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Historical and biological context CPFL

H '
1,4-dihydropyridine

Calcium channel blockers

Iz

Nifedipine
Adalat

Reduction
=z NH, + 2H* + 2e" NH,
] — > [
N N
D Oxidation | |
I|2|bose(P) - 2H* + 2¢" Il?lbose(P)
ADP ADP
Biochemical Journal 2007, 402 (2), 205-218.
NAD(P)* + 2H" + 2e'<_’ NAD(P)H

Prof. Gunars Duburs
Born 1934

« Candidate of Chemical Sciences
dissertation - Synthesis and
Properties of
Dibenzoylenedihydropyridines and
Dibenzoylenepyridines

« Doctoral dissertation - The
Reactivity and Biological Properties
of 1,4-Dihydropyridines

« Atleast 153 papers on
dihydropyridines

Chem Heterocycl Comp 2015, 50 (10), 1365-1366.



Synthesis of DHPs - historical

H H Me N Me
H
o)
o o HJ\H 0 o) o
Me OEt .H,0 Me OEt
X
EtO OEt
+
O O NH, (NHJO -H Me™ I"Me
J L e ML o NH
Me OEt -H,0 Me OEt
liH*
O 0 o) o) o ©0
Et0” ) OBt <— EtOWOEt < EtO Z OEt
-H;0 Me Me
I | "Me
Me H Me HO H Me &0 NH

Ber. Dtsch. Chem. Ges. 1881, 14, 1637-1638.
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Synthesis of DHPs - modern

5 3
R R ||

/R4
Rl i
RS 0O o) R2

NH,

R1

Heterocycles 1988,

R3
A
N7 R Ré
R1 R5 /) R3
L7 0
R® 0O HN R2

R5 0/) R3
A IR
I f
NH;
\ iy
R4
R R3
R® S & R?2
NH;
R1
27 (1), 2609.

Chem Heterocycl Compd 1992, 28 (4), 363—391.
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Timeline

alkyl DHPs shown to undergo
fragmentation upon oxidation

List and McMillan apply HE in
organocatalysis —

Ma and Cheng reports radical
coupling of alpha bromo ketones
and substituted DHPs ~—

Melchiorre reports excited state -~~~
substituted DHP as photoreductant

Y

1970s

1983
2001

2005

2009

2016
2017

m
o

"1

HE used in biomimetic reduction of a,b-
unsaturated iminiums

DHP shown to act as a photoreductant

Stephenson uses HE as co-reductant for
photocatalytic dehalogenation

Nishibayashi and Sakata report substituted DHP a
radical source in photocatalytic radical aromati
substitution reaction

Molander and Nishibayashi report
Metallaphotoredox catalysis with substituted
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Oxidative fragmentation of alkyl substituted DHPs =

R

EtO,C CO,Et NOBF, EtO,C Y CO,Et .
B - ] + R
MeCN, ambient

Me N Me Me N Me
H temperature
Radicals observed in EPR

Me Me Me

R = \'m/ ; bw/\Me yes
|
R = H, Me, Et, Aryl, Vinyl no
Proposed mechanism o+
R
EtO,C CO,Et NO+ NO EtO,C CO,Et EtO,C yZ CO,Et
SO e o
Ered(NO+/NO) Me H Me Me @H Me
=150V

Res. Chem. Intermed. 2001, 27, 219-224



Oxidative fragmentation of alkyl substituted DHPs

MeO oM

tBu

1.17

o+

R ]
EtO,C CO,Et EtO,C Y CO,Et
| . ] R
Me N Me Me @N Me
H H
NO,
'1‘”311 3.44 K459 ‘?639 ‘F866 ‘1\’%362 22.80
AG*
3 S 0 12 15 18 21 24 7 30
NMGZ
NHBz Me S
3 ; Y ¢ ¥ )
3 37 7.45 12 95 21.48 26.60 31.80

RSC Adv. 2020, 10 (52), 31425-31434.
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Application in photoredox catalysis

4 Oxidative A pC* Reductive
E —— LUMO —— quenching \ quenching
hv
—_— —_ +e
B oy ’ i
o} o=
—— HOMO —— PC PC
hv
ground excited D A
state State
PC
D+. A_.
A t
Y 1
Absqrbtion If D = substituted DHP
Fluorgscence
%: E(PC*/PC-) > E(D+/D)
S —
0 1 E(DHP*/DHP) ~ 1V
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Photocatalysts of this presentation

[Ir(ppy)2dtbbpy]

E(PC™/PC*)=-1.73V tBu
E(PC/PC™)=0.31V

CF,

(

(
E(PC™*/PC)=0.77 V
E(PC/PC™) = -2.19 V

E(PC™*/PC*)=-0.96 V Cz
E(PC/PC™)=0.66V NC

(
( CN Cz:
N
E(PC*/PC)=1.21V
N Cz Cz
E(PC/PC™))=-151V Cz

4CzIPN

Inorg. Chem. Front. 2014, 1 (8), 562-576.

m
O
N
—

E(PC™*/PC*)=-0.89 V
E(PC/PC")=1.21V
E(PC™*/PC)=1.69 V
E(PC/PC™)=-1.37V

E(PC™*/PC*) =-1.04 V
E(PC’/PC™)=1.35V
E(PC™*/PC)=1.52V
E(PC/PC™))=-1.21V
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Application in photoredox catalysis

(@)
fac-Ir(ppy)s (0.1 mol %)  R?
R1 R3 y R1 R3
12 W white LEDs
Me MeCN, rt, 2 h R

X = COztBu; CN

Selected examples

82 % 71 % 50 %

m
N
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J. Am. Chem. Soc. 2016, 138 (38), 12312-12315.



Application in photoredox catalysis o ~1=

E(RBr/RBr™) E(DHP/DHP™)
=-1.65V R.B R-DHP ~ 12V
RN -—— R- BI’ R- DHP+ R’
Ir(lll)*
E(PC*/PC*) E(PC*/PC") DHP*
R-R =-1.73V =0.31V R-R
Ir(IV) Ir(ll)
R° <«—— R- DHP E(PC*/PC E(PC/PC R’
E(DHP/DHP™)
oy R-DHP R.B E(RBr/RBr™)
=-1.65V

No SV quenching of Ir(lll) by R-DHP!
Conversion of DHP in the absence an electron acceptor

Updated mechanism - involving excited state DHP

13
J. Am. Chem. Soc. 2016, 138 (38), 12312-12315.

Advanced Synthesis & Catalysis 2018, 360 (5), 925-931.



Application in photoredox catalysis “pPTL

YO,C CO,Y  radical precursor PC, hv
| + > product
radical trap
Y = Et or tBu
Reagent Photocatalyst Product
NCOCN fac-Ir(ppy)s NCOR ChemCatChem 2016, 8 (6), 1028-1032.
MeO,C CO,Me 4 MeO,C CO,Me
r
]/ + Sc(OTf); Org. Lett. 2018, 20 (21), 6877-6881.
Ar R
CF; CF,
)\Ar [Ir(ppy)2dtbbpy]PFe R \)I\Ar Asian J. Org. Chem. 2019, 8 (5), 661-664.

Jk/\ 4CzIPN ; R Org. Lett. 2018, 20 (21), 6840—6844.
Ar OTs Ar
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Application in photoredox catalysis cp

R
Et02C COzEt PC’ hv SO O\\/P
| 2, R —2% R’S' —® . sulfonyl compounds
Me N Me
H
R
DABCO+(SO
EtO,C CO,Et (SO2)2 osyn Y (5 mol %) NH,
| | + N3 y ROZS A R1
Me~ "N~ “Me DCE, 0 °Ctort, 12 h
H /\R1 35 W white CFL
R
DABCO+(SO
EtO,C ) CO,Et (SO2)2 4GZIPN (3 mol %) SO,RO
+ - 2 1
Me” "N~ “Me «\)OL DCE, rt, 48 h R R
H R2°X\ r1 35 W white CFL

15
Chem. Commun. 2019, 55 (14), 2062-2065.

Chem. Commun. 2019, 55 (43), 6010-6013.



Application in photoredox catalysis

R-DHP

=+ R
-DHP
Ir(ll1)* R-D i

H-Py* l

Ir(ll)
1
Ir(111)
SO,RO H-Py* SO,RO
R2 S R1 R2 R1

Chem. Commun. 2019, 55 (14), 2062-2065.
Chem. Commun. 2019, 55 (43), 6010-6013.

SO,

/\)j\

m
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Application in photoredox catalysis “pPTL

tBUOZC COztBU

(@) R
Rh-cat (4 mol %)
I | > N\ R1
21 W CFL
Me Me \ N
“Ph

H MeCN, rt, 16 h

Selected examples

o) Bn
N N«
\ .
Ph F

91 %, 95 % ee 85 %, 97 % ee 85 %, 97 % ee

Me Me

17

J. Org. Chem. 2018, 83 (18), 10922-10932.



Application in photoredox catalysis =

o
j)J\/'\ N Wm
=
% [Rh] 7 Me
H-Py \K SOtBu
© [Rh]—O [Rh]-—-0

@/\* S ™
\ Neon ® W
~ H-Py / “Ph
R
\ /)\(R-DHP'Jr / hv
© [I?h]—O K [Rh]--- —l *
\
N‘Ph </N

R-DHP

18

J. Org. Chem. 2018, 83 (18), 10922-10932.



Application in photoredox catalysis

R o OC (4 mol %) 0
EtO,C CO,Et | TFA (80 mol %) |
[ ] Y -~
M N M HP single LED (420 nm) ,
Ny © Ar  jrradiance 40+2 mW/cm? Ar” 'R
MeCN/pefluorohexane 4:1
-10°C, 14 h
Selected examples
o o o
I I I
“1Bu Ko 'W/(\Me
MeO Me
60 %, 74 % ee 38 %, 83 % ee 69 %, 60 % ee

ACS Catal. 2018, 8 (2), 1062-1066.

OTDS
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Application in photoredox catalysis CprC
(0] (0)
I I
| |
ArAR  ER Ar

F
F
Ar
_ OTDS SN
® Ar
H-Py
R ‘( hv
R- DHP
F *
mr j _l
Ar
Ar
OTDS ®N Ar
I OTDS
| ACS Catal. 2018, 8 (2), 1062-1066.
Ar

\__

20
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Application in metallaphotocatalysis

m
v
N
—

Metallaphotocatalysis

( "M How to modulate reactivity of a transition metal complex?

* Ligand design
» Oxidation state change -

. Excitation Photo(redox) catalysis ——» Radical

generation via
PET

PC, TM
Y—-R + X—R! > R—R'
hv

activated by PC activated by TM

21



Application in metallaphotoredox catalysis = =1=
Molander:
4CzIPN (3 mol %)
R [Ni(dtbbbpy)(H,0)4]Cl, (5 mol %)
EtO,C CO,Et conditions acetone, blue LEDs
| | + Ar—Br » Ar—R 24 h, rt
Me N Me Nishibayashi:
H fac-Ir(ppy)s (1 mol %)
+ NiCl, (10 mol %)
H-Py dtbbbpy (15 mol %)
+- NaOAc (1.5 equiv,)
DHP DMI, 14 W white LEDs
x_\ 40 h, rt
R-DHP Ir(ll) SNi(0)
( 'Ni(I)—R
N”
Ir(1)* ArBr
N Ar

l,, . N/,, |
(i) (N/Nl(l)—Br (N/'r;li(lll)—R
hv i Br

ACS Catal. 2016, 6 (12), 8004—8008. 22
Angew. Chem. Int. ed. 2016, 55 (45), 14106-14110.



Application in metallaphotoredox catalysis

4CzIPN (2 mol %)
NiBr,*DME (5 mol %)

dMeObbpy (7 mol %) (OR)m
acetone, blue LEDs /
24 h, rt o@) )
> n
Ar—Br
Ar
j\ (OR)m,
R” “OH [
S, o Y,

4CzIPN (2 mol %)
NiCl,(dtbbpy)**H,0 (6 mol %)
DMDC (2 equiv.)
acetone/iPrOAc (2:1),

O blue LEDs, 24 h. rt MeO
o)
Q o OMe Selected examples OO O OMe

S OMe -——
o_ O O O
Me Me Me Me

58 % 80 %

Angew. Chem. Int. Ed. 2018, 57 (22), 6610-6613. 23

Angew. Chem. Int. Ed. 2018, 57 (22), 6614—6618.

m
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Application in metallaphotoredox catalysis

fac-Ir(ppy)sz (1 mol %)
NiCl, (10 mol %)

R 1
dtbbpy (15 mol %) RN, ifR" = alkyl
Et0,C COEt NaOAc (1.5 equiv.) R d
| I + \/\|
Me N Me
H

o
14 W white LED R
THF, 25 °C, 18 h RK/ if R" = aryl
H-Py*
+e .
DHP —L» R
N/>.\
R-DHP Ir(IN) (N SNi(0) (N,,,
‘Ni()—R
N( ()_ hy
[Ir] '
Ir(ll1)* R = R1\)
(1) \/\I<— S
N N inyl

/,, . /,, |
(i) (N,Nu(l)—Br (N’W"I)_R
hv i Br

Vinyl-R

Chemistry — An Asian Journal 2018, 13 (23), 3653—3657.

m
N
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Application in metallaphotoredox catalysis “P=L

R

EtO,C CO.Et OAc _Ir(ppy)2(dtbbpy)PFg (2 mol %) R MeO E PAr,
2 2 __Pdadbag (2.5 mol %), L (6 mol %

45 W blue LEDs
Me H Me K,CO3, MeCN, rt, 24 h

OAc Ar- OMe

H-Py* J\/ '
. ! \f‘;‘ tBu

DHP
A\ OMe
R-DHP Ir(l1) pd(o) tBu
P ( Pd(II)—AIIyI
p”

Ir(l1)* R’

N, ® P, ® Allyl

(P/Pd(lll);‘\

Ir(1ll)

N
hv ‘

J. Am. Chem. Soc. 2018, 140 (49), 16914-16919.



Excited state reactivity =

EtO,C CO,Et v EtOC CO,Et

Me N Me Me N Me
H H

o+ -
E(R-DAPTR-DAP) =1V by Rehm-Weller approx. ~ E(R-DHP™/R-DHP*) ~ -2 V

long wave tail in absorbtion
spectra =420 nm ~ 3 eV

Photocatalyst not neccesary?

Bn HP single LED (405 nm) Bn—H Bn—Bn

EtO,C o COzEt jrradiance 50+3 mW/cm? g5 o4 NMRY 7 % NMRY
>

Me” N e MeCN, 16 h, rt Et0,C.__~_ COEt
|

Me N Me
99 % NMRY

26

Angew. Chem. Int. Ed. 2017, 56 (47), 15039-15043.



Excited state reactivity

R
CO,Et
+
N Me
H
R-DHP*

-

mrpre
|=P|'L
Ar—Br NiCl*DME (5 mol %) Ar—R
bpy (10 mol %)
or — —> or
2.6-lutidine (1 equiv.)
j)l\ HP single LED (405 nm) j)l\
MeCN, rt, 24 h
R ~cI R" °R
H-Py*
V é
. N,>_\
R-DHP (N(’Ni(O) (N,,, _
SNi(—R
Ar—Br
( “Ni(ty—B (N"ﬁr
RDHP* (o i(I—Br N(r;h(lll)—R
{ Br
Ar-R
27

Angew. Chem. Int. Ed. 2017, 56 (47), 15039-15043.



Excited state reactivity

m
N

F
F
Ar
Amine catalyst (20 mol %) ? N Ar
TFA (80 mol %) H OTDS
-
HP single LED (460 nm) .. _0O F.C CF
R' MeCN,-15°C,40h  R! "/Ié 3 3
(o) R
: l Ar: «wnn
via .
J .
28

Angew. Chem. Int. Ed. 2020, 59 (13), 5248-5253.



Excited state reactivity

—J

R
EtO,C CO,Et EWG Ni(bpy)s(BF,), (10 mol %) EWG
+ y
l | W HP single LED (405 nm) J/
Me Ir:ll Me MeCN, rt, 16 h R
hv _ o EWG -H-Py"
R-DHP —=——> R-DHP* Ni(l) J/
R
E(R-DHP++/DHP*) ~ -2V E(Ni(I1)/Ni(1)) E(R+/R-)
=-1.35V =-0.54 V
EWG
o+ ¢
R-DHP Ni(ll) /r
* 'H'Py+ R

EWG

I

Angew. Chem. Int. Ed. 2019, 58 (15), 4953—-4957.

