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2. Catalytic Asymmetric Reductive Addition (CARA) Reaction

C=C bonds = ® C=N bonds C=0 bonds

_/ [Ni}/8-Quinim, Mn \ ’ Alkyl—X

Co/L*, PC

o
\\ . + . ’; \\ N ColL*. Mn N .}\\‘ JOL + AIkyl—X —_— Ho>\o’$cozR
)‘TO L )ol\/m — >'\R Ar CO,;R DIPEA Ar Alkyl
R

Alkyl = 1°, 2°, 3°
Chiral a-tertiary X= Br, |
amino acid 0 (0}

proline derivatives

ar rt . @ R Alkyl)LNHPI
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N 3 amino aci

| IJ E> 02 R analogues : Alkyl Alkyl = 1°, 2°, 3° Chiral a-tertiary

zN N R R b alcohols

R COsH “"CO,R'
X n 2 O R ~C02R' Modular Synthesis of chiral drugs
new scaffold Alkyl NHPG /u\)\ NEt,
chiral ligand R NHPG HQ Ph HO Ph
GPHN  Alkyl O / Br s Z
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scalable synthese chiral (o) B-Tertiary Amino o) —>"0\ S
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facile modification nonadjacent stereocenters .
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2.1 C=C bonds

(-)-Salinosporamide A

o)
—\X chiral base
R—N ceseccsscccccscssccseet®t N potential overalkylation side reaction
(Previous work) . . L . .
« [ epimerization under basic condition
R = alkyl group . ) "
v B low enantioselectivity

Me
o Alk—I o

- R_Né/\Alk

up to 90% yield
up to 96% ee

[Ni)/Quinim, Mn

(This work)

By
Quinim

B newly synthesized, bidentate nitrogen ligand: Quinim

M first reductive cyclization for chiral non-aromatic heterocyles synthesis

H high enantioselectivity with broad functional group tolerance

J. Am. Chem. Soc. 2020, 142, 15654-15660.



2.1 C=C bonds

0 0
E""H‘JLC-I . oo [Mi], L*, Mn, LiBr W““
+Hys =  Bn—N 5
k/% Solvent, Temp.
1a 2a 3a
Entry  Ligand Catalyst Solvent  Temp. (°C)  3a(%)" er.”
1 L1 MNIfCID 4 ) 6H 0 NMP 30 0 -
2 L2 NI{CIO 4)2+6H50 NMP 30 12 56:44
3 L3 Ni(CIO4)o*6H,0  NMP 30 33 68:32
4 L4 Ni(CIO4)o*6H20  NMP 30 54 85:15
5 L5 Ni(CIO4)*6H:0  NMP 30 17 51:49
6 L6 Ni(CIO,)*6H,0  NMP 30 0 -
7 L7 Ni{CIO4)o*6H;0  NMP 30 0 -
8 L8 Ni{CIO )p*6H,0  NMP 30 30 92:8
9 L8 Ni(CIO4).*6H-0  NMP 0 55 96:4
10 L9 Ni(CIO4);*6H,0  NMP 0 39 95:5
11 L10 Ni(CIO4)z*6H:0  NMP 0 46 964
12 L11 MI{CIO 4 )o*BH20 MNMP 0 21 B4:16
13 L1z NI{CIO4)2+6H0 NMP 1] 36 91:9
14 L13 Mi{CIO 4 )5*6H,0 NMP 0 39 84:18
15 L14 Ni(CIO,)z*6H0  NMP 0 g 96:4
16 L15 NI{CIO 4)2+6H -0 NMP 0 12 70:30
17 L8 Ni(CIO,4)*6H,0  DMF 0 64 97:3
189 L8 Ni(cod), DMF 0 92 (86) 97:3
199¢ L8 Ni(cod), DMF 0 0 -
2097 L8 Ni(cod), DMF 0 16 83.5:16.5

Lo -
' 0 0 = o
A : T
N /I: 7 :I Fil= 7%
ipr” N N7 ipy N Bu

Pth
L3
Me
(w]
[ L?
-) HH N -
“t
'Pr Bu
LS LG
e e e L e e R L
/, Me

Lg: R = CEH5

L10, R = 4-'Bu-CgH,

L11, R = 4-OMe-C¢H,

L12, R = 4-CF3-CgH,

L13, R = 3,5-(CF),-CgHs
L14, R = 2,4, 6-(CH3)3-CgH2
L15 R=Cy

o —————
-

“Reaction conditions: 1a (0.2 mmol), 2a (3.0 equiv., 0.6 mmol), [Ni]
(15 mol%, 0.03 mmol), ligand (22 mol%, 0.044 mmol), Mn (4.0
equiv., 0.8 mmol), LiBr (1.0 equiv., 0.2 mnml) , solvent (1 mL) under
the indicated temperature for 48 h. PCorrected GC yield.
“Determined by HPLC analysis. “Ni(cod), (15 mol%, 0.03 mmol);
L8 (18 mol%, 0.036 mmol), 48 h, isolated yield in parentheses.

‘”C;HlsBr (3.0 equiv) was used instead of 2a./Zn (4.0 equiv) was

used instead of Mn.




2.1 C=C bonds

Me Variation of carbamoyl chloride
N-aryl substituted pyrrolidinone
o (o] (o] (o] Cl
: : (o] o o
R [Ni]/L8, Mn, LiBr
\NJLCI +  Ak—I —— > R—Né/\Alk N Y s Me MeO N s Me Q N s Me Ph\@‘"wm Nwm
l\/\ *
1 2 3 3t, 53%, 94:6 e.r. 3u, 67%, 95:5e.r. 3v, 66%, 928 e.r. 3w, 74%, 95.54.5 e.r. 3x, 40%, 93:7 e.r.

R— —— N-alkyl substituted pyrrolidinone
Variation of alkyl iodide ¥ cx

s - Bn_N\ﬁ:r\,Ma Bn_N‘)’trv”CMe Bn_NwMe sn-N\g\:(m . W . dnwm ! Q_Nwm 'Bu Q.,)‘;f*ﬁ;\m . quwm F §j~wm

5

3a, 86%, 97:3 e.r. 3b, 86%, 97.5:2.5e.r. 3c, 41%,90.5:95 e.r. 3d, 85%, 94.5:55 e.r. 3e, 86%, 96.5:3.5 e.r. 3f, 81%, 96.5:3.5 e.r. 3
o 3y, 83%, 97:3 e.r. 3z, 82%, 96:4 e.r. 3aa, 88%, 94.5:5.5 e.r. 3ab, 84%, 94:6 e.r. 3ac, 80%, 95.5:4.5 e.r.
o
o o
Bﬂ*NWOTBS Bn—NW Bn-N 2 Fs3 Bn—N "‘Né/\/\/\/\r NWMQ
E'F'FF Me Me N s Me N g Me (o] (o]
39, 79%, 97:3 e.r. 3h, 87%, 955 e.r. 3i, 64%, 94:6 e.r. 3j, 35%, 91:9 e.r.t 3k, 62%, 90.5:9.5 d.r. — "Bu=N 5 Me N 5 Me
) , Br NGO ph—s

115

o o !
Q 9 o 0. 3ad, 84%, 96:4 e.r. 3ae, 62%, 94:6 e.r. 3af, 84%, 96.5:3.5e.r. 3ag, 81%, 98:2 e.r. 3ah, 85%, 95:5 e.r.
Bn—N o NBny Bn—Nw Bn—N 8 \©\ Bn—N" T 8 \Q Bn—N o o 0
CHO CN )
31, 82%, 95:5 e.r. 3m, 55%, 95.5:4 5 e.r. 3n, 70%, 95.5:4.5e.r. 30, 87%, 95:5 e.r. 3p, 76%, 94.5:55 e.r. MGOQJN 5 MeO )—/—
MeO

Bn—N

&5,

(o] o] i % |
Br o " SBLE MeO
BN v A N . % rF’ 3ai, 59%, 95.5:4.5 e.r. 3aj, 70%, 95.5:4.5 e.r. 3ak, 72%, 94.5:5.5 e.r. 3al, 73%, 95:5 e.r.
BPin Bn—N - H g Dy ———
~ & N o T o 0 freeeeereeie Limitations  ceccceeeeeescrrrertcctrciccctcecnnnnens
* Me H NW N!: 'Z: 0 o Me e = 0
Me N
Me 7 o Bn-N&\me Bn—NyMe B"‘NM \©\ Ts-p{é/\("‘);\Ma
e
I

3q,63%, 97:3 e.r. 3r, 44%, 93.56.5e.r. 3s, 90%, 97:3 e.r.
3am, 61%, 95.5:4.5 d.r. 3an, low yield 3ao, low yield 3ap, low yield 3aq, no reaction

I~
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3a,R=Bn

Bn*N "C7H4s5
|
0,
4,98%, 95.5:4.5 e.r. ‘ \»:,/\CMS

(o]
C7H15/ %

OH
NHBz

7,72%, 96.5:3.5 e.r.

(a) Stoichiometric experiment

PMB‘NJOLQ
NN

1y

1.0 equiv. Ni(ClO4),*6H,0
1.2 equiv. L8
1.0 equiv. Mn; 1.0 equiv. LiBr

2.1 C=C bonds

(o)

HNé/\"Cﬂ'Hs
ii

CAN 5, 84%, 96.5:3.5 e.r.

liii

o]

3y, R=PMB

"C M “OH
NH, *HCI

6, 99% yield

(0]

DMF (0.2 M),0°C, 19 h

AR fre B

(b) Radical cyclization experiment

NN
3.0 equiv. & I

15 mol% Ni(cod),; 18 mol% L8
4.0 equiv. Mn; 1.0 equiv. LiBr

DMF (0.2 M), 0 °C, 68 h

Me
> PMB-N&

8
41% yield, 97.5:2.5 e.r.

(]

T
PMB-N 3

9

+

o
PMB—N

10
30% yield (9:10 = 2:1)

(c) Tentative mechanism

1/2 Mn(ll)

1/2 Mn? :
o y NI(DA}L
R'-N\»:r\ﬂlk

Ni(llL

S

‘\K——

o]

A

/
z
o

5

I —

o

é-\ﬂi(l}L

1/2 Mn?

1/2 Mn(ll)

\-————————————_



2.1 C=C bonds

c) Desymmetric dicarbofunctionalization of unactivated alkene q}_ o
Cl
B Cross-coupling strategy (this report Me
e ay ( ot PMB-N nop. Nl ligand, Mn, LiBr PMB-~p
Me + 7H1s - n
o) , solvent, temperature Gyt
Y—ci [Ni], Mn
1 t ; "e Me
R'-N Bu-8-Quinox
R}_)_¥ + Alk—I : 1a 25 3a
R2 entry ligand catalyst solvent T (°C) 3alt! ed?  grdl
(o) 1 L1 NiBro*DME DMF (0.2M) 10 27 90:10 >20:1
2 stereogenic centers .
/ with high er and dr 2 L2 NiBr,*DME DMF (0.2 M) 10 0 - -
% 3 L3 NiBr»OME  DMF (0.2M) 10 0 -

4 L4 NiBr,*DME DMF (0.2M) 10 29 94:6 >20:1
5 L4 NiBro*DME DMA (0.2M) 10 34 94:6 >20:1
6 L4 NiBr,sDME DMA (0.2M) 25 37 95:5 >20:1
7 L4 NiBrsDME DMA(04M) 25 53 96535 >20:1
8 L4  Ni(ClOs),*6H,0 DMA (0.4M) 25 92 98515 >20:1
9 L5 Ni(ClOs),*6H,0 DMA (0.4M) 25 78 755245 171
10 L6  Ni(ClOs),*6H,0 DMA (0.4M) 25 43 67:33 311

.
—

L7  Ni(CIO),*6H,0 DMA (0.4M) 25 92 98:2  >20:1

Angew. Chem. Int. Ed. 2022, 61, e202111598.



