical 2
3
@ homo- 4
geneous 5
6
hetero- ;
geneous 9
10
Me
H Me
Me
(9] COzMe
Me
10
89% yield

25:75 endo/exo

JACS 2016, 138, 2437-2442; ACIE 2015, 54, 2378-2382.
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Hippolachnin A: Carreira’s endgame

Me Me Me
10 equiv. BF32AcOH, H
DCM/THF (1:1), Me
—| H CO;Me 0°C tor.t. Me
— '
O )\o CO,Me
Me Me Me
| 9
65% yield
6:1d.r.
Entry Conditions® Yield® [%] endo/exo
1 [Mn(dpm),], PhSiH,, TBHP, iPrOH 75 >99:1
. i radical 2 [Co(acac),], PhSiH;, TBHP, DCE 63 >99:1
« First total synthesis of 3 [Fe(acac)y], PhSiH;, TBHP, MeOH 46 >99:]
Hi ppolaohnln A (LLS of 9 @ homo- 4 [RhCI(PPh,),], MeOH, H, (10 bar) 31 47:53
StepS) U geneous 5 [Ir(PCy;) (cod) (py)]PFs, CH,Cl,, H, (10 bar) 0 -
. O/ \/i 6 Pd/C, MeOH, H, (10 bar) 92 29:71
Overa” 9 A) yleld hetero.- 7 Pd(OAc),, MeOH, H, (10 bar) 90 33:67
eneous 8 Pd(OH),/C, MeOH, H, (10 bar) 89 25:75
geneous 7q Raney Ni, MeOH, H, (10 bar) 68 37:63
10 PtO,, MeOH, H, (10 bar) 88 36:64
Me Me
l. 6 equiv. NaHMDS, H
Me 4 equiv. PhSeCl, THF, Me
Me -78°C Me
— -
(o) COzMe |I. 22 equiv. NaHCOs, o) CO,Me
20 GQUiV. H202, THF/
Me EtOAc (1:1), 0°C to r.t. Me
Hippolachnin A 10
61% yield 89% yield
(2 steps) 25:75 endo/exo

JACS 2016, 138, 2437-2442; ACIE 2015, 54, 2378-2382.



Hippolachnin A: Brown vs Wood

late stage
C-H oxidation

H Me

Hippolachnin A

[2+2+2]

cycloaddition
\> +
7

JACS 2016, 138, 2437-2442.

Cl

IV

Me

Me

ROCM

or

MQOzc

C02M9

Me




Hippolachnin A: Brown’s strategy

0 CO,H
140°C MW, 4h (neat) H Me
Cl Me then NaOH, H,0O
+ > I
H
H Me
1

Me
v

1]}
5 equiv. 50% yield,
>20:1d.r.

(recrystallized)

JACS 2016, 138, 2437-2442.
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Hippolachnin A: Brown’s strategy

Q CO,H
140°C MW, 4h (neat) 2 mol% Grubbs I, H
Cl Me then NaOH, H,O ethylene, DCM, 8h Me —_
+ , .
then 10mol% Pd/C, Me -
H
H,, 1h
5 equiv. 50% yield,
>20:1d.r.
(recrystallized)

JACS 2016, 138, 2437-2442.

Me
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]|
5 equiv.

JACS 2016, 138, 2437-2442.

Hippolachnin A: Brown’s strategy

v

140°C MW, 4h (neat)
then NaOH, H,O

1

50% yield,
>20:1d.r.
(recrystallized)

2 mol% Grubbs I,
ethylene, DCM, 8h

then 10mol% Pd/C,
H,, 1h

r

Me

Me

CO,H
Me
Me
5 equiv. LiAlHy4,
THF, 70°C, 8h
HO
H Me
Me
Me :
H
H Me
3
72% yield,
(2 steps)
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]|
5 equiv.

JACS 2016, 138, 2437-2442.

Hippolachnin A: Brown’s strategy

v

140°C MW, 4h (neat)
then NaOH, H,O

77% yield

1
50% yield,
>20:1d.r.
(recrystallized)

51 equiv.
DMDO/acetone,
rt., 14h

ethylene, DCM, 8h

2 mol% Grubbs |,

Me

r

then 10mol% Pd/C, Me

Ho, 1h
1.5 equiv.
Phl(OAc),,
1.4 equiv. |,
-
CC|4, rt., 25h,
flood lamp

CO,H
Me
Me
5 equiv. LiAlHy4,
THF, 70°C, 8h
HO
H Me
Me
Me :
H
H Me
3
72% yield,
(2 steps)
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Cl

]|
5 equiv.

[. 10 equiv.
DIBAL-H, THF,
-78°C, 5h
[I. 20 equiv. Ac,0,
pyridine, 0°C to
rt., 14h

OAc

81% yield,
(2 steps)

JACS 2016, 138, 2437-2442.

Hippolachnin A: Brown’s strategy

Me
v

140°C MW, 4h (neat)
Me then NaOH, H,O

77% yield

1
50% yield,
>20:1d.r.
(recrystallized)

51 equiv.
DMDO/acetone,
rt., 14h

2 mol% Grubbs I,
ethylene, DCM, 8h

Me

r

then 10mol% Pd/C, Me

Ho, 1h
1.5 equiv.
Phl(OAc),,
1.4 equiv. |,
-
CC|4, rt., 25h,
flood lamp

CO,H
Me
Me
5 equiv. LiAlHy4,
THF, 70°C, 8h
HO
H Me
Me
Me :
H
H Me
3
72% yield,
(2 steps)
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Hippolachnin A: Brown’s strategy

o
140°C MW, 4h (neat)
Cl Me then NaOH, H,O
i
Me
]! v 1
5 equiv. 50% yiold
>20:1d.r.
(recrystallized)
51 equiv.
DMDO/acetone,
— r.t., 14h
-
[. 10 equiv.
DIBAL-H, THF,
-78°C, 5h i
[I. 20 equiv. Ac,0, ———
pyridine, 0°C to % yield
rt., 14h
OAc
2.5 equiv. BF3OEt,,
Ve DCM, -78°C, 1h
OTBS

81% yield,
(2 steps)

JACS 2016, 138, 2437-2442.

1.5 equiv. %
OMe

59% yield

CO,H
2 mol% Grubbs |, H Me
ethylene, DCM, 8h  Me_
» S
then 10mol% Pd/c, Me :
H
H,, 1h
@\ "o
@ @ 2 5 equiv. LiAlHy,,
THF, 70°C, 8h
1.5 equiv. HO
PhI(OAc)s,
1.4 equiv. I, H Me
- Me\,
CCly, r.t., 2.5h, Me :
flood lamp H
H Me
4 — 3
72% yield,
(2 steps)
ref. Carreira
H Me
Hippolachnin A
61% yield,
(2 steps)
84



Hippolachnin A: Wood’s approach

MeO,C.__COMe  5mol% TiCl,, 4 (o2Me
| DCM, 0°C, 1h cO,Me
+ H y /
© H Me
11! Vv 8
>95% yield,
3.7:1d.r.

JACS 2016, 138, 2437-2442.
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Hippolachnin A: Wood’s approach

JACS 2016, 138, 2437-2442.

5 mol% TiCly,
DCM, 0°C, 1h

©.

C02M9

CO,Me

H Me

>95% yield,
3.7:1d.r.