R

EWG

m
N
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Conclusions

1)

2)

3)

4)

5)

Jj
'R ) R via R-DHP
E(R-DHP"*/R-DHP) ~ 1V

R-DHP can be used as radical precursors in photoredox
+ organo or TM catalysis

hv

R-DHP -«— R-DHP*

E(R-DHP**'R-DHP*)~ -2 V
good photoreductant

Drawback - stoichometric amount of high MW waste

Principial references: Acta Chimica Sinica, 2019, 77(9): 814-831; Synlett 2017, 28 (2), 148-158.

m
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Perspectives — application of R-DHPs in electrochemistry

m
N

R-DHP
PC* ANODE CATHODE
A
R-DHP™ R-DHP A
—_ \ e'
Y PC S
/
A -
e +, —
Y R-DHP A
PC *
K Y
Prod

32



Question 1 cpr|

=
R1
O !
04 L Me O N g2 4CzIPN (1.5 - 3 mol %)
c1” o R -
NiClyeglyme (5 mol %) (o)
EtO,C CO,Et Me EtO2C CO.Et 4-4'-dMeObbpy R
| | > | | + Ar—Br —> Ar N~
R' _R? Na,CO; (1.5 equiv.) H
Me”~ "N~ "Me H Me H Me HP single LED (405 nm)
H THF, rt, 16 h
J
. R1 .
via \N
Angew. Chem. Int. Ed. 2019, 58 (4), 1213-1217. R2
(0 OH
EtO,C CO,Et Propose the starting materials for the synthesis of DHP-carboxylic acid

| | first reported by Dubur et. al. Chem. Heterocycl. Compd. 1972, 5, 762—-763

Me N Me
H

NH, O o)
5 2 T EtO,C CO,Et
Me OEt AcOH, 10 °C to rt

(0 16h Me H Me

33



Question 2

R
DABCO+(SO
EtO,C CO,Et (SO2)2 Eosyn Y (5 mol %) NH,
| | + N3 y ROzs\/\R1
Me N Me DCE,0°Ctort,12h
H /\R1 35 W white CFL
E(PC™*/PC*) =-1.11 V
propose a catalytic cycle E(PC*/PC™)=0.78 V
R R E(PC*/PC)=0.78 V
Et0,C CO,Et Et0,C CO,Et E(PC/PCT)=-1.06 V 5
/,
| | | | —» R — 5 R—S/-
Me” "N~ “Me Me” "N “Me p
H H *
o el e ¥
®N)
|
hv N - ©N
Rozs\)LR1 Rozs\)\lR 1
PC SN NH,

m
N
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Question 3

szdba3,L
R

Ir(ppy)2(dtbbpy)PFg

R

Ph
v
K,COs3, MeCN

Ph =
blue LED, 12h
OAc

Pd2dba3,L
EosynY

K,COs3, MeCN
blue LED, 12h

|||x

P " pp

Eosyn Y ~ 44 kcal/mol triplet energy
Ir(ppy2)(dtbbpy)PFg ~ 50 kcal/mol triplet energy

35
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Hetero-radical cyclization

EPFL LSPN

N-centered radical initiator

Type |

intra-/intra-
molecular cascade

(0]
R R
N base, Type Il
_ photocatalyst L,
F——
intra-/inter-
\H Blue LEDS molecular
+S cascade
Type IlI

intra-/inter-/intra-
molecular cascade

Acc. Chem. Res. 2019, 52, 1877-1891

Eburnane Alkaloids

Akuammiline Alkaloids

Corynanthe,
Heteroyohimbine,
___ 5 Yohimbine,
Cinchona and
Strychnos Alkaloids

29/03/21 Dan Forster 1



Hetero-radical cyclization =PrL LSPN

Eburnane Alkaloids : (-)-terengganensine A

1mol%
OB Ir(dtbbpy)(ppy)2PFs
/l N KHCOj,, blue LEDs
| degassed THF, 35°C
CN 75%, 3:2 drat C20

Grubbs Il

cat
—_——

82%

(-)-terengganensine A

1) Chem. Commun., 2018, 54, 9510
2) Angew. Chem., Int. Ed. 2016, 55, 6556

29/03/21 Dan Forster 2



Hetero-radical cyclization =PrL LSPN

Akuammiline Alkaloids : (=)-strictamine

0.5mol%
Ir(dtbbpy)(ppy)2PFg
KHCOg3, blue LEDs
degassed THF, 35-40 °C

OH
HO

12 steps

—_—
N\HHN
N

then vinyIMgBr
Z > CHo then Na/Naphtalene

47%, 1.2:1 dr at C16 Bz

OH

(=)-strictamine

1) Angew.Chem. Int.Ed. 2019, 58,6059 —6063

29/03/21 Dan Forster 3



Hetero-radical cyclization =PrL LSPN

Strychnos Alkaloids : (+)-strychnine

0.5mol%

Ir(dtbbpy)(ppy)2PFg H
KHCOg;, blue LEDs ( H N -
OTIPS
N
degassed THF, 37 °C H H —CN

80%, 2.5:1 drat C15

SnCly, tBuOCI
PhMe, -15°C
then LIHMDS

30%

(+)-strychnine

1) Org. Lett. 2019, 21, 1, 252-255

29/03/21 Dan Forster 4



Hetero-radical cyclization =PrL LSPN

First apparition of N-acylcyanamides as radical acceptors, N-centered radical
intermediate

X O
X OMs —» N pyridine (5 equiv) N

N
N7 I 'l CgHg, air, hv IEI

N 54%
luotonin A

0 T
o — OO
N

Luotonine A already synthesized using radical cascades : Bowmann, Org. Biomol. Chem.
2005, 3, 1460 ; Curran, Synlett 2005, 18, 2843

Similar radical cyclization for synthesis of various camptothecine (Curran)
Curran : Bioorg. Med. Chem. Lett. 2005, 15, 4736, Tetrahedron, 1996, 52, 11385; Chem. Eur. J. 1998, 4, 67; J. Am.
Chem. Soc. 1991, 113, 2127

M. Malacria : Angew. Chem. Int. Ed. 2007, 46, 576; Tetrahedron, 2013, 69, 7699

29/03/21 Dan Forster 5



Hetero-radical cyclization =PrL LSPN

Zard : several methods for generation of amidyl radicals

Synlett 1996, 12, 1148; Tetrahedron lett. 1995, 36, 8791; Tetrahedron Lett. 1999, 39, 2125

‘H  BuzSnH, ACCN

PhCF, rt
2%

13-Deoxyserratine

Zard : Angew. Chem. Int. Ed. 2002, 41, No. 10

29/03/21 Dan Forster 6



Hetero-radical cyclization

EPFL LSPN

Amidyl radical initiator

— P

aspldospermldme

BuzSnH, ACCN MeOQC
PhCF3, reflux
53%

Zard : Org. Lett. 2006, 8, 5, 831-834

29/03/21

Dan Forster 7



EPFL LSPN

Polyene radical cyclization

TBSO,,, Fe(acac); (25 mol%) - H
OEt o PhSiH; (2.5 equiv) 3 )
EtOH / glycol, 60 °C A OAc

Hispidanin A

\ 1

o}
TBSO,, CO,Et EtO,C
. l /2\‘ HO/,' (e}
* &/4 j i
g H
o

Angew. Chem. Int.Ed. 2017, 56,5849 —5852

29/03/21 Dan Forster 8



=PFL LSPN

aspidospermidine

N3 N / N
TTMSS, AIBN (
/ — AW
CeHe, reflux ‘ .
N 40% N N H
I Ms H

o N
N3 ’/N
N7
. .
Q%@/A &5
N—r
N
Ms H

J. Chem. Soc., Perkin Trans. 1, 1999, 995-1001

29/03/21 Dan Forster 9



=PrFL

LSPN

OH, (+)-3-Hydroxy-spongian-16-one
Synthesis 2001, No. 8, 1114-1116

o)
BU3SnH
| O ABN
PhSe benzene
80 °C
0 65%

ﬁc
ae
PhSe |
o

D-homo-12-azasteroid 16

J. Chem. Soc., Perkin Trans. 1, 1998 2

29/03/21 Dan Forster



=PFL LSPN

MeO BusSnH
:@\%\ AIBN
R SPh ——>
HO Br NMeTs benzene
Y e
65%

morphine

K. A. Parker, D. Fokas, J. Am. Chem. Soc. 1992,
114, 9688-9689

29/03/21 Dan Forster



=PFL LSPN

c SnBus
Boc

Bo
N N
©§—/—Z}/ Bu3SnH ©\;_/73\‘/)/

meloscine

J. Am. Chem. Soc. 2011, 133, 27, 10376—
10378

29/03/21 Dan Forster



=PrFL

LSPN

OH OH

1) BusSnH, AIBN “\>
d > ’il Cing
/N: 2) TsOH

// 68%

J. Am. Chem. Soc. 2019, 141, 33, 13043—-
13048

29/03/21
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=PrFL

LSPN

BU3SnH
ACCN
Et

Et0,C

puberuline C framework

Chem. Sci., 2016, 7, 4372

29/03/21
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TTMSS
©\ = AIBN
2 40%
N =
i Ms H
aspidospermidine
N3 1) TTMSS
| AIBN
2) acetylation
N ) 65%
oMe M8 0Bn

vindoline

S. Zhou, S. Bommezijn, J. A. Murphy, Org. Lett. 2002, 4, 443-445

N _ o
| 3 TTMSS NH NMe R = OMe horsifiline
R AIBN R R
[ o
\CL 40% 0 N R =H coerulescine
N O N H
Bn
D. Lizos, R. Tri- poli, J. A. Murphy, Chem. Commun. 2001, 2732-2733;
D. E. Lizos, J. A. Murphy, Org. Biomol. Chem. 2003

29/03/21 Dan Forster



EPFL LSPN

\
Q \
o)

BoeN— 2N N~/ BusSnH, ACCN BuzSnH, ACCN

\ 4 toluene, reflux BocN A\ toluene, reflux

77%,dr3.3:1 = Y 77%, dr 3.3 : 1

o)
0 HBuU3Sn Stephacidine A
Org. Biomol. Chem., 2013, 11, 4957

29/03/21 Dan Forster é



EPFL LSPN

OAc OAc(l)
Sm|2
THF/tBUOH, 0°C OAc
88% L Me
Ho M = oH

M902c

pleuromutilin analogues

Chem. Eur. J. 2013, 19, 6718 — 6723

29/03/21 Dan Forster
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agelferin

J. Am. Chem. Soc. 2016, 138, 43, 14504

29/03/21 Dan Forster



EPFL LSPN

~

ﬁ BU3SnH 0 OH BU3SnH
BN ( > AIBN

. —_—_—

toluene, 100°C o toluene, 100°C

52% 52%

Org. Chem. Front., 2017, 4, 2211

5-epi-7-deoxy-isoabietinin A

29/03/21 Dan Forster



=PrFL

LSPN

(0] (0]
EtOzC
Eto)‘\(j % lauroyl peroxide % EtO
Etolrsvgo $ - %
matrine analogues
Eur. J. Org. Chem. 2017, 2481-2485
29/03/21 Dan Forster é
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Smlll
o] o’ ,
\ Smly, LiBr ) Smly, LiBr
t-BuOH r- t-BuOH
X - X
07 I hE, 78ec 0T > THF, -78°C
oo 54% N 54%  Sml, O O
N\ sml Sml

—_— —_—
mi! i < i é 1
O O/ HO
smlll/

maoecrystal Zz

J. Am. Chem. Soc. 2011, 133, 14964-14967

29/03/21 Dan Forster
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W H
WOH Me N

L
Me = (@]
e \/W “Me Me OJ\Me

MeO
Me

Spliceostatin A
anti-tumor activity

CF,CO,

HN—
*H,N wn
RIS

(+)-Monanchorin
ion-pump inhibitor

Tetrahydropyran Scaffold Importance

(+)-Attenol B
cytotoxic activity

Me\

HOY

HOY A
Sorangicine A
antibacterial activity

D. Kaida , H. Motoyoshi , E. Tashiro , T. Nojima , M. Hagiwara , K. Ishigami , H. Watanabe , T. Kitahara , T. Yoshida , H. Nakajima , T.
Tani , S. Horinouchi and M. Yoshida, Nat. Chem. Biol., 2007, 576-583. N. Takada , K. Suenaga , K. Yamada , S.-Z. Zheng , H.-S.
Chen and D. Uemura, Chem. Lett., 1999, 1025-1026. K. M. Meragelman , T. C. McKee and J. B. McMahon, J. Nat. Prod., 2004, 1165-
1167. R. Jansen, V. Wray , H. Irschik , H. Reichenbach and G. Hofle, Tetrahedron Lett., 1985, 6031-6034.

2



=PrL Tetrahydropyran Ring Construction

| ¢
Ring-Closing Metathesis f ——— (j
0
0

A —————————————————————————————————————————————————————————————————————————————
For RCM see: A. Deiters and S. F. Martin, Chem. Rev., 2004, 2199-2238.



=PrL Tetrahydropyran Ring Construction

Hetero-Diels-Alder

"/\

o”?

Ring-Closing Metathesis f  C— ;@w
O
o

A —————————————————————————————————————————————————————————————————————————————
For RCM see: A. Deiters and S. F. Martin, Chem. Rev., 2004, 2199-2238. For HAD see: M. M. Heravi, T. Ahmadi,M. Ghavidel,

B.Heidari and H. Hamidi, RSC Adv., 2015, 101999-102075.



=PrL Tetrahydropyran Ring Construction

Hetero-Diels-Alder

"/\

o”?

Prins cyclization

| A
Ring-Closing Metathesis z (\«vw E\ Petasis-Ferrier rearrangement
g g f ——— 3 — 7 9
0 +

Panek annulation

For RCM see: A. Deiters and S. F. Martin, Chem. Rev., 2004, 2199-2238. For HAD see: M. M. Heravi, T. Ahmadi,M. Ghavidel,
B.Heidari and H. Hamidi, RSC Adv., 2015, 101999-102075. For Prins cyclization see: X. Han, G. R. Peh and P. E. Floreancig, Eur. J.
Org. Chem., 2013, 1193-1208. For Petasis-Ferrier see: E. C. Minbiole and K. P. C Minbiole, The Journal of Antibiotics 2016, 213-219.
Seminal work on the Panek annulation: Q. Su and J. S. Panek, J. Am. Chem. Soc., 2004, 2425-2430.



Pi-L Tetrahydropyran Ring Construction

Hetero-Diels-Alder

(\

o”?

Prins cyclization

| N
Ring-Closing Metathesis f  C— % — C Petasis-Ferrier rearrangement
(o)
O +

Panek annulation

H
Q. Q)

OH LG

Nucleophilic substitution cyclisation
Metal-mediated alkene cyclization

For RCM see: A. Deiters and S. F. Martin, Chem. Rev., 2004, 2199-2238. For HAD see: M. M. Heravi, T. Ahmadi,M. Ghavidel,
B.Heidari and H. Hamidi, RSC Adv., 2015, 101999-102075. For Prins cyclization see: X. Han, G. R. Peh and P. E. Floreancig, Eur. J.
Org. Chem., 2013, 1193-1208. For Petasis-Ferrier see: E. C. Minbiole and K. P. C Minbiole, The Journal of Antibiotics 2016, 213-219.
Seminal work on the Panek annulation: Q. Su and J. S. Panek, J. Am. Chem. Soc., 2004, 2425-2430. For Nucleophilic substitution and
metal-mediated alkene cyclization see: M. A. Brimble , K. P. Kaliappan , A. J. Moreno-Vargas , K. Palanichamy , M. A. Perry , J. D.
Rainier , S. D. Rychnovsky , N. Sizemore , L. A. Stubbing and P. Vogel , Synthesis of saturated oxygenated heterocycles. I, 5- and 6- 3
membered rings , Springer, Berlin, 2014.



Pi-L Tetrahydropyran Ring Construction

Hetero-Diels-Alder

"/\

o?

Prins cyclization

| N
Ring-Closing Metathesis f  C— 3 — C Petasis-Ferrier rearrangement
(0]
O +

Panek annulation

(o:Lx (o;LLG
Nucleophilic substitution cyclisation

Metal-mediated alkene cyclization
"Achmatowicz" reaction

For RCM see: A. Deiters and S. F. Martin, Chem. Rev., 2004, 2199-2238. For HAD see: M. M. Heravi, T. Ahmadi,M. Ghavidel,
B.Heidari and H. Hamidi, RSC Adv., 2015, 101999-102075. For Prins cyclization see: X. Han, G. R. Peh and P. E. Floreancig, Eur. J.
Org. Chem., 2013, 1193-1208. For Petasis-Ferrier see: E. C. Minbiole and K. P. C Minbiole, The Journal of Antibiotics 2016, 213-219.
Seminal work on the Panek annulation: Q. Su and J. S. Panek, J. Am. Chem. Soc., 2004, 2425-2430. For Nucleophilic substitution and
metal-mediated alkene cyclization see: M. A. Brimble , K. P. Kaliappan , A. J. Moreno-Vargas , K. Palanichamy , M. A. Perry , J. D.
Rainier , S. D. Rychnovsky , N. Sizemore , L. A. Stubbing and P. Vogel , Synthesis of saturated oxygenated heterocycles. I, 5- and 6- 3
membered rings , Springer, Berlin, 2014.



=PrL Seminal Works

» Meinel (1935):

Me
OMe
OMe

MeO _
7\ Br, in MeOH 0
o : \ OMe MeO (o)
OMe

~40% "not observed”

L ______________________________________________________________________________________________________________________________________________________________
(a) K. Meinel, Justus Liebigs Ann. Chem. 1935, 231-243.



=PrL Seminal Works

» Meinel (1935):

MeO =\ OMe
Br, in MeOH
MeO (o)
OH OMe
OMe

~40% "not observed”

» Clauson-Kaas and coworkers (1947):

Br, (0.9 equiv.)

— H,SO, (80 equiv.)
I\ KOAc (1.8 equiv.) OMe N,H, (2 equiv.) (=>_\
o > MeONg - N
MeOH (0.5 M), -7 °C 100 °C N—N  OH
' 4

OA A
¢ 66% OAc via 0%
O=/_>_\
(o) OAc

. ______________________________________________________________________________________________________________________________
(@) K. Meinel, Justus Liebigs Ann. Chem. 1935, 231-243. (b) N. Clauson-Kaas, F. Limborg, H. Theorell, A. Linnasalmi and P.

Laukkanen, Acta Chem. Scand. 1947, 619-623.



=P-L Seminal Works

» Meinel (1935):

MeO =\ OMe
Br, in MeOH
MeO (o) o
OH OMe
OMe

~40% "not observed”

» Clauson-Kaas and coworkers (1947):

Br, (0.9 equiv.)

