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A
Classification Effects on mechanism of action
“activated"” “unactivated"” cationic path  anionic path  direct interaction  indirect interaction
R R A R R R
| | | RO,
N N ON N, 5° oN- LA ¥ A
L\ FAAN L §5© AN /\
R = COR, CO2R, SO3R, R = H, alkyl, aryl A = activating group: Lewis/Brensted acid, alkyl, aryl
PO(OR),, other EWG
B Examples of Lewis acid control of key interactions
LA
i@ 1 1 1
0O @) OR o) OR @) OR
J\ , Nu Y oxophilic Y azaphilic Y-L
HN OR' -— N - N » DN
. LA Lewis Acid £\ Lewis Acid LA, \/\
“CO,Me ‘CO,Me ‘CO,Me ‘CO,Me “CO,Me

N-substituent vs. N-coordination may dictate product formation

Schomaker, J. M. Chem 2023, 9, 1658-1701. 2
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Controlling the rate of nitrogen inversion

N = Svg—R

H R H

planar T.S.

T

R

H

effect of the R group on the barrier to nitrogen inversion

o C-N cleavage

C—C vs C—N bond scission

R'1

®
Rz/\/N

N -
R’ R' = EWG
R? = aryl

RE

Schomaker, J. M. Chem 2023, 9, 1658-1701.

N

AN

C—C cleavage

~
R' = alkyl, aryl e ®
R?=EWG
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nucleophilic ring opening
NHR X =halogen, N, O, S, C, H

aminoalcohols, diamines
X polymers, aminophosphonates

chiral amines, p—thioamines )

Mechanism

Products

Ar
% . HZPG\N
Protection 2
group L
Ar NHES Aziridine N
SM g\o

Ho,PGHN.__R»
Ry
Alkyl
)\/NHPG R4 N (Het)Ar
Ar R5 R3

(a) Davis, E. Synthesis 2000, 10, 1347-1365. (b) Hu, X. E. Tetrahedron 2004, 60 , 2701-2743. (c) Ha, H.- J. Chem. Soc. Rev. 2012, 41, 643-665. (d)

Keroletswe, N. Arkivoc 2017, 50-113.
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\
N\>_
SN X =NH: Benzodiazepines N
. X = O: Benzoxazepines )n
R X = S: Benzothiazepines
N Lewis acid ® © Pyrroles n=1: p-Lactams

. . s ~_-N.5; n = 2: y-Lactams
REA C-N cleavage R R
1,3-zwitterion

R' = EWG; R? = aryl, CH,(Si)---- | g X
U L)
A 96 o e A
hl'l ed R‘? N — RZ "N n = 1. Azetidines o
E/L.‘—\ FIU Fll1 n = 2: Pyrrolidines Aziridine ring X = O: Morpholines
R ! n = 3: piperidines i X = S8: Thiomorpholines
1,3-dipole n = 4: Azepanes X =NR: Piperazines
R' = alkyl, aryl; R> = EWG )XL
—N O NR (\
J h @
= O: 2-Oxazolidinones NS Dihydropyrimidines
= S: 2-Thiazolidinones \/ YEropy

2-Iminothiazolidines

(a) Davis, E. Synthesis 2000, 10, 1347-1365. (b) Hu, X. E. Tetrahedron 2004, 60 , 2701-2743. (c) Ha, H.- J. Chem. Soc. Rev. 2012, 41, 643-665. (d)
Keroletswe, N. Arkivoc 2017, 50-113. 5
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H02C H020
indolopiperazinones indolopiperazines

Figure 3. Representative medicinal chemistry lead compounds.

NH HN hf
PPh, Ph,P PthPth

(RR)-L1 (R.R)-L2

NH HN §
NH HN
PPh, Ph,P
PPh, Ph,P

(RR)-L3 (R.R)-L4

Figure 1. Diphenylphosphino benzoic acid-based ligands.

Table 1. Selected Optimization Conditions?®

PMB
H 2 mol % Pd,(dba);*CHCI,, = N~
=z 2
/\‘<II\I\ + NC\U - NC/\I!I/\H
PMB 6 mol % (R,R)-Ligand
solvent, rt @
1a 2a 3a
entry ligand solvent % yield® % ee®
1 L1 DCE 73 61
2 L2 DCE 99 89
3 L3 DCE 77 72
- L4 DCE <5 9
5 L2 PhMe 50 89
6 L2 PhCF; 52 88
7 L2 THF 52 89
8 L2 DME —4 89
9 L2 Dioxane 60 93

“ All reactions were performed with 1.0 equiv of 2a and 1.1 equiv of
1a at ambient temperature at 0.25 M in the designated solvent. ” Isolated
yield. © Determined by chiral HPLC.

Trost, B. M.; J. Am. Chem. Soc. 2010, 132 15800-15807. 6
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/\’\N—Fﬂ

H 2 mol % Pd(dba)3*CHCls,

R1 N H 2 mol % Pdy(dba)3*CHCls,
/\I/\ N° N . + !} >
H R Y, R2

N H
#AX<1 R
N + ¢ > N 6 mol % (R,R)-L2 R2
R Rz'{‘j 6 mol % (R,R)-L2 & 7 R! = PMB; 1a DCE, t rad
R? R'=Bn; 1b crl
DCE, t n;
R'=PMB; 1a 3a-3j
F N-PMB F N-Bn N-PMB
N H N H N H
NN.PMB NN.BH NN.BH = J F / J
N H N H N H E F NO,
NC OoN MeO,C 4a 4b 4c
i\ l; \ / U 89% yield, 90% ee? 96% vyield, 92% ee 99% yield, 86% ee
3a 3b 3c 5»’\,“_5" ’\’\N‘pma ’»/\N—Bn
99% yield, 89% ee 77% yield, 89% ee 76% yield, 96% ee N H N H N H
Y Y Y
PMB ,,//\I/\N'Bn A/\N‘PMB NO, CN CN
A/\ N’ H H
H N N 4d 4e Af
Meozc\(b \ f \ l 86% yield, 88% ee 92% yield, 89% ee 88% yield, 90% ee
\ /
MeO,C F,COC ,/_\’\
3d 3e af N-PMB ”—PMB

86% yield, 94% ee

Nﬁ.Bn
N
\ /

86% vyield, 94% ee

92% yield, 93% ee

ﬁ\’\—B
/
O,N

49
81% yield, 83% ee

N H
Y
COCF,

4h
99% yield, 81% ee®

g

CO,Me

4i
91% yield, 93% ee

\ / o = =
’»/\N—PMB /»’\N-PMB ’\,\N-PME
F2COC O.N NN NN N
Br J cl Vs Y
39 3h 3i,R=Et:NR _
95% yield, 93% ee % vi b 3j, R=H:NR 4 4k 41, R =H:NR
°y ° 85% yield, 90% ee 57% yield, 73% ee® 60% yield, 73% ee® 4m, R =Ph: NR /
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2 mol% Pd,(dba);*CHClj,

6 mol% (R,R)-L.2
DCE, rt

\

™

- ..-.-.=="-.Er\|}_«N-Fi1
il
Ve

5a-5d

N T, H
N + = R
R i-:-. E/)_ 2
R! = PMB; 1a :
R'=Bn;1b
R' =DMB; 1c
B D
N N-PMB Br_N N-DMB
' Lo
5a, R? = COCF 5b, R? = CO.Me

97% yield, 90% ee® 72% yield, 95% ee®

Scheme 3. Mechanistic Rationale

ky
matched
/\<I'I~l -
‘i ionization
1 ¢
N
H
: k
mismatched 2
/\{J\I »
R ionization
U
ent-1 N
H

ent-18

;‘?—\N-PMB
Q=<

5¢, R = CO,Me
72% vyield, 93% ee

% )
N Bn
Qo<

5d, R? = CO.Me
97% yield, 96% ee

Scheme 4. Rationale for Observed Regioselectivity

*L‘.@’L* i
F;d
Favored \'ﬁ - XE’ \S
|’ N Neg NoH
. .."@ i
X“/ H ‘\\*/\\/N-m
— - 3
19
_ " 1+
*L\ ,L*
e ')
Disfavored Y
E:/\N\H."‘e R Z~~""R!
| X | 21
20 Not
Observed 8
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Scheme 1. Previously Reported Aziridine Couplings

Doyle et al.;52.60
5 mol% NiCl,+glyme

. R
10 mol% dimethyl fumarate
Y I _NHTs (1)
dioxane/ DMA Ar

NTs . RznBr
Ar//\I 3.0 equiv

R = alkyl, aryl

Ar = 0-(MeO,CCH=CH)CgH,4 NHSO,Ar

7.5 mol% NiBro*DME - R)\/RI @)
LiCl, THF

NSOQAI’ R'ZnBr
RPN 2.0 equiv

R = alkyl R' = alkyl, aryl ~4:1 regioselectivity
This work: 5 mol% Pd(dba),

12 mol% PNp3

10 mol% Cs,CO NHNs

/QNNS + ArB(OH)2 ° 2 3 r )\/A {3)

R 2.0 equiv 4 equiv m-CICgH,OH R r

THF
R = H, alkyl >20:1 regioselectivity

Scheme 2. Initial Conditions
5 mol% Pd(dba),
NTs ©/5(0H)2 12 mol% PCys
<7 >
1.1 equiv Cs,CO4

1.1 equiv 10:1 toluene/ H,O 25%
1a 2a 3aa

NHTs
+ TsNH,

76%

Table 1. Effects of Variation from Optimal Conditions

5 mol% Pd(dba),
NNs .  PhB(OH), _2mo% PNPs _ )NiN/SPh
I’\ﬂe/<I 2.0equiv. 10 mol% Cs,CO4 Me
1c 2a 4.0 equiv m-CICgH,OH 3ca
THF, 35 °C >20:1 rs
entry variation from the above conditions yield, %
1 none 82
2 Ts protecting group on aziridine 32
3 PCy, instead of PNp, 0
4 P(t-Bu); instead of PNp; 0
S P(o-tol); instead of PNp, 4
6 P(2,4-Me,C¢H,); instead of PNp, 63
7 1 equiv of Cs,CO; 0
8 no Cs,CO; 75
9 K,CO; instead of Cs,CO; 24
10 no m-CIC;H,OH 19
11 H,O0 instead of m-CIC;H,OH 53
12 phenol instead of m-CIC;H,OH 61

“NMR vyields using 1,3-dinitrobenzene as internal standard.

Michael, F. E. . Am. Chem. Soc. 2013, 135, 18347-18349.

9
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Table 2. Boronic Acid Scope”
5 mol% Pd(dba),

NNs ,  ArB(OH), 12mol% PNps NHNs
Me” N 20equiv 10 mol% Cs,COq Ar
4.0 equiv m-CICgH,OH  Me
1c 2a-n THF, 35 °C 3c
Me. _NHNs Me._ __NHNs Me._ _NHNs
3ca 3cb 3cc
7% 80% 83%
(75%)° Me MeO
Me NHNs o Me NHNs Me NHNs
‘ 3ch Me 3ce 0 3ci
87% 82% <0 78%
Me NHNs Me NHNs Me NHNs
H
HO 3¢j Me.T]/N 3ck 3cl
76% Q 62% H 65%
(0]
Me._ __NHNs Me._ _NHNs Me._ _NHNs
3cg O,N 3cf 3cm
59% 51% 43%
F3C MeS

Me

O SMe NHNs i

3cn
O 76%

“Isolated yields. ¥2 mmol scale.

NHNs

3cd
() o

Table 3. Aziridine Scope®

NsN +
>

1d

ArB(OH),
2.0 equiv
2a
2c
2e

NS~ _Me* ATBOH),

2.0 equiv
1e

NST)\/O

1f

2b
2c
2e

+ ArB(OH),
2.0 equiv

2a
2c
2e

NsN + ArB(OH),
L>—"0TIPs 2.0 equiv
19
2b
2c
2e

“Isolated yields. ®Conditions: S mol % of Pd(dba),, 12 mol % of
PNp;, 10 mol % of Cs,COj3, 4 equiv of m-CICqH,OH, THF, 35 °C.

conditions?