2.1 equiv. DIBAL-H,

DCM, -78°C

10
98% yield

Grubbs |, THF

-

75% yield

ethylene,
20 mol%

&
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Hippolachnin A: Wood’s approach

JACS 2016, 138, 2437-2442.

[

11
71% yield

CO,M
CO;Me  5mol% TiCly, Ve
j; DCM, 0°C, 1h CO,Me
@
Ti
Me | H Me
Y 8
>95% yield,
3.7:1dr.
CO,H l. 1.2 equiv. H3CPPh3Br,

1.1 equiv. KHMDS, THF,
-78°C tor.t.
-

Il. KOH, MeOH/H,0, 60°C

2.1 equiv. DIBAL-H,

DCM, -78°C

10
98% yield

75% yield

ethylene,
20 mol%
Grubbs |, THF

-

&

37



Hippolachnin A: Wood’s approach

MeO,C._ _COMe 5 mol% TiCl,, COMe

2.1 equiv. DIBAL-H,

DCM, 0°C, 1h CO,Me DCM, -78°C
+ = -
H m
Ti
Me v H Me
]! " 8 9
>95% yield, 75% yield
3.7:1d.r.
CO,H l. 1.2 equiv. H;CPPh3Br, ethylenoe,
1.1 equiv. KHMDS, THF, 20 mol%
=~ _78°C to rt. Grubbs |, THF
—_— - -«
II. KOH, MeOH/H,0, 60°C
0 e

20 mol% o 11 10

0“3/_\. & 71% yield 98% yield
Ph” pg(0Ac), Ph

20 mol%
Cr(salen)Cl,
10 equiv. H,0,

2 equiv.

p-benzoquinone, o

dioxane, 60°C
OI®

/) L

12
51% yield

JACS 2016, 138, 2437-2442.



Allylic oxidation

R/\/+

White’s catalyst

10 mol%
O, /.0
.S . 8¢
Ph Pd(OAc), Ph OAc
HOAC > )\/
2 equiv. benzoquinone, R
dloxane, 430C, 48h 739, yleld

Macrolactonization strategy

CO,H

JACS 2004, 126, 1346, JACS 2006, 728, 9032-9033.

Pd(l1)/

sulfoxide TN N
X cat IIDd BQ
—_— O/ — (0
(@ (@)

89



JACS 2004, 126, 1346, JACS 2006, 728, 9032-9033.

White’s catalyst

Pd(OAc),
o. /.0
S S:
Ph Ph
o. — .,O
°s" . 8!
Ph™ pd(0Ac), Ph

90



JACS 2004, 126, 1346, JACS 2006, 728, 9032-9033.

White’s catalyst

Pd(OAc),
o. .0
S S:
Ph Ph
Os‘s/_\s"o e
Ph” p4(0Ac), Ph
| AcOH +
Ph
/\//l\
Pd(OAc)

91



JACS 2004, 126, 1346, JACS 2006, 728, 9032-9033.

White’s catalyst

Pd(OAc),
o. /.0
S S:
Ph Ph
Os‘s/_\s"o e
Ph” p4(0Ac), Ph
' AcOH +
/\//l\
Pd(OAc)
[
//ﬁ/ 0
o)
_Pd(OAc)
1
o)

92



7Y

OAc

JACS 2004, 126, 1346, JACS 2006, 728, 9032-9033.

IV

White’s catalyst

Pd(OAc),
o. /.0
S S:
Ph Ph
Os‘s/_\s"o e
Ph” p4(0Ac), Ph
' AcOH +
/\\/
—Pd° |
Pd(OAc)
[
//ﬁ/ 0
o)
__Pd(0Ac)
1
o)

93



O/ﬁO

/

AcOH +

7Y

OAc

JACS 2004, 126, 1346, JACS 2006, 728, 9032-9033.

White’s catalyst

Pd(OAc),
OH OS‘ 'SO
Ph” *Ph
Ph Pd(OAc) Ph
O /—\ O
AcOH + ,
—Pd° |
v Pd(OAc)
|
//ﬁ/ 0
(@)
__Pd(OAc)
1]
(@)

94



Hippolachnin A: Wood’s approach

_ CO,Me
MeO,C CO,Me 5 m0|%°T|C|4, 2 2.1 equiv. DIBAL-H,
DCM, 0°C, 1h CO,Me DCM, -78°C
+ .
H
. T ®
€ H Me
i \'} 8 9
>95% yield, 75% yield
3.7:1d.r.
CO,H . 1.2 equiv. HsCPPh3Br, ethylene,
1.1 equiv. KHMDS, THF, 20 mol%
=~ _78°C to rt. Grubbs I, THF
—_— - -
[I. KOH, MeOH/H>0, 60°C
() H e
20 mol% o 11 10
0“3/ T\ 71% yield 98% yield
Ph” Pd(OAc), Ph
20 mol%
Cr(salen)Cl,
10 equiv. H,0, OMe
2 equiv.
p-benzoquinone, o
dioxane, 60°C l. 5.3 equiv. tBuOAc, 5.5 equiv. tBulLi,
THF, -78°C to 0°C
@\ @\ ’ e
[I. 10 mol% Pd/C, THF, H, M
0w L. - e
Il. 30 equiv. TMSCI, MeOH, 60°C,  Me
21h then NﬁzCOg, Hzo
/-\‘ H Me
Pd Hippolachnin A
51<y1 2ie/d L &4 22% yield,
oy (3 steps)

JACS 2016, 138, 2437-2442.
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Hippolachnin A: collaborative route

o
140°C MW, 4h (neat)
‘E Cl Me then NaOH, H,O
+
Me
]| Iv

50% yield,
>20:1d.r.
(recrystallized)

JACS 2016, 138, 2437-2442.
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Hippolachnin A: collaborative route

o
140°C MW, 4h (neat)
‘E Cl Me then NaOH, H,O
+ r
Me
]| Iv

50% yield,
>20:1d.r.
(recrystallized)

JACS 2016, 138, 2437-2442.

2 mol% Grubbs |,
ethylene, THF,

@

13
92% yield

97



A

JACS 2016, 138, 2437-2442.

Hippolachnin A: collaborative route

2 mol% Grubbs |,
ethylene, THF,

0]
140°C MW, 4h (neat)
Cl Me then NaOH, H,O
+ - =
©
Me
Iv 1 13
50% yield, 92% yield
>20:1d.r.
(recrystallized)
20 mol%
O. //\ .0
.S . S
Ph” pd(0Ac), Ph
20 mol% Cr(salen)Cl,
Me 10 equiv. H,0,
2 equiv. p-benzoquinone,
dioxane, 60°C

-

14
70% yield
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Hippolachnin A: collaborative route

2 mol% Grubbs |,
ethylene, THF,

o]
140°C MW, 4h (neat)
‘E Cl Me then NaOH, H,O
+

(Ru}
e |
]! Iv 1 13
50% yield, 92% yield
>20:1d.r.
(recrystallized)
20 mol%
_ _ o, /—\_.0

[. 5.3 equiv. tBuOAc,
5.5 equiv. tBulLi,
THF, -78°C to 0°C

Me

then 6M HCI (aq.)
l. 10 mol% Pd/C, H,, THF

14
70% yield

1. 30 equiv. TMSCI,
MeOH, 60°C, 21h

'

