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Introduction

Selected Examples of Pharmaceutical Agents
Containing the Cyclopropyl Core

o Me
N Oy Me
Me
NH COOMe
HO 2 S I\l/le 5
Saxagliptin Mitrephorone A Ingenol
(blood glucose drug) (antibacterial) (anti-cancer drug)

\ Beclabuvir Paritaprevir
(antiviral drug) (antiviral drug)

Ebner, C., Carreira, E. M. Chem. Rev. 2017, 117, 11651.
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Introduction

Simmons-Smith Cyclopropanation Reaction

Cat. (25 mol%) ><o
Zn(CHosl), (1 equiv.) %
=z > Ph Ph
o 4A MS, CH,Cl,, 0 °C OH Ph)(_g<Ph
19 examples up to 83% yield i O)Ti:o,.
up to 90% ee Pro™ "O'Pr

Corey-Chaykovsky Cyclopropanation Reaction

O OMe

0 0] Cat. (20 mol%)
Cs,CO3 (1 equiv.) O/w
+ > .."”I[
MeCN, 80 °C |
Br

22 examples up to 91% yield
up to 98% ee

Metallocarbenoid-Mediated Cyclopropanation Reaction

N,

. 0 COyMe
oMe . O/\ Rh(S-PTAD), (1 mol%) A
Pentane, 36 °C

0]

22 examples up to 91% vyield
up to 97% ee

Charette, A. B., Brochu, C. J. Am. Chem. Soc. 2001, 123, 12168.
Papageorgiou, C. D., Gaunt, M. J. Angew. Chem. Int. Ed. 2004, 43, 4641.
Wang, H. B., Davies, H. M. L. Chem. Sci. 2013, 4, 2844.
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Introduction

Catalytic Asymmetric Cyclopropanation

Reactions of Diazo or 1,2-Dicarbonyl Compounds

well established

: 1 potentially explosive nature TM = chiral Rh, Ru, Cu, Co, efc.

i | the necessary use of hazardous
: reagents for their preparation

valuable chiral

o elusive cyclopropane
> . 7
% cc — |
o) Y high activation energy required for
CC =chiral catalyst : cleavage of strong C=0 bonds :

bench stable

. . 1 diverse side reactions of carbonyls :
readily available ’

..............................................................
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Introduction

Cyclopropanation with Organozinc Carbenoid

Zn
SiMe,Cl
CiMe,Si”” "2
0

4 examples
up to 96% vyield

MeO

MeO

| MeO ;
Zn_ Ha¥-"¢ . N
H N ®
| )
CIMeZS|/\ H Yocl H  znCl C|e
O SiMe,Cl
A l B
i * @ MeO
-ZnCl, B Cl
H - MeO <
ZnCl
cC H

Motherwell, W. B. J. Organomet. Chem. 2001, 624, 41.
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Introduction

Metal Carbene: Fisher-Type and Schrock-Type

Fisher-Type

|v||_n

singlet "}8

R =alkyl, Ar, alkenyl, alkynyl;

RZ2=0Q,N, S;

M = low oxidation states, 18e,
late transition metals;

L: m-acceptor (CO)

LUMO e 70

A
R1lllln. _:’ ".
R ; :
carbene 2p | ,_4+_ %

HOMO ” o metal nd

Schrock-Type

triplet ,,,,/8

R'/R?=H, alkyl, Ar;

M = high oxidation states; 10-18e,
early transition metals;

L: o/n-donor (Cp, ClI, alkyl)

LUMOQO 7%
R 1'Iln,, l’: “'.
0 = 43
carbene 2p metal nd

HOMO +




Introduction

Development of Schrock-Type Carbene

H R H
>=|v| M— >=M
—_— _—
R R'
R'%VR
RHC=CHR' H H RHC=CHR

IT (|:I NHA Il\llAr
r H '
O\W; A . RO—Mo=CHR'
"l : : OR
R = '
: : more tolerant of
early stage i functionalities

Schrock, R. R. Chem. Rev. 2009, 109, 3211.
Schrock, R. R., Liu, A. H. J. Am. Chem. Soc. 1988, 110, 1423.
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Introduction