Ar = CGHS
Ar = 4-MeOC5H4
Ar = 3-MeCOCgH,

conditions?

Ar= 4'MeCGH4
Ar = 4-MeOCgH,

Ar = 3-MeCOCgH,

conditions®

Ar = CaHs
Ar = 4-MeOCgH,

Ar = 3-MeCOCgH,

conditions?

Ar = 4-MeCBH4
Ar = 4-MeOCgH,

Ar = 3-MeCOCgH,

NHNs

r
3da 75%

3dc 94%
3de 83%

NHNs
Me

3eb 77%
3ec 68%
3ee 67%

NHNs

3fa 69%
3fc 85%
3fe 91%

NHNs

OTIPS

3gb 63%
3gc 76%
3ge 63%

WeERER, 2,2-—HY
KF02,3-—BtE R
&I ABER I,

10
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Scheme 3. Deuterium-Labeled Substrate Coupling

PhBOM: 5 ol Pd(dba) 0
mol7o ak NHNs ~ H3POs —  Ng_
H NNs 12 mol% PCys /%/Sph CH,(OMe), S N
- B T
R,ﬂ 10 mol % 052003 R D i‘| R g
1h d 4 equiv m-CICgH,OH Shaed D H
THF, 35 °C a-
R = Ph(CHy)s- 89% yield NOESY  4ha-d
>20:1 dr

Scheme 4. Proposed Catalytic Cycle

Ns (?Ar
"N-PdL, HOAr NsHN PcILn
RFAD ) protonolysis R B D . «
S idat! rans-
RrQ gﬁgﬁgﬁe metalation | PNB(OH):
4
D reductive .7 ﬂ-.hy.dnd‘ e
Lpdo| = elimination NsHN L, elimination
P T/ H
NsHN  Ar RebD

R D

11
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Table 1. Effect of Pd Catalysts in the Cross-Coupling®

PhB(OH), 2a
(1.1 equiv)
,Ts Pd cat. (4 mol%) Ph
N Ligand )\/NHTS i /\/O /\)P\h
P Na,CO3 (1.1 equiv) > Ph i PhZcHo
3
®-1a  yoiuene/H,0 (5/1) 3aa 4 5
t,1h
) yield (%)?
entry Pd cat. ligand (mol%)
aa 4 5
1 Pd(PPhs), - 0 28 1
2 Pd(PCys), = 6 35 2
3 Pd(dba), P(t-Bu); (8) 0 24 1
4 Pd(dba), IPr (4) 17 0 0
5 Pd(dba), SIPr (4) 21 0 0
6 Pd(dba), SIMes (4) 3 0 0
7 [SIPr-PdCI(u-Cl)}, = 81 0 0
8 PEPPSI-SIPr - 23 0 0
9 [SIPr-Pd(cinnamyl)CI] - 96 (93)¢ 0 0
j-Pr i-Pr
/Pr,—\ i-Pr a,r—\ﬁ iPr— iPr
1= stn SURS I [adiVe gt
I-PI'TIPY Pd Cl i-PrTi-Pr
Cl—Pd—Cl Ph Pd_
|1 A K o
— )
e
[SIPr-PdCI(u-CI) PEPPSI-SIPr [SIPr-Pd(cinnamyl)Cl]

“Reaction conditions: 1a (0.2 mmol), 2a (0.22 mmol), Pd catalyst (8
pmol), ligand, and Na,COj; (0.22 mmol) in toluene/H,0 (1 2 mL, v/v
5:1) at room temperature under N, atmosphere for 1 h. ’Determined
with GC. “Isolated yield.

Scheme 3. A Plausible Catalytic Cycle

ArB(OH), «
SIPr  base, H,0 Ph” > Ar

|
Ph— Pd k )
‘K - cl .fTS

H N
phN

(R)-1a
J\/ NHTs [Pd(SIPr)]
(A)-3
¢) reductive elimination a) oxidative addition

SIIPr
. '*' NHTs J\/ NTs or  Pd'-NTs
_-Pd -Pd* Phe.
siPr \_ ¢ SIPY
Ar H B

b) transmetalation
/protonation

ArB(OH)s + base + H;0O

Minakata, S. J. Am. Chem. Soc. 2014, 136, 8544-8547. 12
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Table 2. Pd-Catalyzed Enantiospecific Cross-Coupling of (R)-

1a with ArB(OH),”
Ts [SIPr-Pd(cinnamyl)Cl] . Ph
H ¢ (4 mol% ) .
N+ AB(OH » L _NHTs
ph N (OR) Na,COs (1.1 equiv) Ar/k’
(R)-1a 2 toluene/H,0 (5:1) 3
(99% ee) (1.1 equiv) rt, 1-24 h
/@/k/NHTs /@/,\/NHTS /@/k/NHTs
(R)-3ac (R)-3ad (R)-3ae
4%(1 h) 99% ee 98% (1 h) 99% ee 0%(1 h), 99% ee
H Ph H, Ph H Ph
NHTs . NHTs NHTs
F cl F4C
(R)-3af (R)-3ag (R)-3ah

84% (3h), 99%ee  71%b (5 h) 99% ee

H, o MeO H
MeO,C

48%" (5 h) 98% ee

O)\/NHTS

(R)-3ai (R)-3aj (R)-3ak
46%>" (5 h) 99%ee  82%(5h), 99% ee 96% (1 h), 99% ee
5 Ph
~/k/l I NHTs NHTs
(R)-3al (R)-3am

(R)-
97% (1 h), 99% ee

“Reaction Conditions: (R)-1a (1.0 mmol), 2 (1.1 mmol), and Na,CO,
(1.1 mmol) in toluene/H,0 (6 mL, v/v S:1) at room temperature;

enantlomenc excess (ee) was determined by chiral HPLC analysis.
b[SIPr-Pd(allyl)Cl] was used as an alternative catalyst.

91%(1 h) 99% ee 94% (1 h), 99% ee

[SIPr-Pd(cinnamyl)Cl]

2-arylaziridine (4 mol% )

: + AB(OH), Na,COj (1.1 equi
(99% ee or racemic) 2 a,CO3 (1.1 equiv)
(1.1 equiv) toluene/H,0 (5:1)
' in,1-5h
entry aziridine 1 product 3 time (h) yield (%) ee (%)

-

n
w

75 99

:H>\: NHT:
X S
S)1

(s§9°io 3e) (R)-3ag

3 X H.: 1 85 99
__NHTs
Cl (R)-3a0
(S)-10
(99% ee) Ts Me
N
4 RN @ 1 87 9
HG
Me (S NHTs
-1C
(99% ee) (R)-3ac

13
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Hillhouse & Wolfe:

Ts Ni ,TS
N i(0) or Pd(0) MI—N
AN > M (1)
R R
This work:
Ts Ni(ll), R'ZnBr N _NzTS R’
> | I I] | - Ar,J\rNHTs @)
A° R 2°C A’ R R
B alkyl cross coupling B mild and functional group-tolerant
B complete regioselectivity B unconventional diastereoselectivity

Doyle, A. G. . Am. Chem. Soc. 2012, 134, 9541-9544. 14
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Table 1. Evaluation of Reaction Conditions

NiCl,*glyme (5 mol%) '
NTs 1 (10 mol%) n-Bu i 0
= 5 MeO\“/\,)'\
Ph/<l n-BuZnBr (3 equiv) Ph)\/NHTS : ik
2a  dioxane/DMA, 23°C, 6 h 5 : o,
standard conditions '
entry conditions yield® (%) conv®? (%)
1 standard conditions 71 >99
2 no NiCl,-glyme <2 7
3 Ni(cod), instead of NiCl,-glyme 46 >99
4 no dimethyl fumarate (1) 4 26
5 10% PPh;, PCy;, BINAP, or bpy instead of 1 <2 12-25
6 10% 4-fluorostyrene instead of 1 5 47
7 10% maleic anhydride instead of 1 8 62
8 10% dimethyl maleate instead of 1 69 >99
9 with 10% bipyridine and 10% 1 <2 10

“Determined by HPLC, 0.05 mmol scale. E’N—Tosyl—2—phenylethyl;m*_ljne (reduced product) was the major byproduct.

——

) N T o B FRESE IR RN
VYT doaneowa e P E RN,
P

3

4 w/o 1 (2 equiv): 0% yield
w/ 1 (2 equiv): 18% yield 15
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Table 2. Scope of Styrenyl Aziridines®

NiCl,eglyme (5 mol%)
1 (10 mol%) n-Bu

)\/NHTs

NTs
Ar/<l -

n-BuZnBr (3 equiv)
dioxane/DMA, 23 °C, 2-18 h

SN

83% yleld 79% yleld 79% yleld 80% yleld 84% yleld
o O o O
MeO,C
9 10
81% yield 77% yield 84% yleld 55% yleld"
; : iMe

H™Y0 Chfe G Me

13 14 15 16
58% yield 76% yield 58% yield 80% yield?:c

“Yields are the average of two runs, 0.50 mmol scale. “One run, 0.15
mmol scale. “5.3:1 dr (unassigned), see SI for details.

Table 3. Scope of Organozinc Reagents®”

NiCl,*glyme (5 mol%)
1 (10 mol%)

/QNTS - L
NHTs
Ph RZnBr (3 equiv) Ph
o= dioxane/DMA, 23 °C, 2-34 h
o)
CINNANE TBSO Ak C
o)
17 18 19 20
85% vyield 70% yield 90% vyield 82% vyield

ngﬂ‘ eo NCM Me” "X ©5{

B \/\}i Me  Me
21 22 23 24
79% yield 90% yield 62% yield® 48% yield®

“Yields are the average of two runs, 0.50 mmol scale. bn—PentylZnI.
“PhZnBr inTHF.

16
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NiCl,*glyme (10 mol%)

Co o 1q
» (4)
n-BuZnBr (3 equiv) @d—wms
dioxane/DMA, 23 °C
25 26
99% ee 52% yield
99% ee
NiCl,*glyme (10 mol%) .
Ts 1 (20 mol%) e
/ \.~CO2Me > Ph NHTs (5)
Ph n-BuZnBr (3 equiv) COMe
dioxane/DMA, 23 °C g
27 28
70% yield
7.5:1dr
NiClo*glyme (5 mol°s)
1 (10 mol%) n-Bu
NTs 3 NTs
- : 6
A~ NHTs + oo ()
Ph n-BuZnBr (3 equiv) Ph” N~ Ph
(R)-2a dioxane/DMA, 23 °C (S)-3 (R)-2a
99°% ee 90% conv 11% ee 99% ee

Scheme 1. Proposed Catalytic Cycle

n-Bu

NHT
Ph :

MEOQC

N 2/‘I
int CO.Me
N - Sco,

n-Bu

-

N
Ph ~ZnBr

n-Bu-ZnBr

(Ni]
path a: Sy2
path b: SET (R)-2a
(R)-2a

[Nin+1] [Ni#*2-NTs  [Ni"*2}-NTs

* __NT =
S
Ph” N PH PH
[Nin*2]-NTs

Ph

NI (NS
NTs H'/—\'CO,Me
Ph H

29 30

17
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Table 1. Evaluation of Alkene-Containing Protecting

Previous work: Groups®
Nl RZnB MeOOC PG NiBryDME (7.5 mol%) NHCh b Tol
NTs ", RenBr, 1 i © ~Acoome (1) <4 prTOEnEr 2 equ) Tol NHC
AF/Q > Ar/l\/ NHTs n-Bu LiCI (5 equiv) > ”—Bu)\’p_ ° ”-BU)\’ "
rt 1 2-7 THF, 23°C, 12 h linear (L) branched (B)

This work: =
/) CO.-Me / b
il NHCn : :(
NCnh Ni'', RZnBr S0, SO,
N N
<

R
— NHCn (2 S0z
n-Bu n-Bu n-Bu
2 3 4
00 _ , 69% yield 44% yield <5% yield
g B easily synthesized on 100 g scale 3.8:1L:B 5.8:11L:B
/
Ch= ™ W enables coupling with unactivated Cq,5-N bonds 0 o) YO o,.P(o )2
\ m N Y d 3
MeOOC W removable directing group ngu”N n-Bu”N n-Bu
5 6 7

<5% vyield <5% vyield <5% yield

Doyle, A. G. ]. Am. Chem. Soc. 2013, 135, 13605-13609. 18



Ring-Opening Reactions: Ni

**, The Yang Research Group

Precise Synthesis Lab af Tongji University

Table 2. Evaluation of Reaction Conditions

NiBr,DME (7.5 mol%)
NCn p-TolZnBr (2 equiv) NHCn p-Tol

ey LiCI (5 equiv) > nBu Ao n-Bu A\ NHCn
) THF, 23°C, 12 h . 5
entry conditions conv (%) yield (%) L:B
1 standard conditions 100 69 3.8:1
2 no LiCl 100 44 1.9:1
3 3.0 equiv of LiCl 85 54 3.5:1
+ MgCl, instead of LiCl 99 42 5.0:1
S no NiBr,-DME 7 <2 N/A
6 Ni(cod), instead of NiBr,-DME 100 S6 3.8:1
7 DMA instead of THF 100 <2 N/A
8 15% dimethyl fumarate 1 100 30 3.0:1

“Yields and regioselectivity determined by 'H NMR using
triphenylene as a quantitative internal standard.