Hippolachnin A
15% yield,
(3 steps)

JACS 2016, 138, 2437-2442.

s’ . s”
Ph” pg(0Ac), Ph

20 mol% Cr(salen)Cl,
10 equiv. H,0,
2 equiv. p-benzoquinone,
dioxane, 60°C

-

O total steps

[2+2+2] cycloaddition of

quadricyclane
Key directed C-H
oxidation

99



(-)-Cajanusine

(-)-Cajanusine

Plant Cajanus cajan

« Dimer derived biosynthetically from a formal [2+2]
cycloaddition of the alkene units
« Used in folk medicine for diabetes, anemia, hepatic
disorders and many others
« |solation paper describes inhibitory activities on the growth
of human hepatocellular carcinoma cells

JACS 2020, 742, 5002-5006; Org. Lett. 2014, 16, 224. 100



(-)-Cajanusine: initial strategy (G1)

OTBS
MeO
[2+2]
MeO cycloaddition
................ >
: . H
I epimerization - - - <4 [
conjugate
. addition
-€---- MeO
‘ - -
OMe Ph
(-)-Cajanusine 1

JACS 2020, 142, 5002-50086. 101



(-)-Cajanusine: first-generation approach

3 mol% Ni(PPh3);Cl; HO 5 mol% Cul, 0 | . o)
1 equiv. PhMgBr, 5 mol% bpy, N 1.05 equiv. nBulLi,
PhMe, 110°C, 12h 5 mol% TEMPO, 1.2 equiv. CH5Br»,
r r
0 A (N 10 mol% NMI, MeCN, THF, -78°C to
\"il/ Ph_ _~ r.t., 9h, open air Ph_ _~ r.t., 16h
T ’ Ph  ~
1 2 @ 3 4
U 46% yield
(3 steps)

102
JACS 2020, 142, 5002-5006.



Stahl Oxidation

Cu/TEMPO

./\OH + 1/2 02 ' ./§0 + H20

1
(1) Cu' + 0O, _— Cu”'d
k.
1

JACS 2013, 135, 2357-2367.. 103



Stahl Oxidation

Cu/TEMPO

./\OH + 1/2 02 ' ./§0 + H20

k1 o
(1) Cu' + O, cu'-0
k.
0 k
/ 2
(2) cul-0 + Cul —>cCu'-(0y)-cu

JACS 2013, 135, 2357-2367.. 104



JACS 2013, 135, 2357-2367..

Stahl Oxidation

N

+ (bpy)Cu'(NMI)

Cu/TEMPO

@ ToH + 1,0,

ki je
1) Cu' + 0, Cu'-0
k.
o "
/ 2
(2) cu'-0 + Cul —————>cu'-(0y)-cu"

OH

k

> @ 0 + HO

3) Cu'-(0y)-Cu' + TEMPOH___ "3 Cu'+ Cu-O + TEMPO'

105



JACS 2013, 135, 2357-2367..

™
/N\
:[c
/
7 N
<

+
\ 3
NMI

uII
‘o-OH

Stahl Oxidation

Me
Me

I
N

N

Me
Me

+ (bpy)Cu'(NMI)

Cu/TEMPO

> @ 0 + HO

@ ToH + 1,0,

ki je
1) Cu' + 0, Cu'-0
k.
o "
/ 2
(2) cu'-0 + Cul —————>cu'-(0y)-cu"
K OH

3) Cu'-(0y)-Cu' + TEMPOH___ "3 Cu'+ Cu-O + TEMPO'

/OH Ky
(4) Cul-O  + H,0 ———>Cul-OH + Hy0;
(5) H,0, Cul | H0 + 112 O,
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JACS 2013, 135, 2357-2367..

Stahl Oxidation

+ (bpy)Cu'(NMI)

Cu/TEMPO

./\OH + 1/2 02 ' ‘/§0 + H20

ki 0O
(1) Cu'+ 0, Cu'-0
k.
o "
/ 2
(2) cu'-0 + Cul —————>cu'-(0y)-cu"
K OH

3) Cu'-(0y)-Cu' + TEMPOH___ "3 Cu'+ Cu-O + TEMPO'

/OH Ky
(4) Cul-0  + H,0 ————>Cu-OH + H0;
(5) H,0, Cul | H0 + 112 O,

(6) Cul-OH + R”OH

107



JACS 2013, 135, 2357-2367..

Stahl Oxidation

+ (bpy)Cu'(NMI)

Cu/TEMPO

./\OH + 1/2 02 ' ‘/§0 + H20

ki 0O
(1) Cu'+ 0, Cu'-0
k.
o "
/ 2
(2) cu'-0 + Cul —————>cu'-(0y)-cu"
K OH

3) Cu'-(0y)-Cu' + TEMPOH___ "3 Cu'+ Cu-O + TEMPO'

/OH Ky
(4) Cul-0  + H,0 ————>Cu-OH + H0;
(5) H,0, Cul | H0 + 112 O,

k
(6) Cul-OH + R”OH J cu'-0 + H,0
ke R
. kq | P
(M Cu-0  + TEMPO" —— > Cu'+ TEMPOH +R™S0

R
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(-)-Cajanusine: first-generation approach

OTBS
3 mol% Ni(PPh3);Cl, HO 5 mol% Cul, o o l. 1.2 equiv. 5
1 equiv. PhMgBr, 5 mol% bpy, RS 1.05 equiv. nBulLi,
PhMe, 110°C, 12h 5 mol% TEMPO, 1.2 equiv. CH5Br», MeO A
5 > . > NS

= /'\ 10 mol% NMI, MeCN, THF, -78°C to . :
Ni . 1.2 equiv. nBuLi
1., 9h 1. ’

v/ Ph r.t., Oh, open air Ph r.t., 16h Pho __ 1.2 equiv. BF3Et,0,

1 2 G\ 3 2 THF, -78°C
| 4 46% yield Il. 1.5 equiv. DMP, DCM,
(3 Steps) 0°Ctor.t.
(0]
TBSO FZ
Ph_ _~
OMe
6
75% yield
(2 steps)
109

JACS 2020, 742, 5002-5006.



(-)-Cajanusine: first-generation approach

3 mol% Ni(PPh3);Cl; HO 5 mol% Cul, 0 o)
1 equiv. PhMgBr, 5 mol% bpy, N 1.05 equiv. nBulLi,
PhMe, 110°C, 12h 5 mol% TEMPO, 1.2 equiv. CH5Br»,
' '
o~ (SN 10 mol% NMI, MeCN, THF, -78°C to
o Ph_ _— r.t., 9h, open air Ph_ rt., 16h Ph.
1 2 G\ 3 4
U 46% yield
(3 steps)
B ] . 10 mol% 7 =z
B 1% DCM, 0°C
OTBS
S
Arg JI\ o
7 N N
MeO H H _N
Ar = 3,5-(CF3)206H3
- I - 8 MeO
unpurified mixture Il. 20 mol% Bi(OTf)s, MeNO,,

0°Ctor.t.

MeO

35% yield,
>20: 1d.r.,
98:2d.r.

JACS 2020, 742, 5002-5006.

OTBS

l. 1.2 equiv. 5
MeO %

1.2 equiv. nBulLi,
1.2 equiv. BF3°Et,0,
THF, -78°C
II. 1.5 equiv. DMP, DCM,
0°Ctor.t.