2.1 C=C bonds

10 mol% Ni{CIO,).+*6H,0

12 mol% L4
3.0 equiv Mn; 1.0 equiv LiBr
I—Alkyl . -
(3.0 equiv) DMA (0.4 M), 25 °C
2
10 mol% Ni(ClO4),*6H,0
12 mol% L4 0
3.0 equiv Mn; 1.0 equiv LiBr
I—Alky! = - - R~N Alkyl
DMF (0.4 M), 10°C \
(3.0 equiv)
2 5

10



1) transformation of alkene 2) RCM reaction

1.5equiv 22 BF,K X

3.0 equiv NalOy, B
10 mol% RuCly'3H;0 } 2 5 mol% Pd(PPhs),
CCly/MeCN/H,0 (2/2/3) N ne.H 2.0 equiv K;CO4
* T 45
40°C,3h Me Tol/MeQH (4/1)
BO®C,60h
Me
3e 9, 72%
10 mol% Pd/C
Ja Hz, MEDH, r't 5 h HG?H15
Hoveyda-Grubbs || catalyst -
Tol, 110 °C, 36 h
7,58%,98.515er
. 10, 37%, 98:2 er
N nC.H, 4.0 equiv BHz*SMe; - N C4H,
egfeili il 4) derivatization of amide group
~ OH _
0.5 equiv Lawesson's
5c 8, 86%, 94.5:5.5 er reagent
Tol, B0°C,6h
3) Heck reaction
Br °
0 10 mol% Pd(DAc); nc.H
" 25 mol% PPhs N b
"CyH, 1.2 equiv Cs;C0;4 5.0 equiv LAH
DMF, 120°C, 4 h THF, t, 6 h
‘-‘-"‘

ac

11,65%, 94555 er

13, 97%, 96:4 er

11



2.1 C=C bonds

a) Ni-catalyzed enantioselective difunctionalization of pendant alkenes

-

(o

)r= well-established oA,
' 173

terminal alkene \ ‘ + Ni/L* _/ smgle stereocenter

(’17-‘\\‘“'x " “

-
\
(
>
o
7=
o

N puaf underdeveloped

N - |‘ R1

internal alkene vicinal stereocenters
inherent challenges

B low affinity of internal alkenes for migratory insertion
M diastereoselectivity issue for vicinal stereogenic centers

B potential Heck reaction through undesired -H elimination

analysis. All the diastereoselectivities are >20:1. [@Ni(CIO,),"6'H,0
(20 mol %6, 0.020 mmol), L3 (24 mol %, 0.024 mmol) with 1.0 equiv K
(1.0 equiv, 0.1 mmol) as additive; isolated yield is reported in
parentheses.

Angew. Chem. Int. Ed. 2022, 61, e202207536.

15 mol% Ni(CIO4)z+6H,0

Q 18 mol% ligand 0
PMB i w Li CoHs
~N I + CyHygl 3.0 equiv Mn, 1.0 equiv LiBr > PMB_ -
th DMA/MeCN (4/1, 0.4 M), 10 °C N Ph
1a 2a 3a
{3 0 E-quw}

R

“\)

’————————~
=

_g;
2

L =
‘Bu Bu 'Bu
L1, 50%, 90:10 er L2, 46%, 84.5:5.5 er ~ L3, 58%, 95:5 er R4
Q_{:j 0o © — 0
N ’[: 27— j FiC % j
"Bu H " \ N Y
PPh, 'Bu ‘Bu ‘Bu
L4, trace, - L5, 0%, - LB, 28%, 69:31 er
Entry Deviation from standard condition 3a (%)™ e.rld
1 none 28 955
2 DMA as solvent Ly 89:11
3 MeCHN as solvent =5
4 Ni(cod), instead of Ni(CI0,),*6H,0 30 855145
5 MNiBrz*DME instead of Ni{CIO,).*6H,0 36 89:11
6 Zn instead of Mn 5 85.5:14.5
T Kl instead of LiBr 67 a7:3
gldl 15°9C 77 (69) 97:3
12




2.1 C=C bonds

Ni(CIO4),*6H,0, Mn o

Alkyl

¢l | N8P Quinim (L3), KI R. il

N , * Alkyl—I — N R?
0” 'N R ) DMA/MeCN (4/1), 15°C 1
"2 (3.0 equiv) R

1 RlzH 2 3 'Bu
Quinim L3
p T T BN ”
C7I-I15 2C7H4s 0 -CiHis 0  2CiHss o =

3a, 69%
97:3er, 31:1dr

Bn-N OO

3f, 75%
97:3 er, >99:1 dr

o}

am
lad

PMB-p

3i, 50%
94.5:5.5 er, >99:1 dr

! I
: ] : !
- I = I Me
an-N\)j/\@ CAHQ-Nb/\@ | pMp-Nb/\@ L e
: : Me
: )
' !
\

95.5:4.5 er, >99:1 dr 96.5:3.5 er, >99:1 dr

o = = = ——

3b, 68% 3c, 59% 3d, 38%

96:4 er, >99:1 dr

3e, 63%
98.5:1.5 er, >99:1 dr

o Et 7CyHss
o, = S0,
Ph o ——
3g, 68% 3h, 76%
95.5:4.5 er, >99:1 dr CCDC number: 2150055 9 97:3 er, 24:1 dr

P LI R R T RSN

3j,22%  Br
90.5:9.5 er, >99:1 dr

3k, 86%
97.5:25er, 7:1dr

0
=
m
]
=z
-
0
=
w
|
=
> oS
w _/
———————§
7 o
=
W
|
=
.
=
=
o
v
¢
/
=
~
"
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2.1 C=C bonds

(a) Ni-catalyzed enantioselective alkyl-carbamoylation of trans-alkenes

O

Dﬁ,ﬂl standard oME ZC7Hqs
conditions ~
+ "C?H-‘El ;3 h”\ﬁ/\
~N MFH P

PMB

3a, 69%
a7:3er, 31:1dr

(b) Ni-catalyzed enantioselective alkyl-carbamoylation of cis-alkenes

1a 3.0 equiv

]

o- CI standard JCsH4s
Y Ph n conditions PME_ 2
N \/\,-) " TGl - \ Ph

3a. 62%
a8:2 er, 31:1 dr

1n 3.0 equiv

(c) crossover experiments of trans- and cis-alkenes

standard O

1a + n £ NG HLl conditions > PMBE_ \5’:\
N Ph

0.5equiv 0.5equiv 3.0 equiv 3a. 55%
97:3er, 311 dr

PAFHAN [F Z/ BRI BY i I S JeR )

A R B 32 RS S0 R S

PEE Rt e B = D B SLAB AL 2 5

o i g IR R R g 2

YIS

14



A-Z

é/\"cﬂ'hs

5a, 85%, 96.5:3.5 er
74%, 92:8 erl®!

C1H1s

5f, 88%, 95.5:45 er

0
PMB 17 PMB 7 PMB_  Pug 0 ovs O /@r
WOPW ch N 7 J MBpin ‘wo
Me Me Me 0 Me ‘Me

5k, 99%, 97:3 er

2.1 C=C bonds

Ni(ClO4),*6H,0; Mn

-NapQuinim (L3): LiBr
. Alkyl—1 -
, DMA/MeCN (4/1), 10 °C
(3.0 equiv)
2

o}

0O
Bn. N 4
N 2 "CqHys ., CTHIS

5b, 88%, 96.5:3.5 er 5¢, 91%, 96.5:3.5 er

"C;Hqs

"
‘Y O

5h, 65%, 95.5:4.5 er

PMB

(o]
PMB_ “N
N "C;Hqs
l-Pr

5g, 63%, 91.5:8.5 er

51, 74%, 96:4 er 5m, 95%, 97:3 er

5n, 78%, 97.5:25 er

Quinim L3

PMB ‘5/ o)
d 7H1s ~
% N "C;H
., 7H15
B

(

Ph
5d, 95%, 97.5:25 er

n

5e, 54%, 96:4 er

PMB 7 "CrHis 0 Me
SN PMB_
'I, N / Me
w
5i, 65%, 94555 er 5j, 72%, 95.5:4.5 er

NHAc

50, 79%, 98.5:1.5 er 15



2.1 C=C bonds

XTBREFEM: (EDS) : ITBHEA

a)Me JOL Migratory l_ll
~ : o W
N N:(I)L Insertion Me~N Ni(l)L Me-Nﬁ Ni(l)L
—— Quinim
H Me C (major) C-enant (minor)
b) Ligand: L1

“Niuy N

J
LN

Ho.r*, jou J\Q,@f

/
TS-1a © TS-1b
Major enantiomer Minor enantiomer
_'_12 3keallmol _ _ _ o ;\Qﬁ:liﬁl'saums'

c) Ligand: L3

7

TS-2a TS-2b

Major enantiomer Minor enantiomer

Figure 1. a) Migratory insertion step of model substrate B. b) Compar-
rison of transition states for the formation of two enantiomers with
ligand L1. c) Comparison of transition states for the formation of two
enantiomers with ligand L3.

JERADHTER [ 5 2K J%ﬁ%%iﬁm BUARE e b FL 1A /D 7 —
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BT R MALEE

TSge Pathway 1: Reduction, migratory insertion
16.3 Pathway 2: Migratory insertion, reduction
TS, .
9.9
Int'B
= 0.0
2 =<
*r_: Int*B \"H\ T:'{.g
fu" L6 "5'\“\\. ’—h
(] ":’f'a:ra 1 - %
< £ ” A
#4’ - IntC # A
r‘:rq:, ~ 18.3 ,'. \‘
-~ ’ '
T L 1
IntC Y
20.9 k v
Lo
nogy = '
ala,r,?_ ‘\ IntD
a v -36.2
Pathway 1 (0] 0
Reduction “N"u‘m{m. “N"):{ NI m.l

IntC TS o
R.
@mm _Hb/\m{l:m
S 0 ¢
"B R A AN e f "
M.I. k\/\:

Reduction
TS IntC*

Pathway 2

Figure 2. Gibbs free energy profile of two possible pathways for
conversion of IntB to IntD. Energies in kealmol .

1/2 Mn?*

1/2 Hr;}' Ni®L
(s ] Alkyl IntA
~ 5 Ni'L R
1 Al
'é{:“ IntG Ni L/\/E
R
y 0 RZ

N
R IntB
5 412 Min
.ﬂtlkyl All-'.yl
||lL . |I|L
1/2 Mn**
IntF"* . R!
\ mm‘ysrs IntF Ni'L ’\/E
fast /
\ Alkyl 07N R?
Alkyl-Hh“L l R ntc
#'”"\
R® Ni'lL
0 é_{ W,
R-.. ; = R: N-IL
M 1 !
&R IntE % é—<
1
/‘\{V}/R IntD

Figure 3. Proposed mechanistic cycle for reductive cyclization.
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2.1 C=C bonds

d) biologically active moleculars bearing six-membered lactam scaffold

Cl
CF,
antihypertensive

{+)-scandine

HO  OH
NH .
>=o R= HO OH
NH /
HO o
surugatoxin

c) synthetic gap: asymmetric carbamoylation for six-membered lactam synthesis

R2 R
|
,f,"\.\ N O
2T o [Ni]/L*, Mn C )
A SR N
SLUNSNT e ~
II:U Ri=zfzE., FXFE Alk
R2=Me. Et
............................................................. up to 98:2 er
\ /
N 0
/
N\)T Me
:1 Me
Bn
Quinox L8, 39%, 93:7 er
: 60%, 94:6 er? :
89% (85%), 96.5:3.5 er®?

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

Nat. Commun. 2022, 13, 5964.
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[0 a) Radical ring-opening experiment

Me
0
NJLCI
| 15 mol% Ni(ClO,),*6H,0
PMB 18 mol% L8
1a 4.0 eq. Mn; 1.0 eq. Lil

DMA/MeCN = 4:1 (0.2 M)
30 °C, 36 h

I: / "standard condition”

(3.0 equiv)

2.1 C=C bonds

10
+
FI’MB
N 0
WMe
1"

57% yield (10:11 = 5:2)

O b) Radical trap reaction

TEMPO5e & il i JR 32 AR EX

1a

standard condition

C7H 45l

(3.0 equiv)

1.0 eq. TEMPO

0%

Me
Me

PMB

NH

48%

o—-=

5%

Me

"C7H1s

19



2.2 C=N bonds

(a) Asymmetric NHK (Nozaki-Hiyama-Kishi) reaction of aldehyde (Established protocol)

o OH 0

) criL
M Y il - .."*-.\.h:/'\ﬂ g-ll

N NH
R™ "H : I
i reductant R 0= $= o

HE

(b) Asymmetric aza-NHK reaction of a-imino ester with alkenyl halides (This work)

N..—F'G Ly @@ . NHPG P"
/jl\ oy - - *-. --R
R COOR' : Mn COOR'

_ _ up to 85% yield

R=Ar Alkyl, H X=1, Br up to 99% ee ‘Elu ‘Bu
B expedient construction of chiral a-vinylic amino acid anclogues

B asymmetric reductive addition reaction with alkenyl electrophiles

B excellent enantioselectivity with broad substrate scope

Scheme 1. The development of catalytic asymmetric aza-NHK reaction.

Angew. Chem. Int. Ed. 2024, 63, e202316012.