BrZn —NSQO,Ar

alkyl/'\’ﬁ

© ®
SOz, 7= N Li 0,5
Brzn ‘N/ _\COOMe N%
‘\h‘ N
alky /'\/‘[Ni"]—n alkyl 7>\
. [Ni©]
Cl 1 COOMe

)¢

ArSON —Nil]—C119 ;@

"\

0 ®
ZnBr _| Li
ArSON . alkyl/l_|
il

RZnBr

Figure 1. Proposed catalytic cycle.
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Ring-Opening Reactions: Ni

NiBr,:DME (7.5 mol%) NHCn R NiBry*DME (7.5 mol%) NHCn p-Tol
NCn R =ZnBr (2 equiv) NCn p-TolZnBr (2 equiv)
NHCn T
e LiCI (5 equiv) > nBu Bu A R N LIC! (5 equiv) R pTol AN NHOn
2 THF, 23°C, 12 h 8-24-L 8-24-B 25-34 THF, 23°C, 12 h L B
Me
O O QD D -
NCn NCn o) NCn
TBSO Cl = )
8 9 10 1 12 o
77% yield 75% yield 80% yield 77% yield 67% yield”
3.9:1L:B 4.2:1L:B 3.8:1L:B 4.2:1L:B 4.4:1L:B 25 26 o7
66% yield 56% yield .
F L - 1 58% yield
26:1L:B 3.3:1L:B 3.9-1 LB
K oe =D -
F F NCn NCn
NCn 3
13 14 15° 16 Ph M,Q O/Q /\/‘QI ) ©/Q
61% yield 71% yield 64% yield 77% yield :
3.8:1L:B 4.3:1L:B 3.9:1L:B 4.0:1L:B Me
/ (x)-30 31
$ E—@—CI 3—@—/ H N 59% yueld 39% yneld 53% yield 43% yield
Y—Me 3.6:1L:B 3.6:1L:B 1.5:1 major:minor 1:>20 L:B
OMe =
17 18 19 20 | M rmmmmmmmmmmmmmmmmmmemcmmmemces oo esemmmmecsssssesssssmsmsessosne
68% yield 50% yield 59% yield 26% yield s
3.8:1 L:B 4.7:1L:B 3.8:1L:B 3.2:1 L:B Unsticcesful electrophiles:
M NCn
e
N N
H O §mn-B *"\/\/><CN *"\/\rO Me‘\/))(] o MeOQC/Q o O
=-Bu
Q Me Me OJ ’
21 22 23 24 32 33 34
66% yield 68% yield 74% yield 53% yield <5% yield <5% yield <5% yield
4.9:1L:B 2.5:1L:B 3.6:1L:B ) 2 O

41:1L:B
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NiBro*DME (7.5 mol%)
NCnh p-TolZnBr (2 equiv) NHCn p-Tol

> Tol NH
n-Bu /Q LiCl (5 equiv) n-Bu /k’ Y }\’ cn (3)
THF, 23°C,12 h
2 9-L 9-B
99% ee 99% ee 24% ee

Cn NiBr,*DME (7.5 mol%)

N p-TolZnBr (2 equiv)
ph "0 » 36+ 37 (4)
YA LiCl (5 equiv)

2 THF, 23 OC, 12 h 47% yield
+35 251rr
2 N
Ph "0 N 1/ ‘Cn Me

2 H
Ph @ N

Me 1

36 (major) 37 (minor)
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precatalyst ; Me
) ! phen
(a) Hillhouse: 18 Mesphen/NiCl, LEE : :
Ts ; THF = 2! N (1.25:1, 5 mol %) ;
i W (bpy)’;'r'(md) rt or 60 °C E‘ ~ N\Ni/aNETs " R_~<J + alkyl-ZnBr 2640 C R alyl 1 N
=N~ ‘ —_ —
R/ﬂ i \ s ) 35 examples N N
DC’ (bpy)NIEt, D H - air and moisture stable precatalyst >20:1 regioselectivity
cod or butane . ) * mild conditions 66-97% yield
o ) inversion at C1 « effective for both commercially available
bpy = 2,2"-bipyridine, cod = 1,5-cyclooctadiene R =H, Me, n;Bu, i-Pr and in-situ prepared alkylzinc reagents
The cod-free reaction is faster 50-70%
. . [}
(b) Doyle: = alkyl-ZnBr Table 1. Screening of Ligands
: NiCl,*DME (5 mol %) alkyl
N 2 9 .
N dimethyl fumarate (10 mol %) X NHTs Ts N_'(md]2 (10 mol 26] Ts.
a5 00 P R— VA )\/\ Ligand (12.5 mol %) NH
o % # /l\/\)\
23°C 48-90% /<\J . ZnBr THF (0.15 M) + TsNH,
1a (3 equiv) 26°C,44 h 2
(c) Doyle: Product/TsNH ratio
NiB D’;E"?"s | % hn R
— 50, iBry (7.5 mol %) . l)\/R + /k/NHCn N
MeO-C N LiCl (5 equiv) Y alkyl |
¢ THF, 23 °C linear () branched (b) _
alkyl R: aryl, alky! 26-80% | N
b = 2.5-4.9:1 _N
" ’ aryl-B(OH),
(d) Michael: Ns Pd(dba), (5 mol %) NHNs >95% convn. >95% convn. >95% convn. <30% convn.
/<IJ\I P(Naph); (12 mol %) anyl ~2:1* ~3:1* 2.21 nda*
alkyl Cs,CO3 (10 mol %) alkyl e
i 43-94% Ph
m-CICgH4OH (4 equiv) 2 . M
THF, 35°C, 12 h >20:1 regioselectivity N j - Me
|
(e) Minakata: Ts aryl-B(OH), : Ph N, Me | N/
H N [SIPr-Pd(cinnamyl)Cl] any | _N
: 0 NHTs =N Me
N (4 mol %) TN
R - Na,COj3 (1.1 equiv) R >95% convn. >95% convn. >95% convn. >95% convn. (70%)
(99% ee) PhMe/HZO (51), rt 46-99% 2.4:1 2.4:1 3.6:1 4.51
(99% ee)

Jamison, T. E. J. Am. Chem.

Soc. 2014, 136, 11145-11152.
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Ts Megphen/NiCl, : ;
et : N+ R2znB — - :
R (3 equiv) DCE/THF (2:3),0.1M g a7 (3equv) DCE/THF (2:3), 0.1 M AR \
206 1024h >20:1 regioselectivity 26°C,15-24h R : = =
’ >20:1 regioselectivity | N N
aliphatic Ts<
Ts< T8« NH
NH NH Ts. T Ts.

/K)\ \/\)\)\ @\/k/\/ = )\/\/\/

286% 396% 494% 18 95% 19 85% 20 78%

Ts< T
NH S<
/\/\)\)\ CN

589% 6 66% 7 90% 21 73%P 22 72% 23 70%

(35°C) (35°C) (35°C)

Ts<\ 0o Tss\ TS\ 0’> Meo\©ls:‘t/\/c&,>

\/\)\)\ \/\)\)\ \/\)\/\/l\o o
(o] 24 76%° 25 80%
8 85% 9 69% 5 (3soc)
(40°C) (5°C)
benzylic Tsey
Ts. Ts\
Ts. > & \/\)\/\/\/
w Fsc@f)t)\ K@i’t)\ I S
26 84% 27 93% 28 89%
10 97% 11 84% 12 96% -

Ts< NH
S SUNIIIEES P
eO Ts\NH Me TS‘NH Ts F Cl
Me Ts

\NH TS\NH TS‘NH
1397% 14 97% 15 95% o._- \/\)\/\/\
CN CN
Ts< o
TS~ MeO Ts\NH
Me

\/\)\/\/\OTBS oTBS 2 3

16:96% 1793% 3386% 3493%
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Ts
N
R”/\]‘"D
+

Me,phenNi’

Ts-.
S N(_:_)
1)@ D
- R
Sn2-type N-Ni®
insertion L u
46

C-Cbond g1 D
rotation

Me,phenNiCl,
2 R%-ZnB
R2-R? + 2 ZnBrCl
;Ts
0
TSMN,ZnBr Me,phenNi /QPIJUD
)\r 2 42 R0
R 1
R1
D
45 Reductive Oxidative
Elimination Addition
(inversion)

Transmetalation

R2-ZnBrCl®, .
=) Li
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A. Ligand influence on cross-coupling cycle:

maccepting ligands

Accelerate
Red. Elim.

Underexplored

Doyle, A. G. . Am. Chem. Soc. 2015, 137, 5638-5641.

R1-R2

coupling

RIMIR2 catalysis

(M)

Cross-

R1-X

R1[M]X

g

X-Met

R2-Met

o-donating ligands

BrettPhos
Ph Ph
MeHN NHMe

Mes -N \/N ~Mes

Accelerate
Oxid. Add.

Widely Used

Ni(acac), (5 mol%)

5 NHTs 4
; PhJ\’ S

Me

on A oNHTs 8

| Me_H
= NHTs ©
: Phx’

yield” conv.”

<5% 45%

8% 61%
<5% 54%
<5% 45%
<5% 61%
<5% 48%
<5% 44%

5% 64%

9% 78%
48% 73%
68% 89%
71% 91%
68% 85%
77% 92%

Fro-DO: Z =
Me o

W 4

#y S

Ts ligand (10 mol%) Me n-Bu
Me > NHTs
Ph n-Bu-ZnBr (2.5 equiv) Ph
2a DMA, 23°C,18 h 3
entry ligand
1 no ligand
2 dimethyl fumarate (1)
3 maleic anhydride
4 N-ethylmaleamide
5 m-fluorostyrene
6 p-benzoquinone
7 L1
8 L2
9 L3
10 14
11 Fro-DO
12 (+)-Fro-DO
13 meso-Fro-DO
14 10% Ni(acac), and 20% Fro-DO
“Determined by GC, 0.05 mmol scale with dodecane as internal
standard.
0 L1: Z = OCH(CF3)2 L4: Z =
z k//’\r z L2: Z= 0\\8',0 Me
o N Ph
n-Bu
L3:Z= o, .0 #* N.