TBSO FZ

Ph_ _~
OMe

6
75% yield
(2 steps)
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(-)-Cajanusine: first-generation approach

3 mol% Ni(PPh3);Cl; HO 5 mol% Cul,

1 equiv. PhMgBr, 5 mol% bpy, 0x
PhMe, 110°C, 12h 5 mol% TEMPO,
0 > >
Z 10 mol% NMI, MeCN,
Ph_ _~ r.t., 9h, open air Ph_ _~
OTBS ¥

MeO
- I —
unpurified mixture
MeO 20 mol% DBU,
PhMe, r.t.,
30min
v o

10
35% yield, >95% yield,
>20: 1d.r., 1:1 (10:9)
98:2d.r.

JACS 2020, 742, 5002-5006.

1.05 equiv. nBulLi,
1.2 equiv. CH,Bry,
y
THF, -78°C to
r.t., 16h Ph. __
4
46% yield
(3 steps)
1. 10 mol% 7 =
DCM, 0°C
S
Ar{ JI\ o
7 N N
H H

Ar = 3,5-(CF3)206H3
MeO

[I. 20 mol% Bi(OTf)3, MeNO,,
0°C tor.t.

OTBS

l. 1.2 equiv. 5
MeO %

1.2 equiv. nBulLi,
1.2 equiv. BF3°Et,0,
THF, -78°C
II. 1.5 equiv. DMP, DCM,
0°Ctor.t.

TBSO FZ

Ph_ _~
OMe

6
75% yield
(2 steps)

111



(-)-Cajanusine: first-generation approach

3 mol% Ni(PPh3)3Cl,
1 equiv. PhMgBr,

PhMe, 110°C, 12h
o
A (i

5 mol% Cul,
5 mol% bpy,
5 mol% TEMPO,

10 mol% NMI, MeCN,
r.t., 9h, open air

- I —
unpurified mixture

MeO

35% yield,
>20: 1d.r,,
98:2d.r.

JACS 2020, 742, 5002-5006.

MeO

20 mol% DBU,
PhMe, r.t.,
30min

N

+

>95% yield,
1:1(10:9)

0]
1.05 equiv. nBulLi,
1.2 equiv. CH,Bry,
THF, -78°C to
rt., 16h Ph.
4
46% yield
(3 steps)
1. 10 mol% 7 =
DCM, 0°C
S
Arg JI\ o
7 N N
H H

Ar = 3,5-(CF3)206H3
MeO

[I. 20 mol% Bi(OTf)3, MeNO,,
0°C tor.t.

various conditions

OTBS

l. 1.2 equiv. 5
MeO %

1.2 equiv. nBulLi,
1.2 equiv. BF3°Et,0,
THF, -78°C
II. 1.5 equiv. DMP, DCM,
0°Ctor.t.

TBSO FZ

Ph_ _~
OMe

6
75% yield
(2 steps)

MeO

OTBS

I
< 5% yield

112



(-)-Cajanusine: second-generation approach

(o)
(0) (o)
R, /c/ [2+2] Ro. R
I/ cycloaddition conjugate addition Ph
---------------- - e ELLCLECTEEPEr =
H H H
H H
Ph~ H H <%
Ph
Vi

\Y) \'
radical
+  Cross-
1 coupling
0 B o
I-IPh H Ph
MeO Dl Nf}\!
H B H
H (/ SNt H (/
Ph \ “Ar Ph
OTBS B X |
(-)-Cajanusine 1]/ Vil

JACS 2020, 142, 5002-50086. 113



(-)-Cajanusine: synthesis (G2)

o OTBDPS O
TBDPSO. . 10 mol% 7, DCM, 0°C Ph
™ H
Il. 20 mol% Bi(OTf)s,
Ph_ _~ MeNO,, 0°C to r.t. H
H
11 12

34% yield 65% yield,

(5 steps >20:1d.r.,

from 1) 96:4 e.r.

JACS 2020, 142, 5002-50086. 114



(-)-Cajanusine: synthesis (G2)

o)
0 OTBDPS ,O . 5 mol% [Rh(COD)Cl],, HO
1BDPSO. I. 10 mol% 7, DCM, 0°C Ph 1.2 equiv. Ph7XB(OH)2 13 Ph
> »
1. 20 mol% Bi(OTf)3, LiOH, dioxane/H,0, 60°C
Ph. _— MeNO,, 0°C to r.t. H II. 1.2 equiv. TBAF, THF, H (/ H
H 0°Ctor.t. Ph
11 12 @ 14
34% yield 65% yield, 73% yield
(5 steps >20:1d.r., (2 steps)
from 1) 96:4 e.r. >20:1 d.r.

JACS 2020, 142, 5002-50086. 115



TBDPSO.

Ph. _—

1"

34% yield
(5 steps

from 1)

JACS 2020, 742, 5002-5006.

OTBDPS ,0 1. 5 mol% [Rh(COD)Cll,,

1. 10 mol% 7, DCM, 0°C 12 equiv. Ph”X-B(OH)2 13

[I. 20 mol% Bi(OTf)3,
MeNO,, 0°C to r.t.

LiOH, dioxane/H,0, 60°C
II. 1.2 equiv. TBAF, THF,
0°C tor.t.

65% yield,
>20:1d.r.,

(-)-Cajanusine: synthesis (G2)

HO

0]
Ph
(/ H
H
Ph
14

73% yield

(2 steps)

>20:1d.r.
[. 1.25 equiv. DMP,

DCM, 0°C tor.t.
II. 5 equiv. NaClO,,
5 equiv. NaH,POQOy,,
2-methyl-2-butene,
v tBuOH/H,0, 0°C to r.t.
o
HO (0]
Ph
H
(/ H
H
Ph
15
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TBDPSO.

Ph. _—

1
34% yield
(5 steps
from 1)

JACS 2020, 742, 5002-5006.

(-)-Cajanusine: synthesis (G2)

o)
OTBDPS ,O . 5 mol% [Rh(COD)Cl],, HO
I. 10 mol% 7, DCM, 0°C Ph 1.2 equiv. Ph7-B(OH)2 13 Ph
> »
1. 20 mol% Bi(OTf)3, LiOH, dioxane/H,0, 60°C
MeNO,, 0°C to r.t. H II. 1.2 equiv. TBAF, THF, H (/ H
H 0°Ctor.t. Ph
12 @ 14
65% yield, 73% yield
>20:1d.r., (2 steps)
96:4 e.r. >20:1 d.r.
[. 1.25 equiv. DMP,
DCM, 0°C tor.t.
II. 5 equiv. NaClO,,
cl 5 equiv. NaH,POy,
o 2-methyl-2-butene,
~ Cl y {BUOH/H,0, 0°C tort
1.1 equiv. N-OH
o) cl 0
TCNHPI o c 016 HO_ _o
Ph 1.2 equiv. DCC, Ph
-
H 10 mol% DMAP, DCM, H
(/ H 0°Ctort., 12h (/ H
H H
Ph Ph
17 15
72% yield
(3 steps)