20



2.2 C=N bonds

10 mal % Cols

_PMP | 12 mal % Ligand Ph, NHPMP
N Ph 2.0 equiv Reductant p
)l\c ' o Ph™ ™= 0,Pr
Ph 0,'Pr M3 Salvent (0.2 M), 35°C ws
1a la
Entry Ligand Reductant Solvent Alkenyl halide 3a (%)™ ge (%)
1 L1 Mn THF 2a (1.5 equiv) 59 72
2 L1 Mn THF with 1.0 equiv ‘PrOH 2a (1.5 equiv) 49 =99
3 L1 Mn THF/PrOH = 41 2a (1.5 equiv) 51 =99
4 L2 Mn THEPrOH = 41 2a (1.5 equiv) 20 a0
5 L3 Mn THF/PrOH = 411 2a (1.5 equiv) 21 T
6 L4 Mn THF/PrOH = 4/1 2a (1.5 equiv) 36 a9
7 LS Mn THE/PrOH = 41 2a (1.5 equiv) 16 -
] L1 Zn THFPrOH = 4/1 2a (1.5 equiv) 44 =33
9 L1 Mn DMESPrOH = 4/1 2a (1.5 equiv) 79 =09
10 L1 Mn MeCNProH = 41 2a (1.5 equiv) a0 =89
11 L1 Mn MeCNIProH = 4/1 2a (2.0 equiv) B5 (B4)loe! =09
W weveorsan  macew o oo (o ERIRL A RBL AR
¥ B » "
P P P P Ph/mﬂr
o N N7 N7 N N%To *N  N%0 N NF 0 S
=3 & - i = 2b
'Bu 'Bu Cy Cy 'Bu ‘Bu BnBr 21
L1 L3 L4 L5



Ph_NHPMP

COyPr
MS

Ph_NHPMP

CO;R
MS

3b, R =EL &81%, 99% ee
3c, R = Me, 82%, 99% oo

3g, R = OMe, 71%, 99% ee
3h, R = CFy, 85%, 99% ee

FiC, NHPMP
P ™ 0;EL
™S

3m, 57%, 96% e

ﬁ&%m ....................... ................ pr...Hp..p ................. : r......-...

=2 0;Me
M3

3i, 59%, 99% ee

Me, NHPMP
Ph O-Et

G

FII’Y(CD:‘FI
MS

3j, T1%, 99% ee

, Ar = d-
, Ar = 3-0CF3-CeHy, R = EL 71%, 99% e 38, 30%, 99% ee
Ar =

2.2 C=N bonds

]
W
Y NHPMP
’ ' ¢ NHPMP
™S z P D:’Pr
™S
= b
3d, R = Me, 22%, 08% ed 31, 5%, 99% e

Je, R = OMe, 47%, 98% ee

B S
=g
: JNHFMP thg)(:ﬂ:

a) Gram-scale reaction
10 mol% Cols, 12 mol% L1

2.0 equiv Mn Ph NHPMP
PN “codMe Tus NP P Y 1.0 equiv ‘PrOH g
s | + = Ph”XY” “co,Pr
3k, 55%, 99% ee 3, 72%, 99% ee Ph 0.'Pr TMS MeCN (0.2 M), 35°C, 18 h T™S
....... th,hum s - 2
"/;&3 @ P CO,Pr 3.0 mmol (2.0 equiv) 1.26 g, 88%, »99% ee
TMS

F-CgHy, R = Me, B0%, 99% se

1-Maphthyl, R = Me, 22%, 90% ee b) In-situ removal of TMS group

NHPMP Ph NHPMP Ph _NHPMP
o,'Pr PH S g0, Pr PS5 ~coy'Pr S coyPr ,©/\]/(° | iti Ph
M h/ﬁ .0 » Tms oo N Ph/m standard conditions L _NHPMP
3t, 68%, 99% ee 3u, 50%, 99% ee 3v, 79%, 99% e 3w, 83%, 98% ee 3x, 67%, 99% e Ph)\coszr S then 3 equiv TBAF Ph™ ™ CO,'Pr
THF,0°C-rt,2h
Ph NHPMP Ph_NHPMP oo Ph_NHPMP ﬁ Ph_NHPMP Ph_NHPMP 2a 3ai
e coyPr = CO4'Pr CO.'P By " 0. P ) )
C,M ‘ r,m ™S o Y CoPr B o (2.0 equiv) 80% yield, >99% ee
3y, 75%, 99% ee 3z, 67%, 99% ee 3aa, 77%, 90% ee 3ab, 53%, 90% ee 3ac, 77%, B0% el
{_ _______ - {_ _______ {_ _______ -~
Ph NHPMP 1 Ph wHPmP | Ph NHPMP I Ph NHPMP I I NHPMP |
“Bu” = g0, I PS5 coypr : P coypr I )\|/<c I e 0,'Pr :
™S l\ Ph J PMP l l\ MS J
Jad, 67%, 99% eel™ 3ae, 71%, 98% ee'®! 3af, 67%, 97% oo™ 3ag, 36%, 99% ee!™ 3ah, 73% yield, 95% ee!™ 22



2.2 C=N bonds

— (a) Kinetic experiments of (E)-2a Ph NHPMP ¢ (b) Kinetic experiments of (Z)-2a
» /l\ W e % B .
. 3 Ph .
CO,Pr * Ms -

PP s *

>e

standard P \TMS
diti .
NP ey e T s wewe e conditon
COZ’Pr ™S reaction time - . p + —
1 ¢ Ph”™ "CO,Pr TMS reaction time
1a (E)-2a \—'< YA Nws 1a (2)-2a
™S .
(Z)-2a 4
200 - : 100 -
! m 32 © 4 4o 5 v (E)2a ¢ (2)-2a = 3a e 4
150 al
od S
S
‘,\E a ;\? 60 -
E 100 v ;
g‘ : ™ T—’ [
> 404
” S
50 + d 3
\ i - 20
> °
| ; ® 2 “ ® : e e
0 "'_' f ¥ ’ T /,// T 0 4 4+
20 40 60 120 0 20 40
time (min) : time (min)
(c) Control experiments (i)
@) Ph/\/' Co/L1, Mn o Ph\_<'
Ph/ﬁ/l MeCN/PrOH (4/1,02M) Ph/\/l TMS  MeCN/PrOH (4/1,02M) ™S
MS 35°C ™S (E)-2a R (2)-2a
(E)-2a
O AjnCoI,, L1 20equivMn 98% of (E)-2a recovered 10 mol% Col,, 12 mol% L1, 10 mol% Mn
0 0, i
O Z'\‘jJI]Mn 10 mol% Colj; 12 mol% L1 98% of (E)-2a recovered 100t S0k 12 mole L1,2.0/00uiv 0

1.0 equiv ['Bu-NPN""-Co'], w/o Mn

A2 B (E)-J 2 Bl
SR A I AR I B 5
— R B

he BT

KHrCo: BILAK I 5

Ph A~ 1ns Ph/ﬁms %“*@ 'f/{f; E@%Eﬁ%”

5% -

52% 39%
43% 7% 23



(d) Plausible mechanism

Q»

ZN'

0}

2.2 C=N bonds

LCo(ll
Mn?* g isomerization of alkenyl iodide
PGHN R % 1/2 Mn
R'O c Ph RO 2 c
: 1/2 Mn I Apn LCo(ll) Ph |
LCo(l) ™S - L
@ fE&fico @
LCo(l)
Mn, R'OH
COm Co(imL Co(lnL
catalytic cycle of aza-NHK reaction p— _— \—<
j/\‘“ \ Ph PH  TMS
int A lnt B
OR'
int D Mn \ Mn
1/2 Mn =\
Co(IL P ‘s PP\ SNius
)Nl:G P TMs 2 4 -
2+ =
R” “CO.R' 1/2 Mn
1 intC

24



2.2 C=N bonds

(a) Chiral p-tertiary amino ester synthesis enabled by the stereoselective addition  (c) Cobalt-catalyzed intermolecular asymmetric reductive addition of ketimine

OTMS with a-chloro carbonyl compound (This work)
CuilL*, )\OR

Ar Co 1

- N* ) ArHN R" O

Kanai, Shibasaki, 2007 _ | ¥ Cl - 2
"fPG | } FGC;EQJ\ R CoR? RN reductant R0 Ao
—_— O &
o’l\ highly a_r:tiue OF R=NRz OR, C up to 92% yield
R short-lived p-amino esters up to 98% ee
............................. .
unexploited

@ transition metal-catalyzed stereoselective addition of a-carbonyl radical

with a-chloro amide (Hyster, 2021) ® excellent enantioselectivity with broad substrate scope under mild condition

NPG R NHPG

‘Ene’-Reductase

_N - oyan light - \ R NIE R E SR e B BEE: 5k EReformatsky il
Me e wd Yo R EEENTEEEENR, MEX B

Angew. Chem. Int. Ed. 2024, 63, e202316012.
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2.2 C=N bonds

5 mol% Col,, 6 mol% L4

'Bu ‘Bu
L4

or
O HN

i 2",u\/k--m-

CO,Pr

3e, 86%, 98% ee

NHPMP, CF.0

. 3
E:o,cMNMe

3, 61%, 97% eel

NHPMP, Ph O COEt
EtO,C N
PMP
3n, 77%, 95% ee

NHPMP, Ph O

'PrOzCMNHAd

3r, 67%, 98% ee

NHPMP, PhO,

1) W
PrO,C -

Ar X ey
B 2 equiv Zn, 1 equiv R“OH 1
NI 5 Cle_EWG eq eq ArHN, R
R‘)\CO;Rz 20 mol% Lil R’o,c
1 2 MeCN/DMA = 9/1, 35 °C
Scope of Ketimine
1
NHPMP, Ph O NHPMP, Ph O NHPMP, Ph O 0 HN
an,cunm, MeO;CMNMeg ‘Pm,cMnue, m,NM"P"
CO,Et
3a, 80%, 98% ee 3b, 72%, 98% ee 3¢, 90%, 98% ee 3d, 61%, 98% ee
OMe
NHPMP, Me O
NHPMP,, - W
E10,C NMe, 0, e,
3f, 69%, 98% ee 3g, 85%, 97% ee 3i, 51%, 91% ee
Scope of a-chloro carbonyl analogues
NHPMP, Ph O NHPMP, Ph O - CN
L 3 W A o e, j
EtO,C N — Et0,C N E10y
\ |
‘Pr Ph
3k, 67%, 98% ee 31, 65%, 97% ee 3m, 72%, 98% ee
NHPMP, Ph O NHPMP, Ph O NHPMP, Ph O
AN e 5 5 g N
Et0,C N Et0,C D PrO,C N
OMe o]
30, 66%, 98% ee 3p, 85%, 98% ee M, 025 00% ee
NHPMP, Ph O NHPMP, Ph © NHPMP, Ph O
EtO,CMOEl ‘PrOzCMOPh 'Pro,C "C,Hss
3s, 65%, 96% ee 3t, 72%, 95% eel 3u, 26%, 98% ee

3v, 68%, 98% ee

(a) In-situ reaction
1.05 equiv PMPNH,
4R MS/cat. TSOH , benzene (0.4 M)
0 reflux, 24 h, filtered, concentrated
then ————
standard conditions
1.5 equiv CICH,CONMe,

NHPMP, Ph O
EtO,C NMe,
3a, 71%, 98% ee

CO,Et

(b) Gram-scale reaction

(o} standard NHPMP, Ph O
_PMP ”
N conditions 2
)'\ . (\NJ\/G ’szcA)LN/\'
P coPr o J L_o
scale: 4.0 mmol 159
1a 2h 3q, 89%, 98% ee

(c) Construction of chiral B-lactam

pmp,  Ph
NHPMP, Ph O LIHMDS “N—=CO,/Pr
’Proch/U\OPh THF o}:l
3t 11, 80%, 97% ee

Scheme 4. Synthetic application.
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(a) Reaction with a-bromoamide as an elecrophile

.PMP
N -
)|\ . Br\)LN,Ph standard conditions -
Ph™ "CO,Et Ph
1a 2r

(b) Investigation of Reformatsky reagent formation

0
C|\)LN,Ph
|

2.0 equiv Zn

MeCN/DMA = 9/1, 35 °C

2c 2c, 96% N.-Pl"ﬂF'

2.0 equiv Zn

o
Br\)LN,Ph : - Me)L v

- 0
Fl’h MeCN/DMA = 9/1, 35 °C

2r 12, 1%

&R H BHE MBI RE
% fiReformatsky

IR RS BR B X 5

0
> C|\)LN,Ph
|

2.2 C=N bonds

(c) Reaction with alkene substituted a-chloroamide
NHPMP, Ph O 0 (23)

AN P C|\)L

o)