NI

‘f“N\‘_) 0”

%o 25
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R - NHTs
Ar n-Bu-ZnBr (2.5 equiv) Ar&
DMA, 23 °C, 10-23 h 3. 9-20 23 24 25
? 66% yield 86% yield 60% yield 70% yield

Ni(acac), (5 mol%) o
Q._o °
2a-1 26

[Sa sali el e¥ oy Os 0. QL

3 9 10 1 27 28 29
66% yield 74% yield 70% yield 57% yield 63% yield 52% yield 68% yield
N Me
- o CC
F4C FsC” N R
Ph FaC Me
s Me
12 13 14 15R=F 24% yield® 30 31 32 33 34
73% yield 71% yield 68% yield 16 R=Me <5% yield®
=¥ 59% yield 51% yield 56% yield 56% yield 31% yield?

Ar=Ph,R = Stereoablative C—C bond formation:

=3s i-Bu =8+ . Ni(acac), (5 mol%)

Et -Bi 2
$ i-Bu=$ TBSO NN, PivO 7NN, Ts Fro-DO (10 mol%) — T
17 18 19 20 Et., B R N Y Bl ™
65% yield 57% yield 62% yield 64% yield Ph n-Bu-ZnBr h Ph
)] DMA, 23 °C s (2]
"""""""""""""""""""""""""""""""""""""""""""""""" o l X -
Me . >99% ee N0 oo 20% ee >99% ee
Me, n-Bu e ,/TPuH
- K/n Q,m Ph K/N (:S? NMe, Stereoconvergent C—C bond formation:
n d. .b 0 Ni(acac)2 (10 mol%)
Ts (+)-L4 (20 mol%) Me. n-Bu
21 22 Me ]‘_' » jk/NHTs 73"/.:' yield )
49% yieldb-c Ph n-Bu-ZnBr Ph 27% ee
) 26

47% yield?
+2a DMA, 23 °C, 37 h
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NTs
phN

(*)-1a

BiOx R
L1 -Pr
L2  Cy
L3  i-Bu
L4  Me
L5 (CH,)sPh
L6 CHPh,

S

ee (%)
52
72
43
52
43
10

NiCl,* glyme (10 mol%)
BiOx (12 mol%)

Nal (2 equiv), Mn (3 equiv)

23°C,16 h
BiOx R ee(%)
L7 4-Heptyl 78
L8 n-Hex 52
L9 3-Pentyl 73
L10 (CH,).,Ph 40
L11 4-F-Bn 43
L12 CH.t-Bu 30

N

L1-L17

O O
Lo

R

TMSCI (20 mol%), DMA (0.1 M)

BiOx

L13
L14
L15
L16

o

4-Ac-F;h
‘. _NHTs
Ph” N~
10-78% ee
R ee (%)
c-Pr 52
s-Bu 72
c-Pentyl 43
Bn 52

L17 4-OMe-Bn 43

Doyle, A. G. . Am. Chem. Soc. 2017, 139, 5688-5691.

: OMe

Ar' =Ph, Ar? =

2 6 7
71% yield® 66% yield® 76% yield®
91% ee 78% ee 90% ee

UME ‘K©/C02Et ’K©,5Pin

10 1 12
88% yieldd 59% yield 63% yield®
93% ee 94% ee 92% ee

><©/CF3

Q.

9

65% yield®
87% ee

13

65% vyield
94% ee

)<©IOMG

16 26 27 28
71% yield 67% yield 62% yield® 73% yieldd
92% ee 90% ee 92% ee 94% ee
Ar! Ar? yield ee
19 p-OAc-Ph p-Ac-Ph 78% 90%
20 m-OMe-Ph p-Ac-Ph 61% 78%
29 p-CO,Me-Ph p-OMe-Ph 47% 88%
30 p-CO;Me-Ph 2-naphthyl 70% 78%
31 p-CF3-Ph p-OMe-Ph 67% 85%
32 p-CF3-Ph 2-naphthyl 70% 75%
33 p-F-Ph m-COzEt-Ph 45% 91%
34 p-F-Ph 2-naphthyl 86% 83%
35 p-F-Ph p-Cl-Ph 79% 82%

1 L A . i~

1.1 N

27
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B. Approaches to B-phenethylamine synthesis using aliphatic aziridines NiBry*DME (5 mol%)
dtbbpy (10 mol%)

NHR NR NTs Ac  4CzIPN (4 mol%) . Ac
- alkl\.rl’/<"| * n—Bu/Q + . >
alkyl X | Et3N (3.0 equiv) n-Bu

THF (0.08 M), 24 h

1a (1.5 equiv) 34 W blue LEDs 2a

= i vigor X=B(0M or H - oty deviation from standard. - comversion of la 5 [y
® | ow regioselectivity ® Precious metal ® | ow regioselectivity
* | imited scope ® |imited scope ® Directing group required 1 none 100 59
2 4'-bromoacetophenone 82 0
C. Prior work: reductive cross-coupling with styrenyl aziridines 3 Ir( d-F‘CFs‘PPY)z(dtbbP)") PF, 100 57
NiCl*DME (10 mol%) % Et.N 0 0
e bop (12 mol%) 10 Toomoms )
<) /(}O . N S no dibbpy 61 0
T Mn (3.0 equiv) .
DMA (0.1 M), 23 °C Ar NHTs 6  noNi 100 0
7 no 4CzIPN 11 0
® Use of abundant & FG tolerant aryl iodides ® Aliphatic aziridines unreactive 8 no light 0 0?
D. This work: photocatalytic cross-coupling with aliphatic aziridines ? 0.5 mmol scale 70 46
10 0.5 mmol scale for 48 h >95 76
NTs NHTs = _O 11 photoreactor on 0.5 mmol scale 100 82 (72)°
/O _@ Pe : “Reaction run on 0.1 mmol scale. Yields are the average of two runs
O and were determmed using 1,3,5-trimethoxybenzene (1.0 equiv) as an
® Aliphatic & aromatic aziridines effective ~ ® Modular & mild ~ ® Regioselective external standard. “Reaction run at 40 °C. “Isolated yield.

Doyle, A. G. J. Am. Chem. Soc. 2020, 142, 7598-7605. 28
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2b
58% yield 52% yield

2h

2i
30% yield 61% yield

2n 2p

o
44% yield? 33% yield?

Ac
Ac NHTs
Ac NHTs 0e NHTs e NHTs
NHTs al Me_ _O
Me ~e Ph A \([)r 3
2u 2v 2w 2x 2y

77% yield 62% yield?

Aryl lodide Scope

OTBDMS
nBu nBu nBu nBu
2c 2d 2e
ey g GO A
OEt ’
nBu nBu nBu n-Bu CF3
Q 2i 2

67% yield 73% yield 83% yield 42% yield
NHTs O NHTs
,,_BU/K/QI\) nBu)\/Q
21 2m Me
49% yield 70% yield 43% yield 74% yield
Amphetamine Scope

2q

Substituted Aziridine Scope

i
54% yield?

67% yield 72% yield 82% yield? 78% yield® 59% yield®
91% ee?
Ac Ac
NHTs NHTs
Me NHTs Ao O/K/Q/ HS lgiO/ Ac| NHTs
Me ""
W Ph
2aa 2ab 2ac 2ad 2ae
64% yield® 53% yield® 14% yield®” 55% yielde’ 53% yield

1.2:1 b:l9

Ac

“fucrin

; b
Bpin
m/ NHTSs (j/ Neac
nBu n-Bu
2f 29

Oy Gy ey f;@twe jyeul fﬂ@i"” ey o
N N
n-Bu X" Bu Cl\ Me Me OMe Me Me Me F Me
2 2 2s 2t

88% yield

0
NHTs Ac
N

2z
54% yield?

2,2- _HURRARNEA M
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A. Aziridine activation via Ni oxidative addition

N [ref 20] NTs , ref19] :
Sl -~ + N ——— e
Ni"-NTs ~ R=pn R R=Me Tsn-N
Ph L[ , N 3-Me
Ph ® high selectivity o
e

® branched isomer favored ® |inear isomer favored

A. Oxidative addition competition experiment t-Bu

Me THF-dg
[dtbbpy]Ni(COD) + 1a + D —
rt, 10min

|
4
(1.0 equiv) (5.0 equiv) (5.0 equiv)

99% yield?

B. Intramolecular radical trap experiment

standard TsHN
NTs Ac conditions pr
M * >
|

6 7
(1.0 equiv) (1.5 equiv) 54:46 (cis:trans)
43% yield?
B. Single electron reduction of aziridines
Ts.
2 N <5 N SET > "
RN 1s "N n)\'

® favored for both R = Ar & alkyl ® disfavored

C. Proposed Pathway: Aziridine activation with iodide to form iodoamine
------- Ts<

L u ~— K@ — g
+
Ar)\/N‘Ts B alkyl
® branched isomer favored ® |inear isomer favored
® ow regioselectivity ® high regioselectivity
C. Reaction time course
100
] - 1a
90
; -e - 2a
80 g
70 + —
:\; 60 ]
© 50 4
q’ K
S 40
30
20
10 ~
0 = 1 g T b T . I v I X T 4 T o T Y T 1

——r———T7—
0 2 4 6 8 10 12 14 16 18 20 22 24
D. Reactivity of B-iodoamine -

NHTs

NTs
MQ/QI Me*/"\’
Ac b standard 2p
/@’ (0.9 equiv) conditions 71% yield?®
+ -
I
sl NHTs NHTs
.5 equiv
| Al
n—Bu*/ nBu)\’ i 30
8 2a
(0.1 equiv) 10% yield®
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- /@,Ac 4CzIPN (4 mol%) m
/<‘ o
n-Bu | EtsN (3.0 equiv) n-Bu Me
1a THF (0.08 M), 24 h 9
(1.0 equiv) (1.5 equiv) 34 W blue LEDs
O\\S,,O
[HI] NHTs 2
)\/I -SETj» HN" -ET/PT
n-Bu o /l\-.; ¥ié
8 —
Entry TBAI Yield of 9 [%]?
none 45
10 mol% 60

INi%] Ar—I
- / "
e

l l [NBi“]—Ar

[EtzN-HI] SET NHTs
19 ——m— 8 — oOr +H-BU .
HAA
c
|
I
[Ni'"]—Ar
D

Figure 6. Proposed catalytic cycle. HAA = halogen atom abstraction.
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Scheme 1. Catalytic Cross-Coupling of Aziridines

B cross-coupling of aziridines with organometallics or aryl halides

N path a NHR path b NR
m @ or @Ireductant m
+ e or ~ +
M=ZnX,B(OH), X=Br,l

—[M]

—X
O)\/NHR

B this work: Ni-catalyzed reductive carboxylation of aziridines with CO,

R CO,(1bar)| R NHR
: N o O)_‘NI_ O)\' L O)\/COEH
sp’C-N | B-amino acids
cleavage

Table 1. Optimization of the Reaction Conditions”

NiCl,-glyme (10 mol%)

ng " LéngOSI'SOID/u}. NHTs
<N+ co, cOR (5.0 equlv) _ CO,H
n-hex (1 bar) Mn (3.0 equiv) n-hex
1a DMPU (0.40 M), 10 °C, 48 h 2a
entry deviation standard conditions 2a (%)P
1 none 73 R2 R2
2  using NiCl,L1 as precatalyst 50 e
3 using L1 (15 mol%) 61 =N N4
4 using L2 instead of L1 47 R1 Me
5 using L3 instead of L1 0 R'=Me; R2=OMe (L1)
6 using L4 instead of L1 trace R'=Me; R=t-Bu (L2)
7 using L5 instead of L1 56 R'=Me; R>=Me (L3)
8 DMA as solvent 62 R'=H; R2=OMe (L4)
9 NMP as solvent 67
10 reaction conducted at rt 53
11 reaction time 72h 76 (71)° \_ NN
12 72h, CO, (2.5 bar) 65 N N=
13 no NiCl,-glyme, L1 or MeOH 0 e LS Me

“1a (0.20 mmol), NiCl,-glyme (10 mol %), L1 (20 mol %), Mn (0.60
mmol). MeOH (1 mmol), CO, (1 bar), DMPU (0.50 mL) at 10 °C
for 48 h. ®'"H NMR yields using trimethoxybenzene as internal

standard. “Isolated yield.