117



(-)-Cajanusine: synthesis (G2)

o)
0 OTBDPS ,O . 5 mol% [Rh(COD)Cl],, HO
Ph
1BDPSO. I. 10 mol% 7, DCM, 0°C Ph 1.2 equiv. Ph7B(OH)2 13
> > 4
1. 20 mol% Bi(OTf),, LiOH, dioxane/H,0, 60°C
Ph. _— MeNO,, 0°C to r.t. H II. 1.2 equiv. TBAF, THF, H (/ H
H 0°Ctor.t. Ph
1 12 @ 14
34% yield 65% yield, 73% yield
(5 steps >20:1d.r., (2 steps)
from 1) 96:4 e.r. >20:1d.r.
[. 1.25 equiv. DMP,
DCM, 0°C tor.t.
II. 5 equiv. NaClO,,
cl 5 equiv. NaH,POQy,,
o 2-methyl-2-butene,
_ — ~ Cl y tBUOH/HZ0, 0°C tort
o 1.1 equiv. N-OH
40 mol% NiCl,, DME 0 Cl 0
mol7e NIUly 16
H_ Ph 80 mol% BPhen, TCNHPI © c. © HO ~©
: DMF/THF, r.t. Ph 1.2 equiv. DCC, Ph
(N -
N At - Qe H 10 mol% DMAP, DCM, H
\Ni" H 3.0 equiv. @ 18 (/ H 0°Ctort, 12h (/ H
e, H H
Ar Ph T
\TCPI TBSO ZnCI-LiCl - oh
Vil fN.\ 17 15
72% yield
(3 steps)
Hen 4
MeO
H / H
Ph
OTBS
m
40% yield (NMR)
>20:1 d.r.

JACS 2020, 742, 5002-5006.
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(-)-Cajanusine: synthesis (G2)

o O

I-|Ph 4 H Ph
l. 2.0 equiv. N-MePMP, 1.5

MeO 3 equiv. Me3SiOTf, DCM,
© -78°C, 3h MeO H
] / H > /)
oh I1. 3.0 equiv. IBX'MPO, H
OTBS DMSO, r.t., 12h oTBS Ph
1 19

40% yield (NMR) 80% yield
>20:14d.r. (2 Steps)

JACS 2020, 142, 5002-50086. 119



(-)-Cajanusine: synthesis (G2)

o) O o]
H l. 3 mol% CuCl
Ph 4 H Ph , H Ph
3 I. 2.0 equiv. N-MePMP, 1.5 0 3 mol% DPEPhos, ~
equiv. Me3SiOTf, DCM, .‘IO mo!% tBuONa, o
MeO -78°C, 3h MeO H 1.5 equiv. B,piny, MeOH, THF, 3h  MeO H
' > > %
H Ph 1. 3.0 equiv. IBX-MPO, H then 5.0 equiv. i\la;?g-4H20, H.0, H
OTBS OTBS II. 3.0 equiv. CrO3, H,SO,4, acetone, ©
]| 19 -20°C 20
40% yield (NMR) 80% vyield (AN 61% yield
>20:1 d.r. (2 steps) @ (2 steps)

120
JACS 2020, 142, 5002-5006.



(-)-Cajanusine: synthesis (G2)

0 o 0
3 l. 2.0 equiv. N-MePMP, 1.5 3 mol% DPEPhos, ~
equiv. Me3SiOTf, DCM, 10 mol% tBuONa, o
MeO -78°C, 3h MeO H 1.5 equiv. B,piny, MeOH, THF, 3h  MeO H
I = > %
H Ph II. 3.0 equiv. IBX‘MPO, H / then 5.0 equiv. NaBO34H50, H50, H
DMSO, r.t., 12h Ph r.t., 3h Ph
OTBS OTBS Il. 3.0 equiv. CrO3, H,SO,4, acetone, OTBS
1} 19 -20°C 20
>20:1d.r. (2 steps) @ (2 steps)

2.5 mol%. [Pd(allyl)Cl,],

(o 10 mol% dppe,
@ 3.0 equiv. allylacetate,
5.0 equiv. K2C03, THF,

50°C

2.0 equiv. Et3Al,
toluene, r.t.

then
MeO
1.5 equiv. TMSCHN,,

MeOH, r.t.

otBs Ph

21
73% yield 98% yield

@

JACS 2020, 142, 5002-5006. 121



Ni-Catalyzed Deallylation

NiX,L,,
|

Et,Al l

H—NiL,,
I

JACS 2004, 126, 10222-10223. 122



Ni-Catalyzed Deallylation

NiX,L,,
| Ph

Et;Al
3 l EtOZCZJ/
H—NiL, EtO,C

Il R

Ph

JACS 2004, 126, 10222-10223. 123



JACS 2004, 126, 10222-10223.

Ni-Catalyzed Deallylation

NiXGL,
I Ph
Et.Al
3 l EtOZCZJ/
R
|
0,Nan Ph
L. Ni
R n
EtO)ﬁ/ O\/(
5
Iv CO,Et EtO
EtO,C R
1l
ph” \F
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Ni-Catalyzed Deallylation

_AIE, NiX,L,, .
EtO,C. _H H* 0 |
R R Et-Al
CO,Et H—NiL, EtO,C
R
|
Et,Al
0,Nan Ph
L, Ni
R n
Eto)ﬁ/ 0‘/(
J
Iv CO,Et EtO
Et0,C R
11
ph” \F

JACS 2004, 126, 10222-10223. 125



(-)-Cajanusine: synthesis (G2)

o) O o]
H Ph 4 H Ph I. 3 mol% CUC|, H Ph
3 l. 2.0 equiv. N-MePMP, 1.5 3 mol% DPEPhos, ~
equiv. Me3SiOTf, DCM, 10 mol% tBuONa, o
MeO (/ ’ '78°C, 3h .~ MeO Q H 1.5 GQUiV. szinz, MeOH, THF, 31 MeO H
H - I1. 3.0 equiv. IBX'MPO, H then 5.0 equiv. NaBO34H,0, H,0, H
DMSO, rt., 12h r.t., 3h Ph
OTBS OTBS Il. 3.0 equiv. CrO3, H,SO,4, acetone, OTBS
1]} 19 -20°C 20
40% yield (NMR) 80% yield (AN 61% yield
>20:1d.r. (2 steps) @ (2 steps)
2.5 mol%. [Pd(ally)Cl,],
(o 10 mol% dppe,
@ 3.0 equiv. allylacetate,
50 equiv. K2C03, THF,
50°C
TIMes v
20 mol% AClI
o Ry 23
cl” -
: _~ 5 mol% Ni(PPh3),Br>,
i-Pr O 2.0 equiv. Et3Al,
toluene, r.t.
-« -«
isobutene, 50°C, 48h _then
then 2.0 equiv. TBAF, 1.5 equiv. TMSCHNS,
THF, 0°C, 30min MeOH, r.t.
OMe Ph /R:\ @ oTBS Ph
(-)-Cajanusine \J 21
82% yield 73% yield 98% yield
. First enantioselective synthesis of (-)-Cajanusine
. More than 100mg of natural product prepared

JACS 2020, 142, 5002-50086. 126
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ent-(3)-Ladderanol

Anammoxosome H — —— H

Anammoxosome H N ' H
membrane I, Y )

Nucleoid

Riboplasm

Intracytoplasmic
membrane

Paryphoplasm

Cytoplasmic 6
membrane

=== Cell wall

s HO

Anammox bacteria ent-[3]-Ladderanol
Nature Reviews Microbiology 2008, 6, 320-326

JACS 2017, 139, 14392-14395; Nature 2002, 419, 708.