EtO,C NHPMP, Ph O
I N P Me
M NHPMP. Ph
oo e,mm**w+ L
....................... Ph CO.Et i EtO.C
{31, 13%, 21% ee : l standard conditions X 2
1a 14, 43%, 97% ee 15, 25%, dr = 1:1, 99% ee
(d) Radical trapping reaction Ph
0 Me,N
(2a) e, N
CI\)L Ph
NMe, (0]
standard conditions ~ PMPNH,_ Ph O 16
NH, O )l\ . A)L + + Ph
2 Ph” “CO,Et Ph EtO,C NMe, MezN Ph
+ M N N’Ph .
€ i 1a 1.5 equiv )\Ph 3a, 75%, 96% ee 017
Ph
39%
13, 75% (16/17 = 1.1/1)
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2.2 C=N bonds

(e) Proposed mechanism

Ar
LCo' s
é' "‘“ . 1, Zn, R?0OH
s
orz 9
intE
OR? o,
r “co'L o
f
R1 N’ \—4
\ R
Ar
int D o
R E
2
112 Zn?* OR__O. d
« o't o CD“I:J::
112 Zn° 1 / : R1
R" °N \—4 \
AR o=
2
int C OR? intB

Scheme 5. Mechanistic studies.
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2.2 C=N bonds

c) This work: cobalt-catalyzed asymmetric aza-Barbier alkylative addition

NPMP @@ . I;IHPMP
RO Alkyl—X
e Al ———

O X =Brorl O

¢ hign functional group tolerance ¢ compatibility with 1°, 2°, and 3° alkyl halides

¢ modular assembly of exotic a-AAs ¢ good to excellent enantioselectivity and yield

J. Am. Chem. Soc. 2024, 146, 25918-25926.
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NPMP

NHPMP

Pro.
CrHys

(o]

da, T9%, 95% ee

NHPMP

Pro
Mﬂ

o

Je, TEW" 92% ee

NHPMP
ero, A
W\rj’;
] la]

3i, 79%:°, B9% e

NHFMP ;’l

PN N0 S e

o

Im, 56%", 60% ee

2.2 C=N bonds

5.0 mol Colz, 6.0 mol% LS

2.5 equiv Mn, 3.0 eguiv Nal

1.0 equiv R'OH - R'D\g/'\n,
MaCH:DME = 9:1, 0.05 M, 35 *C

3

Primary Alkyl lodide Scope

3b, 71%, 91% ea

NHFMP

P
T ok

o]

3f, 62%, MY ee

NHPMP
'PFG\“)\,/D
e Br

3j, 76%%, 91% ee

8]

an, 79%, 90% ee

NHFMP

Me
=

[#] Ma Me

Pro

Citronefiof analogue
3c, T6%, 964 dr

NHFMP

!
memas

a

3g, 73%, 90% e

NHPMP o

Bro OMe

==

3k, 489" 50% ee

NHPMP
pro, A

Jo, 75%, 39% ee

NHPMP

T

P “PhPK  Ph
L5

NHPMP

vlerf\”/AHf#hHHGI

Q
3d, 84%, 94% ee

NHPMP

"Iﬂ\",r‘-\/vvﬂ Q:Me

o

3h, 53%, 90% ee

NHPMP o

‘FrﬂM Me

ko]

3, 57%" 91% ee

NHPME e me
'Prﬂ\"/:\.)k/\/oﬁ/"'e
e Me

Gemfibrozil analague
Ip, T2%, 98%ee
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2.2 C=N bonds

Pro NHPMP Pr0 NHPMP
o o
. . HHPI.IP O, e
i oL o
Mé Mea M Me
Methyl-f-D-ribofuranoside analogue D-Ribonic-y-lactone analogue Diacetonefructose analogus
3q, 63%, 98:2 dr 3r, 55%, 984 dr 38, BA%, 95.5 dr

Secondary Alkyl Bromide 5cope

NHPMP NHPMP NHPMP NHPMP HHPMR
Jplﬂﬁ Mea lF“I"‘EI\“/"\E> ‘me 'Pro rﬁﬂm
[a]
0 Me [a] o " “Boc
3t, 37%°, 96% e 3u, 71%” 968% ee 3v, 54%° 97% ee 3w, 73%°, 97% ee 3x, 52%° 90% ee
HHFMP
NHFWE NHPMP NHFMP
Q. YD 1@ ]
3y, 50%5, 90% ee 3z, 66%°, 90% ee 3aa, 44%° 93% ee 3ab, 64%° 91% ee
Tertiary Alkyl Bromide Scope B
s Unsuccessful examples
NHPMP )
oro |T«IHPI|IF‘ NHPIIP , HHPHF iPro H Et :
H Plﬂ :
VB e O Yoo L w0
O O Me Me O Me Me < : =
: = Br, 1, OTf
3ac, 58%° 92% ee Jad, 79%", 94% ee Jae, 80%°, 94% ee 3af, 83%° 95% es

RLLL]

*

*TsssssssssEsEEEEEEEs®

*
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2.2 C=N bonds

N an 0
o 4 Alkyl—X \'J\) e N)\\\\O

aza-Barbier Alkyl
Alkyl = 1°, 2°, 3° Up to 99% vyield,
X =1, Br, Cl 99% e.e.

Modular chiral heterocycle synthesis

R R
| [

H
i '? Ph !
§ N Ph [-!J = N R’ N
Q‘lﬂ A.Ik:fl o Ph H,E} G‘m H,DEG“U GED (TT
' 2
Ph COsR

B Facile construction of a-tertiary amino ester [l Excellent functional group tolerance

Nat. Chem. 2024, 16, 398.
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1.5 equiv. == ~" 7

no P 5 mol% Coly, 6 mol% L27,
| 2.0 equiv. Mn, 1.0 equiv. PrOH F'MF'HN1_ Ph PMPH%
5 - 2 + "
PR TCO.Pr MeCN (0.2 M), 35 °C, 9 h Frozc/t(vﬁ PrO,C
1a 17 18
83% isolated vield (1718 =2.5:1
1.5 equiv. "CoH;sl, vield { )
& mol%s Colg, 6 mol%: L27
AP 2.0 equiv. Mn, 1.0 equiv. 'PrOH,
N~ 3.0 equiv. TEMPO PMPHN, Ph Me Me
/“\ = . + Me ril e
Ph” NCO,Pr MeCN (0.2 M), 35 °C, 15 h PrO,C” NG H, o
"C7H1s
M.D. 20, 4%

1a
e TRHBAKIEMYIFR: Coll

1.5 equiv. "GyHysl,

PMP 1.0 equiv 21,
N|# x equiv. Mn, 1.0 equiv. 'PrOH F'MF-‘HNJ( Ph
- (]
F'h/l\cc:gpr MeCN (0.2 M), 35 °C, 20 h Pro,C” NG H,,
Ja

x =10, 26%, 98% e.e.
% x=0.3, 57%, 98% e.e.
s X= 0.5, 74%, 98% e.e.

RLLL

-

PMP
N

I
F‘h/I\GDE"F-‘r

1a
d RMFEME: ColiR M

-

PMP
N
PN
Ph

1a

DDEI:FT

100 -

a0 -

e.e. of 3a (%)

1.5 equiv. |>—/

5 mol%: Cols, 8 mol®: L27,

2.0 equiv. Mn,
1.0 equiv. PrOH PMPHN, - Ph
r °
MeCN (0.2 M), Pro,C =
35°C,20h

19, 80%, 89% e.8,

1 5 -Ei:]uih'. HCTH15I|
5 mol9s 21,
2.0 equiv. Mn,
1.0 equiv. PrOH PMPHN_ Ph
- . g
MeCN (0.2 M), PrOC” g H, g
35°C,20h
3a, B8%, 98% e.a,
/.
."z‘-'-
-

L
7 y=0.97407x + 214253
R? = 0.99896

20 40 &0 80 100

e.e. of L27 (%) 33



2.2 C=N bonds

h
pa PGHN_ Ph
LLG 1, Mn, ROH ;
L Alkyl RO.C Alkyl
/ 3
Int E PG

= . - Ar Co'lL
L f'GG‘*t ol N -
A SN Alkyl '\ Mn® s

‘ |mn OR
PG Int A
1/2
2%
Mn * Alkyl
1/2 Mn Alkyl=X
OR 0., OR_ 0 )
“ColL ZAEN
S o . J,'I:JEI"L
Ar Nr A.'k.}l" h"‘\. o
\ Ar ":.l
Intc PG PG

Int B
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2.3 C=0 bonds

a The prevalence of a-tetrasubstituted chiral alcohol

Camptothecin (+)-Gentiolactone

b Catalytic asymmetric addition of aldehyde with alkenyl or aryl halides

OH

0
JL, . F’ﬁ, X TM/L*, reductant 1 .
R H U . - R
-~ LS F':J
X= Br,l =

Electrocatalytic asymmetric Nozaki-Hiyama-Kishi reaction of aldehyde

0 0O
cat[Cr], cat TDAE
R1J'L|.H + HU‘LHHPI G : R,‘J\,Rz

(redox-active ester)

J. Am. Chem. Soc. 2024, 146, 28468-28481.



C This work
0
Ar” CO,R *+ Alkyl—X
Alkyl = 1°, 2°, 3°
X=Br,|
(o)
(o]
R +
@ Alltyl)L NHPI
Alkyl = 1°, 2°, 3°

chiral heterocycles

o_.Ph N o. Ph
CO,Me

Diversified oxygen-containing heterocycles

|
®

2.3 C=0

77\
@ —

— o0 —

HO Ph

bonds

HO, COzR
Ar Alkyl

up to 94% yield
up to 97:3 er

49 examples

HO R

Alkyl

up to 96% yield
up to 97:3 er
37 examples

facile synthesis of chiral drugs

\—Me

O)\'ro / “Br HO, Ph
+ 3 (9]
I Ty
o (o]

Sofdra (Sofpironium)

(S)-Oxybutynin

New NPN Ligand

Doxylamine
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Table 1. Optimization of Reaction Conditions

ab

0 Me, Me

0
B
Ph)LCDzHa * W '
cl

1a

Me Me

Ph,P’l\/l"'PPh2

L1, 81%, 44:56 er

Q0.

PPh,

LS, 58%, 65:35 er

Ph
|
P

~N N¥ "0
/
Me Me
Me Me>_

L10, 50%. 90:10 er

2a

L2, <5%

ap

'IBu 1Bu

L6, 62%, 87.5:12.5er

FI'I

“0

88

L11, 65%. 88:12 er

2.3 C=0 bonds
HO Ph r@""

HEO;C%/

10 mol% Cols, 12 mol% L
2 mol% Mes-Acr-BF 4
3.0 equiv DIPEA, 2.0 equiv Kl

390 nm purple kessils
MeCN (0.2 M), 35°C, 20 h

R

N N
B4 'Bu

L3, 11%, 56:44 er

&y

IPr IF’r

L7, 60%, 80:20 er

?m

Ph PI1
Ph Ph

o

L12, 85%(85%)°, 96:4 er

oy

i "
PPh,

L&

L4, 34%, 56.5:43.5 er

0" N N\_ID
\_QR R

L8, R = Ph, 78%, 89:11 er
L9, R = *Bu, 63%, 88.5:11.5 er

Mes-Acr-BF
Fukuzumi's calalysl

Variations from above

4CzIPN instead of Mes-Acr-BF,
Ir(ppy),(dtbbpy)PF instead of Mes-Acr-BF,
Ru(bpy);(PFy), instead of Mes-Acr-BF,

465 nm blue LED instead of 390 nm purple LED
without KI

7.5 mol % Col,, 9 mol % L12

alkyl iodide instead of alkyl bromide 2a

Entry Yield (%)
78
68
69
19
20
70
7° 82

freSE ALY AU RCR.