Martin, R. . Am. Chem. Soc. 2021, 143, 49494954 . 52
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NHTs NHTs NHTs
n-hex COH Me COzH H )\/COZH
2a, 71% 2b, 65% 2¢, 40%
sO
NHTs HN NHTs NHTs
002H CO,H CO,H
2f, 629%°P 29, 53% 2h, 41%
NHTs 7 NHTS
N NHTs /\/\[
CO.H Boc
2 - COQH COZH

21 (R = H), 68%
2m (R =Cl), 51%
2n (R = CFj), 56%

2p, 56% (n = 2) 2q (R = Ph), 66%

2r (R = 3-furan), 65%

20(R= 4-AC-CGH4), 50% 130 labelling
NHSO,Ar <O NIHTS
o CO,H
CO.H 2af, 62%
27" 2aa (Ar = 4-OMeCgHy4), 70%

2ab (Ar = 4-MeCgHy), 75%
2ac (Ar = 3-OMeCg4Hy,), 58%
2ad (Ar = 4-FCgH,), 46%
2ae (Ar = 4-CF3CgH,), 23%

2z, 40% (1:1)°

H
Omz/
13

HO CO,H

13C g-Homo-DOPA

R

Me NHTs NHTs
e CO,H AN COH
2d, 77% 2e, 41%
NHTs NHTs
o0,C CO,H o \_COH
21, 53% 2j, 55% (n = 2)

(o]
AT R \/\)\/
CO,H
2v (R

2s (R = CO,Me), 48%

2t (R = F), 64%

2u (R =CN), 4

Synthesis of

<::I biologically-relevant

molecules

1%

=

N-Ts Sitagliptin

2k, 70% (n = 3)
NHTs
CO,H

= (CH,)OH), 65%
2w (R = OTs), 41%
2x (R = CN), 53%
2y {H = (CHg)scOQET), 70%

pharmacophores

F F
E CO,H
H

|

g

(3), 74%

2-SEBAANE
N~V

2ag, 38%

N

=
Z

CF3

33
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F LR T

B preservation of the chiral integrity with enanticenriched aziridines

4

M stoichiometric studies with Ni(L5),

SNTs
J5  as table 1 NHTs SINTs Bn.,
CO, (1 bar) N (entry 1) T [ + CO
, ] g - .. COzH 2
uTS NI Dlo{ToquN) _ 21 B CO, (1bar) =M 00, E’“# €o; Ni(L1)
; : (St « 7 highl highl
MeOH (x equiv) 09 yield (x=5; y=0) 70% yield . ignly gnly
1l Mn (y equiv) 0% yield (x=0; y=3) g89% ee 99% ee unlikely likely
DMPU (0.20M), 10 °C 40% yield (x=5; y=3) Ni(L5),

| lytic competence of Ni(L o
catalytic competence of Ni(LS), B stereochemical course of the reaction via isotope-labelling

CO, (1 bar) 0 Ph n-hex
Ni(L5), (10 mol% - as table 1 h NHT: D _T:
(LS) ( )> 21 + TsNH, + Me)J\) + Ph _~~ n-hex (entry 1) * exI ® (1) reduction N7
MeOH (5 equiv) }:N—Ts W —
Mn (3 equiv) (47%)  (25%) (10%) (12%) 2(1bar) D" CO,H (2) COC, o0 Yo
DMPU (0.40M), 10 °C . D 1a-d, 73% yield 8 (4:1) 9 (major)

& A
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C. This work: Ni/photoredox C(sp®)-C(sp®) coupling with aziridines

AN ?

Ph)\OR (@)
L)
[Reduced] [Oxidized]
Il Alkyl 'tlkIkyl
RN=Ni'lL,, y .
L.Ni® | — RN=Ni'lL,
nNi —_— |_[ NiILn |_.l n

basis for prior stoichiometric

This work: Ni(l/lll) OA w/
studies and catalytic methods

aziridines (unprecendeted)

Figure 1. Cross-electrophile and redox-neutral metallaphotoredox
coupling with C(sp®) precursors.

L,Ni!

Me. _Me
Mefl\ Me oA > ROZS\N—Ni'" ) —25.  branched
L
pH elimn. ﬁoﬁ '
& relnﬁertlon Q“ Ve
L,Ni! RO,S,
H OA - Himl‘" —>»,_  linear
Me 1

OMe

Ph
18-2a

OMe

A

SET

F |rIII

Ts
A
| Ph
L, Ni'—Me 18-1a
18-5
SET
I Me
Me -
| Ts— N Ni"'L,
L,Ni''—Br
13 8

\ //186
L, Ni'—Br

18-7
o )\,NHTS

18-3a

Doyle, A. G. J. Am. Chem. Soc. 2022, 144, 20067-20077. 35



Ring-Opening Reactions: Ni % The Yang Research Group

Precise Synthesis Lab af Tongji University

A. Aziridine Scope

TsHN Me TsHN Me TsHN Me TsHN Me TsHN Me TsHN Me TsHN Me
Me
F CF, CN t-Bu OPh
3a 3b 3c 3d 3e 3f 3g
78% vyield 77% vyield 50% yield 81% yield 52% vyield 40% vyield 59% yield
0] o) Q.1 @] 0
0 Osn O, *S-NH Me O.n Ol 0
. SS-NH Me S-NH Me s8_ S
S S-NH Me S-NH Me o,}s_NH Me
Ph Ph Ph Ph o, Mé
Ph F.C Ph
F4CO 3
F3C 3 3n
3h 3 3] 3k 31 3m 49% yield
59% yield 65% yield 57% yield 63% yield 65% yield 51% yield (3.5:1 m?®
o) B. Acetal scope
O*\I?;—NH Me TSHN R TsHN Me TsHN CD, TsHN Et TsHN n-Pr
ﬂ/ ( — Mée A A Ar
Ph Ar= ; F r r
43"/3gorield 3p, R = Me, 75% yield 25°/3;ield 3s 3t Su
o y M= y (] o . . Y
@.7:1 m) 3q, R = CDg, 76% yield (9:1'mpP 72% yield 83% yield 75% yield

36



Ring-Opening Reactions: Ni

**, The Yang Research Group

Precise Synthesis Lab at Tongji University

Me
TsHN n-pent Me
TsHN
Ar
Ar
3v 3w
74% yield 72% yield
NTs
OMe
TsHN TSHN\_(_/
Ar Ar
3ab 3ac
32% yield 32% yield

0
Me et C
TsHN R ! N
TsHN TsHN Mr;r‘le R= or TsHN \_<_/_ i:@
Ar 2 / 0
S . N\ "
3x 3y 3z 3aa
49% yield 36% yield 51% yield (3:1)° 50% yield?
SiMe. R
ivie3
TsHN TsHN TsHN R TsHN R
TsHN 7/
Ar
Ar Ar
Ar
3ad 3ae. R = H. 41% vield® 3ag 3ah, R = i-Pror n-Pr, 3ai, R = j-Pr or n-Pr,
40% yield 3af, R = COzll‘v‘Ie, 3".13:;;J yield 15% yield® 43% yield (1:1.5)%9 47% yield (1:1.2)%9

e

e i Rt

-—p ;-

£diisopropyl benzaldehyde acetal was used as the

37



Ring-Opening Reactions: Ni

£/

**, The Yang Research Group

Precise Synthesis Lab at Tongji University

B. 2-alkyl aziridines as phenethylamine precursors

NHR known unknown Ar

NR Yo . . esSiasndl
> + ~ s N
alkyl ),,\/; Ar alkyl -~ B alkyl )/9\‘1/ i
linear branched

« modular diversification e single C—-C bond forming step e abundant precursors

C. Linear f-phenethylamines from 2-alkyl aziridines
ArMgBr or ArLi, Cu

C1. nucleophilic ring-opening
> Ar
alkyl C2. oxidative addition | alkyl ] alkyl
2 NHR | Y~ar
X
C3. halide ring-opening | alkyl M)
R
o) | Het

y—Ar | : Z
N + —( T Ni  — H
alky /Q alkyl

| T lew&/“'\\( Ar 1 - T

@)
M
branched selectivity enabled by dual-catalytic system

b
0

Ar

/<\TEZ | additive (1.0 equiv) Ph NHBz
+ I~ - +
Ph NHBz Ph
Me standard conditions Me)\/ Me)\’
1a 1.0 equiv 1b-B 1b-L
>60% yield, >60% additive recovery
0 c R
R Ay ewe ™ L AN O R e
R R R Cl
Cl oTf BPi NH i
A A VY oL I § R”>NHTs R”NHBoc
Ar OR
15-60% yield, 15-60% additive recovery
0 B P
J. a™" R7TOTMS
Ar R
<15% yield, <15% additive recovery
0 0 R R
S .
=z _NO, : R"NH, R7OH _OH
R Ar)LH ArJLDH Ar H/]\Br RN ? Ar

Figure 3. Additive screening campaign. Groupings were determined
by the lower value of the yield or additive recovery. Reactions run on
0.075 mmol scale. Yield and additive recovery were determined by
GC-FID with dodecane as an internal standard.

Doyle, A. G. . Am. Chem. Soc. 2023, 145, 24175-2418333
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; O__N
T
N. =z
A-1
45% yield (14:1)
T

E-1
62% yield (12:1)

;,r'UCOEEt
Me

-1
84% yield (10:1)

@

Me

0
NC

M-1
0% vyield

5Ny CFs

=

het-1
83% yield (11:1)

data science aryl iodide scope

OMe
s
OMe

B-1
22% yield (>20:1)

2
O\NPHE

F-1
63% yield (11:1)

s ; :{:|
F
cl

J-1
76% yield (8:1)

)0l
Br F

N-1
0% vyield

2
L.,

c-1
71% yield (11:1)

BPin
jo
G-1
25% yield (>20:1)®

. F.
0 8S0,CF4

0

K-1
5% vyield (=20:1)®

O _NEt,

:

0-1
55% yield (>20:1)

heteroaryl iodide scope

L,

het-2
72% yield (10:1)

;,l‘l N Cl
N
CFy

het-3
69% yield (8:1)

¥
O\cozan

D-1
87% yield (8:1)

T
S:D‘Ca':s

RN

H-1
90% yield (7:1)

Me

)0
Me Me

L-1
0% yield

NH,

O
CO,Me

P-1
28% yield (>20:1)

100

o

N
het-4

48% yield (10:1)

Ph
o A NHBZ

1ib R=Me
2b R=Et
3b R=n-Bu
4b R =Bn
5b R =iBu
6b R=iPr
7b R=Cy
8b R=1tBu

Ph
Ph._O._A_ NHBz

9b
78% yield (2:1)

cyclic aziridine scope

Ph Ph
::' ,NHBz O/NHBZ
()-11b ()-12b
60% yield? 29% yield®

trans:cis = 7:1 trans:cis = 5:1

81% yield (11:1)
82% yield (9:1)*P
91% yield (9:1)*°
87% yield (6:1)
83% yield (>20:1)
86% vyield (2:1)?
87% yield (4:1)2
12% vyield (<1:20)?

Ph
Me. NHB
© S/\)\/ Z

10b
54% yield (11:1)

benzamide scope

Me

13b R=2-Me 58% yield (8:1)
14b R=4-CF; 48% yield (20:1)
15b R=4-OMe 78% yield (10:1)
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A[TiV) oMl it Ar2
o Ni o N_ _Ar Ni
A N A NN A

.