— H,SO, (80 equiv.)
I\ KOAc (1.8 equiv.) OMe N,H, (2 equiv.) (=>_\
o > MeONg - N
MeOH (0.5 M), -7 °C 100 °C N—N  OH
' 4

OA A
¢ 66% OAc via 0%
O=/_>_\
(o) OAc

» Cavill and coworkers (1969):

Br, (0.8 equiv.) —
Me 2 . Me Et
EtWEt Na,CO; (2.3 equwi Et%OMe HCI (0.002 M) . o) J oH
HO MeOH (1.7 M), -50 °C HoMeO 0" “Et rt Me
Et
40% 66%

(@) K. Meinel, Justus Liebigs Ann. Chem. 1935, 231-243. (b) N. Clauson-Kaas, F. Limborg, H. Theorell, A. Linnasalmi and P.
Laukkanen, Acta Chem. Scand. 1947, 619-623. (c) G. W. K. Cavill , D. G. Laing and P. J. Williams, Aust. J. Chem., 1969, 2145-2160. 4



=P-L Seminal Works

» Meinel (1935):

MeO =\ OMe
Br, in MeOH
/0\ 2 > \ OMe Meo&(OMe
MeO (o) o
OH OMe
OMe

~40% "not observed”

» Clauson-Kaas and coworkers (1947):

Br, (0.9 equiv.)

— H,SO, (80 equiv.)
I\ KOAc (1.8 equiv.) OMe N,H, (2 equiv.) (=>_\
o > MeONg - N
MeOH (0.5 M), -7 °C 100 °C N—

OA A N OH
¢ 66% ONC via 40%
o=/_>_\
o OAc

» Cavill and coworkers (1969):

Br, (0.8 equiv.) —
Me 2 . Me Et
. . . (0]
Etﬁ/Q\Et Na,CO; (2.3 equw») EtwOMe HCI (0.002 M) . J oH
MeOH (1.7 M), -50 °C HO rt e

HO Meo O Et Me” L
40% 66%

» Achmatowicz and coworkers (1971):

Br, (1.1 equiv. - 2% H,SO -
MeOH/Et,0 (0.8 M, 8:2) MeO (0 rt o
-35°C
73% quant.

HO

(@) K. Meinel, Justus Liebigs Ann. Chem. 1935, 231-243. (b) N. Clauson-Kaas, F. Limborg, H. Theorell, A. Linnasalmi and P.
Laukkanen, Acta Chem. Scand. 1947, 619-623. (c) G. W. K. Cavill , D. G. Laing and P. J. Williams, Aust. J. Chem., 1969, 2145-2160. 4
(d) O. Achmatowicz, P. Bukowski, B. Szechner, Z. Zwierzchowska and A. Zamojski, Tetrahedron 1971, 1973-1996.
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Mechanism

2
B
R o
OH
o OH
R2 o

Br,

-Br

Br R2
WR1
R O

OH

MeOH

-H*

H,0*

- MeOH

Br
2
MeO \ RR1
R3S O
OH
MeOH |- HBr
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=PrL Developments

» MCPBA Lefebvre and coworkers (1973):

2 T\ _OH 1 R2 R3 =
e R s mCPBA (15equiv) _ O O RLRZR= H,alkyl, aryl
0 CHCI, (0.25M), 10 °C to rt re T 0 72 exzrgsleif y
OH 90 min R up to 90% yie

L ______________________________________________________________________________________________________________________________________________________________
() R. Laliberte, G. Medawar and Y. Lefebvre, J.Med.Chem.1973,1084-1089.



=PrL Developments

» MCPBA Lefebvre and coworkers (1973):

—\ _OH
. I\ R2R3 mCPBA (1.5 equiv.) _ fo) R R', R?, R3 = H, alkyl, aryl
o CHCl, (0.25M), 10 °C to rt r2 10 72 examples
OH 90 min R3 up to 90% yield
» NBS Georgiadis and coworkers (1986):
R2 = R'=H, CH,
[\ R NBS (1.3equiv) O OH R2=y, Ar
o THF/H,O0 (0.4M, 4:1), 0 °C rR2T o 8 examples
OH R up to 78% yield

. ________________________________________________________________________________________________________________________________________________________________7
(@) R. Laliberte, G. Medawar and Y. Lefebvre, J.Med.Chem.1973,1084-1089. (b) M. P. Georgiadis and E. A. Couladouros, J. Org.

Chem., 1986, 2725-2727. 6



=PrL Developments

» MCPBA Lefebvre and coworkers (1973):

2 ~—\_OH 1 R2 R3 =
. I N R mCPBA (1.5equiv) _  © rt RLRLRE=H,alkyl, aryl
o CHCl, (0.25M), 10 °C to rt r2 10 72 examples
OH 90 min R3 up to 90% yield
» NBS Georgiadis and coworkers (1986):
R2 = R'=H, CH,
[\ R NBS (1.3equiv) O OH R2=y, Ar
o THF/H,0 (0.4M, 4:1), 0 °C rR2 T o 8 examples
OH R up to 78% yield
> PIDA Piancatelli and coworkers (1995):
. R'=H or Me
Phl(OAc), (1.0 equiv.) —\ OH
2
) / \ R RS Mg(ClIO,), (2.0 equiv.) o (o) R Rj = H, cyclohexyl, Ph
o HFIP or MeCN, rt to 50 °C r2 T 0 R™=H, alkyl
OH 1to2h R3 10 examples

up to 95% yield

. ________________________________________________________________________________________________________________________________________________________________7
(@) R. Laliberte, G. Medawar and Y. Lefebvre, J.Med.Chem.1973,1084-1089. (b) M. P. Georgiadis and E. A. Couladouros, J. Org.

Chem., 1986, 2725-2727. (c) A. De Mico, R. Margarita and G. Piancatelli, Tetrahedron Lett. 1995, 3553-3556. 6



=PrL Developments

» MCPBA Lefebvre and coworkers (1973):

2
R1mR3 mCPBA (1.5 equiv.)
o” 1, CHCI, (0.25M), 10 °C to rt._

90 min

R', R?, R3 = H, alkyl, aryl
72 examples
up to 90% yield

» NBS Georgiadis and coworkers (1986):

r2 R! = H, CH,

wR1 NBS (1.3 equiv.) @’ RZ=H, Ar

oo 1 THF/H,O (0.4M, 4:1), 0 8 examples
{><R1

up to 78% yield
> PIDA Piancatelli and coworkers (1995):

1=
PhI(OAc), (1.0 equiv.) R"=H or Me
R? = H, cyclohexyl, Ph

T\ R Mg(CIO,), (2.0 equi
3 d(ClO,), (2.0 equiv.)
R’ R R3 = H, alkyl
o . HFIP or MeCN, rt to 50 °c ’

1to2h 10 examples
__PDA Ut
R

up to 95% yield
- I—OAc A - I—OAc
—»
AcO® -AcOH R2 o
R3

- Phi

O'+,

—_— 1
o o
R3 R3

(@) R. Laliberte, G. Medawar and Y. Lefebvre, J.Med.Chem.1973,1084-1089. (b) M. P. Georgiadis and E. A. Couladouros, J. Org.
Chem., 1986, 2725-2727. (c) A. De Mico, R. Margarita and G. Piancatelli, Tetrahedron Lett. 1995, 3553-3556.

R2

6



=PrL Developments

» Sharpless epoxidation Sato and coworkers (1987):

TBHP (0.6 equiv.)
Ti(OiPr),4 (1.0 equiv.)

1 -
el N R (+)-DIPT (1.2 equiv.) el N R rponorie
o DCM, -20 °C, 25 h o alkylor
OH ’ ’ OH 6 examples
R!' OH
~40% yield  ~50% yield
>95% ee dr not given

. ________________________________________________________________________________________________________________________________________________________________7
(a) Y. Kobayashi, M. Kusakabe, Y. Kitano and F. Sato, J. Org. Chem. 1988, 1586-1587.
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» Sharpless epoxidation Sato and coworkers (1987):

TBHP (0.6 equiv.)
Ti(OiPr)4 (1.0 equiv.)

1 —
A N R (+)-DIPT (1.2 equiv.) AN _Rr? R =HorMe
R™ ™o DCM, -20 °C, 25 h R™ o R2 = alkyl or Ph
OH ’ ’ OH 6 examples
R!' OH
~40% yield ~50% yield
>95% ee dr not given
» KBr/Oxone Tong and Li (2016):
KBr (5 mol%) (0]
Oxone (1.2 equiv.) R2 1_
» I\ R2 NaHCO, (0.5 equiv.) | 22 - HI Ifrlam:h
0 THF/H,O (4:1), 0 °C, 30 min o) ~ alkyl or

OH 20 examples

R!' OH up to 93% yield

. ________________________________________________________________________________________________________________________________________________________________7
() Y. Kobayashi, M. Kusakabe, Y. Kitano and F. Sato, J. Org. Chem. 1988, 1586-1587. (b) Z. L. Li and R. B. Tong, J. Org. Chem.

2016, 4847-4855. 7



=PrL Developments

» Sharpless epoxidation Sato and coworkers (1987):

TBHP (0.6 equiv.)
Ti(OiPr)4 (1.0 equiv.)

1 —
A N R (+)-DIPT (1.2 equiv.) AN _Rr? R =HorMe
R™ ™o DCM, -20 °C, 25 h R™ o R2 = alkyl or Ph
OH ’ ’ OH 6 examples
R!' OH
~40% yield ~50% yield
>95% ee dr not given
» KBr/Oxone Tong and Li (2016):
KBr (5 mol%) (0]
Oxone (1.2 equiv.) R2 1_
» I\ R2 NaHCO, (0.5 equiv.) | 22 - H"i)rlalk);’lh
0 THF/H,O (4:1), 0 °C, 30 min o) ~ alkyl or

OH 20 examples

R!' OH up to 93% yield

» Photoredox Gilmore and coworkers (2016):

o
Ru(bpy);Cl,*6H,0 (0.1 mol%)  R? -
R /N R23 Na,S,0;3 (1.05 equiv.) .~ R3 22’3_—'-' TI: I\llle A
° HR H,0/DMSO/MeCN (2:1:1) o R o a 3: or Ar
°© white light, rt, 2h examples

R!' OH up to 89% yield

() Y. Kobayashi, M. Kusakabe, Y. Kitano and F. Sato, J. Org. Chem. 1988, 1586-1587. (b) Z. L. Li and R. B. Tong, J. Org. Chem. 7
2016, 4847-4855. (c) M. B. Plutschack, P. H. Seeberger and K. Gilmore, Org. Lett. 2017, 30-33.



=PrL Developments

» Enzymatic oxidation Deska and coworkers (2014):

O,, D-Glucose o

1=
glucose oxidase (A. niger) ) Rz = H or alkyl
A N__Rr?  chloroperoxidase (C. fumago) R%, R? = alkyl, allyl or alkynyl
R™ Mo : > | 12 examples
citrate buffer (pH 5.5) o) o/ i
OH tBUOH. rt. 2 h up to 78% yield

R' OH >98% ee

. ________________________________________________________________________________________________________________________________________________________________7
(a) D. Thiel, D. Doknic and J. Deska, Nat. Commun. 2014, 5278-5284.
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» Enzymatic oxidation Deska and coworkers (2014):

O,, D-Glucose o 1
glucose oxidase (A. niger) ) Rz = H or alkyl
/ N\ R2  chloroperoxidase (C. fumago) R%, R? = alkyl, allyl or alkynyl
R g : > | 12 examples
citrate buffer (pH 5.5) o) o/ i
OH tBUOH. rt. 2 h up to 78% yield

R! ‘LOH >98% ee

» Electrochemistry Sun and coworkers (2021):

(o)
I\ 2 Ni-DVBP, 1.4 V vs Ag/AgCI R? R"2 = H,alkyl or aryl
R R > | 13 |
examples
0 OH phosphate buffer (pH 7) o u tc): 935 ield
divided cell, carbone cathode R ‘a.OH P oy

. ________________________________________________________________________________________________________________________________________________________________7
(a) D. Thiel, D. Doknic and J. Deska, Nat. Commun. 2014, 5278-5284. (b) X. Liu, B. Li, G. Han, X. Liu, Z. Cao, D. Jiang and Y. Sun

Nat. Commun. 2021, 1868. 8



=PrL Developments

» Enzymatic oxidation Deska and coworkers (2014):

O,, D-Glucose o 1
glucose oxidase (A. niger) ) Rz = H or alkyl
/ N\ R2  chloroperoxidase (C. fumago) R%, R? = alkyl, allyl or alkynyl
R g : > | 12 examples
citrate buffer (pH 5.5) o) o/ i

R! ‘LOH >98% ee

» Electrochemistry Sun and coworkers (2021):

0]
A\ re Ni-DVBP, 1.4 V vs Ag/AgCI R? R"2 = H,alkyl or aryl
R > 13 |
0 OH phosphate buffer (pH 7) o | u ::ag?;s esield
divided cell, carbone cathode % P °y
R' OH
» Fenton chemistry Tong and coworkers (2021):
FeBr, (10 mol%) o
or CeBr; (8 mol%) 2
. / \ R? H,0, (2.2 equiv.) R R"2 = H,alkyl or aryl
R0 THF/H,0 (10:1), rt, 23 h o 29 examples
OH 20 (10:1), rt, 2- ' up to 97% yield
R' OH

(a) D. Thiel, D. Doknic and J. Deska, Nat. Commun. 2014, 5278-5284. (b) X. Liu, B. Li, G. Han, X. Liu, Z. Cao, D. Jiang and Y. Sun

Nat. Commun. 2021, 1868. (c) G. Zhao, L. Liang, E. Wang and R. Tong ACS. Catal. 2021, 3740-3748. 8



=PrL Substituted Tetrahydropyran T

R™ 0" R

» Synthesis of the Spliceostatin core Ghosh and coworkers (2020):

Me
JLme — W

Me

Spliceostatin A
anti-tumor activity

L ______________________________________________________________________________________________________________________________________________________________
(a) A. K. Ghosh, J. R. Born, A.M. Veitschegger and M. Jurica, J. Org. Chem. 2020, 8111-8120.



=PrL Substituted Tetrahydropyran

» Synthesis of the Spliceostatin core Ghosh and coworkers (2020):

Spliceostatin A
anti-tumor activity

Me

BI’W

1/ Cul (5 mol%)

o 1/ HOCH,CH,OH, \ Cs,CO; (10 mol%)
o PTSA > 0.°%o0 SnB MeCN (0.1M), rt, 48h O
me” \ / 2/ n-Buli, THF, NBUs 2/ PTSA, acetone, 2'h
Me™ \\ o
nBu;SnCl, -78 °C 85%
61%
NH
Me Me 1/ RuCl,[(R,R)-TsDPEN]
0 (1 mol%)
Me <1/ MelLi, Et,0, Cul HCO,H, TEA
2/ NH,OAc, NaBH;CN 2/ KBr, oxone, NaHCO;

| 75%
| Me

3/ BF3'0Et2, Et3S|H
then toluene reflux
66%, >98% ee

(a) A. K. Ghosh, J. R. Born, A.M. Veitschegger and M. Jurica, J. Org. Chem. 2020, 8111-8120.

NaHSO,

KHSO,

dioxane
66%




cPrL O-Glycosylation o~y

» De novo synthesis of saccharide Ferringa and coworkers (2003):

Pd(OAc), (10 mol%) o R'=Ac or Bz
P(OPh); or PPh3 (22 mol%) R? = benzyl, amino acid
| R20H (1.5 equiv.) . | or sugar derivatives
o DCM (0.05M), -30 or -10 °C, 24 h o 12 examples
] ) up to 98% yield
OR OR up to 99% ee
Z (0]
1/R 0 A0 o °
uCl;*3H,0, NalO, W\ _Me  Zn(BH,), W _Me z
(0] > (0] ><M (o) ><M WO M
2/ 2,2-DMP, acetone, g Me g Me €
PTSA (o} " M
OPMB OPMB OPMB ‘o e
OPMB
42% yield 88% yield 55% yield
97% de 96% de 96% de

. ________________________________________________________________________________________________________________________________________________________________7
(a) A. C. Comely, R. Eelkema, A. J. Minnaard and B. L. Feringa, J. Am. Chem. Soc. 2003, 8714-8715. 10
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O-Glycosylation

» De novo synthesis of saccharide Ferringa and coworkers (2003):

Pd(OAc), (10 mol%)

P(OPh); or PPh; (22 mol%)

| R20H (1.5 equiv.)

o) DCM (0.05M), -30 or -10 °C, 24 h
OR'
o) o)
1/ RuCl;+3H,0, NalO, -\\°><Me
-
o 2/ 2,2-DMP, acetone, O~_~'ng Me
PTSA
OPMB OPMB
42% yield
97% de

> Application in total synthesis

~

C1-C10 fragment
Madeirolide A

(@) A. C. Comely, R. Eelkema, A. J. Minnaard and B. L. Feringa, J. Am. Chem. Soc. 2003, 8714-8715. (b) S. Hwang, |. Baek and C.