B R

L
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2.3 C=0 bonds

Scheme 2. Substrate Scope of Unactivated Alkyl Halides""

10 mal% Calz, 12 mol% L12 Th
o R1 2 mol% Mes-Acr-BF 4 HO Ph P
U + “z_l_" 3.0 equiv DIPEA, 2.0 equiv KI " R
Ph” ~CO;Me R > Me02C T P

390 nm purple kessils

R? N
Q R1 ‘:'—"t
X =Br, | MeCN (0.2 M), 35°C, 20 h i} -
1 2 3 Ph >—Ph
Ph Ph

Tertiary alkyl bromide®

R
HO Ph cl HO, Ph Hq-. Ph Me
- —_ e 0
MeO,C © = MeO,C Me0,C Me
Me Me o Me Me o Me
3b, R = CO,Me, 94%, 96:4 er
. . 3c, R=H, 56%, 95.5:4.5 er 3e, 65%, 95:5 er
3a, B5%, 96:4 DC: 23261 ; ' ' » 0%,
e CCDC: 2326180 3d, R = OMe, 92%, 95:5 er
HO Ph HO Ph HO Ph HO Ph HO Ph
2 nc.H : Me 3 2 ne.H %
MGDZC/S( 9T MeO,C Meﬂzc’S(\/Ph Maozc’S( o MeO,C
Me Me Me Me Me Me Me Me "C.Hq Me Me
3f, 78%, 95:5 er 3g, 78%, 96.5:3.5 er 3h, 70%, 946 er 3i, 72%, 96.5:3.5 er 3j, 53%, 96:4 er
HO Ph HO Ph HO Ph HQ, Ph o
> Me . I ; Ph
MeO,C X Meozc’s\’\/\/c Me0,C © Me0,C
Me Me Me Me Me Me Me Me Me
3k, 72%, 05.5:4.5 er 31, 67%, 96:4 er 3m, 65%, 96:4 er 3n, 68%, >20:1 dr

from esfrone



HO, Ph
"
MeO,C
Me Me (8]

do, 64%, 96.5:3 5 er

Secondary alkyl iodides”

HO Ph

K

M
MeO,C €

Me
3s, 96%, 93:T er

HO Ph

MeO,C
8]

o)

3x, T8%, 91.585er

HO Ph

Me0,c~ 1y C0Me

3ab, 78%, 92:8 er

2.3 C=0 bonds

Hg_" Ph Me

Meazc’Lé
g

3q, 70%, 95.5:4.5 er

Ph
Ho, Ph,

[]
Meazc*o

3p, 65%, 95.5:4.5 er

HO Ph HO Ph HO, Ph
! %, %
MeO,C MeDzC/\O Meﬂzﬂ&o
8] N.
Ch

3u, BB%, 93.5:6.5 er

4

3t, 84%, 928 er 3v, 78%, B4.4:55 er

Primary alkyl iodides®
HO, Ph HO Ph
PMP -
MeO,C MeO,C ~z

Jy, 82%, 93.56.5er 3z, 89%, 93:.7 er

HO, Ph
HO, Ph

ME’DEGX\,’\/S\@ ‘,{\/\’/\/BPin
MeO,C
Me

3ac, T1%, 91:9 er Jdad, 76%, 92:8 er

HQ Ph
MeO,C

Ph

3r, 82%, 95.54.5 er

3w, B2%, 92.5:T.5er

HO, Ph o

" aﬁzchh

3aa, 74%, 96:4 er

HO Ph

. NHCB
Me0,C CBz

3ae, 63%, 92:8 er
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10 mol% Col,, 12 mol% L12 Ph
o} o Me, Me 2 mol% Mes-Acr-BF, i
~ XK 3.0 equiv DIPEA, 2.0 equiv Kl HO, COR FI»
XN CO,R* + 0 Br > N 0.
R3— 390 nm purple kessils 3t
> R* Me Me
(] MeCN (0.2 M), 35°C, 20 h o 0
1
2 3
Ph P
Cl Cl Cl Cl
HO, CO,Me 7(©’ HO, CO,Me Y@’ HO, CO,Me \(@ HO, CO,Me
» o
Bpin Br MeO,C
3af, 83%, 96:4 er 3ag, 76%, 95:5 er 3ah, 89%, 95:5 er 3ai, 85%, 94:6 er
Cl
HO, CO;Me cl HO, CO;Me cl
HQ, co zMe HO, CO,Me
FsC 3 o
MeO. Me Me Me Me 0
Me Me 0 Me Me 0
T]PS
i . 3ak, R=TMS, 81%, 95:5 er i .
3aj, 82%, 95.5:4.5 er 3al, R = SMe, 87%, 95.5:4.5 er 3am, 87%, 97:3 er 3an, 61%, 95:5 er
HO CO,M ol Cl
Cl LOsNe
HO, CO,Me m/@“ - R o HO, CO,Me \(@/ HO, CO,Me Y@/
Me Me 0 Ej)Y\/
Me
3ao, 54%, 95:5 er 3ap, 78%, 96:4 er 3aq, 89%, 95:5 er 3ar, 75%, 95:5 er
cl HO COM “ c
{ e Cl
HO, CO,Me £ 20 o o co. zMe HQ, CO.R
3 o HN X G
S
| Me Me o
N/ Me Me 0 N N= M€ Me o Me Me o
3as, 53%, 93.5:6.5 er 3at, 65%, 96.5:3.5 er 3au, 71%, 95.5:4.5 er 3av, R ='Pr, 83%, 90.5:9.5 er

3aw, R =Bn, 74%. 94:6 er
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10 mol% Coly, 12 mol% L15
o 2 mol% Mes-Acr-BF

| B 3.0 equiv DIPEA
= Ph O-N
N + R—« 390 nm purple
(o] O O MeCN/THF=4:1 (0.1 M), 15°C, 24 h
4 5

Primary alkyl NHPI esters

I S
NZ . C7H15
HO Ph

6a, 90%, 96:4 er

A

N CF,

HO Ph

6f, 63%, 97:3 er

Ph
N N
| Z l’\gﬂ’h
N" (o)
HO Ph

6k, 59%, 95.5:4.5 er
from Oxaprozin

Secondary alkyl NHPI esters

| A Me
P

N . Me
HO Ph

60, 81%, 94.5:5.5 er

P
N

HO Ph

6t, 86%, 95:5 er

HO Ph yeM®

6b, 82%, 96.5:3.5 er 6c, 62%, 96:4 er

L
N 3 Ph

HO Ph HO Ph

69, 96%, 95:5 er 6h, 55%, 95.5:4.5 er”

Q.

HO Ph

e Yo

o
)
=

‘esunnnnnnnnnns®

Ph Ph PH pp

..lIlllIlllIlllIllll‘

‘ﬁﬁ%ﬁﬁﬂﬁifﬂ Sl

eSEEEEEEEEEEEm,

®
[f~:L7//\*r/\\ N/ 2 ‘Br

6d, 70%, 94:6 er

(nlle

HO Ph

HO Ph

6i, 84%, 95:5

l S I A NHBoc
NZ N ¢ X CsHi7 i K
HO Ph HO Ph

61, 66%, 94:6 er
from Oleic acid

| N | b NBoc
~ o
N < N ?

HO Ph HO Ph

6p, 68%, 95:5 er 6q, 41%, 96:4 er

N F
Z

HO Ph

6u, 68%, 94.5:5.5 er

CCDC: 2363999

6m, 69%, 91:9 er
from Gabapentin

(O™

HO Ph

6r,

67%, 96:4 er

Tertiary

HO Ph

6e, 60%, 96:4 er

er 6j, 61%, 95:5 er
from Indole-3-acetic acid

NHBoc
A__OBu

HO Ph o

6n, 81%, > 20:1 dr
from L-glutamic acid

N (o}

Z
N

HO Ph

6s, 56%, 93.5:6.5 er

alkyl NHPI esters

R
| MeMe
P
N < Me
HO Ph

6v, 47%, 86.5:13.5 er
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A

HO C;His

6w, 67%, 96.4 er

SN Me

P
N™ 3
HO C;H;s

Gab, 79%, 955 er

6ag, 53%, 94:6 er

0-—
* C?H1E_§)

2.3 C=0 bonds

Scheme 5. Substrate Scope of Pyridine-Based Ketones”

10 mol% Cols, 12 mol% L15
2 mol% Mes-Acr-BF,

3.0 equiv DIPEA

5

L

HO C;His

6x, 81%, 95:5 er

OMe

HO CHis

Bac, 74%, 95.5:4.5er

HO CyHys

6ah, 46%, 84:16 er

390 nm purple kessils
MeCN/THF=4:1 (0.1 M), 15°C, 24 h

)
- Fh
HO C.Hys

cl

By, 67%, 97:3 er

=N CF;

N™ 3
HO C;Hqs

6ad, 51%, 93:7 er

6ai, 68%, 92.5:7.5 er

)
N«-)\‘(Fh
HO C.H;s

6z, 63%, 973 er

X cl

P

" -
HO CiHis

Gae, 46%, 95:5 er

1] N
e ——
N~
HO C;H4s

6aj, 47%, 96:4 er

perd

hPh Ph Ph

e

HO C;Hys

Gaa, 62%, 9554 5 er

o Br

L
N™ 3
HO C;H;s

Gaf, 47%, 94.5:55er

=
| %
e ———
N7 S
HO C,Hys

6ak, 76%, 95:5 er
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Scheme 7. Preliminary Mechanistic Studies

(a) Radical trap reaction

(o] Me
)L " MO%
Ph” ~CO,Me me Br

1a (2.0 equiv)

(b) Radical cyclization experiment

/ﬁ\ + wBr

Ph™ "CO;Me

Me Me
1a (2.0 equiv)
(c) Light on/off study
0 ‘BuBr (2.0 equiv)
Ph)Lcozﬂe standard conditions
1a

standard conditions

2.3 C=0 bonds

Ph
20 equiv =
Ph

HO_ Ph
. Me Ph
Me +  Me
- MeO, Mo MO
Me
3e, 21%, 955 er 21, 16%

standard conditions
(d) The Stern-Vol
HO, Ph o
)’(Fue )L
$ Me Ph™ "CO;Me
Me
3e 1a

22 23
82% isolated yield (22:23 = 2.7:1)

mer plots
0o Me, Me
ﬁo/\x Bl'
Cl 2a

Ph

HO, Ph HO, Ph
> Moozc)w *  MeO,
Me Me

Yield of 3e (%)

Concentration (M)

40 -
30 - Dark
20 - Dark
Dark
10
Dark
‘Dark
0 T ar | 1 1 1 T 1 1 1 1 |
0 1 2 3 4 5 6 7 8 g 10 11 12
Reaction time (h)

8
74 ® 1a

1 ® 2a
6 - 4 DIPEA DIPEA

1  1asiope=66.19
51  2asiope=-078

: DIPEA slope = 115.62
4 la
3
7

4 2a
14 [ 5 — o
0 T ] L T
0.00 0.01 0.02 0.03 0.04 0.05
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2.3 C=0 bonds

(e) Proposed mechanism

HO _Ph
I RO Alkyl
Mes-Acr-BF, z 3 y +e
DIPEA DIPEA
LColl Mes-Acr-BF 4
1 0 .
I
o5 A - Mes-Acr-BF,;
Ar
OR LCo! Mes-Acr-BF,
intD
OR O hv
” eolt
=y ;# © Mﬂﬁ'Acr'BF‘
Ar O
intC
® Alkyl LCo
/< int A
0
’ Ar
N
iy 0
R Ar)LCDzR
Alkyl—X nt B 1
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3. Catalytic Carbonylation of 1 atm CO by Nickel

Acylzincation of unsaturated C-C bond

cat. [Ni] O
Rl-==—R2 + R-ZnX + co then —— R ——- £
(1 atm) E—X R R2
[one-pot]
Ary O
\ s< A8 Q
oo 1 W 230
\...-" RZ
Smiles Aldol
E—X rearrangement E—X condensation
-S0, -H,0

A A vty

O in situ generation of catalytic acyl organometallics
O anew paradigm of carbometallation chemistry

Carbonylative cross-coupling reaction

-

{ >_x + €O + Alky—znx INI/Pincerligand

| -

L
Unactivated 1 atm S’
C(sp?)-X bond

Pitfall

- - -

/ / 7\

{ >—Alkyl ¢ :> ¢ >
) . | S

Negishi coupling

0
e AN .
~N : Na

newly developed NN,-pincer ligand

reductive dehalogenation p-H elimination

the chemoselective three-compaonent
carbonylative Negishi cross-coupling reaction.

overcoming the competing Negishi coupling,
the B-hydride elimination, dehalogenation
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3. Catalytic Carbonylation of 1 atm CO by Nickel

a Pd-catalyzed allylic carbonylative Negishi reaction with CO (Tamaru)

R
XN g + Alkyl-ZnX (PA+CO o F‘M Allyl %/J\rrnlkvl
0
0

B Poor regioselectivity

b Pd-catalyzed aryl carbonylative Negishi reaction (Dechert-Schmitt and Blackmond)

o

Br t
[Pd] + 'BuNC Alkyl
Alkyl-ZnX
n—@ + Alkyl-zn thenH . R T Nat. Commun. 2020, 11, 392.

B Double insertion of ‘BuNC
B Challenge for monocarbonylation

C Ni-catalyzed allylic carbonylative Negishi reaction with ‘BuNC (this work)

Nil + 'BuN ™ Alkyl
RTXNLg + Alkyl-ZnX ['3“"’ :+c > R Y
en 0

M High regioselectivity B High E/Z selectivity

Bl No polycarbonylation of isocyanide B No alkene isomerization
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3. Catalytic Carbonylation of 1 atm CO by Nickel

Table 1 Optimization of the reaction conditions.