1 _— —_—
AN Ar N - Ar -
Ti .
HJ\, Ar? H)\)@ e [T ~[Tilv]
radical ring-opening is more challenging radical ring-opening is more facile
linear <: interface with Ni catalysis exhibits less steric dependence ] I interface with Ni catalysis exhibits large steric dependence :> branched
favored for larger 2-alky! substituents favored for smaller 2-alky!l substituents

L,Ni'=X

----------------- ~[TiV] LT
O o 1/2 Zn®
L : Ni \_ Ti Ni Ar?|
‘Ar'” "NH . «—— Ar'"SN _— N>—Ar Radical Cross-Coupling
- : Generation Cycle
R A R RN 1/2 ZnX,
""""""""" IntE IntA
N 1 /x
RV \YA’ LNi'_
O. Ar2
[TiV] IntC

IntB |_O
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D. This work: Ni-catalyzed enantioselective electroreductive cross-coupling of aziridines and vinyl bromides

I | 1 R
PG +
. d
N Ry — (T 7
Ar [red] Ar A~ NHPG
_ _ 40 examples
PG =Ts orCbz R = aryl, alkenyl or alkyl up to 98:2 er
E-selectivity

* Devoid of sacrificial anode - Undivided cell - High stereocontrol
- High yields - Broad functional group tolerance - Mild conditions

A A A s

Bpin OMe OMe
Ph )\\\
N™~ N N
_) | |
< P =
~ NHTs
- Tz - s
= N = = H
- z R NHTs
Ph/\/NHTS Bocf Ph/\/ NHTs Ph/\/ NHTs F‘h/\/
23-3a, 73% vyield 23-3b, 49% vyield 23-3¢, 60% vyield 23-3d, 87% yield 23-3e, 76% vyield
92% ee 80% ee 92% ee 90% ee 90% ee
Me Ph
Med 1 .Me =
Si
P P J _ (S
: NHCbz 2 NHCb - NHCb. A NHCb H NHCb
PR N~ ph N2 ph NS pyNATTERE N RS
23-3f, 76% vyield 23-3g, 64% yield 23-3h, 42% vyield 23-3i, 64% vyield 23-3j, 49% vyield
94% ee 96% ee 96% ee 90% ee 82% ee

Nevado, C. J. Am. Chem. Soc. 2023, 145, 6270-6279. 41
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H. Proposed mechanism

| ! /?
—
T --‘E“---.-«-'H T
A.I' ‘0 * N-ﬂr‘. A l
e CN_,..NI —Br
,.0 X H 7 Ar Vi
*
M - Ar’J\/NO CN"JNM
AN [EtN-HX] . N E‘i y
.
rHNO 0
SET Vv
or
.o >
EtsN
N
AN Q ny
= v *~N,, 0 N0 N
C SN Ney, o
N Br « ,a_f ~N
anode n N I cathode

42



Ring-Opening Reactions: Ni

[ ]
*, The Yang Research Group
Precise Synthesis Lab at Tongji University

Cross-coupling with aziridines 1 Prior Art
b)
PG [Ni)/ [Pd] - -
N RZnX / RB(OH), / R—X N
~ L 7R PG
R1—: Ry
/ /
Nucleophilic moduie
PG =Ts, Ns, Bn (not general) ° substrate terminal
specific N-center
This work

i) TMSBr
i) [Ni] / L

c)
@
. S N*N X
N ! 2 RZnX

R
. R N
Saus
= -

R R H‘ R H R
Ph)\/NHQ Ph)\/N‘alkyI Ph/]\/N*aryl ph)\/NR

Primary amine N-alkyl N-aryl N-radical

N-functionalization

1st 2nd
step . fNH? step R
H
................. - NS
elusive Ry

Amine module
{underdeveloped)

Pyridiniums as Synthetic Handle

{C]

R
H
®
@/‘\/N~[\©

\
=
Arenes [N}

® Arenes and
heteroarenes

e primary alkyl,
secondary alkyl,
vinyl and (hetero}aryl

@ Free amines, N-aryl,
N-alkyl, N-radical

® modular @ wide scope @ diversifiable N-center
® bench-stable o late-stage functionalization

Powers, D. C. Angew. Chem. Int. Ed. 2024, 63, €202406335. 43
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Scheme 1. Nickel-Catalyzed Enantioconvergent Ring-

Opening Reactions of Aziridines

A. Asymmetric C(sp®)-C(sp?) Cross-Electrophile Coupling Reactions of Aziridines:

NTs Ni catalysis '\. _,=Jl
NHTs
= (Pseudo)halides C(sp®)-C(sp?)
R = Aryl, alkenyl or alkyl well-established

B. Asymmetric C(sp®)-C{sp?) Cross-Coupling Reactions of Aziridines:

Me NT: Ni catalysis Me, ”Bu
s
+  "Bu=ZnBr —> NHTs
or?<d

Redox-neutral Ph
T3%, 27% ee

NSOZR Mi catﬂlys|5
C. This Work: O/Q + —_—
Br  Mn as Reductant

Doyle, 2017
Nevado, 2023
Mei, 2023

Doyle, 2015

NHSO,R

I Asymmetric reductive C(sp®)-C(sp®) coupling M Complete regioselectivities

I Excellent enantioselectivities

I Good functional group compatibilify

Liu, W.

Work-Up

—

NHR

>/' CN Ni'-Br

N III

MnBrl

NR

o~

1
lodolysis l

|
O)\,NMR
4

M = Mg, Mn, or Ni

J. Am. Chem. Soc. 2024, 1456, 25426-25432. 44
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Table 1: |dentification of suitable conditions for catalytic radical opening
of N-acyl aziridines (Coll =2,4,6-trimethylpyridine)."

Ac cat. (M-mol%) AcHN/zf‘\’ COfBu
L\/\ + 7 CO,Bu___Mn, CollHX >
Ph THF, RT
1 Ph 2

Entry Catalyst mol % Coll-HX Yield [%%]
1 [Cp,TiCly] 10 Coll-HCl 22
2 [(CsH,Me),TiCl}] 10 Coll-HCl 46
3 [(CsMes),TiCly] 10 Coll-HCl 80
4 [(CsMes),TiCl;] 10 Coll-HBr 82
5 [(CsMes),TiCly] 5 Coll-HBr 76

[a] Conditions: Catalyst (mol%), Mn (2.0 equiv.), Coll-HX (2.5 equiv.),
tert-butyl acrylate (5.0 equiv.), 1 (0.125m in THF), RT.

Gansauer, A. Angew. Chem. Int. Ed. 2017, 56, 12654-12657.

Product Mn MnX Substrate
NHAG )—« ec
\\/\/coztsu  (CsMes),TiVX, (CsMes), Ti'"'X gN;,m\ R?

2 i 1
R1 R2 ] R
+ Coll
Coll-HX .-m
_— . CH [Ti"0
OmIV] Ti ] === e N
orn'V] // wR2
A, R
stepw:se /
t
Z>CO0,tBu
§ il O[T'N] H3
+ (CsMes), Ti''X » R2
concerted

by C v Z_\‘\

Scheme 1. Proposed catalytic cycle for the trapping of radicals derived
from N-acyl aziridines ([Ti"]= (CsMes),TiX, X=Cl or Br).
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a) Kinetic resolution:

b) This work: kinetic resolution and desymmetrization with various amines T8 AgSbFg (5 mol%) Ph Ph
Ts R H BaNH, ./ L(7.5mol%) _ _ 7s—NH HN-Bn  Bn-NH HN-Ts
\ R1 _— : . AN Ph m-xylene, 40 °C, 72 h
N N "NH Ag'/chiral diphosphine S 48 examples 1n 2a 3na 3na’
RA R R2 . _R!" 60-97% ee (1.0equiv) (2.0 equiv) 69% Y, 61% ee  22% Yy, 11% ee
R o Ar = 4-MeOCgH,, Reaction conditions: AgSbFg (2.5 mol%), L (3.75 mol%), m-xylene, 15 °C
R
R' 3ng:R'=H,R?=Bn,96h 3pg:R'=R’=Et 45h Ar

. AN, 97% v, 85% eeldl 90% vy, 78% eeld! 3 /_/,

T 25 mo) a2 I " 3sg: R1 = Me, R =Bn, 10h 3ug: R' = CH,CO,Et, R? = Bn R Qw

o N el S NH 98% y, 85% ee 22 h, 97% y, 93% ee 309 \_g

Af-NH - a2” e s A At <©[ Ts 3tg:R'=R2=Bn,11h 3vg: R' = H, R2 = benzhydryl, 8h, 92% y
1 2 3 98% y, 95% ee 12 h, 96% y, 92% ee 85% eel"

= (Bu, R = MeO
S) DTBM-SEGPHOS

b) Desymmetrization: Reaction conditions: AgSbFg (5 mol%), L (7.5 mol%), m-xylene, 23 °C
Different aziridines: R R
3aa: Ar = Ph, 10 h, 93% y, 92% es S M o Brm- ARk EBRO v L SN e T
PMP 3ab: Ar2 = 4-CICgH,, 13 h, 98% v, 90% ee O ‘§'N‘Bﬂ Sna: 48 h, 58% y : _g_N o 50a: 168 h, 97%
A2 NH  3ac: Ar? = 3-CICeH,, 72 h, 92% v, 84% se ( @ «R H 60% ee (60 °C)IP1 : ¢ "\ __/ 89% eel
1 3ad: Ar? = 2-CICgH,, 120 h, 90% y, 88% ee (in EtOAC) O L b b ogooeSE= o ooooo o FSRIR SRR
NH Bae':[ét]\r2=:l—MeCeH4.5h491%ny‘ 93% ce Ts—NH ) ) NH ‘2",\' Bn  ssa:25h,95%y § IT'I Me 5ga: 192 h, 71% y
Ts  3af: Ar? = 4-{BuCgHy, 6 h, 94% v, 91% ee 3ah:n=1,3h,95%y, 92% ee A Me o oy[d] ! Me o
_______________ 3ag/9 A2 = 4:MeQCefs, 0.6 h, 93% v, 95% oo __3ail /1= 2,321, 97% . 84% o Ts ng %00 (402Cx": Ve.......8lhee .
Ph - .
Different anilines: /_/ _E_I}\I_C‘ S5va: 48 h, 90% ' -5-N Sra: 168 h, 94% y
3ba: Ar' = Ph, 10 h, 97% v, 91% ee Ts—NH N-Ph Ph d ! 9
Arl 3ca: Ar' = 4-MeCgHy, 9 h, 95% vy, 95% ee ) Me H 95% ee (40 OC)[ : : 86% ee
Ph. . 3daAr!=3-MeCgH,, 10 h, 8%y, 90% ee 3ka: 10 h, 98% y, 91% ee '
I “H 3ea: Arl= 2-MeCeHa, 11 h, 72% y, 93% ee Ph . . . . . .
3fa: Ar' = mesityl, 20 h, 95% y, 95% ee N Scheme 2. Reactions with aliphatic amines. [a] Run with 5 mol% of
NH  3ga: Ar'= 4-CICgHq, 5.5 h, 96% v, 95% ee Ts—=NH o .
T 3ha:Ar' = 4-BrCgH,, 5.5 h, 96% y, 95% ee (Nn AgSbF,, 7.5 mol% of L at 0°C. [b] Run with 5 mol % of AgPF,,
3ia: Ar! = 4-ICgH,, 5 h, 98% y, 95% ee 3la:n=1,5h, 98% y, 94% ee .
3ja: A" = 2-BiCgHy, 10 h, 9% y, 92% ee 3ma: n=2,5h, 9%y, 95% ee 7.5 mol % of L. [c] [1]o=0.5 M. [d] [1]o= 1.0 M. The reaction run at
[a] Unless otherwise noted, reactions were run with 1 (0.1 mmol), 2 [1]0: 0.2m reqUired 120 h (for 5 sa) and 192 h (fOI‘ 5va), fesPeCtiVe|Y.
(0.22 mmal). [1],=0.2 M. [b] Yield of isolated product. [c] The ee values to provide the almost same results.

were determined by chiral-phase HPLC. [d] Run with 2.0 equiv of
aziridine 2 f, 49% recovery of 2f (92% ee), s=153. [e] Run at 0°C. [f] Run
with 2.0 equiv of aziridine 2i, 48 % recovery of 2i (77% ee), s=14

s= Ln[(1—C/100) (1—ee/100)]/Ln[(1—C/100) (1 + ee/100)]. PMP = para- Chai, Z. Angew- Chem. Int. Ed. 2017, 56, 650—654. 46

methvliphenyl Ts=4-toluenesulfonyl.
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R!' _R?