Mo-Catalyzed Deoxygenative Coupling

H Mo(CO)g (10 mol%) H 'Bu
o 0-Quinone (10 mol%), PPh3 —_
Q>: Mesitylene, 140 °C H ‘Bu

E/Z > 99:1 19 examples
up to 97% yield O O

(0] O
\MO/ A B
(CO), Bu
O O
Ph

\\

MD
OO f
+ By PH Bu

H

0
:T\n/
o
lw]
O“z o
o
o o
w
c
&
I o
-
0

Banerjee, S., llies, I. Org. Lett. 2022, 24, 7242.
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Introduction

Mo-Catalyzed Intermolecular Coupling

0 0 Mo(CO)g (10 mol%) 'Bu
" IO o-Quinone (10 mol%), PPh; __
Mesitylene, 180 °C

46 examples d)
6 up to 96% yield © 0O

Ph Ph
Ph 0O MO(CO)G __
0-Quinone
o Ph <|3| oh 5
Ph® P N0 PPh;  O—[Mo] N
' Ph
H'Tl ° Ph” XM °
(o]
Ph e c O—[Mo]
B O Ph—]__| -Ph
_ O=PPh /4
O—=[Mo] ® Ph” N Yo

0 O=PPh, |

Ph
o O=PPh, A /\\A o E
l
O—Mo] 0 Ph._~[Mo]
Int 1 6 Ph /Ph o
N?’/< AN PP

c o]
PPh; Y Ph Ph O

Int1 Ph D

Dong, Y.-Q., Zhuo, C.-X. ACS Catal. 2022, 12, 11428.
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Introduction

Mo-Catalyzed Cyclopropanation with 1,2-Dicarbonyl Compound

(@) O\/o Bu
Mo(CO)g (10 mol%)
0-Quinone (10 mol%) :
I \ O = I \ IIIIII O tBu
Ot DPPB, Toluene, 120°C O
P N/f Z
36 examples
d) up to 90% yield d) © °
Mo(CO)g + 0-Quinone O Ph
O=PR, l
Mol ©
A N/\/
I
PR Me
[Mo]=0 C (@) Ph
i
O\/Ph By o O///O [Mo]
> N Ph =
; /Mo.‘\ N/\/
------- H © Ik © / !
Bl Me N e
'}l —
TS
Me - N °

Cao, L.-Y., Zhuo, C.-X. Angew. Chem. Int. Ed. 2021, 60, 15254.
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Salen-Mo Catalytic Cyclopropanation Reaction

The Generation of Low-Valent Mo-Species
for The Deoxygenation of Carbonyls

S R R
Mo(CO)s oxidation
Mo (0) o-Quinone Mo(ll) Mol(lll) _N
Mo O
. achiral chiral mild /I[ \
MoCly(PR3)x reduction 7 Mo(ll) low-valent reductant
Mo (IV) regant Mo-cat. (PR3) chiral salen-Mo complex
Na (Hg), Mg
’ Mo (VI)
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Optimization of Cyclopropanation Reaction
Os__Ph jh Os_-Ph
Mo-cat. (x mol%) Oj
| | 0 DPPB (0.8 equiv.) b
O/\/ Toluene, 140 °C, th o O/\/
1a 2a B1

Mo-1:
Mo-2:
Mo-3:
Mo-4:
Mo-5:
Mo-6:
Mo-7:

R!'=1'Bu, R?=Bu
R'=H,R?=Bu
R'=1Bu,R?>=H
R'=/Pr,R?=H

R!'=1Bu, R2=CN

R'=1Bu, R?=Br

R =Bu, R? = CF,4

Mo-8: R' = Bu, R? = Ph

Mo-9: R" = Bu, R? = 2,4,6-Me3CgH,
Mo-10: R" = Bu, R? = SiPh,

(S,S)
—N,

S
§
S
S
S

\II
\)
¢ o
v

o’ I

X-ray of Mo-4
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Optimization of Cyclopropanation Reaction

i a (o0 b (0 i a (o
Entry Mo-cat. x (mol %) t (h) vield® (%) ee® (%)  Yield* (%)