Lee, Org. Lett. 2016, 2154-2157.

o R'=Ac or Bz
R? = benzyl, amino acid
| or sugar derivatives

o) 12 examples
up to 98% yield
2
OR up to 99% ee
= (0]
2 o” o
Zn(BH,), WO Me =
}op —> 0
0 'I[o Me » Me
(0] " M
OPMB o 1
OPMB
88% yield 55% yield
96% de 96% de
OTBDPS
OMe




cPrL O-Glycosylation =g

» Anthrax tetrasaccharide Gua and O’Doherty (2007)

OBn
OH
0
o) HO
HO HO
o)
HO [
0
HOW ”°@\#
0 OH O OAc ° O
— o —
OH O HO@# How \ /
M (0] HO OAc
N OH
H&/O

OMe N o)
anthrax tetrasaccharide BRSO OPh
39 steps LevO

13% overall yield ]

. ________________________________________________________________________________________________________________________________________________________________7
(@) H. Guo and G. A. O'Doherty, Angew. Chem. Int. Ed. Engl. 2007, 5206-5208. 1



=Pr-L

O-Glycosylation

» Anthrax tetrasaccharide Gua and O’Doherty (2007)

OH

o
o

o)

S

OMe

anthrax tetrasaccharide
39 steps
13% overall yield

o)

1/ Noyori (S,S) R

\_/

>
2/ NBS, H,0 (0]
3/ (Boc),0

60% OBoc

OH
Ho@f
Ho |
HO@Q#
O OH p—
HO@Q#

1/ BnOH, Pd%/PPh,
2/ NaBH,/CeCl,

3/ 0S0,/NMO__
4/ (MeCO),, PTSA,
MeC(OMe);
66%

ome 9Bn o
OMe
o ” > AcO &
OH
OMe

OBn

(@) H. Guo and G. A. O'Doherty, Angew. Chem. Int. Ed. Engl. 2007, 5206-5208.

11



O-Glycosylation

cPrL
» Anthrax tetrasaccharide Gua and O’Doherty (2007)
OCO,M 1/ TMSN,, N
o : 1/ PMBOH, Pd%PPh; = 2 [Pd(aIIyI)C?i)]z :
o 1/ Noyori (R,R)> | 2/ NaBH4/CeCI3> | dppb |
\ / 2/ NBS, H,0 (o) 3/ CICO,Me (0] 93% (0]
3/ (Boc),0 H 88% H H
60% OBoc OBoc OBoc
1/ OsO,4/NMO
2/ nBu,SnO, BnBr |_
3/ Tf,0 54%
OBn 4/ NaNO,
02507 '
AcO 0 1/ LevOH, DCC,
N o DMAP o
Ac0 L2 <__TMsoTf BRO T OPh <2/PbQ, H,0 gggﬁq\
. . ev
0 OAc trisaccharide O-P-OPh 3/ (PhO),POCI OHypMB
o DMAP
0] 85%

(@) H. Guo and G. A. O'Doherty, Angew. Chem. Int. Ed. Engl. 2007, 5206-5208.

12



MeO

(-)-Muserllarins A (-)-Muserllarins B, R' = Me, R2=H
(-)-Muserllarins C, R' = H, R2 = Me

L ______________________________________________________________________________________________________________________________________________________________
Z. Li,F.C.F.Ip,N. Y. IpandR. Tong, Chem. Eur. J. 2015, 11152-11157. 13



=PrL C-Glycosylation (g

» Asymmetric Total Synthesis (-)-Musellarins A—C and Their Analogues Tong and coworkers (2015)

H
HO
MeO
(-)-Muserllarins A (-)-Muserllarins B, R' = Me, R2=H ©
(-)-Muserllarins C, R' = H, R2 = Me
o (o]
Ferrier-type iPr, iPra,
o ‘e o > O |
L.A., PhMX . | <10%
PhMX Ph o
~— iPr_2
0 0 |
I'PI'/,,' .. o I.PI'/,, +0\
| Tsuji-Trost-type iPr., N - ’
(o) 0 > ! ) N |
Pd®, PhMX Jl o
O ~PdL,
OR Ph

Z. Li,F.C.F.Ip,N. Y. IpandR. Tong, Chem. Eur. J. 2015, 11152-11157. 13



=Pr-L

C-Glycosylation @

» Asymmetric Total Synthesis (-)-Musellarins A—C and Their Analogues Tong and coworkers (2015)

iP rl,,l

OR

(-)-Muserllarins A

Ferrier-type

L.A., PhMX

Tsuji-Trost-t
suji-Trost-type

Pd% PhMX

y-deoxygenatlon>

Zn, AcOH

H
HO
MeO
(-Muserllarins B, R! = Me, R2 = H ©
(-)-Muserllarins C, R' = H, R2 = Me
o)
. 0 iPr/,,'
’Pr//” > |
0 | <10% o
N
PhMX Ph o
— iPre_~
o) i +0 |
ip iPr/,,' S
1 I’//,, : X > 5 |
O PdL,
Ph
o o)
-~
iPr, Heck-Matsuda fFro, |
o Pd° PhN,BF, o
Ph

Z.Li,F.C.F.Ip,N. Y. IpandR. Tong, Chem. Eur. J. 2015, 11152-11157.

13



C-Glycosylation

» Asymmetric Total Synthesis (-)-Musellarins A—C and Their Analogues Tong and coworkers (2015)

MeO

TIPSO NBS then Ac,0 TIPSO
>

90%
0 dr 1.5:1
\ /

HO

MeO

OAc

1/ Zn, AcOH MeO
2/ Pd(OAc),,
AN,BE TIPSO -
80%
A
nHOaAr
1/ NaBH,
2/ T,0
83%
MeO
1/ 80 °C
2/ TBAF
84%

Z. Li,F.C.F.Ip,N. Y. IpandR. Tong, Chem. Eur. J. 2015, 11152-11157.

14



=PrL Spiroketalization (Y Do

» Synthesis of the C9-C25 Subunit of Spirastrellolide B Hanson and coworkers (2016)

OMe

Spirastrellolide B

(a) S. Maitra, M. Bodugam, S. Javed and P. R. Hanson, Org. Lett. 2016, 3094-3097. 15



=PrL Spiroketalization (Y Do

» Synthesis of the C9-C25 Subunit of Spirastrellolide B Hanson and coworkers (2016)

AD-mix a, OsO,, MeSO,NH,

Me M
OPMB (DHQ),PHAL HO OPMB
I \. , > By / \ y
Br o OTBS

o tBuOH/H,O (1:1)
0°C,2d OH

69%

OTBS

OPMB
CSA (10 mol%), MeOH, rt, 12h oK
then mCPBA : 0 Ho Me  ouB
then CSA (10 mol%), (\/K/\/W
DCM, rt, 18 h
51% OBn Me ©

. ________________________________________________________________________________________________________________________________________________________________7
(a) S. Maitra, M. Bodugam, S. Javed and P. R. Hanson, Org. Lett. 2016, 3094-3097.

16



cPrL Bicycloketalization S

» Asymmetric Total Synthesis of (+)-Didemniserinolipid B Tong and coworkers (2014)

0]
EtO
(o)
(0] 1.0
. Q 0/\_\ PMBO,(vré(N,N\
O0'n Me N OH 12 °N
Me Boc =N
Ph
BnO
OH
e o
EtO \_/
HO OBn

A —————————————————————————————————————————————————————————————————————————————
J. Ren and R. Tong, J. Org. Chem. 2014, 6987-6995. 17



cPrL Bicycloketalization S

» Asymmetric Total Synthesis of (+)-Didemniserinolipid B Tong and coworkers (2014)

0
BnO g,,o N
\(\/)6, )N; \\’N
o Ph N
o] 0 POCl;, DMF W KHMDS o] o
> > N
Eto)\\/\@ 90% EtO \ / H 90% EtO \ 5 \0Bn
E/Z =9:1
AD mix-3
0°C
84%
97% ee
o) o]
EtO EtO
oA N o o OH
H 1/ Pd/C Hy(1 atm) H \ mCPBA then CSA (0)
@) - [o) -«
2/ K-selectride © 72% EtO \_/ HO 5 OBn
47%, dr = 1:1
BnO BnO

J. Ren and R. Tong, J. Org. Chem. 2014, 6987-6995.

18



=PFL 5+2]-cycloaddition

» Synthesis of Toxicodenane A core Mitchell and coworkers (2020)

OR

A —————————————————————————————————————————————————————————————————————————————
J. P. Grabowski, G. M. Ferrence and T. A. Mitchell, Tetrahedron Lett. 2020, 152324. 19



=Pr-L

» Synthesis of Toxicodenane A core Mitchell and coworkers (2020)

:>>Q/_<
¢ OR

[5+2]-cycloaddition

M OR
OH
Me o Me o Me o
Me 1/ CICH,CHO, NaHCO, Me » 1/ NaBH,, EtOH Me [
2/H,S0, 2/ TBSCI, imidazole
0 47% 0 79% OTBS
1/ nBuLi, DMF
2/ NaBH,, EtOH
81%
Cl. ..
Me __ OBoc ,SI‘/\
Me Ph Ph Me OHO Me, o OH
« 1/ DIPEA, DMAP  Me 1/ mCPBA Me |
) O T 2/Boc,0,DMAP NNg  2/TBAF /
0,
SN 38% L 65% )
P Ph
Et,N, 60°C
MeCN, 24 h
37%, dr > 19:1
Ph Ph
MePh\siI
M 7
*T1o

Ph\‘ AT
Me /SIIII ().|.|I|
Me o)

]
o NS

J. P. Grabowski, G. M. Ferrence and T. A. Mitchell, Tetrahedron Lett. 2020, 152324.

19



=PrL Conclusion

Clauson-Kaas - Cavill - Achmatowicz
Q-0
0=<j>MOSugar
Xy
OH
o. |
\ /
ﬁ feedstock %
T
0o
o ﬂ o
OO0
(A=

Thank you for your attention!

A
P

9!

&

A

R



=PrL Questions

o NHCO,Me 1/ Electrolysis in MeOH

’
\ / 2/ HCI, H,0
68%

SO,Ph
CL/H \I\> 1/ Bry, MeOH, H,0,0°C__
0 2/ toluene (0.05M), reflux

Me 54%

() N. Clauson-Kaas, N. Elming and Z. Tyle, Acta Chem. Scand. 1955, 1-8. (b) K. M. Peese and D. Y. Gin, Chem. Eur. J. 2008, 1654-

1665. 21
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=PFL Cancer: Challenges and Progress

10 Mio. deaths/year (2020)

Prevention

by MACROVECTOR freepik.com pinterest.ch/pin/346566133832604546/

Developments in Cancer Treatment

by Jcowmp freepik.com

» Surgery, Radiotheraphy,|Chemotherapy

Nanomedicine

Large group of diseases: rapid creation of abnormal cells

by WIRESTOCK freepik.com

Immunotheraphy, Genetheraphy,

H. Sung, J. Ferlay, R. L. Siegel, M. Laversanne, |. Soerjomataram, A. Jemal, F. Bray; CA Cancer J Clin. 2020, 1 — 41.

WHO (2018). Global health estimates 2016: deaths by cause, age, sex, by country and by region, 2000-2016.

Geneva, Switzerland: World Health Organization. Available from: https://www.who.int/healthinfo/global_burden_disease/en/ (07.04.2021)
WHO (2017). Global hepatitis report 2017. Geneva, Switzerland: World Health Organization. Available from:
https://www.who.int/hepatitis/publications/global-hepatitis-report2017/en/ (07.04.2021)

Curr. Clin. Pharmacol. 2018, 13, 85 — 99.
Cancers 2011, 3, 3279 — 3330.



=PrL

Chemoteraphy
= Paul Ehrlich (1854 — 1915)

= Heterocylces in anticancer drugs

MAPK N \@

regulation

%
@W L g= ©YO :
> ¢ W o
(. Nucleoside "3 \ <"m Topoisomerase )
oo~ analogues 1t mhlbltors Nl
Oy Tt s S
Y

\
§ Anucancer )

WO on . /(‘ g}

[
s
s Azoles ) ) '
@ )t o ik g
{0 con
! , i &
> R 0
138 NF-xB G 24 TNF-a
i \AQ'“‘downregulauon @le M targeting 4
I3 S wo~Foo N
" YR g
NH R i \\ 0O
. Ry
4 N N N

4
X
o o 00

‘Azole’ based advanced anticancer chemotherapeutics.

Berliner Klinische Wochenschrift, 1907, 44, 233-236.
Eur. J. Med. Chem. 2020, 188, 112016.
Curr. Org. Chem. 2021, 25, 654 — 668.

NaO3S

N303S

o”;}éfﬁé

https://wellcomecollection.org/
works/y2d2nar6, CC BY-4.0

NH H,N

-RSAERESeE

Trypan red

Tiazofurin
~inhibiter of IMP dehydrogenase
Dasatinib
- BorAbl yrosine dnase inhibior
Dabi
ZHaRibior of enzyme B.Raf

o
e

woq S
o GHa

HO OH cl

SO
Tiazofurin
H3C
g
P
{ H
" o
HJC),‘( HN <(:H3
HaC  NH l CHg
NF

(
Patellamide A

@

iy

(2)
Dasatinib

Ixabepilone
- stabilization of microtubules
Epothilone
mmbmun of microtubule function
Patellami
cymmxmnry ‘against multidrug
resistant cancer

3
Thiazole
CHy

HiC
CHy 7Q oy

N;\
on N

Dahgafenlh

HoC, HiC

(6a,b)
Epothilone 6a; (R=H)

(5).
Ixabepilone Epothilone 6b; (R=CHa)

SO3Na

SO;Na



=F7L  Chemotherapy

= Nitrogen Mustard as 15t chemotherapeutic agent against cancer

cl
. /O\Nﬁ N R—+N'>J
@ Cl WN 2

A {

N=

—N NH =\ +

w T AAL T e

R HoN \— o} WN
HNYN

HoN

* Am. J. Surg. 1963, 105, 574 — 578.

* Nature Review Cancer 2005, 5, 65 — 72.

» Cancer Res., 2008, 68, 8643 — 8653.

e J. Am. Chem. Soc. 1990, 112, 2459 — 2460.
= * J. Am. Chem. Soc. 1993, 115, 2551 — 2557.



¥FFL Chemotherapy - Alkylating Agents

= Nitrogen Mustard as 15t chemotherapeutic agent against cancer

cl
CI_/O\NH " R—+N'>J
N

7~ 2
O~ — [;N‘EJ HNv;N N% +
|

NH -
N n M 7, CiNm
R 2 \— o) WN

HNYN

R
I\/'{l et
=+
Cl N=
5 5 /
WN
HN_ _ N 2 o
N
H,N N TN+
N>_—$=O
* Am. J. Surg. 1963, 105, 574 — 578. M NH
* Nature Review Cancer 2005, 5, 65 - 72. H,yN
» Cancer Res., 2008, 68, 8643 — 8653.
« J. Am. Chem. Soc. 1990, 112, 2459 — 2460. Interstrand Cross Linking

= * J. Am. Chem. Soc. 1993, 115, 2551 — 2557.
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- MitomycinC

Mitomycin C

http://www.hpfiedler-group.de/
metabolites.php?metabolite_id=26
(27.04.2021)

= Produced by Streptomyces Lavendulae

= |solated in 1958, only 2 total synthesis (1979 KisHI and 1987 FUKUYAMA)

= Very effective against bladder and non-small-cell lung carcinoma

» Antibiot. Chemother. 1958, 8, 228 — 240.

* J. Nat. Prod. 1979, 42, 549 — 568.

* J. Am. Chem. Soc. 1987, 109, 7881 — 7882.
* Cancer Treat. Rev., 2001, 27, 35 - 50.