L1a (10 mol%) N Ts Ph
4 R'I R2 ZnEt o i
N L .R? ZnEt, (20 mol%) N _I=Ph
AFAJ/\OH + H e o Ar/'\_/‘\OH + ’{J"‘\\OH N OH N
: NHTs

+ hydroxyl-directed ring opening strategy ¢ 35 examples, s factor up to 200
+ Kinetic resolution of frans-2,3-aziridinyl alcohols
+ broad scope, gram scale and late-stage functionalization ProPhenol Ligand (L1a)

Previous work: (a) Directed enantioselective ring opening reactions of epoxide &5)
!TS R'\ ] fﬁ? --------------------------
N (2R,35)-1a 8. |
1 2 AL~ % o ! A
R! R2 0 directed ring-opening R“N’R Ph OH fast Pho O 20 pn Eeee
. Ph Zn :
N, <A strategy . rac-1a ;_[N NZAN ,JSPh ; pn/(’l‘ ,
H R nDG R DG : r—§50
well-developed OH (25.3R)-1a P o
DG =0HorNHTs, n=10r2 slow Quadrant view of A
| | |
W-BHA Ni-BINAM Gd-N,N-dioxide o favgm d\ Ph A
G (R} y~=NH 3
_ ‘ § _ 4 . * § Ry N TsHNI--{.‘RT /
R! _R2 Rl _R? RL R e I T
“N” N N PO o : I
: Ph Zn  Zn” 3\ Ph 7 . . FPh GKZn Zr'l’0 Ph
SN N [EPh () I L P
RSJ\‘:/\DH RSJ\:/\/DH RS’Y\NHTS gﬂl \0' NE - Ph,_{_' i N \0, N:EPh (2R,35)-1a
OH OH OH E Ll : —
| R—570 .
C3:C2 > 99:1 C4:C3 > 99:1 C3:C2 >99:1 . S :
up to 95% ee up to 94% ee up to 99% ee B Quadrant view of B ¢
~ g - / disfavored

Jia, S.-K. ACS Catal. 2023, 13, 6873-6878. 47
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Table 1: Optimization of the annulation reaction.

X Y. EwG' TN | EWG_ — —con Te PadbayCHOL > /"
R/Q/\ ]/ Pd° i—/(_____?* & Ph/Q.‘\\Q\\/Ph (§ mol%) -
R, —¥ > R X R N CO,H 9a o Phosphine (0.25 eguw) &Ph +
X =NTs, O Y=H H + nBusNCI (1 equiv) l':l
1 HJ\ Solvent Ts
| A 3aA
Scheme 1. Palladium-catalyzed annulation reaction of vinyl epoxides/
aziridines with Michael acceptors. EWG = electron-withdrawing group, Entry Phosphine Solvent Yield [%6]" d.r.

Ts = 4-toluenesulfonyl. (3aA/4aA)
16 (4-FCH,),P  THF 21 50:50
-0 2 (4-FCH,),P  THF 38 68:32
/_/)‘ 3 Ph,P THF 36 65:35
TS N-----P Ts 4 2-furyl);P THF 56 69:31
P40 N-----PdL, N~ +PdL, (2-furyl),
Y N)/\\'/AR R o) ‘\W\R 5 (o-tolyl),P THF 38 83:17
% Hoh Hl 6 (o-tolyl),P Et,0 60 92:8
<] R P § 7 (o-tolyl);P Pentane 60 93:7
o R e P /A\f -0, R 8 (o-tolyl);P Pent/ELOY 65 93:7
2eR=SiMe; MBUN"_ / 9 (o-tolyl);P Pent/TBMEX 66 93:7
TsN ~ “PdL, Ts N Cl\de - - :
R & \ ‘ R fast _ | "R [a] All reactions conducted at 0.1 m, 20°C, with 10 equivalents of MVK.
Pd®, nBugNCl Hl;h th [b] Yield of isolated product. [c] 2 equivalents of MVK was used. [d] 3:1

Scheme 2. Possible origin of low reactivity of amide towards MVK.

Aggarwal, V. K. Angew.Chem. Int. Ed. 2011, 50, 6370-6374.

mixture of solvents was used. dba=trans,trans-dibenzylideneacetone,
Pent=pentane, TBME =tBuOMe, THF =tetrahydrofuran.
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1st catalytic asymmetric (4+3) cyclization of vinyl aziridines
1st metal-catalyzed (4+3) cyclization of o-hydroxyphenyl-substituted p-QMs

OH 0

Bu Bu Bu ‘ ‘Bu . Bu
» "

,SO:R ,SOZR
R, *"N Pdj(dba);CHCly/L* R? S ir(cod)Cll; N
o ——— R
[o] o 0 __F

9 examples + 24 examples
up to 91:9 dr SO;R up to 96% yield
up to 96:4 er ’1\/ up to >95:5 dr
=

Scheme 1. Profile of Vinyl Aziridines-Involved Cyclizations
Acting as NCC Synthons

R
= R EWG
EWG
(3+2) . ,\?j\/ 1)
Well-established GWE~
R2
| RZ
RL_X.O_R?
BNy R )I("‘Y R3
(3+3)
> N = (2)
Limited examples GWg~
NCC building blocks
R4 R®
>_.< R¢ R
/ N\ —
(4+3)
Scarcely reported GWE/N —~ @
More challenging

1st metal-catalyzed (4+3) cyclization of o-hydroxyphenyl-substituted p-QMs

@)
R’ "SR
R1
;EWG O
N MLn/base _EWG
+ - N
t (4+3) cyclization R ’i/
OH o
four-atom synthons NCC building blocks —
A
- lhase MLn

8]

R! R’
(T e
| /
©N — =
>
&
LnM—)
A g
| oxa-allylic alkylation aza-1,6-addition

Shi, E. ACS Catal. 2018, 8, 10234-10240. 49



Cycloaddition Reaction:

Rh

£/

**, The Yang Research Group

Precise Synthesis Lab af Tongji University

Fawcettimine

Tetrapetalone A

Stemoamide

Akagerine

Figure 1. Natural products featuring ring-fused azepines.

(b) This work:

—=R)

X
\uu><'tTS
RZ
R'=H, alkyl, aryl,

heteroaryl, etc.

[Rh(NBD),]*BF ;-
- X

DCE, 30°C, 3 h
[5+2]

&

H

up to 95% yield
99% ee

Carbene intermediate

_____________________________

Zhang, J. J. Am.Chem. Soc. 2015, 137, 3787-3790.

Table 1. Optimization of Reaction Conditions®

/—=——Ph Ph
TsN 5 mol% catalyst TeN i:)(\/N)T s
\_\ . <Iq-|-s solvent, temperature |f| _
(S)-1a (R)-2a
90% ee

entry catalyst time (h)  yield (%)”  ee (%)
1 [Rh(CO),Cl], 15 f

2 [Rh(#®-C,,Hg)(COD)] SbFq 15 92 87
3 [Rh(dnCOT)(MeCN),] SbF 15 40 83
4 RhCI(IPr)(COD)/AgSbF, 15 92 84
5 [Rh(NBD)dppe] BE, 15 56 88
6 [Rh(NBD)Cl],/AgSbF, S 99 90
7 [Rh(NBD)Cl],/AgOTf 5 99 90
8 [Rh(NBD)Cl],/AgPFq S 92 90
9 [Rh(NBD)Cl],/AgClO, 5 88 90
10 [Rh(NBD)Cl],/C,F,CO,Ag 5 47 70
11° [Rh(NBD),] BF, 5 99 91
129 [Rh(NBD),] BF, 3 99 90
13¢ [Rh(NBD),] BF, 3 99(90) 90
14° [Rh(COD),] BE, 3 90 90

“All reactions were carried out with 0.2 mmol of 1a and § mol % of
catalyst (Rh to AgSbF, = 1:1) in 3.0 mL of 1,2-dichloroethane (DCE)
at 80 °C. "NMR yield with CH,Br; as an internal standard; values in
the parentheses are isolated yield. “Ten mole percent of catalyst was
used. “Reaction was run at 60 °C. “Reaction was run at 30 °C.
7, Complex mixture.
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Table 2. Exploration of Substrate Scope

a,b

MeO Cl
7 NTs
TsN ~ NTs 2 NTs
N TsN TsN
H Fa— FaN—
H H

90% yield
(S)-1a — (R)-2a
(90% ee) (90% ee)
(R)-1a —(S)-2a
(99% ee) (99% ee)

Me

2~ NTs
TsN

AN —

H

95% yield
(S)-1e —(R)-2e
(84% ee) (85% ee)
(R)1e —(S)-2e
(73% ee) (73% ee)

# ~NTs
TsN
==

H
83% yield
(S)-1i = (R)-2i
(83% ee) (83% ee)
(R1i —(S)-2i
(88% ee) (88% ee)

94% yield
(S)-1b — (R)-2b
(87% ee) (90% ee)
(R)-1b —(S)-2b
(98% ee) (95% ee)

Me

Z NTs
TsN

N—

H
93% yield
(S)-1f — (R)-2f
(88% ee) (90% ee)

(R)-1F —(S)-2f
(93% ee) (92% ee)

H
Z NTs
TsN
e
H

98% yield
(S)-1i —(R)-2j
(91% ee) (92% ee)
(R-1i —(S)-2j
(98% ee) (98% ee)

93% vyield
(Sy1c —(R)-2¢
(90% ee) (90% ee)
(R)-1c —~(S)-2¢
(99% ee) (99% ee)

OTBS

Z NTs
TsN

E] —

H
90% yield
(S)-19 — (R)-29
(87% ee) (83% ee)

(R)-19 —(S)-29
(91% ee) (89% ee)

v Me
a NTs
TsN
Fa———
H
95% yield
(S1k —(R)-2k
(99% ee) (98% ee)

(R)-1k —(S)-2k
(99% ee) (99% ee)

o

=

Y NTs
TsN
i —
H
91% vyield
(S)-1d —(R)-2d
(99% ee) (97% ee)
(R)-1d —(S)-2d
(99% ee) (99% ee)

OH

& NTs
TsN

AN\ —

H
90% vyield
(S)-1th = (R)-2h
(87% ee) (85% ee)
(R)-1h —(S5)-2h
(90% ee) (90% ee)

H

z NTs
TsN Me

Fa——
H
90% yield
(S,8)-11— (S,R)-2I
(>99% ee) (>99% ee)
(RR)1l— (R S)-2I
(>99% ee) (>99% ee)

Me

2~ ~NTs
TsN Me
ﬁ e
90% vyield
(S,5)-1m—(S,R)-2m
(96% ee) (93% ee)
(R,R)-1m—=(R,S)-2m
(96% ee) (98% ee)

Ph

MeO,C 7 NTs

MeQ,C N
H
94% yield
(S»-199— (R)-2q
(83% ee)
(R)-19%—> (S)-2q
(92% ee)

Me
2 NTs Me
TsN —-/_
N—
H

88% yield

(S,S)-1n—=(S,R)-2n
(95% ee)  (99% ee)

(R.R)-1n—=(R.S)-2n
(94% ee)  (99% ee)

MeO,C 7 ~NIs
MeOC

91% yleld
(S)-1r —= (R)-2r
(91% ee) (91% ee)
(R)-1r —(S)-2r
(80% ee) (82% ee)

Me

2~ NTs Me
A

:; = Me

59% vyield
(8,S)-10 —(S,R)-20°
(95%ee) (98% ee)

(R,R)-10—(R,S)-20
(95% ee) (94% ee)

Me

~ NTs Me
TsN
RN Me
H
Me
73% yield

(S.511p—~(SRy2p°
(97% ee)  (97% ee)

(RR)-1p—™(R,S)-2p
(90% ee) (96% ee)

Ph

MeO,C ~ ~NTs 7 NTs
Me o]
MeO,C =
H

57% yleld
(8,5)-1s =(S.R)-2s°
(95% ee) (87% ee)

(R,R)-1s ~(R,S)-2s
(93% ee) (97% ee)

90% yield
(S)-1t — (R)-2t
(95% ee) (98% ee)
(R)-1t —(S)-2t
(94% ee) (99% ee)

“Standard condltlons [Rh(NBD)?*]*BF,” (5 mol %), DCE (0.067 M),
30 °C, 3 h. Average isolated yield of the reactions from (S)-1 and its

enantiomer.

catalyst.

using a chiral stationary phase.