2a 2a B1l
1 Mo-1 20 23 84 92 13
2 Mo-2 20 23 87 81 11
3 Mo-3 20 23 89 93 11
4 Mo-4 20 9 90 91 10
5 Mo-5 20 10 90 89 10
6 Mo-6 20 16 80 90 15
7 Mo-7 20 10 89 92 11
8 Mo-8 20 16 88 93 10
9 Mo-9 20 20 89 94 11
10 Mo-10 20 12 89 95 10
11 Mo-10 10 16 91 94 9
12 Mo-10 5 80 86 93 14
13¢ Mo-10 10 55 91(86) 97 9

aThe reaction was performed on 0.1 mmol (entries 1-12) or 0.2 mmol (entry 13) scale, and yield was
determined by 'H NMR analysis using CH,Br, as internal standard. PDetermined by HPLC analysis on a
chiral stationary phase. ¢At 120 °C. Isolated yield in the parentheses.




Substrate Scope

(S,S)-Mo-10 (10 mol%)
Z Cond. A or Cond. B

Cond. A: DPPB (0.8 equiv.)
Toluene, 120 °C
Cond. B: PPh,Me (1.6 equiv.)
DME, 100 °C

4
7/ \. 2a R=H,86%yield, 97% ee
<3 2b, R = 4-Me, 84% yield, 96% ee
R 2¢, R = 4-OMe, 86% yield, 96% ee
2d, R = 3-OMe, 89% yield, 94% ee
2e, R = 4-F, 80% yield, 97% ee
~mH  2f R = 4-Cl, 89% vyield, 97% ee
2g, R = 4-Br, 84% vield, 97% ee

2h

-

21 2m 2n
60% yield, 79% ee 83% yield, 81% ee 74% yield, 94% ee

Ph
o=/

AcO

Lo H

(@)
2z

X-ray of 2y 85% vyield, 94% ee

Scope of O-linker substrates

92% yield, 96% ee

67% yield, 96% ee

85% vyield, 96% ee

Ph,Si

lBu 4

=4

W

R,

W

ot H i H

O O
2i 2j 2k

88% yield, 97% ee  81% yield, 97% ee 80% vyield, 95% ee

20, R = 4-Me, 85% yield, 97% ee
2p, R = 4-OMe, 85% yield, 96% ee
2q, R = 5-Me, 84% yield, 96% ee
2r, R = 5-Ph, 82% yield, 95% ee
2s, R = 6-Me, 84% yield, 96% ee
2t, R = 4-F, 76% yield, 92% ee
2u, R = 4-Cl, 81% yield, 97% ee
2v, R = 4-Br, 86% yield, 95% ee
2w, R = 4-CF3, 62% yield, 88% ee
2x, R = 5-Cl, 81% vyield, 96% ee
2y, R = 6-Br, 81% yield, 96% ee

Ph
O:,/

o H

(@) (©)
2ab 2ac

96% vyield, 96% ee
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Substrate Scope

2ad

83% yield, 95% ee

o=/

p——4

>
K

2ae
72% yield, 94% ee

| |

it H

2ah,R'=Me, R =H,
76% vyield, 93% ee S
2ai, R' = Me, RZ = Me, \
76% yield, 92% ee
2aj, R' = Me, R? = OMe,
74% vyield, 90% ee
2ak, R'=Me, R?=F,
70% vyield, 92% ee
2al, R' = Me, R? = Br,
71% yield, 91% ee
2am,R"'=Ts, R2=H,
97% vyield, 98% ee
2an,R'=Ts, R? = Br,
78% yield, 94% ee

i H

2ap
62% vyield, 80% ee

2as, R' = Me, R? = 4-Me, 74% yield, 90% ee
2at, R' = Me, R? = 5-Cl, 73% yield, 91% ee

2au, R' = Ts, R? = 4-Me, 93% vyield, 97% ee
2av, R' = Ts, R? = 5-Me, 89% yield, 95% ee
2aw, R' = Me, R? = 4-Cl, 94% vyield, 97% ee

2ax, R" = Ts, R? = 5-Br, 80% yield, 94% ee

Scope of O-linker substrates

Ph

ot H

(0]

Ph

=
%

o

)

