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Introduction

EWG. A~ Nu© \)Ni . EWG = COR, CN, SO,R
R chiral cat. EWG R PO(OR),, NO,

N :
CA\: ( : Ar = benzoxazole, thiazole, oxazole
)I\/\ chlral cat. )]\)\ : pyrimidine, triazine and quinoline
X R

The majority (88%) of all known active
pharmaceutical ingredients contain N-
containing aromatic heterocycles.




Introduction
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Ni(dppp)Cl, (6 mol%)
o
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93% vyield, 0-15% ee
with various chiral ligands

€ Ph-M: PhMgCI; PhLi; PhCeCl,; Ph,CuCNLi,; Ph,CulLi; Phl + Pd® + HCO,"; PhHgCI + NaBH,,
@ Activation of pyridine nitrogen: CICO,Et; PhCH,CI; BH;-THF; 'BuMe,SiOTf

@ Activation of double bond: sulfoxide functionality
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Houpis, I. N. et al Tetrahedron 1998, 54, 1185.



Organocatalytic enantioselective conjugate addition

Adamo’s work

O/'\{ 4c (10 mol%) ON o—N
W\ N CH3NQ2 K,CO3 (5.0 equivL S \
R (5 equiv) toluene, rt R
NO, NO,
1 2

15 examples
up to 98% ee

Adamo, M. F. A. et al Angew. Chem. Int. Ed. 2009, 48, 9342.



Screening of catalysts

O2N

0"‘{ Cat. (10 mol%)  ~ o—N
s A . CHyNO, _KaCOs (5.0 equiv) Q \
Ph (5.0 equiv)  toluene, rt, 48 h Ph
NO, NO,
1a 2a
—
H X@
HO @I\L
(o) Ar
- | = 3a,b: X =Cl
~ 3c-e: X =Br
N
Entry Cat. Ar ee (%)

1 3a CeHs 89 78
2 3b 2-MeOCg¢H, >95 76
4 3d 4-MeOCgH, 91 69
5 3e 4-CF;CgH, 78 83
6 4da CeHs >95 90
7 4b 4-CF;CgH, >95 93
8 4c 3,5-(CF3),C4H, >95 97




Substrate scope of the reaction

O,N

ozl\{ 4c (10 mol%) o—N
W , CHNO, _K:CO3(B0equi) ] \
Ar (5.0 equiv) toluene, rt Ar
1a-k no2 2ak 02
Entry 1 Ar t (h) yield (%) ee (%)
1 la CeHs 48 80 97
2 1b 3-CICgH, 48 75 94
3 1c 4-CIC¢H, 48 74 01
4 1d 2,6-Cl,CqH5 48 50 77
5 1e 3,5-CL,C4H, 48 70 93
6 1f 2,4-Cl,CqH, 48 75 87
7 1g 4-MeOCzH, 48 88 96
8 1h 1-pyranyl 160 80 98
9 1i 3-indolyl 240 55 88
10 1] 2-furyl 120 65 97
11 1k 2-pyridyl 48 82 96




Substrate scope of the reaction

o—N 4c (2 mol%)

\ NO, -
K,CO3 (5.0 equiv
o A .\ 2C03 ( q )>
toluene, 0°C, 72 h
NO,
1a
o—N NO 4c (2 mol%)
2 K>CO3 (5.0 equiv
o L AN .\ )\ 2CO3 ( q )»
H R toluene, -30 °C
NO; 96-144 h
1a
rt, 24 h

O,N
2 O/N
« \
Ph
NO,

21: 75% vyield, 81% ee

OuN,, R
2N, o0—N

Ph

;

NO,
2m: R = Me, 92% yield, 88:12 anti/syn, 99% ee (anti)
2n: R = Et, 85% yield, 91:9 anti/syn, 99% ee (anti)
20: R =Bn, 75% yield, 91:9 anti/syn, 97% ee (anti)
O,N R
o—N
\

Ph N

NO,

2m: R = Me, 91% yield, 30:70 anti/syn, 94% ee (syn)
2n: R = Et, 98% yield, 27:73 anti/syn, 90% ee (syn)
20: R = Bn, 89% vyield, 24:76 anti/syn, 80% ee (syn)




Rh-catalyzed enantioselective conjugate addition

Lam’s work

[Rh(C2H4)2C|]2 (25 mol%) ,

N ArB(OH) L4 (6 mol%) N A
Ajk/\ * 2 4 e U|V2) > AM :
A g (24ea KOH (2.5 equiv), 80 °C X R i

1 dioxane/H,0 (9:1) 9
X=0,N 14 examples

up to 98% ee

Lam, H. W. et al J. Am. Chem. Soc. 2010, 132, 14373.