Density (kg I-1)

1.01
1.
1.
1.

—_
[6)]
N

® ©
© O

w N
©

[
J

NN @
=

|o|o|
S 2

0.40
1.07

|_L|

5]
S

1.48
1.06
0.92
0.90
1.10
1.32

Q— NN\
 a— NN

Conceptual stacking model of
ladderane membrane lipids

Nature 2002, 419, 708.

Isolated in 2002 from annamox bacteria
Biological function of organism protection
Unique fused cyclobutane ring structure
* Previous synthesis of members of the family by Corey in

2006 and Burns in 2016.
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Ladderanol family: previous strategies

(CH3);COzH

[5]-ladderanoic acid

Corey’s o)

approach 2006 b .

JACS 2017, 139, 14392-14395.

Wolff ring
contration :

lse

photochemical 0
[2+2] @ hv
cycloaddition R

NV

similar
transf.

| <—

HO

H H H

[3]-ladderanoic acid

Burn’s approach 2016

conjugate H HH
addition : :

enone-olefin [2+2]
photocycloaddition
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Ladderanol family: previous strategies

Wolff ring
contration |
E— qj//o

photochemical 0
[2+2] E} hv
R

(CH,);CO.H

[5]-ladderanoic acid

cycloaddition

, similar
Corey’s O transf.
approach 2006 b w1 ;

« 17 steps LLS
 Enantioselective synthesis
 Produced enough material for
biological investigation, even
though route not that scalable
(23mg)

JACS 2017, 139, 14392-14395; JACS 2006, 728, 3118-3119; JACS 2016, 7138, 15845-15848.

o
H H HH conjugate H HH
HO : addition : :
6 > X—
HH H H H H
o
[3]-ladderanoic acid
enone-olefin [2+2]
photocycloaddition
o]
H
: :
Burn’s approach 2016 x— || + |l
H
o
e 8 steps

« First synthesis of [3]-Ladderanol
« Highly scalable route ( > 600mQ)
« Synthesis of also ladderane
phospholipids, to enable
biophysical studies
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ent-(3)-Ladderanol: Brown’s retrosynthesis

H HH [2+2] H
: loadditi
| “oH cycloa ||on\ “opc
D | + |l
N .
H HH H
ent-[3]-Ladderanol (or surrogate) |
Z o chirality transfer
A C [2+2] cycloaddition PGO S O
rco” )
H <

I I,,

>
] |

JACS 2017, 139, 14392-14395. 130



ent-(3)-Ladderanol: synthesis (1)

[. 1.5 equiv. nBuLi, THF, o)

-78°C; 1.6 equiv. BF 3-OEt,,
Jl -78°C, 1h Risio.

T
~sio 1.0 equiv. /
3Si (0] 9 P

1 II. 1.3 equiv. DMP, 3
DCM, r.t. 88% vield
. = Qif. o yie
SiRj3 = Sit-BuPh, (2 steps)

JACS 2017, 139, 14392-14395. 131



R3SiO

ent-(3)-Ladderanol: synthesis (1)

I. 1.5 equiv. nBulLi, THF,
-78°C; 1.6 equiv. BF 3 OEt,,
-78°C, 1h

1.0 equilv.)_/_//
(o)
2

II. 1.3 equiv. DMP,
DCM, r.t.

SiRj3 = Sit-BuPh,

JACS 2017, 139, 14392-14395.

R;SiO

4

=

3

88% yield
(2 steps)

10 mol% 4 =z
DCM, 0°C, 1h

4 S

Arg J]\ o

N N
H H

Ar = 3,5-(CF3)2C6H3

R3SiO

MeO
i (0]
R3S|O /
-
1
57% yield,
>20:1d.r,
94:6 e.r.

"

w2
7

Z (0]

=
i

can be isolated in 72% yield, 94:6 e.r.

20 mol% Bi(OTf)s,
MeNO,, 0°C to r.t.
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R;SiO

R3SiO

ent-(3)-Ladderanol: synthesis (1)

[. 1.5 equiv. nBuLi, THF,
-78°C; 1.6 equiv. BF3'OEt,,
-78°C, 1h

>
1.0 equilv.)_/_//
(0)
2

II. 1.3 equiv. DMP,
DCM, r.t.

SiR; = Sit-BuPh,

aatt

OMOM

n,,

JACS 2017, 139, 14392-14395.

R;SiO FZ

G

3

88% yield
(2 steps)

[. 1.5 equiv. L-selectride, THF,
-78°C then 1.1 equiv. Tf,NPh,
-78°C tor.t., 4h

[l. 3 mol% Pd-CPhos-G3,
THF, 0°C tor.t,, 1h

2.0 equiv. 1Zn” > ~OMOM

10 mol% 4 =z
DCM, 0°C, 1h

4 S

Ar{ Jj\ o

N N
H H

Ar = 3,5-(CF3)206H3

MeO

Z (0]

Rsio” P
H

I

can be isolated in 72% yield, 94:6 e.r.

20 mol% Bi(OTf)s,
MeNO,, 0°C to r.t.

R;SiO yZ (o)
-
Il
57% yield,
>20:1d.r.,
94:6 e.r.
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ent-(3)-Ladderanol: synthesis (1)

[. 1.5 equiv. nBuLi, THF,

| | -78°C; 1.6 equiv. BF3OEty,

-78°C, 1h
1.0 equiv. /
R;SiO o
2
] II. 1.3 equiv. DMP,
DCM, r.t.
SiR; = Sit-BuPh,
i 3 OMOM
R3S|O . \ >
7

I. 10 mol% Crabtree’s
catalyst, H,, DCM,
r.t., 20h
II. 1.2 equiv. TBAF,
THF, 0°C to r.t., 16h

O

HO

astt

I,

8
69% yield
(4 steps),
>20:1d.r.

JACS 2017, 139, 14392-14395.

OMOM

'

R,SiO F

G

3

88% yield
(2 steps)

[. 1.5 equiv. L-selectride, THF,
-78°C then 1.1 equiv. Tf,NPh,
-78°C tor.t., 4h

Il. 3 mol% Pd-CPhos-G3,
THF, 0°C tor.t.,, 1h

2.0 equiv. 1Zn” > ~OMOM

10 mol% 4 =z
DCM. 0°C, 1h

4 S

Arg Jj\ o

N N
H H

Ar = 3,5-(CF3)2C6H3

MeO

Z (0]

Rsio” " F
H

>
1]

can be isolated in 72% yield, 94:6 e.r.

20 mol% Bi(OTf)3,
MeNO,, 0°C to r.t.

R;SiO Z (o)
-
1l
57% yield,
>20:1d.r.,
94:6 e.r.
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ent-(3)-Ladderanol: synthesis (1)

l. 1.5 equiv. nBuLi, THF,

| | -78°C; 1.6 equiv. BF5-OEty,

-78°C, 1h

R;SiO

r
1.0 equilv.)_/_//
o
2

1 Il. 1.3 equiv. DMP,

DCM, r.t.

SiRj3 = Sit-BuPh,

ety =

R;SiO

nh,,

7

[. 10 mol% Crabtree’s
catalyst, H,, DCM,
r.t., 20h
II. 1.2 equiv. TBAF,
THF, 0°C to r.t., 16h

O

HO

et

nh,,

8
69% yield
(4 steps),
>20:1 d.r.