81% vyield, 95% ee

Scope of the N, S, or C-linker substrates

&

2

onnH

N

I
Me

2ao
71% yield, 92% ee

2ay
62% yield, 90% ee

Ph
=/

o

ail\le

O
2ag

68% vyield, 84% ee

’4

LouniH

I
Ts

2aq

92% vyield, 93% ee

i H

2az
60% yield, 89% ee

-l

=4

W

ot H

2ar

92% yield, 82% ee

winH

2ba
75% yield, 91% ee
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Substrate Scope

Derivatization of bioactive molecules

Ar
Oz,,/
- %
i H wnH it
(0]

OMe -4 ——
from sesamol, 2bb from paroxypropione, 2bc from eugenol, 2bd from raspb'erry ketone, 2be Ar = 4-SON("Pr)2-CeHy
92% vyield, 95% ee 85% vyield, 96% ee 60% vyield, 90% ee 90% vyield, 97% ee

Ph O M
O=,;/ H

from probenecid, 2bf
EtOZC,,,,h_

61% yield, 95% ee

O OMe
..... - H 0 ‘O ‘r.
X N
_NH g
Bz O H
O
from ethyl N-benzoyl-L-tyrosinate, 2bg from estrone, 2bh
88% vyield, >20/1 dr

84% yield, >20/1 dr

from adapalene, 2bi
83% vyield, 95% ee

from oestradiol 17-heptanoate, 2bj
91% vyield, >20/1 dr

from tocopherol, 2bk from estrone, 2bl
73% vyield, >20/1 dr N H 70% yield, >20/1 dr
Mme” with (R,R)-Mo-10

18



Substrate Scope

(S,S)-Mo-10 (10 mol%) _
PPh,Me (1.6 equiv.), Toluene, 120 °C

Y=CH,N

4j, 84% vyield, 90% ee

Scope of Styrene Derivatives

4a, R = H, 82% yield, 91% ee
4b, R = OMe, 75% yield, 88% ee
4c, R = F, 75% yield, 92% ee
H 4d R =Cl, 80% yield, 92% ee

PhSi 0" I SiPh,

4e, R = OMe, 77% yield, 86% ee
4f, 43% vyield, 14/1 dr

R= O,
M ) ~Me
e 49, R = Me, 72% yield, 89% ee
4h, R = CF3, 65% yield, 91% ee
Me 4i, R=F, 75% yield, 92% ee

4k, 77% yield, 87% ee

41, 72% vyield, 89% ee

4m, 70% yield, 90% ee 4n, 50% yield, 80% ee

19




Scale-up Reactions and Synthetic Applications

Scale-up Reactions and Synthetic Transformations of 2g/2v

Br
(5,5)-Mo-10 (10 mol%)
> 0= 0=
DPPB (0.8 equiv.) % or
Toluene, 120 °C Jon Br i
1.45 or 0.5 mmol scale
19, 500 mg, R' =Br, RZ=H 0 o
1v, 172 mg, R' = H, R? = Br 29, 394 mg, 83% yield, 97% ee 2v, 139 mg, 85% yield, 95% ee
/
PPh;CH3Br HO),B
NaChH (1) NH;0H+HC| ps PA(PPhg) 2 \ Pd(PPhs)q
BuLi Py/EtOH, 80 °C S| Cul BN Na,COj
Toluene (2) TCT, DMF, r.t. | it t080°C N H,O/Toluene/MeOH
0to 120 °C Me 80 °C
\ Br Br. Y Y ]
i H
O
5, 93% vyield, 97% ee 6, 57% yield, 97% ee 7, 91% yield, 95% ee 8, 90% vyield, 96% ee
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Scale-up Reactions and Synthetic Applications

Scale-up Reactions and Synthetic Transformations of 2aq

)
(S,S)-Mo-10 (10 mol%) DIBAL-H
O - > >
PPh,Me (1.6 equiv.) DCM, -78 to 0 °C
NN DME, 100 °C
| 1.0 mmol scale
Ts Ts
1aq 2aq, 344 mg, 90% yield, 94% ee 9, 99% yield, 18/1 dr
PPh3;CH3Br
et . "BuLi
i e readily prepared on a several hundred millig- Toluene
ram scale 0to 120 °C

® the cyclopropane ring could be well tolerated

@ easily accessed through several downstream

transformations of the cyclopropane products
yclopropane p TFA, CH,l,, Et,Zn

@ the enantiomeric purities of the chiral starting

materials were all well preserved DCM, 0°Ctort.