+ Beilstein J. Org. Chem. 2009, 5, No. 33



=PFL Mitomycin C - Mechanism of Action

H,NOCO
OH
H,N
A\
Me N NH
OH

* Science, 1964, 145, 55 — 58.
= °* Beilstein J. Org. Chem. 2009, 5, No. 33



=PFL Mitomycin C - Mechanism of Action

H,NOCO H,NOCO

@) OH

OH NH,

* Science, 1964, 145, 55 — 58.
= °* Beilstein J. Org. Chem. 2009, 5, No. 33

H,NOCO DNA
(0]
HN AL
- ~” DNA
Me N
OH NH>
LDNA
OH
H,N )
) DNA
Me N@®
OH NH>



=F7L  Mitomycin C - Synthesis

(0]
Br , K,CO /W oH
MeO /\/ 2 3 _ MeO | . MeO _— HNO, MeO =
> > —_— >
Me ¢ acetone, reflux Me PhNMe,, reflux Me AcOH Me
e

OMe OMe O

* J. Am. Chem. Soc. 1977, 99, 4835 — 4836.
* J. Am. Chem. Soc. 1977, 99, 8115 — 8116.
J. Nat. Prod. 1979, 42, 549 — 568.
Beilstein J. Org. Chem. 2009, 5, No. 33



=F7L Mitomycin C - Synthesis

H
(0]
/\/ Br , K2CO3 MeO /m

L L
’ ’

MeO

Me acetone, reflux
OMe

Me PhNMe,, reflux
OMe

OBn

MeO H>0,, CeH5CN, KoCO3  MeO
o = _
Me MeOH-dioxane Me

OBn

* J. Am. Chem. Soc. 1977, 99, 4835 — 4836.
* J. Am. Chem. Soc. 1977, 99, 8115 — 8116.
J. Nat. Prod. 1979, 42, 549 — 568.
Beilstein J. Org. Chem. 2009, 5, No. 33

MeO

Me

OBn

OBn

OH
— HNO,4
_—
AcOH
OMe
_ - BnBr, K2003

3

DME-DMF, reflux
5 steps, 57%

(0}

MeO =
Me

O

Zn
AcOH, 0 °C

10
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1
N1
-

Mitomycin C - Synthesis

OH
Q o)
Br , K,CO /w OH
Meo i T Meo | _ MeO — HNO3 MeO —
> > s
Me acetone, reflux Me PhNMe,, reflux . AcOH e
OMe OMe OMe o
Zn
AcOH, 0 °C
OB OB OH
n n
MeO P
MeO H,0,, CgHsCN, K.CO3  MmeO 7 = BnBr, K,CO3
o -
-di DME-DMF, reflux Me
1) LDA, MeCN, -30 °C Me MeOH-dioxane Me ) o
2) CrO3, H,SO,4, H,O-acetone OBn OBn 5 steps, 57%
OAc
Qen MeONa, (CH,0) oen " Ac,0 MeO L 0
MeO cN MeUNa, 20)3 Cy e
e - MeO CN
0 MeOH-THF, 0 °C 5 Py, 0 °C Me
Me’ Me ,
OBn 5 steps, 51% OBn CN

OBn

J. Am. Chem. Soc. 1977, 99, 4835 — 4836.
J. Am. Chem. Soc. 1977, 99, 8115 — 8116.
J. Nat. Prod. 1979, 42, 549 — 568.
Beilstein J. Org. Chem. 2009, 5, No. 33

11



=PrL Mitomycin C- Synthesis )

OAc OBn

OBn 1) MeSH, BF32AcOH, - OBn
MeO. O  2)NEt;, MeOH MeO SMe NaH003 SMe  BnBr, KH MeO SMe
»> SMe M oH-DCM SMe —» SMe
9 e
Me 2 steps, 78% Me Me

OBn CN OBn CN OBn CN OBn CN

* J. Am. Chem. Soc. 1977, 99, 4835 — 4836.
* J. Am. Chem. Soc. 1977, 99, 8115 — 8116.
J. Nat. Prod. 1979, 42, 549 — 568.
Beilstein J. Org. Chem. 2009, 5, No. 33
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P

- Mitomycin C - Synthesis

oBn A 1) MeSH, BF32AcOH, -30 °C ogn (O"° ogn " ogn (°8"
MeO O  2)NEts, MeOH MeO SMe  NaHCO, MeO SMe  BnBr, KH — Meo SMe
> Stie MeOH-DCM e e
. -
Me 2 steps, 78% Me € Me DMF Me
OBn CN OBn CN OBn CN OBn CN
HgCl,, MeOH
3 steps, 85%
OBn 1) DIBAL, DCM-Tol, 0 °C OBn
OBn OMe 2) NaBH4, MeOH-DCM, 0 °C OBn 1) LDA, THF, -78 °C; OBn OBn
MeO on 3) Ac,0, Py MeO OMe PhSeBr, THF, -78 °C 1.0 OMe
e - OMe OMe
Me ~ Me — 2) H,0,, THF-EtOAC .
OBn OAc OBn CN 2 steps, 77% OBn CN
0s0,, Py-THF OMe

4 steps, 75% +

OAc

11
 J. Am. Chem. Soc. 1977, 99, 4835 — 4836.

* J. Am. Chem. Soc. 1977, 99, 8115 — 8116.
J. Nat. Prod. 1979, 42, 549 — 568.
Beilstein J. Org. Chem. 2009, 5, No. 33
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- Mitomycin C - Synthesis

OBn OBn
0B OBn OBn OBn OBn OBn
OMe OMe OMe MeON OMe
MeO oMe  MsCl NEts MeO OMe NaH MeO OMe evna MeO OMe
—_— WOH ~————> —_— >
e ~OH " pem, 0°c Me DMF e o~ MeOH-DCM e "6
OBn OH OBn OMs OBn \ OBn
OAc OAc OAc OH

* J. Am. Chem. Soc. 1977, 99, 4835 — 4836.
* J. Am. Chem. Soc. 1977, 99, 8115 — 8116.
J. Nat. Prod. 1979, 42, 549 — 568.
Beilstein J. Org. Chem. 2009, 5, No. 33
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P

- Mitomycin C - Synthesis

15

OBn
7o 8'\8"2 @8N gl\B/Ir; MeON QBn OMe
MeO oMe  MsCl NEts NaH MeO e e eONa MeO e e
.\\OH o , _ "
Ve DCM, 0 °C DMF e o MeOH-DCM e o
OBn OH OBn OBn
OAc OAc OH
LiN3, DMF
OBn OBn
MeO QMe 1) BANH,, 150 °C
OMe 1) P(OMe)s, reflux 2) BnBr, K,COs4
2) NaH, THF Ms,O
Me N_II::(OMe)Z - B acetone, reflux 2
(0] 81% B
o8n N 7 steps, 47% Py
Bn” “Bn OMs

* J. Am. Chem. Soc. 1977, 99, 4835 — 4836.
* J. Am. Chem. Soc. 1977, 99, 8115 — 8116.
J. Nat. Prod. 1979, 42, 549 — 568.
Beilstein J. Org. Chem. 2009, 5, No. 33




OBn

Mitomycin C - Synthesis

OBn _
OMe OBn OBn 1) CH,=CHCHO

OMe MeO OMe

LiAIH, OMe  3)Ac,0, Py
N—-P(OMe), —>
& Et,O Me NH
OBn
N
" “Bn
Bn’N‘Bn

J. Am. Chem. Soc. 1977, 99, 4835 — 4836.
J. Am. Chem. Soc. 1977, 99, 8115 — 8116.
J. Nat. Prod. 1979, 42, 549 — 568.
Beilstein J. Org. Chem. 2009, 5, No. 33

2) BzHe, Cth|2

4 steps, 78%

OBn
OB
n OMe
Meo OMe Ha, Pd-C
_—
Me N_\_/OAC CH2C|2
OBn
/N\

OH
OH
OMe
MeO. OMe
Me N—(CH3)3;0Ac
OH
NH,

16
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- Mitomycin C - Synthesis

OBn

OBn OBn 1) CH,=CHCHO oBn °B"

MeO OMce)Me 0Bn OMe 2) BoHg, Chzclz MeO OMe
LiAIH, MeO. OMe  3)Ac,0, Py OMe Hy, Pd-C

N-P(OMe), ——> — >
" OBn 6 ©ELo Me NH 4 steps, 78% Me N\ PAe CH,Cl,
OBn OBn
/N\ N
Bn Bn Bn’N‘Bn s Ngn

1) COCl,, PhNMe,

2) NH3 OMe HBF,
OMe - S
N—(CH,);0Ac CH,Cly/PhMe N—(CH,);0Ac CH,Cl,

22%

* J. Am. Chem. Soc. 1977, 99, 4835 — 4836.
* J. Am. Chem. Soc. 1977, 99, 8115 — 8116.
J. Nat. Prod. 1979, 42, 549 — 568.
Beilstein J. Org. Chem. 2009, 5, No. 33

MeO.

Me

OH

OH
OMe
OMe

N—(CH,);0Ac

NH,

0,, MeOH

2

OH

steps, 35%

OMe
OMe

N—(CH,);0Ac

17



=PrL

Mitomycin C - Synthesis

OBn

0Bn 0Bn 1) CH,=CHCHO OBn
OMe OBn 2 OBn
MeO OMe OMe 2) BoHg, Ch,Cl, OMe
LiAIH, MeO OMe  3)Acy0, Py MeO OMe H,, Pd-C MeO
M N—-P(OMe), —— T .
A 57 ERo Me NH 4 steps, 78% Me N PR cHocl Me
OBn OBn
B /N\B N
" " Bn/N\Bn Bn” “Bn
HZNYO
0 0 1) COCl,, PhNMe, 0 OH
MeO 2) NH; MeO OMe HBF,
e OMe - S -t MeO
Me N N—(CH,)30Ac CH,Cly/PhMe Me N N—(CHz)30Ac CH,Cly Ve
0 o 22%
NaOCH3, MeOH/CH,Cl,
(0] OCONH, 0 OCONH, (0] OCONH,
MeO. OMe DMSO-DCC MeO OMe HCIO, MeO. OMe
? _—
N N—(CH,)30H
Me (CH2)3 TFA/Py Me N N—\_/=o CH,Cl, Me N NH
o] o) o o
5 steps, 22% Mitomycin A
* J. Am. Chem. Soc. 1977, 99, 4835 — 4836.
* J. Am. Chem. Soc. 1977, 99, 8115 — 8116.
* J. Nat. Prod. 1979, 42, 549 — 568.
|

Beilstein J. Org. Chem. 2009, 5, No. 33

OH

OH

OH
OMe
OMe

N—(CH,);0Ac

NH,

0,, MeOH
2 steps, 35%

OH
OMe
OMe
N—(CH,)30Ac
HN
p
H,NOCO
[e]
NH3 HaN OMe
—_— .
85% Me’ N NH
[¢]
Mitomycin C

18



=PFL  Dabrafenib QL
FN=

= Synthesized in 2013 i Qé:H s
CE ° a
= Inhibits enzyme BRafV600E " P
Dabrafenib

' A 3 > )

Metabolite / 5 /l
" Phes95

C o — &

Antimetabolite

Enzyme

AspS594
blocked & .
Enzyme D

abrafenib

e
= Treatment of melanoma and lung cancer

ACS Med. Chem. Lett. 2013, 4, 358 — 362.
Clin. Pharmacol. Ther. 2014, 95, 24 — 31.
Med. Res. Rev. 2017, 37, 98 — 148.
Chem. Rev. 2009, 109, 2880 — 2893.
PNAS, 2002, 99, 13481 — 13486.
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=PFL  Dabrafenib - Synthesis

1) H,SO,4, MeOH

F O F O

0
2) J\ J< , Pd,(dba)s, Xantphos, Cs,CO3;, PhMe
Br H,N™ O Y
OH > OMe
76%

. ACS Med. Chem. Lett. 2013, 4, 358 — 362.
= +  Med. Res. Rev. 2017, 37, 98 — 148.

Xantphos
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[

L

Dabrafenib - Synthesis

1) H,SO,, MeOH

F O

0
2) J\ J< , Pd,(dba)s, Xantphos, Cs,CO5;, PhMe
H,N~ ~O

Br.
\©)kOH

76%
F o

H X
T QN | )N\,LiHMDS,THF

R NZ cl

o

. <

71%
\N)\Cl

ACS Med. Chem. Lett. 2013, 4, 358 — 362.
Med. Res. Rev. 2017, 37, 98 — 148.

F O

HoN
OMe
" “ _CI
CE\S/
F

0]
87%
Y
F o H F O
W _N
S OMe
[\Y
@)
F

Xantphos

'O , py, CHyCl,

21
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Dabrafenib - Synthesis

22

s
F O H
1 O\\S,H NBS, HzN)J\’< , DMA QN %
. 2N 64% E f ),N\
\N)\C| N7l

. ACS Med. Chem. Lett. 2013, 4, 358 — 362.
= +  Med. Res. Rev. 2017, 37, 98 — 148.



>

=L Dabrafenib thesi
abrafenib - Syntheslis
S
F 0]
t O\\S,H NBS, HZNJ\’< , DMA
o
CEF fJN\ 64%

. ACS Med. Chem. Lett. 2013, 4, 358 — 362.
= +  Med. Res. Rev. 2017, 37, 98 — 148.

F N

F H

O\\,N N S
S

[\

@)
F @)
\N)'\

47% NH3, MeOH

Cl

Vs

F N:?L
F H
QN 0
S\
6]
F @
N
N)\NHZ

Dabrafenib
6 steps, 14.1%

~
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=PFL  Paclitaxel P s

= |solated in 1971 from the pacific yew o 60 T

brewbrooks-www.flickr.com/photos/
brewbooks/263660629

Anti-Microtubule Agent

1st total synthesis in 1994

(HOLTON group and NICOLAOU group)

Used against breast, lung, prostate

and bladder cancer

) Pacific yew by JASON
Microtubule HOLLINGER, CC BY 2.0

J. Am. Chem. Soc. 1994, 116, 1597 — 1598. * Pharmac. Ther. 1991, 52, 35 — 84.

J. Am. Chem. Soc. 1994, 116, 1599 — 1600. Nat. Rev. Mol. Cell Biol. 2015, 16, 711 — 726.
Nature, 1994, 367, 630 — 634. Nat. Rev. Mol. Cell Biol. 2018, 19, 451 — 463.
J. Am. Chem. Soc. 1971, 93, 2325 — 2327. * Pharm. Unserer Zeit 2005, 34, 98 — 103.



EPF

L

Paclitaxel - Two Phase Synthesis

15t phase:
Construction of
taxane skeleton

O
CHBr3
—_—
: . i OEt — :
H o

* Nat. Chem. 2012, 4, 21 — 25.
* Org. Process Res. Dev. 2015, 19, 284 — 289.
* J. Am. Chem. Soc. 2020, 142, 10526 — 10533.
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EPF

- Paclitaxel - Two Phase Synthesis

15t phase: 2nd phase:
Construction of Oxidation
taxane skeleton manipulations
o)
CHBr3
[ . EEE—
. OEt — > i
X o "o °

* Nat. Chem. 2012, 4, 21 — 25.
* Org. Process Res. Dev. 2015, 19, 284 — 289.
* J. Am. Chem. Soc. 2020, 142, 10526 — 10533.

7

O~ NH O

o)

>—O O OH
° HOC_)O?]O/
@Oo

26



=PFL Paclitaxel - Two Phase Synthesis - 1% Phase

1) CHBrj3, tBuOK, heptanes, 0 °C Br
2) PhNMe, , 150 °C

\—( _ NN

65%

* Nat. Chem. 2012, 4, 21 — 25.
* Org. Process Res. Dev. 2015, 19, 284 — 289.
* J. Am. Chem. Soc. 2020, 142, 10526 — 10533.



=PFL Paclitaxel - Two Phase Synthesis - 1% Phase

1) CHBr3, tBuOK, heptanes, 0 °C Br
2) PhNMe, , 150 °C

\—( _ NN

65%

/\MgBr , MTBE, 0 °C - rt

O : Si0,, CH,Cl, Z
'
quant.

* Nat. Chem. 2012, 4, 21 — 25.
* Org. Process Res. Dev. 2015, 19, 284 — 289.
* J. Am. Chem. Soc. 2020, 142, 10526 — 10533.
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L

Paclitaxel - Two Phase Synthesis - 1t Phase "

1) CHBr3, tBuOK, heptanes, 0 °C Br
: 2) PhNMe, , 150 °C
65% s-Buli,
CuBr-DMS,
THF
- 4
ZMgBr MTBE, 0 °C - 1t 85%
© . Si0,, CH,Cl, Z O
'
quant.
OEt O
OH
Z A
.......... > ceececccccccccccnn-"
- EtOH
OEt

* Nat. Chem. 2012, 4, 21 — 25.
* Org. Process Res. Dev. 2015, 19, 284 — 289.
* J. Am. Chem. Soc. 2020, 142, 10526 — 10533.



=PFL Paclitaxel - Two Phase Synthesis - 1% Phase

S

“00C
1) cu* U , Ligand, MesAl, Et,0, -30 °C
> 2) NEt3N, TMSCI
quant., 93% ee

O

* Nat. Chem. 2012, 4, 21 — 25.
* Org. Process Res. Dev. 2015, 19, 284 — 289.
* J. Am. Chem. Soc. 2020, 142, 10526 — 10533.

OTMS

J




=PFL Paclitaxel - Two Phase Synthesis - 1% Phase

- S
0ooC
1) Cu* U Ligand, MesAl, Et,0, -30 °C
_ 2) NEt;N, TMSCI P
quant., 93% ee

(e}

N Jones reagent, acetone, 0 °C

A

= |f| 61%, 2 steps

* Nat. Chem. 2012, 4, 21 — 25.
* Org. Process Res. Dev. 2015, 19, 284 — 289.
* J. Am. Chem. Soc. 2020, 142, 10526 — 10533.

OTMS

Vs

H,O/EtOH/PhMe

\ =/=O, Gd(OTf)3,




=PFL Paclitaxel - Two Phase Synthesis - 1% Phase

- S
0o0C
1) Ccu* U Ligand, Me3Al, Et,0, -30 °C
— 2) NEt3N, TMSCI
quant., 93% ee

0O

Jones reagent, acetone, 0 °C

L

A

BF5 OEt,, CH,Cly, 0 °C \
S 47%, >99:1 d.r. = Al 61%, 2 steps

(o)

* Nat. Chem. 2012, 4, 21 — 25.
* Org. Process Res. Dev. 2015, 19, 284 — 289.
* J. Am. Chem. Soc. 2020, 142, 10526 — 10533.

5 |

J

OTMS

—/=° Gd(OTf),,

\ H,O/EtOH/PhMe
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Paclitaxel - Two Phase Synthesis - 2" Phase

TESO OBOM

12 isolated intermediates DIPEA, PhMe; qEoM
22 steps IBX, DMSO, H,0, 80 °C
. TBSOM L, 2 >  TBSOm
2 — =Y, OMs = A 0
g o 2 H oH 62% H Z
H o) z OH
0 )],O OH 00
4 r

0]

* Nat. Chem. 2012, 4, 21 — 25.
* Org. Process Res. Dev. 2015, 19, 284 — 289.
* J. Am. Chem. Soc. 2020, 142, 10526 — 10533.
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*FFL Paclitaxel - Two Phase Synthesis - 2" Phase

TESO OBOM

KOtBu;

AQ O opom  CHCagANgCCH

; AC2O
TBSO!"

12 isolated intermediates DIPEA, PhMe;
22 steps TBSOM IBX, DMSO, H,0, 80 °C
—_— < "OMs >
OH 62%

60%

* Nat. Chem. 2012, 4, 21 — 25.
* Org. Process Res. Dev. 2015, 19, 284 — 289.
* J. Am. Chem. Soc. 2020, 142, 10526 — 10533.

KOtBu, (PhSe0),0
THF, H,0, -78 to 0 °C

73%

TBSO!"
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Paclitaxel - Two Phase Synthesis - 2" Phase

TESO

22 steps

— .
[EE— .