JACS 2017, 139, 14392-14395.

OMOM

OMOM

Risio. FZ
S

3

88% yield
(2 steps)

[. 1.5 equiv. L-selectride, THF,

10 mol% 4
DCM, 0°C, 1h

4 )
Ar Jl\ .
>N N'
H H

Ar = 3,5-(CF3)2C6H3

MeO

-78°C then 1.1 equiv. Tf,NPh, R;3SiO
-78°C tor.t., 4h
-
. 3 mol% Pd-CPhos-G3,
THF, 0°C tor.t., 1h
2.0 equiv. IZn/\(V)?OMOM Il
6 57% yield,
@ >20:1 d.r.,
94:6 e.r.
10 mol% TPAP, O
NMO-H,0, MeCN, H
rt. 16h HO OMOM
/_\ 7
Ru .
| §
9
94% yield

R;SiO

I. 2.0 equiv. DCC, 1.0 equiv.
DMAP, 1.5 equiv. 2-
mercaptopyridine N-oxide,

r

BrCCls, r.t., 4h (dark) then 16h
(light)

[I. 3.0 equiv. KOTMS, DMSO,
r.t., 13h

"

Z (0]
W
7
Z

]!

can be isolated in 72% yield, 94:6 e.r.

20 mol% Bi(OTf)3,
MeNO,, 0°C to r.t.

astt

OMOM

I,

58% yield
(2 steps)
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ot I

JACS 2017, 139, 14392-14395.

I '.,.

ent-(3)-Ladderanol: synthesis (2)

R,0,C

l. (R1=H, Me), hv
ll. decarboxylation

e - ——— -’

[Il. MOM deprotection
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ent-(3)-Ladderanol: synthesis (2)

att I

-“‘

OMOM
7
I
R,0,C
H 192
| |
. l. (R1=H, Me), hv
17.0 equiv. . ll. decarboxylation
D -"
o 1. MOM deprotection
10 medium pressure
UV lamp, pyrex,
MeCN, r.t., 60h
o) v :
H H i l. 10.0 equiv. p-ABSA,
2 OMOM 30 equiv. DBU,
6 MeCN, r.t., 16h
= A I-i ll. medium pressure,
UV lamp, pyrex, THF/
11 H,>0, r.t., 4h
53% yield,
>20:1 d.r.

JACS 2017, 139, 14392-14395.

o

HO,C

|
H

-~
-~

H

. “OH

ent-[3]-Ladderanol

51% yield
(3 steps)

A

2.0 equiv. DCC, 1.0 equiv.
DMAP, 1.5 equiv. 2-
mercaptopyridine N-oxide,
THF, r.t., 4h (dark) then
10 equiv. t-BuSH, 16h (light)
then HCI, MeOH, 50°C, 12h

OMOM

Jutt

T,

12
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Gracilioether F

Marine sponge Plakinastrella mammillaris Gracilioether F

« Polyketide extracted from several families of marine
sponges
 Members of the family have shown antimalarial activity
against Plasmodium falciparum (1Csy < 10ug/mL)
« Tricyclic core skeleton with five contiguous stereocenters

ACIE 2014, 53, 14522-14526; J. Org. Chem. 2009, 74, 4203-4207; Tetrahedron 2012, 68, 10157-10163. 138



Gracilioether F: retrosynthesis

Et 4 O
A BH P Et
C-H oxidation /( [O]
@) N >

> o) )

7
\. H Et
Et".°9 %Et
Et
O HO 0 Et

Gracilioether F | Il

Lewis acid
mediated [2+2]
cycloaddition

N Y
\V/
Et
O
1
. C
Et)l\/
Et
1] IV

ACIE 2014, 53, 14522-14526. 139



| oo
O 1.1 equiv. Et;N, o) 2.5 equiv. AlMes, V4
DCM, rt. Il DCM,
’¢”~~ CI > C > \ '"Et
-78°C tor.t., ~
Et X Et 1.5h H
- = 2.0 equiv. Q
o o) o)
Ph Ph
Et/ﬁ)I\CI NJ\CI W]\CI
Et Et Me Et
a b c
poor ketene generation good ketene generation excellent ketene generation
>2% yield of cycloaddition 42% yield of cycloaddition 61% yield of cycloaddition

ACIE 2014, 53, 14522-14526.

Gracilioether F: model system
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ACIE 2014, 53, 14522-14526.

Gracilioether F: model system

(o) 2.5 equiv. AlMes,

1.1 equiv. i-ProNEt, O
Ph A - M '&
cl DCM. -78°C to €
Me '45°C )\/u\
Ph X H
2.0 equiv. Q - -
1 2

(slow addition over 45min)

generated
in situ
H
H O
O
| 7 1.2 equiv. KHMDS, 7
THF, -78°C
-+ Et - | -
; Me ihen 3.0 equiv. Etl
H ~— en 3.0 equiv. , H /
'780C tO rt Me
Ph Ph
4 3
91% yield 69% yield
>20:1 d.r. 8:1d.r.
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Gracilioether F: synthesis

OH

OH

5

one step
from norbornadiene

ACIE 2014, 53, 14522-14526. 142



Gracilioether F: synthesis

OH
O3, MeOH, DCM,
-78°C, 2min
'
/ then 1.0 equiv.
NaBH,4, 0°C, 1h
OH
Norbornadiene 5
18% yield

ACIE 2014, 53, 14522-14526. 143



Gracilioether F: synthesis

OH
i Et
O3, MeOH, DCM, 3!022 equiv. TSQI,
-78°C, 2min .0 equiv. pyridine,
’ DCM, 0°C to rt.
. > »
2 ,H;eBnH1 '00?3”'1V h 1. 4 equiv. Me,CulLi-Lil,
v Et,0, -45°C to rt. £
OH
Norbornadiene 5 "
18% yield 59% yield

(2 steps)

ACIE 2014, 53, 14522-14526. 144



Norbornadiene

ACIE 2014, 53, 14522-14526.

Gracilioether F: synthesis

O3, MeOH, DCM,
-78°C, 2min

then 1.0 equiv.
NaBH,, 0°C, 1h

OH
I. 2.2 equiv. TsCl,
3.0 equiv. pyridine,
DCM, 0°C to r.t.
'
Il. 4 equiv. Me,CuLi-Lil,
Et,0, -45°C to r.t.
OH
5
18% yield
Et
Et

2.5 equiv. AlMegs,

Et 1.1 equiv. i-ProNEt, AlMe;
DCM, -78°C to |
45°C (|3| Et
. - Me C- Et
1.0 equiv. (o) Tes /
Et Wj‘ Cl Ph” X~
Me 1 - -
i 2
59% yield
(2 steps)
H o) Et H
V4 1.2 equiv. KHMDS, /0
THF, -78°C, 4
—=Et - Me
b e Me then 3.0 equiv. Etl, W
\( -78°C tor.t. H
Et Ph
Ph
7 6
65% yield
>20:1 d.r.
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Norbornadiene

ACIE 2014, 53, 14522-14526.

Gracilioether F: synthesis

O3, MeOH, DCM,
-78°C, 2min

r
then 1.0 equiv.
NaBH,, 0°C, 1h

Ph

8

61% yield
>20:1 d.r.