S NH'Bu
Ph” " 0Ac 10 mol% NiClyDME PR N
1a 1.5 equiv 'BUNC (2) e /CgHyz 5 O
3o Pl N T T e
nCgH7ZnBr DMA, 25°C, 0.5 h h/\/\!;r PH XN
3a 4a g cathr
Entry? Catalyst Ligand Yield (%)
4a 5 6
1 NiCl-DME — 90 (86)° ND 1]
P NiCl,:DME PPhs 27 10 ND
3 NiCl>-DME dppf 5 ND ND
4 NiCl>-DME Phen 82 3 3
5 NiCl>-DME SIPr-HC] 87 2 3
6 Ni(cod)» — 86 6 ND
7 Pd(dba), —_ 4 ND ND
8 — — ND ND ND
9d  CO NiCl,-DME - ND ND ND

dppf 1,1'-Ferrocenedivl-bis(diphenylphosphine), 5/Pr-HCI 1,3-Bis-(2,6-diisopropylphenyl)imidazolinium chloride, ND not determined
AReaction conditions: 1a (0.2 mmol), 2 (0.3 mmol), 3a (0.3 mmol), catalyst (0.02 mmaol), ligand (0.04 mmol), DMA (2 mL), 25°C, 0.5 h, and then TM HCI| (2 mL) was added, 25°C, 0.25h
bCorrected GC yield
“lsolated yield within parentheses in 0.2 mmol scale
9The reaction in CO (1atm) instead of BuNC 47




i} 10 mol% NiCl*DME

o R
DMA, 25 *C, 0.5-1h - Ph/w

i) 1 MHCI, 25°C,0.25 h 0
1a 2 3 4

o "CqH . Et S Me S Bn
Ph/\/\"/ aMq7 Phw Ph/\/Y Phw
0 (0] o] 0

4d, 85%, E/Z= 201

Ph™ -pAc + 'BuNC + RZnX

da, 86%, E/Z= 2001 4h, 84%, E/Z = 201

Me
o FPh S
Ph/\/\(\/ th ~ P
0 0 Ph Me
0

4g, 71%, E/Z =201

dc, 75%, E/IZ > 201

de, 75%, E/Z= 2001

x
Ph/\/Y\(V);\F

O 0 O

4f, B5%, E/Z = 20/1

4h, 85%, E/.Z > 20N 4j, 73%, E/Z = 201

4i, 62%, E/Z = 201

Ph&/\n/\/\EDDEt ph’WQ:\opiv PhW\DTBS

0 9] 0O

4k, 78%, E/Z= 20/ 4l, 87%, E/Z = 2011 4m, 56%, E/Z = 201
[

—
cl 0 Me 0

4n, 70%, E/.Z = 201

.
F’h/\/\r\@\
0
Br

4q, B3%, E/.Z = 201

40, 58%, E/Z > 20/1 4p, 61%°, E/Z > 20/1

F

4r, 91%, E/.Z = 201 4s, 61%, E/Z = 201

T Me
0 Ph

Fhm Br on .
© o

R2=H, Me

R® R3=H, Me

R"‘\H\DA: + '‘BUNC + R%ZnCI
RZ

1 2

Fhw s
0

4t, 95%, E/IZ > 20/1

= ,Bu
oY
|

4w, 81%, EIZ > 2011

Bu
M
O 9]

4z, 76%, E/Z = 20/1

4af, 69%3°, E/Z > 20/1

i) 10 mol% NiCl,*DME R3
DMA, 25 °C, 0.5-2 h

3

Y

4u, 96%, E/Z > 20/1

= JBu
Y
PinB

4x, 43%, EIZ > 20/1

3 "Bu
|
J'N D
Ts

4aa, 80%, E/Z > 201

=~ "Bu
(Y

d4ad, 73%, EIZ > 20/1

Me
"Bu
0

4ag, 70%*°°

4
- Ny
i) 1 M HCI, 25°C, 0.25 h

RZ O
F. |

(0]
Br

4v, 73%, EIZ = 20/1

~ nBLI
(,]/\/\"/
S (8]

4y, 79%, E/Z = 20/1

MeM/Y

o)

d4ab, 76%, E/IZ = 12/1

"By
Ph™ ™=

Me O

dae, 57%°, EIZ = 20/1
Et
JBu
Ph x
(8]

4ah, 84% P



3. Catalytic Carbonylation of 1 atm CO by Nickel

d The reaction proceeds with n-allyl nickel intermediate
i) 10 mol% NICl,»DME

OAc DMA, 25 °C, 0.5 h phwﬂu wld T 2R AR AT

+ '‘BUNC + "BuZnCI -
Fh)\f/’ ii) 1 M HCI, 25 °C, 0.25 h 0
1a’ 2 4t, 88%
i) 10 mol% Ni(cod), H B2 A a4
DMA, 50 °C, 1 h n
,\X + 'BUNC + "BuZnCl > A Bu
Ph”X"N0Ac i) 1 MHCI, 25 °C,025h  Ph
o]
1ar 2 dar, 61%
OAc
‘BuNC . N R2ZnX
2 R’ 3
N‘Bu
B
R2
Aco\Ni" I )
| N Ni
\_-’, R
R1/\/ N(Bu
A C

Ni° X R? H.oO* NN R2
R1/\/\0Ac R1/\/\rr —3)- R1/\/\m

1 D 4 49



3. Catalytic Carbonylation of 1 atm CO by Nickel

a) Ni-catalyzed carbonylative cross-coupling reactions 10 mol% NiBr,:DME
AN 20 mol% L1 Ph X Me
Ph"X""OH : co + AlMe, > PN

@ - @ NMP (0.4 M) o

_ 1a 3a 100°C, 12 h 4a
LG =1, Br, C, OTf L 0 1.5 eq
established [Ni] > Entry Deviation from above 4a (%)™ g, By
({0 ) — _—
1 none 74 (72)°
AN
@ - @ 2 NiClyDME instead of NiBryDME 65 N N
olusive 3 Ni(COD), instead of NiBr, DME 37 ol
: , . . . 4 L2 instead of L1 62 MeQ OMe
b) This work: Ni-catalyzed carbonylative reaction of allylic alcohols e e
5 L3 instead of L1 61
N 7N/
-~=-0OH [Ni]/L o ‘OH O 6 DMF as solvent 64 N N
: + CO + AR o L2
~_-OH . .\MR 7 THF as solvent 0
""""""""""""""""""""""""""""""""""""" 8 Toluene as solvent 10
Potential side reaction —
9 NMP (0.1 M) 57 \ 2 7\
N N—
NR 0 E\ e T e 10 NMP (1.0 M) 71 L2
>~ ' : . 11 2.0 equiv AlMe 72
s 0.. .-OH HO-..’ e ? on
) . . o MeZnCl, MeMgBr, MeLi
direct allylic coupling alkoxycarbonylation homodimerization 12 instead of gIMe3 0 o )\%
B Two C-C bonds formation [ chemoselective carbonylation s 2a instead of 1a 74 (72) 2a

B Dual roles of organoalanes [l Investigation of reactive ADMAL Angew. Chem. Int. Ed. 2022 61 e202210484. so



a) Carbonylative cross-coupling of allylic alcohols

m 1 -
RMH or &__,/r + CO + AIR, NiBr,'DME, L1 .
R NMP, 100-110 °C, 12-36 h

1 2 3

RI
R/“\\‘/I
4
: ﬁ\/\]rﬁe /@/%/\K“ﬁ F : A Me x Me /@/‘\M/Yh‘la
de, R = Me, 69%?

4a, 72%3"l 4b, 69%* (84%/")) 4c, 51%° (68%™) 4d, 66%/°°) 4f R ='Pr. 50%!!
4g, R = 'Bu, 70%/

Me
/@/WHG /gwm P.‘lﬂ\@M“E ’gwm& mm&
o o 3 o
Ph BnO F Me Me

4h, 59%I"! 4i, 78% 4j, 72%™ 4k, 70%®! 41, 65%°!
S Me S Me Me . Me N Me
m ’©/\/\W - Mo QUW ||
o
NC MeO,C 3 O 0
Ts
4m, 57%!" 4n, 66%!"! 40, 63%!° 4p, 47%lY! 4q, 57%!%
O S Me ™ Me 0 . Me
/ | 4 M
= I =% |
S Me S o 0 0
b} [c]
4s, 43%" 4t, 53% Wy o A
E/Z = 51 E/Z = 2.6/1
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PhMMO

o}

4w, 62%°
E/Z = 2.8/1

Fs : AN E
o

4ab, 47%9

« - Me Me Me
Ph/\/\/\'r \ x Me x Me
o Me Me
o) o)

b) Chemoselective carbonylative cross-coupling of diols

@_:_

...,

dag, 72%™

@NL °

4aj, 68%MP!

4x, 46%" 4y, 53%!9 4z, 59%°) 4aa, 75%9)
EZ =211 EZ=211
(/T\/\",Et : A Bu Fu : AN Bu /@/W’Bu
dac, 62%° 4ad, 51% dae, 52%° 4af, 44%°
OH
P _ . Me
; L1 B~
i + CO + AlMe, i Bl . m
P. 100 © h
2 30 NMP, 100 °C, 12 3
. Me . Me
HO @ 0 HO O 0
4ah, 49%"™ 4ai 66%"!
" Me S Me
o (7 m (71
Me Me Me Me
4ak, 45%! 4al, 70%

52



b) Investigation of the amount of AlMe,

10 mol% NiBrz-DME

Ph” " 0H AlM = Ph7 N
+ €O + AlMes ™ P 0.2 M) a
100°C, 12h
1a 3a 4a
Ph O.. .0 _A\_Ph
NN Al ~TR BAMAL
Equiv of 3a Yield of 4a (%) -
inactive intermediate
e 0 AlMe,
05 0
0.75 15 Fh\_\_MExAI.He
1.0 35 o Jo ADMAL
1.5 74 Al _\=\

active intermediate

{ie 2k C-OBet S A b 22 () S o Hh [ 4

Me ,Me
~Al

/ \O—Allyl
AlMe AlMe
R/\/\OH — AlMe(OAllyl), e AIIyI’O‘\AI/
/ Me
1 Me
BAMAL ADMAL

Step 1: Formation of ADMAL

R&/WME

4 o)
Ni(0)L(CO),
|
R\A
Me ] ,
« ALCO) ve  NilhL(co),
I n . . Ny -
R/\/\rr Step 2: Catalytic carbonylation & I~
o) \ _Al-Me
v P h
Allyl o

ﬁ“?}%i‘g%ﬁ we Al I
\ /O‘
il A‘Ib,i\!-Me ‘/CO (gas)

I Me
R/W Ni(ll)L(CO),

(0] 1]
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(iii) allene (elusive)

Fﬂ\(ﬁﬁ' cat. [TM]

3. Catalytic Carbonylation of 1 atm CO by Nickel

R? v

CO (1 atm)
potential challenges

H‘I\T’i/ M

HE

chemoselectivity

- 0 -
cascade reaction useful
> R~ M ™ building block
_ R2 i
M O O
R’ 1
M R. =~ ,.-fM
Fiz HE
regioselectivity stereoselectivity

Nat. Commun. 2023, 14, 6960.
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https://www.nature.com/articles/s41467-023-42716-2

CN [Ni], L, "BuznCI "Pr CN
P CO (1 atm) _ ‘ c . Oy"Bu
DMA, temp, 12 h ' =~ Me
Me M Me Me
1a Ja 4a
Yield (%)?
Entry Ligand Catalyst T (°C)
[Ni](0.01 mmol, 10 mol%) and L (0.02mmol, 20 mol%) 3a 4a
1 L1 Ni(acac), r.t. 33 28
2 L1 Ni(acac) 40 °C 53 3
3 L1 Ni(acac), 60 °C 51 2
4 L2 Ni(acac), 40°C 38 7
5 L3 Ni(acac), 40 °C 57 6
6 L4 Ni(acac), 40 °C 61 6
7 L5 Ni(acac), 40 °C 63 7
8 L6 Ni(acac), 40 °C 63 5
9 L6 NiCl,*DME 40°C 61 5
10 L6 NiBr,*DME 40 °C 67 2
11b L6 NiBro*DME 40 °C 75 (71)° 2

[Ni1(00025 mmol 2.5 mol%) L6 (0005 mmol. Db mol%)

L1 L2
Me Me ipr ipr
N B N o
\’//’ + N \?r_:l
Me cr Me cr
Me Me iPr iPr
L3 L4
M . ,
Pr T iPr 'Pr Pr
o N N
NN Z
Cl - Cr
iPr iPr Pr Pr
L5 L6
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3. Catalytic Carbonylation of 1 atm CO by Nickel