TSAF; PhLi
THF, rtthen - 78 °C

48%

Nat. Chem. 2012, 4, 21 — 25.

12 isolated intermediates

TBSOm

HO:

AcO O OoBOM

* Org. Process Res. Dev. 2015, 19, 284 — 289.

 J. Am. Chem. Soc. 2020, 142, 10526 — 10533.

OBOM

DIPEA, PhMe;
IBX, DMSO, H,0, 80 °C

L
’

62%

KOtBu;

(0]
Cl;Co _CClI
3 OJ]\O 3

) ACzo

1)

TBSO!"
60%

O, OBn
Ph
THF, -78 °C to rt

, LIHMDS,

KOtBu, (PhSe0),0
THF, H,0, -78 to 0 °C

73%

2)

H, Pd/C, EtOH, 80 °C
85%

L
’

Paclitaxel
23 isolated intermediates
0.007% overallyield
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Conclusion and Outliook

= Heterocycles: important motif in (anti-cancer) drugs

= Challenging structures

= Total synthetic, semi synthetic or biosynthetic access

= Future derivatization of existing molecules to enhance their bioactivity

= Based on mechanism of action: design of new compounds

RSC Adv. 2020, 10, 44247 — 44311.
J. Am. Chem. Soc. 2020, 142, 10526 — 10533.
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Thank you very much for your attention!



Questions

1) Key Transannulation: Why only 1 diasteromer?

OH

0 OMe 0
MeO OMe HBF, MeO
N_(CH2)30AC
Me AN CH2C|2 Me I
O 22%

* J. Nat. Prod. 1979, 42, 549 — 568.

N

OH

OMe

N

N—(CH,);0Ac

. [>N—(CH,);0Ac

38
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Questions

1) Key Transannulation: Why only 1 diasteromer?

* J. Nat. Prod. 1979, 42, 549 — 568.
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=Pl Questions

2) Name and reaction mechanism of thiazole core synthesis of Dabrafenib ?

. ,: Nf
F 0 =
H F o H
| N NBS, HZNJ\K , DMA YN N°
\
Cr - UL
N 64% F

* ACS Med. Chem. Lett. 2013, 4, 358 — 362.
- * Med. Res. Rev. 2017, 37, 98 — 148.

40



0
s
N—Br ® N'H

0 0 H.N (04/ \ H, @?L

S Hn Ind e

e A

R’ R R RMHH

4

Questions

2) 2) Name and reaction mechanism of thiazole core synthesis of Dabrafenib ?
-> Hantzsch Thiazole Synthesis

- HBr

Ber. Dtsch. Chem. Ges. 1887, 20, 3118 — 3132.
The Chemistry of Heterocycles: Chapter 5 - Five-Membered Heterocycles, Elsevier, 2019, p. 415.
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Sparteine-Mediated
Enantioselective
" Lithiation
N, \)I = N, ) Diana Cavalli
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=PrL (—)-Sparteine and its diastereomers

\
N, N
N, N N ) N : N, N
(-)-o-isosparteine (-)-/~isosparteine

®™ D. Hoppe, T. Hense, Angew. Chem. Int. Ed. Engl., 1997, 36, 2282
Synthesis: 1) N. Maulide, B. Peng, A. C. A. Mateus, F. R. F. Machado, EP2808326A1, 2014. 2) J. D. Firth, S. J. Canipa, L. Ferris, P. O'Brien, Angew. Chem. Int. Ed., 2018, 57, 223.

w

-17.05.2021

Diana Cavalli



=PFL Lithium/Sparteine Configuration

®  C. Strohmann, K. Strohfeldt, D. Schildbach, J. Am. Chem. Soc., 2003, 125, 13672.

Diana Cavalli - 17.05.2021 &



=P7L Lithium/Sparteine Carbanion Pairs

e e .
L-Li—NR L—Jl_l\—NR L-Jl_l\—NR
H/||+\R1 H §2R1 H ﬁ1R2

®™ D. Hoppe, T. Hense, Angew. Chem. Int. Ed. Engl., 1997, 36, 2282

-17.05.2021 @

Diana Cavalli



=PFL  Epantiofacial Selectivity

RN
AN o RibC,., 1)
L-Li—NR P Li
_> . 0 N
H/|\R R H ST li’ he
1
H Ry H

®™ D. Hoppe, T. Hense, Angew. Chem. Int. Ed. Engl., 1997, 36, 2282

Si

/ N\

Re

H,0

H,0

-17.05.2021 o

Diana Cavalli



=L Stereoselective Deprotonation

®™ D. Hoppe, T. Hense, Angew. Chem. Int. Ed. Engl., 1997, 36, 2282

Retention

AR
Inversion

I, »
JOEr N\

—_—
Retention

-17.05.2021 =~

Diana Cavalli



=F7L Pioneering Works

Nozaki, Aratani, Toraya and Noyori, 1968 - 1970

0o n-BuLi/(-)-sparteine HO H
N S e
6% ee

e

M
@AMe n-BuLi/(—)-sparteine Li\@/(Me C02 H020\©/(Me
Fe = -

@ Li/© HOZC/©

Y
-
o

-

o

3% ee
n-BuLi/(-)-sparteine )I\Il\e
Ph/\Me o Ph Me
30% ee
n-BuLi/(-)-sparteine "
Br e Li I
' o —_— C
Br Br I
1% ee

® 1) T. Aratani, T. Gonda, H. Nozaki, Tetrahedron, 1970, 26, 5453. 2) H. Nozaki, T. Aratani, T. Toraya, R. Noyori, Tetrahedron, 1971, 27, 905.

(-]

Diana Cavalli - 17.05.2021
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=P7L  Configurationally labile Li/sp-carbanion pairs

®™ D. Hoppe, T. Hense, Angew. Chem. Int. Ed. Engl., 1997, 36, 2282



=F7L Allylic Compounds

Hoppe, 1989

—
Me -~ CSHr i) s-BuLi/(-)-sp
T
NiPr,
>

® D. Hoppe, O. Zschange, Angew. Chem. Int. Ed. Engl., 1989, 28, 69.

Ti(OiPr), Me. ~ Ti(OiPr);
0 \/(m/ )
0?0
NiPr,
l R,CO
Me
Rh. -
r’ 0 (0] - R : N
Me OCb

[=Y
=Y

17.05.2021

Diana Cavalli -



=PrL  Benzylic Compounds

Beak, 1993

.Me

Iz

Schlosser, Limat, 1995

Beak, 1996

1) P. Beak, H. Du, J. Am. Chem. Soc., 1993, 115, 2516. 2) M. Schlosser, D. Limat, J. Am. Chem. Soc., 1995, 117, 12342. 3) Y. S. Park, M. L. Boys, P. Beak, J. Am. Chem. Soc., 1996, 126, 1887.

s-BulLi/(-)-sp

[ |

s-BuLi/(-)-sp
_—
solvent

s-BuLi/(-)-sp

—_—m—m

unknown
configuration

Electrophile E O
_— H
M
N- Ve
H
60 - 94% ee

Electrophile E O
_— R J\

solvent: hexane 75-90% ee
THF 80 - 85% ee

Electrophile E O
—_— R
r:lJJ\OtBu
Ar
95% ee

=
N

Diana Cavalli - 17.05.2021
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=PrL  Configurationally stable Li/sp-carbanion pairs

Still, Sreekumar, 1980

----------------

SnBu, pBuLi  :  Li-=-0" 1 Mel Me

\
\_
\
)

R0 oOMe '\ RO : R 0" 0Me

----------------

Examples of configurationally stable lithium/sparteine carbanion pairs:
o to an Oxygen Atom:

- Hoppe’s Alkyl Carbamates
- Hoppe’s Aryl Carbamates

a to a Nitrogen Atom:

- Heterocyclic substrates

® \W. C. Still, C. Streekumar, J. Am. Chem. Soc., 1980, 102, 1201.

=
)

-17.05.2021
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=P7L Lithiation o to an Oxygen Atom

Hp \Hso R R L*Li----O

BuLi/(-)- |
31)\0)J\L‘l)§ s-BuLi/(-)-sp _ R1/\0)\:§
R R

R

R, = alkyl, aryl
Hoppe, 1993
He H: O .
RS s-BuLi/(-)-sp
Me~ O N >
MeOD
TMS D i) s-BuLi/TMEDA H);D
Me™ ~OCby i) TMSCI Me™ ~OCby

® D. Hoppe, M. Paetow, F. Hintze, Angew. Chem. Int. Ed. Engl., 1993, 32, 394

TMSCI '!'MS

Y

Me/\Obe

i) s-BuLi/(-)-sp
ii) TMSCI

=
a1

17.05.2021

Diana Cavalli -



=P7L Lithiation o to an Oxygen Atom

iPrLi/(-)-sp

A

® E. U. Wirtwein, D. Hoppe, J. Org. Chem., 2005, 70, 4443.

=
(-]

Diana Cavalli - 17.05.2021
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Lithiation o to a Nitrogen Atom

Beak, 1991

ALNE
0/&0

Bailey, Beak, 2002

s-BuLi/(-)-sp

i) s-BuLi/(-)-sp

ii) TMSCI

()

>LO/ILO "

8%
87:13 e.r.

Electrophile O‘\\\E
> >|\ N H R
o/go

up to 76% yield
up to 96% ee

43% 9%

1) S. T. Kerrick, P. Beak, J. Am. Chem. Soc., 1991, 113, 9708. 2) W. F. Bailey, P. Beak, S. T. Kerrick, S. Ma, K. B. Wiberg, J. Am. Chem. Soc., 2002, 124, 1889.

[=Y
-
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Recent Applications




=PrL

®™ M. Burns, S. Essafi, J. R. Bame, S. P. Bull, M. P. Webster, S. Balieu, J. W. Dale, C. P. Butts, J. N. Harvey, V. K. Aggarwal, Nature, 2014, 513, 183.

Recent Applications

Aggarwal, 2014

(o)
s-BuLi/(-)-sp Li(-)-sp iy TMSCI Li
o > ., ) > 4,,
TIBO™}'H ii) nBuLi TIBO™ M'H
Li
Ne TIBO/k"H /,Q\o Me
. Me O.!' R Bpin
Bpin > B') — :
Ph TIBO/k"H Ph Me
-~/ Me
Me Me Me Me Me Me Me Me Me Me
Bpin Bpin
Ph Me Me Me Me Me Ph Me Me Me Me Me
58% yield 44% vyield

Me Me Me Me Me

Bpin

Me I\:IIe Me I\:Ile Me
Ph

45% yield

[y
©

Diana Cavalli - 17.05.2021



=P7L  Recent Applications

Aggarwal, 2018

SePh

R\/\Bpin

SePh

R
\%\Bpin

Li (+)-sp mCPBA
PN SePh syn
CbO” "R /;
> R\/\/R :
Y Nﬁﬂ
Bpin
i) MeOTf
ii) NaHCO;
Li (+)-sp mCPBA
CbO/i"' SePh An
R - -
g RV\(BP'" yzﬁ
' R
i) MeOTf
ii) NaHCO;

74 - 89% vyield
>95:5 e.r.

56 - 88% yield
>95:5e.r.

71 - 87% vyield
> 94:6 e.r.

70 - 92% vyield
>94:6 e.r.

® R.J. Armstrong, M. Nandakumar, R. M. P. Dias, A. Noble, E. L. Myers, V. K. Aggarwal, Angew. Chem. Int. Ed., 2018, 57, 8203.

N
o
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=P7L  Recent Applications

Baudoin, 2019

sBulLi, (+)-sp
then Zn(OAc), or ZnCl Ar
j’:j then Pd,dbag/L, ArX j)\/j\ j)\/j’
R > R or R
R RN A RN
Boc Boc Boc
45 - 75% vyield 41 - 85% vyield
>95:5e.r. >95:5e.r.
o o
A
HN Ar HN
Boc Boc
g3 amino acids 2 amino acids

® W. Lin, K. F. Zhang, O. Baudoin, Nature Cat., 2019, 2, 882.

N
[y
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Conclusions

= Highly enantioselective deprotonation of carbamates

= Can be combined to a various arrange of electrophiles
* Various enantioselective transformations could be achieved

= (+)-sparteine (and analogs) is suitable as well

N
N

Diana Cavalli - 17.05.2021



=PrL




=Pl Questions

Aggarwal, Angew. Chem. Int. Ed. 2016

OMe
MeO,, “OMe
i) sBuLi (1.1 equiv)
(+)-sparteine
Et,0,-78 °C,1 h

ii) pinB H
HV “Me

(1.2 equiv)
-78 °C, 1 h, then reflux 2 h

iii) NaOH (2 M):H,0, (30%) (2:1)
RT,2h

Hoppe, Angew. Chem. Int. Ed. 1997

i) sBuLi, (-)-sparteine

o)
Ve, Me )i )\ Et,0, -78 °C, 24 h o
M\o J\/O > ]

Ph ii) PhMe,SiCl, -78 °C to rt

~
~

\]

N
S

Diana Cavalli - 17.05.2021



=PrL  Answer 1

Aggarwal, Angew. Chem. Int. Ed. 2016

MeO.,,

OMe
+OMe

i) sBuLi (1.1 equiv)
(+)-sparteine
Et,0,-78 °C,1 h

ii) pinB H
HV “Me

(1.2 equiv)
-78 °C, 1 h, then reflux 2 h

iii) NaOH (2 M):H,0, (30%) (2:1)
RT,2h

\

73%
>95:5d.r.

N
(3]

Diana Cavalli - 17.05.2021



=PrL  Answer 2

Hoppe, Angew. Chem. Int. Ed. 1997

Me Me 0 R
(\A/\OJJ\ N XO
Ph .y

~
~

i) sBulLi, (-)-sparteine
Et,0,-78 °C, 24 h

-

5-exo-trig
—_—
{JLi O’be syn addition

v

ii) PhMe,SiCl, -78 °C to rt

Me

Ph

Me

~

SiMe,Ph

~
~

~

Me

o) R

Wersion

N
[-2]

Diana Cavalli - 17.05.2021
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Thank you for your
attention

Questions?




=PrL

(~)-sparteine { E
| sBuLi N
1 Boc

exchange
EX H
‘_Q RN RN
/& L 1.2 eq Li
'Bu0” 0 HeN SBu
10 9

® M. J. McGrath, P. O’Brien, J. Am. Chem. Soc., 2005, 127, 16378.

'BuO
Ligand

,NRQ sBULi

28



Heterocycle Synthesis via Enantioselective
NHC-Catalysed Annulations

Frontiers in Chemical Synthesis:
Heterocyclic Chemistry

Lara Lavrencic¢
1t year PhD student at LSCI
20.05.2021

I
11



Presentation Outline

1. Background and Main Innovations

2. Reactivity Overview

3. Selected Examples:
3.1. Homoenolate Equivalents
3.2. (Conjugated) Enolate Equivalents
3.3. a,f-Unsaturated Acyl Azoliums
3.4 Cooperative NHC/Metal Catalysis

4. Conclusion and Questions

I
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Early Historical Background =PrL
Reactivity Overview Selected Examples Conclusion and Questions

Breslow:

9 OH o
o )K( Ph )i
O s Ph” H
i SN
) s OH S OH R OH
_ base 7

OH

OM \ PR’ T\
N N NH,
R .
= = N
0 |
hil S

1) P.-C. Chiang, J. W. Bode*, in Catalysis Series, S. Diez-Gonzalez, Ed. (Royal Society of Chemistry, Cambridge, 2010, pp. 399-435. 2) J. Mahatthananchai, J. W. Bode, in Contemporary 2
Carbene Chemistry, R. A. Moss, M. P. Doyle, Eds. (John Wiley & Sons, Inc, Hoboken, NJ, 2013, pp. 237-273. 3) R. Breslow, J. Am. Chem. Soc. 80, 3719-3726 (1958).



NHC Precatalyst Development =PrL

Background and Main Innovations Reactivity Overview Selected Examples Conclusion and Questions

\

4 ClO, N<-">0 N0
)\)j/\ /g/w — NL Spn = Ph N\J{/N — Ph—N\{/\N(\
N cr BFy
Ph

Thiamine (Vitamin B1) Stetter, 1976 Enders and Tesla, 1996 Knight and Leeper, 1998 Rovis, 2002
Ugai and Breslow, 1943

J. Mahatthananchai, J. W. Bode, in Contemporary Carbene Chemistry, R. A. Moss, M. P. Doyle, Eds. (John Wiley & Sons, Inc, Hoboken, NJ, 2013, pp. 237-273.



NHC Precatalyst Development =PrL
Reactivity Overview Selected Examples Conclusion and Questions

N\J{/N — — O N\ — N\¢N+
) S - OH
Cl & & ClO, Ph Ph
BF,

Bode, 2005 Bode, 2005 Bode, 2008 Glorius, 2008 Ye, 2009

J. Mahatthananchai, J. W. Bode, in Contemporary Carbene Chemistry, R. A. Moss, M. P. Doyle, Eds. (John Wiley & Sons, Inc, Hoboken, NJ, 2013, pp. 237-273.
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Conclusion and Questions

N-Mesityl Catalysts

Background and Main Innovations Reactivity Overview Selected Examples

o 0]
o o 10 mol% NHC precat.  MeO,C 1 cr lN cr
MeO. 15 mol% DBU N SN NN
+ 1
NN wph (CH,Cly)p. 1t Ph \=N =N -
Ph
78% 0% F
J F

The formation of the Reversible ‘
Breslow intermediate F ! Ireversible
is FAST and 2~
irreversible

; \

1
1
]
]
]
: o ‘
\
B OH " R/\/H)\WNQ s o
5 SN e 5" A §
L () AN N ' S e,
N R
R/V(NQ H |\}\/ Mes” R/v- N i /
by Mes + N 1l / AN
+/N‘N CeFs

J. Mahatthananchai, J. W. Bode, in Contemporary Carbene Chemistry, R. A. Moss, M. P. Doyle, Eds. (John Wiley & Sons, Inc, Hoboken, NJ, 2013, pp. 237-273.