Screening of chiral diene ligands

X Ph

Z

N [Rh(C5H4),Cll, (2.5 mol%) N "Bu
o,
. PhB(OH), L (6 mol%) _ ia
(2.0 equiv) ] -
N N g, KOH (2.5 equiv), 80 °C N
dioxane/H,0 (9:1)

1a P
N "Bu

3a

Me Me Me Me
Me o

Me Me Me o Me o Me o

Me
7 7 CO,Me ;
Ph N HN HN
Me Me Me'’ Me Me' Me'
Me 3 Me

L1 L2 L3
Entry L la (%) 2a (%) 3a (%)
1 L1 0 89 (79% ee) 11
2 L2 60 33 (78% ee) 7
3 L3 75 19 (53% ee) 6
4 L4 26 68 (93% ee) 6

5 L5 65 31 (81% ee) 4




Substrate scope of the reaction

[Rh(C5Hy4),Cl], (2.5 mol%) Pl °
N Ar

N , L4 (6 mol% :
(el = im0 (W] T 50
4 equiv H
Z R q KOH (2.5 equiv), 80 °C X R Mo, &
dioxane/H,0 (9:1 : N
1 2 ( ) 2 : \D\Me

X=0,N L L4 )
N Ph

N Ar X Ar  Ph ,

/ N Ar

e - AL

u N
O Me

Ar' = Ph, 80% yield, 90% ee
Ar' = Ph, 56% yield, 95% ee Ar' = 2-MeCgHy4, 72% yield, 97% ee

Ar' = 4-MeCgHy, 67% vyield, 92% ee Ar' = 4-CICgHy, 75% yield, 90% ee Ar' = 4-MeCgHy, 69% yield, 89% ee

Ar' = 3-MeCgHy, 71% yield, 95% ee Ar' = 4-FCgHy, 91% yield, 91% ee
Ar' = 4-MeOCgH,4, 90% yield, 93% ee

Ph
\ 1
| DN N A >/\N Ar
)\)\/\ J\/'\ N\ M
N OTBS o oh o Vo

Ar' = Ph, 72% yield, 98% ee  Ar' = 2-naphthyl, 78% yield, 93% ee ‘Al o) o
Ar' = 4-FCgH,, 65% yield, 97% e Ar' = 3-Cl-4-iPrOCqHs, 65% yield, 97% ee " = 3-MeCeHa, 64% yield, 94% ee




Substrate scope of the reaction

@M Ao,

(1.2 equiv)

[Rh(C5Hy4),Cll, (2.5 mol%) Eh

L4 (6 mol%) N
> A Z
K3POy4 (2.5 equiv), 60 °C
dioxane/H,0 (5:1) N/

2b 58% yield, 61% ee




Possible catalytic cycle
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Cu-catalyzed enantioselective conjugate addition

Harutyunyan’s work

X=0,S,N

CuBrSMe,/L1 (5 mol%) N\ R @)é\o :
RMgBr BF5*OEt, (1.5 equiv) Ar : P Ee Ph
. ' . H
1.5 v
(1.5 equiv) Et,0, -78 °C X R
R .
32 examples ! L1

up to 99% ee

Harutyunyan, S. R. et al Science 2016, 352, 433.



Screening of conditions

N
g8
(0]

=y

? I
Cy~ ;X/P\
P Fe

Ph

Ph CuBr *SMe,/L éy@ (%Hs
1a L1 )

Entry L Solvent Additive T (°C) Yield (%) ee (%)
1 - tBuOMe - -25 Complex mix. -
2 L1 tBuOMe - -25 Complex mix. -
3 - Toluene BF;-OEt, -78 0 -
4 L1 Toluene BF;-OEt, -78 59 87
5 L1 tBuOMe BF;-OEt, -78 55 93
6 L1 CH,CI, BF,-OEt, 78 67 94
7 L1 THF BF;-OEt, -78 57 50
8 L1 Et,0 BF,-OFEt, .78 94 96

Reactions were conducted on 0.2 mmol scale using 5 mol% of CuBr-SMe,/L, and 1.5 equiv of
BF;-OEt,, 24 h. Reported yields are for isolated 2a.