2.5 mol% NiBrz*DME HoN n
CN 5 mol% L6
= CO (1 atm)
./ + HAZHX = 0
DMA, 40°C, 12 h
b RzMe, Bn wl  Me
1a 2 3
W e RN ey W\ e W ey
HoN npy HoN Ph HoN anH1 . HoN i Me Me
Cl - Cl ) Cl - Cl)r
o= o R O . :
Me Me Me Me
Me Me Me Me
Ma Me Ve Me Mo Me Md Me
3m, 63% 3n, 62% 30, 61% 3p, 57%
3a, 71% 3b, 67% 3¢, 55% 3d, 35%
FR "Pr il "Pr H "Pr RN "Pr
MeO 0
oG Cl- I @
MeO MeO o cl

M Me M Me Me Me Md Me

3q, 67% 3r, 42% 3s, 63% 3t, 30%

3h, 50%
HoN H "Pr A "Pr HeN "Pr et "Pr
CN F.
(- T e ) O
id Me Me Me Me Me Et Me ngy| Me
3j, 54% 3k, 47% 31, 32% 3u, 53% 3v, 32% 3w, 60% 3x, 51%




3. Catalytic Carbonylation of 1 atm CO by Nickel

a) Transition metal-catalyzed carbonylative cross-coupling for ketone synthesis

o)
™
R'—X + co + R?—[M] ] R1J\R2
C(sp)-X C(sp?)-X Activated C(sp®)-X

. N EWG
R—=—X N f N 4

N\ __ L. 279 R X

| Sl 4

Well-established

b) Transition metal-catalyzed carbonylative cross-coupling of unactivated alkyl
electrophiles for dialkyl ketone synthesis

0

Alkyl’lL

Alkyl

Alkyl—X + CO(gas) +

_T™]

Alkyl—[M]

Unmet challenge

ii) Ni-catalyzed carbonylative Negishi coupling of unactivated alkyl-halides with CO

(o}
e [Ni]
€ X + co +  Alkyl—ZnX ——————» .~ Alkyl
- e |
A

Unactivated C(sp®)-X bond
Pitfall

r- - ! e
/ / £\
{ >—Alkyl ¢ > { >
- -
Negishi coupling

reductive dehalogenation B-H elimination

New NNN-ligand

o
X N
N PN
Me0OC” N7 \

B New tridentate NNN-pincer ligand
B Mild condition with atmospheric CO gas

M Broad functionality with organozinc reagent
m Facile unsymmetric dialkyl ketone synthesis

J. Am. Chem. Soc. 2024, 146, 7971-7978.

57



3. Catalytic Carbonylation of 1 atm CO by Nickel

10 mol% NiCl,*DME Byproduct

15 mol% Ligand 0 \
BocN | + coO + "BuZnClI . BocN BocN "Bu BocN BocN
DMA (0.1 M) "Bu
4a 5a 6a

1 atm

1a 2a B0 °C 3a

Me Me

'Bu 'Bu
= =N ¢\ NN
G2 L @ @
PPh, PPh,
L1 L2 L4

(o}
N = RS N |)ILN
H
N N\I |,,, " N\| o g CHL)U O)Lue

L10

o*% c*% &Y ey w:*%
) o g g

entry ligand  conversion of 1a (%)  yield of 3a/4a/5a/6a (%)

2254 L16 100 90 (85)°/0/4/1

58



3. Catalytic Carbonylation of 1 atm CO by Nickel

[ Cyeclic alkyl iodides ;‘:5' ’E %%1&
o
BocNC>—<

"Bu

3a, 85%

7.5 mol% NiCl,»DME
12 mol% L16, 1.0 equiv Lil

co + RZnClI
DMA, 50 °C, 20-24 h
1 atm

2

0 0
-~ o
L. N "N
~ Me00C” ~F X
3 L16

o]
"Bu

3b, 61%

0
{ i
By o

3e, 74%

o<,

3i, 48%

"Bu
3f, 95%°

o]
BocN<>—<_
Bn

3j, 42%"°

trans/cis = 11/1

O,

3m, 66%

NBoc
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n
3n,80% oY

OO0+« OO

3c, 58% 3d, 60%
(o] o (o]
{0~ (XX
"Bu 0 "By
39, 77% 3h, 74%
0 o}
BOGNCX>—< 0—<
By BocN "Bu
3k, 46% 31, 42%
0 0
BocN "Bu By
30, 80%° 3p, 47%°

Ny
Cyclic alkyl tosylates ﬂ:)ﬁ(‘bﬁ
(o]

B F IR R B

O,

BocNC>—<
"Bu u
3a, 78%7 31, 67%7 30, 68%7 3q, 66%7
trans/cis = 4/1
I— Acyclic alkyl iodides
B
ocO. o [} (o} *Irs [}
M
"By °\(\/\HL"B|: Etooc/\/\)l "By en’N\/\HL"au
M Me Me Me Me
e
3r, 62% 3s,77% 3t, 65% 3u, 67%
o o] (o] o
0.
TBSO\/\)l"Bu /@/o\/\HlnBu OO\/W){"BU /@ \/\(unsu
M
Me FC e NC e 1 "
3v, 92% 3w, 46% 3x, 71% 3y, 54%
Ph
[0} (o] (o] N o
Ph\/\Hl"Bu Ph - Ph o pn—=l |
o "Bu
R X
3z, R = Me, 82% o .
3aa, R = Et, 67% 3ab, 77% 3ac, 74% W 18%
Acyclic alkyl tosylates
Me 4 \ i o o Ph 0 O._/Bu
Ph
o} "By PMP’O\/‘”"I\)L"BU \/YL"BU \/j)LnBu PH\I/Ph
Me Me Me Ph
3ae, 89% 3af, trace 3ag, N.D. 3ac, 86% 3ah, 45%%
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3. Catalytic Carbonylation of 1 atm CO by Nickel

7.5 mol% NiCl,*DME

12 mol% L16, 5.0 equiv LiCl
+ R—2Znl

DMA, 50 °C, 20 h

o o
"W
BocN N H N
Me00oC” NF X
3 L16

n
C7H4s
BocN

Q.1

3ai, 72%

o
w
-n

BocN

3an, 46%°

BocN

3

(o} Me
N
4 Ts
3av, 58%°
(0]

BocN Me e

3az, 68%

3aq, 77%?”
(o}
(0} (o) OPMP A OTBS
2
U BocN BocN
3ar, 47%°

(o) (o)
Me OTBS Me
BocN Me BocN

(o) (0] (o) (0] Me
PMP
nC45Has Ph Me
BocN BocN BocN BocN
3aj, 45%

3ak, 77% 3al, 64%

3am, 47%¢

(o) (o] (o)
COOMe CON'Pr,
8 2
BocN BocN BocN

(o)
5
3ao0, 51% 3ap, 68%°
(o)

(o}
OPiv
4
BocN
3at, 55%

3as, 64% 3au, 64%
o} o 7
BPin Kb
N 3
Bochl BocN BocN
3aw, 73% 3ax, 50% 3ay, 75%°

Alkyl tosylates

Me Me

0
O)\/choom
8
3ba, 29%"¢ 3bb, N.D. BacN 3a0, 58%"
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a —Radical trapping experiments b —Radical clock experiment

"Bu
! H
1 T o Ej/ - standard conditions o
O/ standard conditions "Bu O/ SN o "’0/\/ + CO + "BuZnl
> (o]
BocN w/ TEMPO (2.0 equiv)  BocN BocN 1 atm ol
1a 3a, N.D. 7,12% L 24 3bc, 37%
¢ Testing of stereospecific alkyl iodide
(o)
| | (0]
standard conditions N o ' standard conditions Ph
9 m WD L e -
BocN w/ TEMPO (2.0 equiv)  BocN BocN Me Me

w/o 2a 1 atm

1a Y. > 1a, 76% recovered 7,N.D. 1af, 95% ee 2a 3z, 77%, 0% ee
WA LS ook oo s

d — Stoichiometric reaction f — Plausible mechanism

o Ni'L
2.0 equiv 2a 1.0 equiv 1a o R=ZnX
CO (1 atm) 2.0 equiv Lil "Bu RJH/Rz ¢ 2
DMA (0.8 M), R.T., 2h N,,50°C,20h  BocN & R NilL R=ZnX
1 2
— © & > 3a,26% A
Ni" complex 8
(0] =} o \ (o) R,
- FERZEMNIIS SR B e sl
N R Ni 1
I . 0 I B
R Z N““ffln"N X 2.0 equiv Mn 2.0 equiv 2a 1.0 equiv 1a L g
. . n
R=COOMe 2.0 equiv RT. 2h RT., 2h N, 50°C,20h  BocN
~— @ @ @ ¢ 33, 49% (o)
R2 A
e — Ni' complex-catalyzed carbonylative Negishi coupling 5 i (\ n kR‘ R . Ni'L
R Ni'lL
I 7.5 mol% 8 "Bu D
+ CO + "BuZnl v >
BocN 1 at 1.0 equiv Lil BocN LG. R2
atm o
- - DMA (0.8 M), 50 °C, 20 h 3a, 83% 1 R
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4. Catalytic Intermolecular Cross-Coupling of Olefins

Ligand-swap enabled DF cross-coupling of trisubstituted olefin 1,1-DF cross-coupling

O modular synthesis of 1,1,2,2-tetraarylethanes

2.5 mol% [Pd(allyl)Cl]; @
10 mol% (R)-PhBiOx - -

—N,BF, 18 mol% DTBF Ar Me—(_)—Blom),

= Me 1.0 equiv AgsCO4
* - £ s VB 2.5 mal% [Pdiallyl)CI]2
me Ar—B{0OH) ‘amylOH (0.4 M), 25 °C Me 5.0 mol% ‘Pr-BiOx
2 16 mol% DMFU
Me

2.0 equiv. AgCO4
TamylOH, 20 °C

1,3-DF cross-coupling

= Me 2.5 mol% [Pd{cinnamyl)Cl];
Mo OYO 12 mol% PrBiOx
N\) 16 mol%DMFU
= 2.0 equiv Ag;CO;
DD

D-68a fAmylOH (0.2 M)
25°C,18h

-
@/’Y\ME Q + “/NEBF-‘ D70
Ar—B(OH); B(OH), g@ single diasterecisomer

72%, 90% ee, >99% D
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4. Catalytic Intermolecular Cross-Coupling of Olefins

Scheme 1. Enantioselective synthesis of amine derivatives with vicinal
stereocenters from alkenes.

2) This work: Pd-catalyzed asymmetric arylfluorination of internal enamides

0O
NBIOH) Pd/Biox A?r lo
e + = s
L (c) '

- Selectfluor F we?

M Enantioselective difunctionalization of internal enamides for C-C bond formation
M /-Fluoroamine derivatives with vicinal chiral centers up to 99% ee

M High regio-, diastereoselectivities enabled by removable oxazolidinone

o py Mo =)

/ \j u, 'o‘

R'[N N~ g 'Bu, L3 N N ey
Cy, L4 Ls

[a] Reaction conditions: Ta (0.2 mmol), 2a (2.0 equiv, 0.4 mmol),
Selectfluor (4.0 equiv, 0.8 mmol), Pd(OAc), (5.0 mol%, 0.01 mmol),
ligand (6.0 mol %, 0.012 mmol), 4-(benzyloxy)benzoic acid (40 mol %,
0.08 mmol), DCM:H,0 (v/v) =80:1 (0.2 M), 10°C, 16 h. [b] Yield
determined by '"H NMR using CH,Br, as the internal standard.

[c] Determined by chiral HPLC. [d] Yield of isolated products in
parentheses. [e] DCM:H,0 (v/v) =9:1 (0.2 M). [f] Selectfluor (2.0 equiv,
0.4 mmol). [g] Without 4-(benzyloxy)benzoic acid.

Table 1: Optimization of the reaction conditions."

(o)
Yo 4-BnOCgH,COOH (40 mol%)
Selectfluor (4.0 equiv.)
Me

Pd(OAc); (5.0 mol%)
B(OH), L1 (6.0 mol%)

DCM:H,0 (80:1), 10°C. 16 h

Y

£

D

0

Q

Me
1a 2a 3a

Entry  Variation from standard conditions  Yield (%)®  ee (%)
] none 84 (75)9 98
2 DCM:H,0 (v/v) =9:1 as solvent 79 98
3 no H,0 nr -
4 no 4-BnOC,H,COOH 77 98
st 25°C instead of 10°C 20 -
6t 2.0 equiv Selectfluor 66 98
7l L2 instead of L1 76 98
8l L3 instead of L1 26 -
9kl L4 instead of L1 7 95
10 LS instead of L1 46 -38

Angew. Chem. Int. Ed. 2021, 60, 2699-2703. ..