Irreversible

k.a
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)L es Mes
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o
i I\Q [O] 2 N H* transfer _ N
= | > /\)\( \ \
-N -N /
R N R N N- Ny
l I es”” Mes” *
Mes Mes
i Enolate
Acyl anion Acyl azolium Homoenolate
! ‘+ H*
0]
l\\l /
s’ :N Mes™* N
a,B-Unsaturated acyl azolium Conjugated enolate Acyl azolium

(Azolium dienolate)
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Annulations via Formal 1,2-Additions =P-L

Background and Main Innovations Reactivity Overview Homoenolate Equivalents Conclusion and Questions
Glorius: 0 0
5 mol% NHC precat. 0 0
0 0 10 mol% KOBu 0 + 0 /\)L
(0] AN
+ THF, 16 h, rt . . Mes Ph H
oA — 'Ph 'Ph :

3 Ph CFy Ph CF, Ph CI:I;h ..(N
cis trans N\/)
———————————————————————————————————————————————————————————————————————————————————————————————— Mes” _

Cl BF4- Ph OTf Ph /\/) Mes
N
84%, 1.9:1 dr 0% 10% 70%, 2.8:1 dr, 12/25 ee Mes” )
OH Mes
\ B Ph N N/
Bode: Ph© N
o . FsC OH Mes
0 8 mol% NHC precat. | I Ph
(0] 7 mol% DBU 0 X N. N
+ ) v
R1/\)J\H H THF/fBUOH = 10:1 ! i Mes”
Br 15 h, 25 °C Ry Ar Cl
R = Ar or Alkynylsilane ~80%

dr (cis/trans) = from 4:1 to 8:1

1) C. Burstein, F. Glorius, Angew. Chem. Int. Ed. 43, 6205-6208 (2004), 2) S. S. Sohn, E. L. Rosen, J. W. Bode, J. Am. Chem. Soc. 126, 14370-14371 (2004).



Annulations via Formal 1,2-Additions =P-L

Background and Main Innovations Reactivity Overview Homoenolate Equivalents Conclusion and Questions
Saigo:
20 mol% NHC precat. — _ Ne N_X
o) o 10 mol% KN(SiMes), ; N. N lPru--S+ 7
! IS
A + THF, 16 h, -78 °C to r.t. & v |
F>h/\)L H Ph)]\CFS Ph Ph I cr 0
cis trans cisand trans Ph

Glorius’NHC precat.  X-=CI" 20%, 1:1, 57/89 ee
84%, 1.9:1, racemic  X- = PFg" 33%, 3:1, 74/94 ee

You:
5-15 mol% NHC precat. @) @ 0 O —
o o . -
o) S / 15-25 mol% base } Ph 1 Q TN
/\)J\ * J 0] + (0] i Nt N N+\N ©<|}_l\/ ’
Ph H Ph O THF, 1t P Ny SNy 7ol 0 h
P’ Comt PH o2 BF, BF, BF, | @j\
cis !
' trans | 65% yield 85% yield 62% yield
' 1:1.5, 55/78 ee 4:1,14/14 ee 1:1, 70/50 ee

1) Y. Matsuoka, Y. Ishida, D. Sasaki, K. Saigo, Chem. Eur. J. 14, 9215-9222 (2008), 2) Y. Li, Z.-A. Zhao, H. He, S.-L. You, Adv. Synth. Catal. 350, 1885-1890 (2008).



Annulations via Formal 1,2-Additions =PrL
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0
heidt: en
Scheidt: N\(/,‘\l NAIIyI
BF, @lﬁo

0 2 15 mol% i T
30 mol% DBU, 2 equiv. LiCl ! * v Ar
Ph/\)LH ! @E/g:o THF, 6 h : : Ph’>/“ NN
N L] ) ! /‘\7-;( >
\ ! ' N)\
Allyl ! H 0O o)
! H
77%, 2.4:1 dr, 96% ee |
No LA: 1:1 dr, 34% ee .
Johnson: N
o : ol
Mes—N._N- BF4
5 mol% OTBS o)
(0] O Cl 1 equi Ph
quiv. K,CO4 Ph oL
/\)J\ + Ph BuO,C H
Ph H ~ Buo Et,0, 14 h, rt . Ph
O Ph Cl

78%, 33:1 dr, 99/1 ee

1) J. Dugal-Tessier, E. A. O’Bryan, T. B. H. Schroeder, D. T. Cohen, K. A. Scheidt, Angew. Chem. Int. Ed. 51, 4963-4967 (2012). 2) C. G. Goodman, M. M. Walker, J. S. Johnson, J. Am. Chem. Soc. 10

137, 122-125 (2015).
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Background and Main Innovations Reactivity Overview Homoenolate Equivalents Conclusion and Questions

Bode: 0

0]
Ts—N 10 mol% H N
0] 15 mol% DBU —\
Ts R ""Ph
Ph

PO e
NH — EtOAc, 15 h, rt

94%, 10:1 dr, 99% ee

Chi: r{\/\
BF,
N+ N N
Ph "
Ts—N 20 mol% LN O NHTs
Ar O N 40 mol% DIEA Ph —
K)J\ + Ph Ph
X H — 1 equiv. 1,2,3-Trihydroxybenzene
Ph THF, 24 h, rt Ar Ph

94%, 10:1 dr, 99% ee

1) M. He, J. W. Bode, J. Am. Chem. Soc. 130, 418-419 (2008), 2) X. Chen, X. Fang, Y. R. Chi, Chem. Sci. 4, 2613 (2013).



Annulations via Formal 1,4-Additions =PrL
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Bode: e
Ph
OH
\)\ EtO,C =
cr o
(6]

Ph
O 10 mol% \
O EtO X OH 1 equiv. DBU
Ph/\)J\H + "'CO,Et EtOQC Ph

toluene, 15 h, rt NHC
o oluene, 15 Ph o ~._-NHC
EtO,C

65%, 99% ee

& ClOy o
10 mol%
0]

1 equiv. DBU
toluene, 15 h, rt

85%, 5:1 dr, 99/6% ee

12
J. Kaeobamrung, J. W. Bode, Org. Lett. 11, 677-680 (2009).
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[4+2] Annulations =PrL
Background and Main Innovations Reactivity Overview Conclusion and Questions

B Bk
Bode: lN cr . N-fMes
=Ny ~< 00
0 o N |
10 mol% , SOLAr
o) R - 2
/\)J\ . /\)Nf:OQAr 10 mol% DIPEA EtO,C @ . CO,Me
Et0,C H P X H 10:1 toluene/THF, r.t. Ph N
o 90%, 99% ee ~ Diels-Adler a Michael-type
N\)ﬁ\‘ Cr N.+Mes O- +Mes _
\=N +

)

/”< | O ' OO
0 N
0 o Jemew P ijo\ /‘\§ :
1.5 equiv. Et3N -
+ CO.Me COzMe
Ph/\)J\H MeOQC/\)J\ / Ph =2

EtOAc, 6-8 h, r.t. MeO,C" -
“ 88%, 20:1 dr, 99% ee Claisen-type

(9 =
(0]
OH 1 mol%

Q 0
H\So \ + /\)J\ 1 M K,COgj ag. (3.2 equiv.) @
%@ n-pPr CO,Et toluene, 6 h, r.t. n-Pr CO,Et

Cl

80%, 99% ee

14
1) M. He, J. R. Struble, J. W. Bode, J. Am. Chem. Soc. 128, 8418-8420 (2006). 2) M. He, G. J. Uc, J. W. Bode, J. Am. Chem. Soc. 128, 15088-15089 (2006). 3) M. He, B. J.
Beahm, J. W. Bode, Org. Lett. 10, 3817-3820 (2008), 4) S. E. Allen, J. Mahatthananchai, J. W. Bode, M. C. Kozlowski, J. Am. Chem. Soc. 134, 12098-12103 (2012).



Background and Main Innovations Reactivity Overview Conjugated Enolate Equivalents Conclusion and Questions

Chi:

o O
0] \‘S” 20 mol%

)E/( . N@ 20 mol% Cs,CO4
4 AMS, THF, 36 h, r.t.

92%, 20:1 dr, 84% ee

| CO,Et

N N N BF4-
\=N+ o}
H. O 20 mol% 0 , FBu ‘ +Bu
0 10 mol% Sc(OTf)3 !
J + Ph)J\CF 10 mol% Mg(OTf), ﬁi ' |
3 "'CF3 !
Ph 50 mol% K,CO3 Ph oh ! ‘
1 equiv. quinone oxidant |
THF, 24-48 h, 0 °Corrt 81%, 94% ee | tBu tBu
No LA: 19% ee 0

15
1) B.-S. Li et al., Nat Commun. 6, 6207 (2015)., 2) J. Mo, X. Chen, Y. R. Chi, J. Am. Chem. Soc. 134, 8810-8813 (2012).
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Activated Carboxylate Equivalents =PrL

Background and Main Innovations Reactivity Overview a,B-Unsaturated Acyl Azoliums Conclusion and Questions
Q L. OH
NHC n, Bode:
N %, .
/H A&; (O ;j "y 3\ cr
Mes” N ¥ =
Q NHC OH o (0] 0 10 mol%
+ 2 1% DIPEA
R/\)LH AN [O] R/\)J\(/NQ - oFt 20mol%
R / Z toluene, 24 h, 40 °C
N- 4 @
NN Mes
Mes 76%, 99% ee
O

NHC tranesterification
PG

0
oy or e
NN Cl . +Bu +-Bu
=N+ o :
o) :
10 mol% NH
N7 OH 9 15 mol% DIPEA _ : |
= —— , 4-BrPh :
Br MeO NH, 1.2 equiv. quinone oxidant COM !
toluene, 24 h, 23 °C 2VI€ - ¢Buy tBu
96%, 86% e ! o)
17

1) B. Wanner, J. Mahatthananchai, J. W. Bode, Org. Lett. 13, 5378-5381 (2011)., 2) J. Kaeobamrung, J. Mahatthananchai, P. Zheng, J. W. Bode, J. Am. Chem. Soc. 132, 8810-8812 (2010).



Bromoenal Substrates =PrL
Background and Main Innovations Reactivity Overview Conclusion and Questions

e WQ AP — WQ

CF
Ye: ? §L
O BN \ 0
FaC NG 5

10 mol% NTs

HN
Bn
BF, o) Ph (5 _CO,Et 22 eql\;I“VCEts:lz — PR\ L CO,Et
O 10 mol% F3C CF3 s, a

88%, 9:1 dr, 94% ee

O O ; (0]
Ph/\(U\H + )J\)J\ 1.2 equiv. DABCO L
THF, overnight, 0 °C Ph

B
f o

82%, 92% ee

@CozEt > @ «CO,Et

(S)-isomer (R)-isomer

18
1) F.-G. Sun, L.-H. Sun, S. Ye, Adv. Synth. Catal. 353, 3134-3138 (2011). 2) K. Chen, Z. Gao, S. Ye, Angew. Chem. 131, 1195-1199 (2019).



Acids and Acyl Fluorides =PrL
Background and Main Innovations Reactivity Overview

a,B-Unsaturated Acyl Azoliums

Conclusion and Questions
o
Wang and Ye: N+ Lupton:
20 mol% 0]
0 4.8 equiv. DIPEA _Ts 1
Ph N SN
A+ THNTY T _2:4 equiv. PivCI o N\/N
Ph™ %" "OH 0 toluene, 20-40 h, 40°C  pH Ph SO . \ CO,Et
// . — 10 mol% CO?_Et
64%, 5:1 dr, 96% ee EtO,C o/ THF/DMF = 4:1, 2 h, 80 °C
EtO,C
Lupton

% Eo’
oTMS OxF N-
20 mol%
%K . = 20 mol% KHMDS "o

NG N—N% OEt NN
A o \ =0 oy 10 (ﬁ N
N/L§
Lo, THF, 1-3 h, 1t [I ;tCOZEt -

I
" \ N i
Ar
O)(Q 7 O){k 7 R O?{"Bn R OEt
Bn 1
Ar Ar e}
55%, >20:1 dr, 94% ee
o (0]
: CO,Bn

45%, >20:1 dr, 92% ee

87%, >20:1 dr, 94% ee

68%, >20:1 dr, 92% ee

1) A. Lee et al., Angew. Chem. 131, 6002-6006 (2019). 2) A. Levens, A. Ametovski, D. W. Lupton

Angew. Chem. Int. Ed. 55, 16136-16140 (2016). 3) R. M. Gillard, J. E. M. Fernando, D. W. Lupton
Angew. Chem. Int. Ed. 57, 4712-4716 (2018).



Alkynyl Acyl Azoliums =PrL

Background and Main Innovations Reactivity Overview Alkynyl Acyl Azoliums Conclusion and Questions

Wang: e product alkyne + [O]

o L
0" 15moi% B
+ | | 20 mol% Mg(OTf), Br
0 1.5 equiv. quinone oxidant
H X0 2 equiv. n-BuyNOAc

toluene, 24 h, rt

base
+ dlketo

69°/o, 80% ee

Jin:

O 1
\ BFs w
&N\: " Ph e
0] N+
Ph_’/{NH 10 mol% j )S\
0] 1 equiv. DMAP z
)J\ + 8= 20 mol% Sc(OTf); 07 "N” "N"0
H % HN 2 equiv. quinone oxidant
Ph 4 AMS, furan, 24 h, 30 °C

63%, 98% ee
20
1) C. Zhao et al., Nat Commun. 9, 611 (2018). 2) T. Li et al., Angew. Chem. 133, 9448-9453 (2021).
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Cooperative NHC/Pd Catalysis

Background and Main Innovations Reactivity Overview

Scheidt:
N/ﬁ cr
o)
H 20 mol%
| 2 mol% Pds(dba)s
j\ 8 mol% dppf
= 10 mol% K2C03
0" o DCM, 24 h, rt ©
' 61%
o product
NHC<
PdL, o) o
Mes — N/\ -Mes
\—=/ | H
OH o
=
NHC
B OJ\O/\/
O pdL
e PdL,,
X COZ
o)
\ OH
H
/ NHC | PdL,
_ PdL, e
0 &~ o

1) K. Liu, M. T. Hovey, K. A. Scheidt, Chem. Sci. 5, 4026 (2014). 2) C. Guo, M. Fleige, D. Janssen-Milller, C. G. Daniliuc, F. Glorius, J.

=Pi-L

Cooperative NHC/Metal Catalysis Conclusion and Questions

. 1 BF,
Glorius:
N+

V4
N < Ph
0] 15 mol% :
0 4 s, 5 moe PdPPhy) @(1
N
e

/& 1 equiv. Cs,CO3
N™ ~0O THF, 24 h, rt
Ts
86%, 12:1 dr, 99% ee

1 BF,

Glorius: Et
\/N+
)Ok o 10 mol% Et o
2 mol% Pd,(dba), Ph
o (RETol- o]
0”0 . Ph/vj\ 6 mol% (R)-Tol-BINAP |
Ph 30 mol% NMPi Ph
. toluene, 12 h, rt

75%, 37:1 dr, >99% ee

(0]

~|-e>—Ph 29
> P | I o
— P-Pd-P=—

Am. Chem. Soc. 138, 7840-7843 (2016). 3) S. Singha, T. Patra, C. G. Daniliuc, F. Glorius, J. Am. Chem. Soc. 140, 35513554 (2018).



Cooperative NHC/Ir Catalysis =PrL
Background and Main Innovations Reactivity Overview Conclusion and Questions

Glorius A)Ok DL
: X
Ph H N NHC
o}
oA o Ph 0
or L 0
0 + (6] (6]
\_K/ 2 mol% [Ir(COD)Cl],, 30 or 200 mol% Et3N
Ph H — toluene, 48 h, rt \
Cl 75%, >19:1 dr, >99% ee

23
S. Singha, E. Serrano, S. Mondal, C. G. Daniliuc, F. Glorius, Nat Catal. 3, 48-54 (2020).
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Conclusion and Outlook

1. N-mesityl catalysts as (one of) the most important developments in the field
2. With essentially one class of catalysts we can drive so many different transformations

3. Since mid 2000’s a large number of enantioselective transformations has been reported

4. Further progress needed with “ordinary” ketones and other simple carbonyl electrophiles

5. Further progress in cooperative NHC/metal catalysis
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Questions

Question 1: How would you explain the following switchable selectivity?

5O

o) 15 mol%
N H 1 equiv. base
s N\ /TS + — -
+°N solvent, 12-24 h, rt

- Ph

‘N—Ts

Ph

Toluene, K,CO5;: A/B =1:10
Toluene, DBU: A/B=15:1
THF, K,COg: A/B =10:1

26
C. Guo, M. Fleige, D. Janssen-Miiller, C. G. Daniliuc, F. Glorius, Nature Chem. 7, 842-847 (2015).



Questions

Question 2: Products? How can you explain the difference in reaction outcomes?