Screening of conditions

N
N EtMgBr (1.5 equiv) N\
\>_\\; > o
d Ph CuBreSMe,/L 24 h Ph

Et
1a 2a
R2
| Ar,
B--Y N0 CC
P™ Fe Y} R PAr, 0
' g SP—N
R’ @ CH3 PAr, o~ \
99 I
R'=Cy, R?=Ph; L1
R!=tBu, R* = Ph; L2 Ar = Ph; L4 Ar = Ph; L6
R'=Ph, RZ=Cy; L3 Ar = 4-MeCgHy4; L5 Ar = 2-MeOCgHy; L7
Entry L Solvent Yield (%) ee (%)
1 L1 Et,O 94 96
2 L2,L6,L7 Et,O 0 -
3 L3 Et,O 35 53
4 L4 Toluene 36 91
5 L5 Toluene 45 92

Reactions were conducted on 0.2 mmol scale using 5 mol% of CuBr-SMe,/L, and 1.5
equiv of BF;-OEt,, 24 h. Reported yields are for isolated 2a.




Substrate scope of the reaction

N
A\ EtMgBr
Gr \ * (1.5 equiv)
X R'

2a, 94% yield, 96% ee
N
N
o] OMe

Et
2d, 67% yield, 95% ee

N
N

(0] Cl
Et

29, 53% yield, 95% ee

CuBr.SMey/L1 (5 mol%)
BF3*OEt, (1.5 equiv)

N
6
X

Et,0, -78 °C

2b, 78% yield, 95% ee

N OMe
IS
O
Et

2e, 89% vyield, 97% ee

(0

2h, 71% yield, 87% ee

( 2\
P
Cy @ P
P fe Y ph
R | £
Sy s
N\ L1 J

Et

2c, 46% yield, 96% ee

N
\
(I~
(0]
EWN\

2f, 54% yield, 95% ee

N
O
S Ph
Et

2i, 88% vyield, 86% ee




Substrate scope of the reaction

Lo 2
: ||°h
CuBrSMe/L1 (5 mol%) N ! Q/
N ) ‘| Cy P,
(Ar\ . EtMgBr BFyOEt; (150quiy)  { Ar é \II: Fe Y~ Ph
\ ' (1.5 equiv) Et,0, -78 °C X R' Cy CH3
X R 2 :
Ef 5
1a-1p 2a-2p : L L1 )
N Ph N Ph N
) )® S
S
pn” © cl pn” O
Et Et Et
2j, 85% yield, 88% ee 2k, 69% yield, 91% ee 21, 75% vyield, 98% ee

N N MeO N A
€ € > _ P
\ / \ / N Y N
N 5 N 2 \ N
Ef Et OTBS > N Et
MeO Et 5

2m, 93% vyield, 99% ee 2n, 95% yield, 97% ee 20, 90% yield, 91% ee 2p, 84% yield, 99% ee




Substrate scope of the reaction

N CuBrSMe,/L1 (5 mol%) N\ § Cy
BF3:OEt, (1.5 equiv ; ~
\>_\_ * (115 oquiv) i T Rl
.0 equiv Vo =
o \ R’ q Et,0, -78 °C o R Cy@ CHs
R z
2a, 3a-3i : L1
AN J

N N N N
v O OO~ 0
Ph (0] Ph (0] Ph

3d, 65% yield, 91% ee

2a, 94% vyield, 96% ee 3a, 78% yield, 96% ee 3b, 80% yield, 95% ee 3¢, 70% yield, 95% ee

\ N\ N\ N\ N\
/ / /N

3e, 58% yield, 90% ee 3f, 44% vyield, 89% ee 39, 57% yield, 93% ee 3h, 74% vyield, 95% ee 3i, 55% yield, 92% ee