4. Catalytic Intermolecular Cross-Coupling of Olefins

Pd{OAC), (5.0 moi) 0 o o
o B(OH), L1 (6.0 mol%) 0\3"" F 2 Mo F ° ’ To

g 4-8nOC,H,COOH (40 moiss) ’
: Selectiuor (4.0 equly.
R/\/]\‘: - @ ) e RN

DCM:H,O (80:1). 10 °C Er cl Q gj‘

1 2 3
Me
(o) o O 39. 36%. 88% e 3h, 41%, 95% ee 31, 53%. 58% ee
' To ' To R
: \) ; \) : 0 F %
- 5
ﬁ%@ﬁﬂiR
o Mo Tﬁm%)é%% :
33, 75%. 98% e0 3D, 64%, 99% ee 3C. 61%. 95% o0 : -
£69%, 98% el 3). 35%., 96% e0 3 ng s 31 65%. 9% ee

*e 0
--------------------

------------------------------------------------------------------------------------
*

A A0 Pe
BOSORNGS! % O rl) ......... j@

L Y

30, 63%. 4% ee 30, 76%. 99% ee 31, 72%. 98% e 3m, 49%, »99% ee 3n, 67%, 99% ee 30, 64%, 98% ee



Table 3: Substrate scope of aromatic boronic acids 2]

3 @/VTJ D D P8

oy’ O 3

% Q ?

3p. 83%. 3% e 3q. 70%., §7% 0 3r, 90%, »55% 00 38, 53%, =55% 00 N ATN. TN 00 Ju, 56%. 2% 00
o)
: °T3 CA’ pe
Q 0"’ @r“ QL
v, 81%, »99% ee 3w, 44%, 93% e Ix, 68%. 88% e 3y, 64%, »59% ee

0

j:") Tj) ON T:T T ts
e

3D, 74%, 97 00 3ac. 69%, 95% 00 3ad, 53%, 9% o0 330, 89%, 98% 00 Jak, 62%. »99% 00

--------------------------------------------------
* *

: : e
cf& @;:, @%% G?b

3 f 0'
mm“%" w‘7% 98% 00 ’q‘1sm~ ---------------------------------------------------

5%
O

QN@

32, 73%, 9% ee 302, 59%. 99% 00

%

3af, 61%, 4N 00

. °f>

320 51%, =99% ee

%Z‘X?ﬁﬁﬁﬂﬂ@
5FD PEE W 2L A R
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4. Catalytic Intermolecular Cross-Coupling of Olefins

¢ Pd-catalyzed asymmetric divergent diarylation of internal acyclic alkenes (this study)

i: vicinal 1,2-diarylation

- S
I\Ih‘_ .::'J'

[PdJ/L*
or - or
ATNEBF,‘, AFE{OHJE

72 examples
up to 99% ee

Ch

ii: migratory 1,3-diarylation

—
N -
A ArN,BF,, ArB(OH),

22 examples
up to 96% ee

&

diastereoselective
chain walking

J. Am. Chem. Soc. 2022, 144, 8389-8398.

__]_

OR

L ,.f’ lg

[Pd] N

& ,” 'E
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o [Pd(allyl)Cl],, L1, DMFU, Ag,CO5
4-MeCgH,B(OH),, 4-OMeCgH,N,BF,

N~y R -
©/\/1\0 R L1 =. ,E:/>_<\::I

il =
]
||u£
O)=
=
A
oW N

.

Pr Pr

Scope of Arylboronic Acid

OMe

6 R='Bu,61%, 91% ee
7 R=TMS, 80%, 91% ee : O
8 R = CFg, 75%, 93% ce

-
(=]

O =O0CONMe, 9

47%, 91% ee 85%, 90% ee 86%, 92% ee

Scope of Aryldiazonium Salt

15 R =Ph, 63%, 90% ee
16 R=F, 64%, 91% ee
17 R=NO,, 41%, 91% ee [Nj

@%@

> T
OMe

18 R =Ac, 53%, 93% ee

21
66%, 90% ee

19 O
Scope of Cinnamvl Carbamate 91%, 94% ee

Me Me

58%, 96% ee

OMe OMe OMe
25 26 27 28
45%, 91% ee 59%, 91% ee 61%, 90% ee 53%. 87% ee

R = Me, 70%, 90% ee
R = Et, 77%, 86% ee
R ='Pr, 75%, 84% ee
R = Ph, 83%, 80% ee

72%, 90% ee

FEEIHI RS
FF R )4 A B

Q.

Y -

12 13 14
57%, 90% ee? 54%, 90% ee

CO,Me

24
67%, 87% ee

OMe O =OCONHEt

30
50%, 91% ee®

[
w

DMFU

0] @)
/> <\
N N "r’ P

L1 =

'Pr r
[Pd(allyl)CI],
Ag.CO;

tamylOH
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o

[Pd(allyl)Cl], R
L1, DMFU
L B(OH), N,BF, Ag>CO; / N ? N
+ + L. — N
% L° % MeC %
> () O
Scope of Arylboronic Acid QQ
F

O

R R 40 R =Br, 63%, 99% ee 42 43
41 R =CO,Me, 75%, 97% ee 74%, 93% ee 69%, 95% eeP
% N Z N
Oy-om Q
33 R=0Ph, 71%, 90% ee F
32 34 R= OCF! 56“/' 95% ce 36 R =Me, 83%, 93% ee 38 39
0 0 - 3 0, o = 0 0, 0 0 0 0
71%, 91% ee 35 R=CFa, 57%. 97% co 37 R=H, 49%, 96% ee 81%, 91% ee 65%, 95% ee
44 45 46
Scope of Aryldiazonium Salt 71%, 93% ee 80%, 96% ee 75%, 97% ee
MeO T™MS TMS MeO

o

Qs Qs h, Qs
O 8 Sy

57
74%, 94% ee

A BRI %
[Pd(allyl)CI],

o
A

49 R = OMe, 72%, 90% ee
47 R =Me, 70%, 96% ee 50 R=F, 70%, 96% ee
48 R =Et, 55%, 97% ee 51 R =Cl, 62%, 95% ee

52 R =COj;Me, 43%, 97% ee

53 R =OMe, 70%, 95% ee
54 R =CF;, 41%, 95% ee
55 R =CO;Me, 47%, 92% ee

56
47%, 86% ee

Scope of Internal Enamide
™S ™S MeO ™S, MeO T™S, MeQ

a. By Tk, T,
& S8 0Q ~0Q By O

w
=

O\L‘@/
o
w
© <
\‘\\
w
o

F F
58 R = Pr, 73%, 92% ce 62 63 R =0OMe, 67%, 91% ee 67
59 R ='Bu, 65%, 94% ce 68%, 96% oo 56%, 92% ce® 51%, 94% e 64 R=OPh, 60%, 95% ce 55%, 92% ee® 67%, 99% ee 69%, 99% ee 85%, 83% ee
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[Pd(cinnamyl)Cl],
L1, DMFU
AQ2COS

‘W e

BRI

O C

79%, 91% ee

NzBF4

Scope of Arylboronic Acid
3 3} ;} OMe
“ T, (&
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53%, 94% ee
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o
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54%, 89% ee 80%, 91% ee
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200

N Me

LN ()—B(oH), O\Pd’@

M o Ligand
E e
<iiMe R o < iMe Swaps

L* determines regioselectivity
and enatioselectivity

J. Am. Chem. Soc. 2024, 146, 24, 16892-16901.

4. Catalytic Intermolecular Cross-Coupling of Olefins

Ar

Me
O “"'"Me

o0

L accelerates
reductive elimination
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(@) PdCl,, DPEPhos

MeO

Et,Zn

(b) Fe(acac)s

MeMgCl

Cl

Cl

(a) PdCl,, DPEPhos

Me,Zn

(b) Fe(acac)s
EtMgCl

—-——————N\

Me

ArB(OH),

(c) 2.5 mol% [Pd(allyl)Cl],
10 mol% (R)-PhBiOx
16 mol% DTBF

@
1.0 equiv Ag,CO3
tamylOH (0.4 M), 25 °C

(c) 2.5 mol% [Pd(allyl)Cl],
10 mol% (S)-PhBiOx
16 mol% DTBF

o
1.0 equiv Ag,CO3
tamylOH (0.4 M), 25 °C

(c) 2.5 mol% [Pd(allyl)Cl],
10 mol% (R)-PhBiOx
16 mol% DTBF

1.0 equiv Ag,CO3
tamylOH (0.4 M), 25 °C

(c) 2.5 mol% [Pd(allyl)Cl],
10 mol% (S)-PhBiOx
16 mol% DTBF

1.0 equiv Ag,CO3
famylOH (0.4 M), 25 °C

MeO

(S,R)-4a
94%, 95% ee

(R,S)-4a
95%, 95% ee

(S,S)-4a
63%, 92% ee

(R,R)-4a
73%, 92% ee
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2.5 mol% [Pd(allyl)ClI],
10 mol% (R)-PhBiOx Ar'
16 mol% DTBF

1.0 equiv Ag,CO34
tamylOH (0.4 M), 25 °C

*
Ar—N,BF, + )L

o o % o ’
Ph“‘EN/ \Nlph UONOBU 0 o & +
(o]
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1 2 3

Y
B
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o) Me Me
0 oM o) : 8
5y i) ) N Y=o ar 0¥ MeOsz MeO,C
/aMe [uMe [iMe  NHEt o~ N AP Ar
Ar! Ar' Ar' 1
MeO MeO MeO MeO Ar 4ac 4ad 4ae
4b L ‘e 73%, 93% ee 73%, 92% ee 42%, 92% ee
87%, 90% ee 56%, 94% ee 75%, 92% ee 50%, 96% ee
Ar = 4-OMeCgH,, Ar® = 4-MeOCgH
Ar2 0 Ar2 Me Ar2 F Ar2 e e
=0 e Me Me OCONHAr MeO OCONHAr
wMe Me mMe mMe i CF3 ‘\ " \© Me \O
1 1 1 1 MeO,C Qe 1, 0, P
MeO Ar Meo Ar e0 Ar €0 Ar ? MeO,C W bl
4f 4g i Ar? Ph
57%, 94% ee 51%, 97% ee 54%, 95% ee 62%, 97% ee
4af 4ag 4ah? 4ai®
J 99%, 91% ee 58%, 88% ee 85%, 95% ee 62%, 91% ee
Ar?
\\J Me A;'A OCONHAr® MeO. OCONHAr Me OCONHAr OCONHAr Me OCONHAr
i - | :I Me \© Me /@ \O Me
MeO = MeO A \-we ©/\A5Me i ol ,,,'éf,,’ MeO,C o P g P
4j / \ 4k 4 ™ Ph Ph
65%, 98% ee M Gz 33%, 95% ee 53%, 93% ee 4aj° 4ak? 4al® 4am®
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Z Me 0~ Me
Art Art ™ <Oj© Me e
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©/\:L_x X OH 5 N X Me e OMe B OMe
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OO AP /©/\[ AP Ar \O"' l/C"ICL / . l}w@\ \O 2;@\
4q? 4r? R = OMe, 49%, 94% ee 47 R=F, 97%, 90% ee 4v? R = Br, 92%, 90% ee e OMe OMe OMe

63"/0, 93% ee

4s? R = Me, 58%, 94% ee

4u® R = CF3, 71%, 97% ee 4w? R = OBn, 90%, 90% ee

4ar
42%, 94% ee

4as® R =H, 85%, 91% ee
4at? R = TMS, 74%, 90% ee

4au? R = Bu, 70%, 90% ee
4av® R ="Pr, 75%, 92% ee

4aw? R = OCF3, 83%, 90% ee
4ax? R =F, 67%, 92% ee
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OCONHEt 5 o
1 Br NHE NHE
y S \Ar N OCONHEt L SO oco t : OCONHEt
| = Me If Me H z [ Me
Ar N A Me MeO ',, XA, A
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Catalytic Intermolecular Cross-Coupling of Olefins
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4. Catalytic Intermolecular Cross-Coupling of Olefins

~

i 2
¢ o) @] "
— »ft\"--P‘d—N \'""F"d—-N
Me,,’}_-:.‘\\Ar Et 1,3!__:_“\
Et H Il i Me/—\
TS2 TS2'
-39.4 -37.4
AE gistam2 AE jisim2
AE,, (19.4) (20.6)
(-75.3) AE 451512 Edist(5)1a
(25.4) | (23.7)
IM2
AE,, = -30.5 AE,,, = -28.5
TS2 TS2'

HEN ERRERES (R) -PhBiOXKIZE
Z FFERA BRI BT p - - - wfHEEH

=BfIERE (BE) -1af1 (R) -PhBiOx
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