I
0

11

0 0
H HO 10 mol% NHC precat.
Z . \ij 15 mol% NMM °
0] OTBS toluene, 24 h
Cl

\>\NCI i 1 BF4
N+

\=N* \/
Aonly X only F‘Q/

J. Kaeobamrung, J. Mahatthananchai, P. Zheng, J. W. Bode, J. Am. Chem. Soc. 132, 8810-8812 (2010).

O
@) O
oTBS | or AN | 0 | OTBS
Cl Cl
X
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1. Metal-assisted enantioselective reaction

QO chiaiity on the ligand
M / widely used

racemic catalyst

NMe2
~
é Ph, H, N
Ph N-H P.. | . N |
\[ ONi Fe
SN P~ N R__| R
TN LA
H
Ph R
Kobayashi Noyori Fu
Central Chirality Atropisomeric Chirality Planar Chirality

Review: Catal. Sci. Technol., 2015, 5, 3441.
Top. Organomet. Chem. 2005, 15, 271.



1. Metal-assisted enantioselective catalytic reaction

@ O chiaiity on the ligand
M widely used

racemic catalyst M Chirality on the metal

far less explored

Alfred Werner

A A /A A
| E//,I | \\B A//I,, | \\\\\A ////, | ‘\\\\B
M, M 2l 5
Nz p” | ¢ R A |
B C A_/
F A
Tetrahedral Octahedral Bidentate Tridentate
Central Chirality (R/S) Propeller chirality (A/A)

Werner, A. On the constitution and configuration of compounds of a higher order.
From Nobel Lectures, Chemistry 1901. 3



2. Synthesis of chiral-at-metal complexes

Chiral induction with chiral auxiliaries

Achiral or racemic
Ru precursors

Chiral auxiliar H diastereoselective

ligand auxiliary-labilizing
reaction conditions
stereospecific

Chiral auxilia

/////
.

Chem. Eur. J. 2010, 16, 752.



Commonly used chiral auxiliaries

Bidentate ligand

Monodentate ligand

Hydrogen bonding
(0]

n-1t interaction

Cleavable chiral linkers

@2

| [
(0]

O o o
HO’B_ _B\OH

Chiral anion

cl
cl cl
cl o cl

cl 0, @30

>

o” | Yo

Cli o) cl
cl
o cl
cl
A-TRISPHAT



3.1 Early attempts in asymmetric catalysis

Cl

cl cl 30 oH 0
3N_o3 -ONO_
cl o cl = O OH
Cl O/ 0 ‘e, _‘\ ey
‘,, ‘\\\ R a
P.O \ L-tartrate
o” |\0 N
(of] o) cl )
Ci
cl Cl
Cl
A-TRISPHAT o OH
o- A-Ru 0.5 mol%
A-Ru 2 mol% X - X%
R(S\R2 +  HyO, : /éf R+/ H,0, 80 °C R:_/
MeOH,rt  Ri» Ry

0,
7% to 18% ee up to 26% ee

30
NHZ/\I_I OH O

3BArf
NHZ/// . ] \\NHZ -0 0_
/MCO‘\ (o) é)H
NH; ' NH,
NH, 14H,0 L-tartrate
o]
A-[Co(en);](BArF);+14H,0 (9 mol%)
it <c00Me : P o
+
é COOMe NEt;, DCM
-40 °C, 8 h COOMe
MeOOC
78%, 33% ee 6

Fontecave Inorg. Chem. 2003, 42, 4810.
Inorg. Chem. 2007, 46, 5354.
Gladysz Chem. Eur. J. 2008, 14, 5397.



3.2 Simulation of organocatalyst

S

r. L

\
H
|
|
o

--xT-=
xj

(0

<

%C;N u

R

\\H
/

~

2+

1 mol% A-Ir1 R

©)\/ NO, cOOtBuJ\/ICOOtBu ©/’\/ NO,

up to 99% ee

Eric, Meggers, J. Am. Chem. Soc. 2013, 135, 10598.



3.2 Simulation of organocatalyst

COOR?

L s
N 5 equiv.

H

R200c NO;
1 mol% A-Ir2 RS

R1J\/No2

2
\\\) R2-SH
NO, NBoc
+
R1J RZJJ\H

toluene

up to 98% ee

2
1mol% A3 Rig

DCM, -78 °C RH\)\N\/\N\)

up to 96%yield
97% ee

1 mol% A-Ir3 rgoz
R2

1
tol , -40 °C
oluene NHBoc
up to 98%yield
97% ee
dr > 300:1

Ir1 and Ir2 didn’t catalyze this reaction

A-Ir2

A-Ir3

3,5-tBuP

nhex

Angew. Chem. Int. Ed. 2013, 52, 14021, Nat. Commun. 2014, 5, 4531.



3.2 Simulation of organocatalyst

LOR

I/, /I/

COR

OH \\k& face approach

R =2,4,6-iPr;Ph

o .
o R200C. 1.Adrd (1 mol%) O iP (E)-syn enamine
+ Y 2 y
)&w d 2. NaBH4 N.\-COOR
H “COOR? 3. NaOH Rt H
up to 96% yield
98% ee

Chem. Commun., 2014, 50, 10409.



3.2 Simulation of organocatalyst

Nucleophilic Catalysis < ,--pr
| i-Pr
N

SN
\ /,
| — A-IrS
~
N
ZUN__j-Pr
R oi-Pr
i-Pr
R = 2,6-Me,Ph
OR
O%o ORO
R Y< °=£(Z<
~ o R o
N= N<<
R R
9
R R
A-Ir5 (1 mol%) .~\\\\0R
N\ - - high yield
0 ° high ee
o >:o o
RO
T e
+ N R"
on -
/ RII)J\RI O R'

ACS Catal. 2017, 7, 5151.
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3.3 Chiral Lewis acid catalysis

M= Ir, Rh A~ o
Rh usually has better ee and yield Asymmetric Micheal additions
than Ir OMe
(o)
x@—tBu @ @ | / OMe
\N NMez
K\ N— 0

///

,/" CN OtBu
' g o o
|\ CN rj\)( j\:;
o~ O
XQ’B“
~ Asymmetric cycloadditions
H

X N Me
// x-o s

’ o
S usually has better ee and yield ph)Q,}]/B“ @ )\/
o

/// ‘

\
N ‘ o

o s
= <N >1N

labile ligands than O

\

3
O
Z
)
=
o
-
T/
|

J. Am. Chem. Soc. 2014, 136, 8, 2990, Chem. Eur. J. 2015, 21, 9720,

Chem. Sci. 2015, 6, 1094. Chem. Asian J. 2016, 11,3355.

11



3.4 Visible-light-induced asymmetric reactions

2+
2Cl

WN= Photosensitizer
N o Compactible under photoredox condition

_N
X\@tBu X
12



3.4 Visible-light-induced asymmetric reactions

o CN o CN
A-Ir5 (2 mol%
N\\HK/Ph . Br rs ) Ng
& Na,HPO,1.1eq  \ §  pn
NQ NO, MeOH/THF 4:1 N\ NO,
40 °C o
3 equiv. Quantitative yield

N Me \ \ \/'""*'/‘
N A~
///,,,, ‘\\\\\ /\‘/\ 20 ‘
A e |
©< s O
¢ Sy,
N Me \/\/L
—
w7
__(\1// N
A-Ir5

Nature 2014,

visible light

99% ee

no light, no reaction

+
| PFg BB o
SQtBu " __(j\ | ’-\)\

\N \‘ /\-...( (\
/7, é\N’” 4‘)\/\¥ N1 “'D":;/',
N L Ao \.,1 o0 —®o
.\O R Tﬁﬁ N42 \_’yl\"‘;s\'

N 5% N20
158 %YW
S tBu 78:a
S22 ’T\ﬁ, "

Enolate-Ir5

515, 100.



3.4 Visible-light-induced asymmetric reactions

10+
e Enolate Il

0 Catalyst A/A-Ir2

8_
> 0
Br
4 - NO,
2a
2_
0 1 > 3 4 5
[2a] (mM)

Stern-Volmer plot

Complex | Absorbancei .~ Emissioni _ (E%) E,,(PS*/PS) E, (PS*/PSY
A/A-Ir2 425 nm 560 nm (2.21 eV) >+15V >-0.71V
Enolate Il | 440 nm 550 nm (2.25 eV) +0.51V -1.74V 14




3.4 Visible-light-induced asymmetric reactions

Proposed mechanism

Br

- Rewe

Ir\

IrII
base
+
A-IrS [ 0 _ o)
— R asymmetric N R
A-1rS catalysis cycle
Irl REWG

ligand exchange

IrJr
/ ™o Irll*
C))Y "
Rewe photoredox

I ovele g

N S

15



3.4 Visible-light-induced asymmetric reactions

@ﬁ "
>

A-Ir5: M=Ir, X=S
A-Rh1: M=Rh, X=0
A-Rh2: M=Rh, X=S

@*

/.e'\ REWG-LG
| PFg
QtBu

K\N R N\H‘K/REWG
®Rewe &\ E

N R
l R
Electrophlllc radical
REWG -LG: CCI3B|’ R\ /COOMe

weak base

)
O o
S
W\
light-activated reduct /©: 0
O.N NO,
R NN
A\ R-N=N=N

Chem. Eur. J. 2016, 22, 9102, Nat. Protocols 2018, 13, 605,
J. Org. Chem. 2018, 83, 18, 10922, J. Am. Chem. Soc. 2016, 138, 38, 12636. 16



3.4 Visible-light-induced asymmetric reactions

R-LG

oo R-LG: R-BF;K CF;-SO;K

S Rh
AN Y N
N Me | \Mucleophilic ‘R R
- N radical tBquC COztBu H
||
s

X -
o tB Me N Me 0/<O
. H L
(0]
Me. (o
r:l N
Boc O
(0]
(0]
M H
Ar N/\/><
H
PCET
17

J. Am. Chem. Soc. 2016, 138, 6936, J. Am. Chem. Soc. 2015, 137, 9551, Angew. Chem. Int. Ed. 2018, 57, 11193.
Angew. Chem., Int. Ed. 2016, 55, 13495, Angew. Chem. Int. Ed. 2019, 58, 16859, Chem. Commun. 2017, 53, 8964.



3.4 Visible-light-induced asymmetric reactions

A3 e

Me. N® ~\ N
Can | )\© 26-utidine [ N 2N, | .«
0, | ¥ 1b _> Ph . ..‘
M /
Q@ Bt [,
M= RhA rac-RhO, M = Ir: rac-IrO M = Rh: 5-Rh, M = Ir: 5-Ir
f a) Rhodium: 1 min, 77% conversion (equilibrium reached)
: rac-RhO* o Rh —> g
. 1 1 L I E
. @ v © '
. N [+ o] @ :
: N ™ ™ H
+ b) Iridium: 1 h, 2.8% conversion '
. rac-irO* E
; —J Y S, i =y
: g < . .
: T a') T T T g T J T T T :
‘ 1.50 1.40 1.30 1. ZO 1.10 1.00 0.90 S
> d(ppm) ;



3.4 Visible-light-induced asymmetric reactions

Photocycloaddition

‘7, ” W\ N

\
o

a) Fast formation of RhS-1a
PFg

— 5@ o

CD;CI; 10 min
full conv. by NMR

rac-RhS
b) Cyclic voltammograms

=== rac-1a
....... rac-RhS
= RhS-12
s rea®
L
’
’ }‘ W
[2.5 v E X

'B
__recla 1n Ph’N ’N j/\©
o/ |
S M Me
B O’ ’Bu

RhS-1a

Potential (V) vs Ag/AgCI

direct visible light activation

Rh—q
| ISC

i,
Aux= R\N/\<

N

direct visible light activation

Rh—

T N. %
Ly o

R Ar
0] y '
\n..<§{R
/ lel

6:1 to 20:1 dr
91 to 99% ee

up to 99% ee

R? o 1
/1\ R‘\REWG
Rewe Q)A\Q
RII R
up to 99% ee
(o)

—R R
—_—

Rll R

up to 99% ee

J. Am. Chem. Soc. 2017, 139, 9120,
Nat. Commun. 2017, 8, 2245,
Angew. Chem. Int .Ed. 2018, 57, 5454.
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3.5 C-H insertion reactions through metal-nitrenoids

~ R | 2PFg
2

Mes—N

<\)/, X N///

MeS\NYTU\N
N
AN
Q\/N N g2
Z >R
A-Ru1: R=TMS
A-Ru2: R=TES T W\ L
A-Ru3: R=CF, 0 Nl ' ~S
Bn, 2 (\_ 2 Bn.
)N\JS TS-1-major : \\ TS-1-minor NLJS
N AAG* = 0.0 U AAG¥=2.0 * N
i ™S S
R' O-Ru Ph— o
__A-Rutl N/ Boc,0 N
4<; N 2 '<
Ar_< 85105 °C Ar—< NG Ar—
2 Boc
chelete activation
up to 95% yield
95% ee
A-Ru4 A Boc
Ar ~ Al _N Ar
NN, P(4-F-Ph); D "> ""NHBoc
Boc,0
up to 99% ee 20

around 50% yield
Angew. Chem. Int. Ed. 2019, 58, 1088, Chem. Sci., 2019, 10, 3202.



3.5 C-H insertion reactions through metal-nitrenoids

W\
\‘\\

A-Ru1: R=TMS
A-Ru2: R=TES
A-Ru3: R=CF;
A-Ru4: R=C¢Hsp-CF,

o (o]
R~ J oBz  ARul un A
N~ N >~ N-R'
H él H 0-05'0-1 mOl% \\‘I\/
K2C03 3 equiv.
R'= alkyl, H up to 99% yield
99% ee
o]
(0]
OJ<0 A-Ru2 Ph\lﬂo)J\N,OBz A-Ru3
Ph\‘\‘l\/ K,CO; 3 equiv. H H K,CO; 3 equiv.

88% yield
78% ee

Chem 2020, 6, 2024,
Angew. Chem. Int. Ed. 2020, 132, 21890.

o
HN J<O
e

84% yield
80% ee
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3.5 C-H insertion reactions through metal-nitrenoids

non-C, symmetric C, symmetric C, symmetric

oh | 2BF4

R2 (/\N
Z =
\\\N/ Mes_N)//,,"'R‘u \\\N
Mes-y
N &\( . \N\\\
\\Rz NN R?
Z>1ms
C-H amidation Curtius rearrangement
A-Ru4 rac-Rub A-Ru1
R H A-Ru4 N-© rac-Ru5

-~ | o —
0 RMO\F orARul g~ _NCO

up to 99% ee
up to TON = 11200

J. Am. Chem. Soc. 2019, 141, 19048.
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Ru3 CrRu3 Rud
(rNHC, non-C,~symmetric) (rNHC, C,-symmetric) (nNHC, C,-symmetric)

rNHC (strong o-donation) rNHC (strong o-donation) nNHC (weak o-donation)
weak NCH...0=C H-bond strong NCH...0O=C H-bond strong NCH...0=C H-bond

\e\

3 /

0.00 \‘\ 217 {
)

215 o/ 189

r
HOMO: -10.57 eV HOMO: -10.64 eV HOMO: -11.01 eV
LUMO: -8.19 eV LUMO: -8.28 eV LUMO: -8.75 eV
-0.12 0N -0.06
23
nucleophilic nitrene electrophilic nitrene

(favors C-H amidation) (favors Curtius rearrangement)



3.6 Other types of reactions

Electrochemical asymmetric catalysis

(0
N\\HJ\(W A-Rh ca
<\/N\ R2 base
Ph

Enantioselective alkynylation

\
ot

/1, =~
Mes—N) l . wN
Mes\N\(F‘e\N Chiral Lewis Acid
N
AN
&N N g

up to 99% ee

Nat. Catal. 2019, 2, 34

R
)oj\ + —R A-Ru /(')\\\\//

CF, CF,

Ar Ar

up to 99% yield
99% ee

J. Am. Chem. Soc. 2017, 139, 4322

J. Am. Chem. Soc. 2019, 141, 4569.
Chem. Eur. J, DOI: 10.1002/chem.202100703.
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4. Summary and outlook

Summary

= N~ °N 2
N* [
’ ‘ \ )/// l \N///
Mes—N K2R
‘ \N Mes~y M\
SN \/ . N
Me \_N. N
N
|

1. Simulation of organocatalyst
2. Chiral Lewis acid catalysis and visible light induced asymmetric catalysis

3. C-Hinsertion through metal-nitrenoids

Outlook

O 1. More reactions without relying on the 2-acyl imidazole moiety?
2. Further transformations of the 2-acyl imidazole product?
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Question 1.

j:l\ proton transfer ~C + | N -Ir c
1] L] CN
R )R R..)*\R. L/f R")*\ CN

R = 2,6-Me,Ph

o A-Ir5 (1 mol%) WCN
c N R"

o R’
Mechanism?
5 _Ir Enantioselective o. '/{—\_ o Q

H
!
N

UCN



Question 2.

o o
Ph \lﬂ OJJ\N,OBz A-Ru2z (ifo
| “ TES_I 2PF H H K,CO; 3 equiv.
J~N" N7 R? Mechanism?  88%yield
<\ s 78% ee
Mes—N)/"’u, , wNT
Mesir‘iw/'l'\‘.u“\N . b) Olefin isomerization
\ N2
N__N R Q
AN { Ru cat/ K‘aCO'n M
L wﬁr 0Bz ———— "o
TES
'Z|-1b (E)-3b, 33% yield™
A-Ru2: R=TES Z/E > 2011 E/Z > 201
® Proposed mechanism

-------------------------------------------------------------------------

H
+H«O H* j\ R/\’O\'r OBz + Base

O
" -NH4 [Ru] Base-H*, PhCOy
*H‘%O
(H*-cat) l]

EHO HNHZ N—{Ru]
Fol e

R R
m / | (triplet state)
1.5-HAT
\ R Ry
ON. - H.N'\-'-,O
RANO

........................................................................

O
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