OH
l. 2.2 equiv. TsCl,
3.0 equiv. pyridine,
DCM, 0°C tor.t.
’
Il. 4 equiv. Me,CulLiLil,
Et,0, -45°C to r.t.
OH
5

18% yield

Et

H202, NaOH,
MeOH, r.t.

Et

2.5 equiv. AlMes,

Et 1.1 equiv. i-Pr,NEt, AlMe
DCM. -78°C to I
45°C ﬁ Et
10 } > Me C-~. GE"
.U equiv. (9] S~o /
Et \NL Cl Ph X H
Me 1 -
I 2
59% yield
(2 steps)
H Et
| ° 1.2 equiv. KHMDS, "" 0
THF, -78°C, 4
—=Et - Me
L e Me  then3.0 equiv. Bt |
\( -78°C to r.t. H
Et Ph
Ph
7 6
65% yield
>20:1 d.r.
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Gracilioether F: synthesis

OH 2.5 equiv. AlMes, _ -
. 2.2 equiv. TsCl, Et 1.1 equiv. i-ProNEt, AlMe;
OB’%?SHZ’ DCM, 3.0 equiv. pyridine, DCM, -78°C to CI)
ooemn DCM, 0°C to r.t. -45°C T Et
. . > Me C-. Et
/ ,5“%”; 'Ooeg“';’h Il. 4 equiv. Me,CuLiLil 1.0equiv. Q )\/U\ —--C/
a ) ° H ' ) o ’
OH Me 1 B -
Norbornadiene 5 11 2
18% yield 59% yield
(2 steps)
OH g Bt
H,0,, NaOH, | 1.2 equiv. KHMDS, ’ //0
MeOH, r.t. THF, -78°C,
— - —=Et -« Me
| Me ihen3.0equiv. Etl, . §<
et H \( 78°Ctort. H -
Et Ph
Ph
Ph
Os, DCM, 8 7 6
-78°C then 61% yield 65% yield
1.3 equiv. NaClO.,, >20:1 d.r, >20:1 d.r.

1.3 equiv. NaH,POQOy,
t-BuOH,
isobutylene, r.t.

83% yield

ACIE 2014, 53, 14522-14526.
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Gracilioether F: synthesis

OH 2.5 equiv. AlMes, _
. 2.2 equiv. TsCl, Et 1.1 equiv. i-ProNEt, AlMe,
O3, MeOH, DCM, 3.0 equiv. pyridine DCM, -78°C to '
-78°C, 2min : ' ’ _45° o) Et
: DCM, 0°C to rt. 45°C Y
—> o . - Me C-. Et
4 then 1'0098“';" Il. 4 equiv. Me,CuLiLil 1.0equiv. Q )\/U\ -
NaBHy, 0°C, 1h ' o ’
4 Et,0, -45°Ctort. g Ph o~ M e Yo
OH Me 1 - -
Norbornadiene 5 11 2
18% yield 59% yield
(2 steps)
OH g Et
H,0,, NaOH, | 1.2 equiv. KHMDS, ’ //0
MeOH, r.t. THF, -78°C,
— - —Et - Me
L e Me  then3.0 equiv. Bt - §<
Et \( -78°Ctort. = H
t Ph
Ph
Ph
Os, DCM, 8 7 6
-78°C then 61% yield 65% yield
1.3 equiv. NaClO.,, >20:1 d.r, >20:1 d.r.
1.3 equiv. NaH;POy,
t-BuOH, Entry Conditions® Yield®  RSMP
isobutylene, r.t. [%] [%]
RuCl; (10 mol %), KBrO,, pyridine, MeCN/ <2 I
H,O
TFDO, CH,Cl,, —45°C to 22°C < 2 >90
[Fe(PDP)] (20 mol %), H,0,, MeCN, 22°C 9 48
Fe(OAc), (1 equiv), H,0,, MeCN, 22°C < 2 ca. 80
Mn(OAc), (1 equiv), H,0,, MeCN, 22°C <2 ca. 80
Cu(OAc), (1 equiv), H,0,, MeCN, 22°C 15 (15) 51
Cu(OAc), (1 equiv), H,0,, MeCN, 0°C 10 38 Gracilioether F
Cu(OAc), (1 equiv), H,0,, MeCN, 22°C <2 >90

ACIE 2014, 53, 14522-14526.
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Gracilioether F: synthesis

OH 2.5 equiv. AlMes, -
. 2.2 equiv. TsCl, Et 1.1 equiv. i-ProNEt, AlMe;
OB’%?SHZ’ DCM, 3.0 equiv. pyridine, DCM, -78°C to CI)
ooemn DCM, 0°C to rt. -45°C T Et
. . > Me C-. Et
4 ,5“%”; 'Ooeg“';’h Il. 4 equiv. Me,CuLiLil 1.0equiv. Q )\/u\ -
a ) ° H ' ) o ’
4 Et,0, 45°Ctort. gy Ph o~ M on” X
OH Me 1 B -
Norbornadiene 5 11 2
18% yield 59% yield
(2 steps)
OH g Et
H,0,, NaOH, | 1.2 equiv. KHMDS, ’ //0
MeOH, r.t. THF, -78°C,
— - —Et - Me
| % _Me  ihen3.0equiv. Etl, . §<
et H \( 78°Ctort. H -
Et Ph
Ph
Ph
Os, DCM, 8 7 6
-78°C then 61% yield 65% yield
1.3 equiv. NaClO.,, >20:1 d.r, >20:1 d.r.

1.3 equiv. NaH;POy,
t-BuOH,
isobutylene, r.t.

83% yield

ACIE 2014, 53, 14522-14526.

1.0 equiv. Cu(OAc)s,
H,0,, MeCN, r.t.

'

®©

Gracilioether F
15% yield

First synthesis of (-)-Gracilioether F
. 8 steps synthesis
No protecting group used
Large amount of starting material
can be recovered in the last low
yielding step
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Independent Career

Lewis Acid Mediated [2+2] Cycloadditions

X

I

C
S =
X=0 or X .
CH(EWG) ’

[ stereospecific

activated or
unactivated alkenes

/4
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Independent Career

Cu/Pd Catalysis and Carboboration

/\/. —_— )\|/.
(Bpin),, ArX
Bpin

Catalyst controlled selectivity
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Independent Career

Photochemical Dearomative Cycloadditions

AN
O - e

Z
N

)

Ir

l O,

blue

v

L < N
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Independent Career

Lewis Acid Mediated [2+2] Cycloadditions

X
|
P
X=0 or
CH(EWG)
activated or
unactivated alkenes
Me ?H
(o] o) - /
H
Me
H H
Me
Me

(-)-Hebelophyllene E

stereospecific

Hippolachnin A

Cu/Pd Catalysis and Carboboration

/\/. O )\l/.
(Bpin),, ArX

Bpin

Catalyst controlled selectivity

Total Synthesis

aulD

sttt

(-)-Cajanusine

H

ent-[3]-Ladderanol

H

Photochemical Dearomative Cycloadditions

soglie

®

blue LEDs

L@

7\
—N

Gracilioether F
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Thank you for the attention

Grazie dell’attenzione I I

Multumesc pentru atentia I I

Larisa P. Pop
The Shenvi Lab, The Scripps Research Institute