Substrate scope of the reaction

§ o
CuBr-SMe,/L1 (5 mol%) N s Q/
N , : | Cy P
/ \ . RMgBr BF4+OEt, (1.5 equiv) . / \ \||: Fe Y ph
1.5 equi C— ;o g
<_N \ L (15equ EL,0, 78 °C N R Cy @ CH,
R 5
1m 2m, 3j-3p L L1 )

2m, 93% vyield, 99% ee 3j, 94% yield, 99% ee 3k, 89% vyield, 99% ee 31, 91% yield, 99% ee
N N N

</ \ </ \ </ \
—N —N —N

(02 (03
/ / SN

3m, 78% yield, 98% ee 3n, 90% yield, 99% ee 30, 51% yield, 99% ee 3p, 78% yield, 97% ee




Scale-up and mechanistic considerations

A
/ N
< \
\ + 1EéMgB'r
—N s (1.5 equiv)
1m
1) with 1 mol% of CuBreSMe,/L1
2) on preparative scale (1 mmol)
3) with recovered CuBreSMe,/L1
B
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Scale-up and mechanistic considerations

C
reagents
(2)-1i - (2):(E) reagents
Et,O, -78 °C
90:10 with BF3*OEt,
BN = an- 90:10 with MeMgBr
(2):(E) =90:10 90:10  with BF3:OEt, + MeMgBr
38:62 with BF3*OEt, + MeMgBr + CuBreSMe,/L1
D MgBr

N
( >=>7 L-CuBr
Bng RMgBr
Product enolate
( >_>7 RMgBr R,

> L—CL{ MgBr
Br

transmetallated
c—Cu(III)-compIex Bng complex

~ G 7

n—Cu(l)-complex




Summary

(Organocatalytic enantioselective conjugate addition by Adamo)

o—N OaN o—N
PTC \
R X + CH3NO, ——» R X
NO, NO, d
N T - . CF3
15 examples, up to 98% ee cat.

(Rh-catalyzed enantioselective conjugate addition by Lam)

(‘ N Rh/L N Ar'
Ar + Ar'B(OH — Ar
JI\/\R (OH)2

X X R

X=0,N 14 examples, up to 98% ee

(Cu-catalyzed enantioselective conjugate addition by Harutyunyan)

N CulL N R N =
Aj]\/\ + RMer Ar/”\/'\ . (I3 s éH =
P BN

X R X R oo TS o

X=0,S N 32 examples, upto 9% ee | T




The majority (88%) of all known active pharmaceutical ingredients (APIS)
contain functionalized heterocyclic aromatic rings with a preponderance of N-
containing aromatic heterocycles. Furthermore, approximately half of all APIs
are chiral. Because the two enantiomers of a chiral drug can exhibit markedly
different bioactivity, any new chiral APl must be produced as a single
enantiomer. Catalytic asymmetric carbon-carbon (C-C) bond formation
represents the most straightforward and atom efficient strategy for the
construction of organic chiral molecules. Organometallic reagents are used in a
substantial fraction of the C-C bond-forming reactions used to construct API
molecules. The conjugate addition of organometallic reagents to electron-
deficient substrates (Michael acceptors) has proven to be a powerful method
for creating new C-C bonds in a catalytic asymmetric manner for more than 20
years.



In this context, the catalytic asymmetric addition of organometallics to
conjugated alkenyl-heteroaromatic compounds represents an attractive
strategy to access valuable chiral heterocyclic aromatic compounds in
enantiopure form. Addition of carbon nucleophiles to conjugated vinyl-
substituted heteroaromatic compounds, leading mainly to achiral molecules, is
well known. In contrast, there are only a handful of reports of nucleophilic
additions to [B-substituted analogs, in particular when organometallics are
considered.



The precise mechanism of this reaction remains under investigation, as the
role of the LA additive is not clear. It seemed plausible for the LA to activate the
heteroaromatic substrate toward the addition reaction. However, preliminary
nuclear magnetic resonance (NMR) spectroscopic studies have revealed that
new species are formed upon addition of BF;-OEt, to each of the components
of the reaction individually, indicating that the LA can modulate the reactivity of
Grignard reagents and can also be involved in the structure of the catalytically
active species.