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

10, 79% vyield, 95% ee 11, 97% vyield, 95% ee
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Experimental Mechanistic Studies

Strutures and Stoichiometric Reactions of the Mo-Complexes

DPPB (6 equiv.) 1b (2 equiv.)
B B - “n,
! Y CeDg, 45°C, 24 h CeDs
120 °C, 24 h
By B 95% (NMR)
(S,S)-Mo-1
Mo (VI)
DPPB (6 equiv.) - .
CgDg, 120 °C, 20 h (S,S)-Mo-11 0no reaction
Mo (V) 99% 1b recovered
DPPB l 92% (NMR) 95% Mo-11 remained
(6 equiv.)
CeDs Bu
120 °C, 20 h ‘Bu Me
80% (NMR) By
, By
“w,, N,' \\O o Oy
— T ,S)-Mo-11
tul 1b (2 equiv.) ; +  (S,S)-Mo
N/ \O > ot H Mo (V)
| t CgDg, 120 °C, 24 h >95% (NMR)
Bu z 0)
2b
73% yield, 96% ee
Bl (S,S)-Mo-12 By oy 0
Mo (1l)




Proposed Mechanism

2 X PR, \_/

2X
3X PR,
Bu Bu
Bu By
(S,S)-Mo-1 3 X 0=PR;
Mo (V1)
T\ 2x0=PR,

(S,S)-Mo-11
Mo (V)

(S,5)-Mo-12
Mo (1l)

2X2b

23




Summary

Salen-Mo Catalytic Asymmetric

Deoxygenative Cyclopropanation Reactions
PhaSi o’ ™o SiPh,
* f
Bu PR Bu

° 80 Examples, good to excellent enantioselectivities and yields
hd Phosphine as both the oxygen acceptor and a mild reductant
° An array of valuable chiral cyclopropanes was readily accessed
° Efficiently generate the catalytically active low-valent chiral salen-Mo species

24



Writing Strategy

O The First Paragraph

Importance of chiral
cyclopropane motif

Traditional
synthetic methods

Limitations of
traditional methods

v' The chiral cyclopropane motif is widely distri-

buted in an array of natural products and appr-
oved drugs. The unique properties of cyclopro-
panes make them appealing candidates in drug
discovery, especially in their optically pure form.

Among the many methods used to achieve this
goal, the transition-metal-catalyzed asymmetric
cyclopropanation reaction of alkenes with chiral
metal carbene intermediates, derived from diazo
compounds and chiral metal complexes, was
found to be one of the most straightforward,
powerful, and useful methods.

Unfortunately, the handling of diazo compounds
requires special care due to their potentially
explosive nature and the necessary use of
hazardous reagents for their preparation.
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Writing Strategy

O The Last Paragraph

Summary
of this work

Advantages of
the current method

Outlook
of this work

v In summary, a class of chiral salen-Mo catalysts

was described for the direct catalytic asymme-
tric deoxygenative cyclopropanation reaction of
1,2-dicarbonyl compounds.

The key to success included the discovery of a
novel approach to efficiently generate the cat-
alytically active low-valent chiral salen-Mo
species as well as the use of phosphine as both
the oxygen acceptor and a mild reductant for
catalyst generation.

We anticipate that this work can become a
stepping stone to uncovering the potency of
chiral salen-Mo catalysts as efficient chiral cat-
alysts for the increasingly appealing catalytic
deoxygenative functionalization reactions of
carbonyl compounds.
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Representative Examples

To date, only a handful of examples relying on the power of either
stoichiometric metal reagents and reductants or low-valent
transition-metal complexes have been reported. (—/M&, 1EZD)

This seemingly simple conceptual design posed great challenges.

(#t= _E£RY)

Several scale-up reactions and synthetic transformations were
carried out to showcase (f&7r) the potential of this methodology. (i#

T T IR R G REE I, LR TTERYE )
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for your atiention
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