“The reaction was run at 80 °C for 4 h with 10 mol %
The ee value of 1q can not be determined by HPLC analysis

ol
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Ph
Z Ha N
{I-Rh"'c Ph ph.Ha NTs Ph H, Rrw
PN ‘g \/31\5”5 =
MNTS
Hp
A-l A-ll A-lll -IV
i\ 4.
(S)-1a (R)-2a
1 (S)-2a
Ph ¥ %
/RhH Ph ”a He H > Ph H, N
ren. - 3T &‘R‘h(( * 5@(2
AN el
Hb Hb
B-l B-ll B-Ill B-I"J
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%\COOH
“COOH

(+)- Kalmc acid

Me H O
WN\ N,OH
HO 0

(-)-Cobactin T

H  Balanol
(protein kinase inhibitor) (siderphore growth promoter) (AMPA and Kainate agonists)
HO H
OMe
Me, Me HO  N—f H
y Me o)
NP~
NH.
o 2
Anthramycin

(-)-Stemoamide

Tuberocrooline
(antihelminthic activity)

(antitussive activity) (antitumor activity)

Figure 1. Biologically active natural products containing pyrrolidine anc

azepine skeletons.
Scheme 1. Intermolecular [3 + 2] and [§ + 2] Cycloadditions
of Vinylaziridines

a) [3+2] and [5+2] cycloaddition of vinylaziridines with activated alkenes and alkynes
previous work:
[3+2]: Yamamoto, Aggarwal, Hou & Ding, et al.

/v [3+2] [5+2] CO,Me
EWG activated alkenes | R activated alkynes Cj: Cj:
- -
R [Pd] N metal-free CO,Me
N R=Ts

Ts Y= H, EWG

[5+2]: Stogryn, Hassner, Yudin ef al.

b) [3+2] and [5+2] cycloaddition of vinylaziridines with general alkynes (with or without EWG)
N

this work:
(R l 2 YN
\ A N,R + RZ%RT —_— |
R [RN] [Rh] N R
R _ general alkynes: R
R=Ts,Ns,Ms with or without EWG
* Switchable process * General substrate scope * Complete chirality transfer

[Rh(NBD),]'BF 4

Lo -

40 examples
up to 99% ee

98% yield

[Rh(n%-C4oHg)(COD)]*SbF g
or [Rh(COD)]* SbFg’

R' = aryl, heteroaryl, alkyl, etc.

R? = alkyl, H, etc.

37 examples
up to 97% vyield

6
rS R LR7

Rd

Zhang, J. ]. Am.Chem. Soc. 2016, 138, 2178-2181.
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Table 1. Scope with Respect to Various Alkynes 2

L\
N R

Ts
3

entry

WOGo =] Oh W e G b e

— e e
L N S N ™

[3+2]
Gundmuns A Me

wﬁh (R}-1a
(98% ese)

R!/R?
Ph/H (2a)

4-EtOC,H,/H (2b)
4-t-BuC,H,/H (2¢)
4-MeCH,/H (2d)

3-MeC,H,/H (2e)

2-MeC,H,/H (2f)

4-FCGH,/H (2g)

)ﬁ\/NTs +

Yield (ee) (%)

4-CIC.H,/H (2h)
4-BrC,H,/H (2i)
4-AcCgHy/H (2§)
4-MeCO,C,H,/H (2k)
1-naphthyl/H (21)
2-naphthyl/H (2m)
2-thienyl/H (2n)
2-benzofuranyl/H (20)

Cond. A

3aa, 80 (97)
3ab, 70 (98)
3ac, 93 (96)
3ad, 72 (97)
3ae, 78 (98)
3af, 90 (98)
3ag, 91 (98)
3ah, 82 (96)
3ai, 86 (94)
3aj, 70 (97)
3ak, 65 (98)
3al, 87 (94)
3am, 88 (99)
3an, 82 (98)
3ao0, 89 (98)

[5+2]
Conditions B

with rac-1a

Me

RE
@
N R
Ts
4

Cond. B,”
Yield (%)
4aa, 90
4ab, 94
4ac, 93
4ad, 90
4ae, 97
4af, 97
4ag, 91
4ah, 75
4ai, 60
4aj, 17
4ak, 61
4al, 30
4am,93
4an, 61
4ao, 61

16
17
18
19
20
21
22
23
24
25
26
27
28

29

cyclohexenyl/H (2p)
n-CyH,/H (2q)"
n-CH,,/H (2r)
CoH,(CH2),/H (2s)

(CH,),CHCH,/H (2t)’

cyclopropyl/H (2u)’
(CH,);OTBS/H (2v)
(CH,);0Bn/H (2w)
(CH,),CO,Me/H (2x)
(CH,);Phth/H (2y)
Et/Et (2z)"

TMS/Me (2aa)

4-MeOC¢H,/CH,0Me
(2bb)

Ph/COMe (2cc)

3ap, 66 (97)
3agq, 90(97)%*
3ar, 66(98)%°
3as, 71(96)
3at, 85(97)
3au, 98(97)°
3av, 70(—)"*

3aw, 65(97)%¢

3ax, 55(90)%¢
3ay, 77(93)"
3az, 52 (92)
3aaa, 64(96)
3abb, 69(96)

3acc, 75(94)

4ap, 82
4aq, 90/
4ar, 76/
4as, 74’
4at, 75
4au, 84
4av, 69’
4aw, 75

4ax, 78"

4ay, 67
4az, 18°

3aaa, 40°
3abb, 30°

3acc, 37

“Condition A: 0.25 mmol (R)-la, 1.2 equiv 2, and 5 mol %
Rh(NBD), |BF, in 2.5 mL 1,2-dichloroethane (DCE) at rt for 15 min.
Condition B: 0.25 mmol rac-1a, 1.5 equiv 2, and 5 mol % [Rh(*-

C,oH;g) (COD)]SbF, in 2.5 mL DCE at 0 °C for 30 min, then it was

stirred at rt for 15 min. “Isolated yield. “The ee value was determined

after conversion of 3 to y-amino ketone 5. “NMR yield. S, 4aq:4aq’ =

14:1, 4ar: 4ar’ = 10:1, 4av:4av’ = 10:1, 4aw:4aw’ = 1{]1 4ax:4ax’ =

5.0 equiv of 2.

3.3:1, 4ay:4ay’ = 6.3:1. *The product is very unstable.
10.0 equiv of 2.710 mol % catalyst.
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Table 2. Scope with Respect to Various VAs 1“

]
RR7

RS i [3+2] RE ! H [5+2] s RS R7
4 Conditions nditions 4 1
b RS{}N_N b ondef Rﬁ% Scheme 2. Proposed Mechanism

) R Ph N

R R3

3 1 2a B L,---i‘ C“H} Rﬁ' L’W

t 1)(ee% Cond. A Cond. B e B by 5 : Me Me
entry  (1)(ee%) vt i RE_ Rh' oA R 1 RhY =3 R Ri2-L for 1m —
Yield(ee)(%) Yield(%) MR:‘- — O _— |f|"|.lF13 —
R 4 4 ; &
= b 5 R N
it R®=Ts(1b)9g)  3ba,75(97)  4ba, 40 R 4 R" % R, 0 %2 Phth
2 , R®=Ns(1c)(92)  3ca,84(92)  4ca, 70 | 2 —"% ,{’%
[ e :
3 R®=Ms(1d)(86)  3da,50(86)  4da, 62 [Rh] Tl WL » \® 2 Il A
4 RS = i-Pr(1e)(90) 3ea, 72(90)  4ea, 92
S : R = ﬂ-BU(:"f)(BS) 3fa, 65 (93) 4fa, 91
R
6 NT3R5 - Ph(1g)(97) 3ga, 75 (99) 4ga, 20
7 RS = OTBS(1h)(95) 3ha,84(95)  4ha,78
8 R®= OTES(1i)(94)  3ia, 75°(-) 4ia, 76°
9 . RO=H,RE=i-Pr | 355 78(84)  4ja, 48°
i0 = ((R)»-1j)(85)
NTs RS = Me, R* = Me

((S)-1K)(86) 3ka, 55 (835) 4ka, 40’

e 3a,53 (32 4lad0¢ 55
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A. The state-of-the-art one carbon ring expansion of saturated N-heterocycles

o

N
N +
m <
".‘
' Well developed
(n=1,2.)

Schomaker, Murakami, Feng, Liu, Kingsbury, etc.

B. Examples of bioactive molecules containing an azetidines motif

0
HO, =
H \\C/N F —0 8 H
N HN S o)
H Et
Q VA oH

L-azetidine-
Cobimetinib Tebanicline Penaresidin A 2-carboxylic acid
(Drug) (Drug) (Natural product) (Natural product)

-~
-~

o+ N

> "M or .. z
: e

Challenge

Formation of competitive cheletropic extrusion product.

C. One-carbon ring expansion of aziridines with vinyl-N-triftosylhydrazones

(o) OR NNHTfs =" R
f @®

Alkenyl aziridinium ylide

48 examples
Up to 95% yield

@ Akey point: alkenyl aziridinium ylide intermediate

@ 1% Ring expansion of aziridines enabled by vinylcarbenes

Bi, X. Angew. Chem. Int. Ed. 2024, 63, e202318072.
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RZ NNHTfs

RIS H

R3

A

O OR
.Y
A‘h

B

Rh,{CAC)Y (2.5 mal%), KoCO5 (2.2 2quiv.)

Y
.}
Ag
=

DCM (3.0 mL), 60 °C R3 OR

A. Scope of vinyl N-trisylhydrazone

Mono-substituted

4, R = 4-PrPh, 93%
5, R = 4-MePh, 5%
6, R = 4-PhPh, 83%
7. R = 4-FPh, 93%

R Ry N
o Chz
23, 91%" 24, 78%
N‘\/L:I‘ Ph” "N,
Cbz Chz
28, 83% 29, 92%

8, R =4-CIPh, 92%

9, R =4-BrPh, 90%
10, R = 4-CF3Ph, 73%
11, R = 4-CNPh, 93%
12, R = 4-0AcPh, 95%

25, 71%

N
& b
Ph

30, 87%

Chz

13, R = 4-0CF4Fh, 83%
14, R = 3-MePh, 93%
15, R = 3-OMePh, 93%
16, R = 2-NO,Ph, 90%
17, R = 2-IPh, 73%

26, 82%

\/\/\/L‘NI

‘Cbz

M, 61%

18, R = 3,5-DiOMePh, 93%
19, R = 3,5-DiCF;Ph, 95%
20, R = 3-F,5-CIPh, 83%
21, R = 2,4,6-triMePh, 93%
22, R = 2fluorene, 92%

PhM

Cbhz

27, 80%

Emzc/ﬁ

A

Chz

32,77%

Y4
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2, 2-Substituted

ji/D
\
Ph N

L)
Chz

Ph’*hrjiqz
Chz

33, T0% 34, 70%

Ph’q*?’J[:%;_1) Ph’**hf’l:;;r_o
) \~—\\ o) \——<<

38, 93% 39, 91%

43, 88% 44, 90%

2, 3-Substituted

Ph™ =% N Ph” = N
CgHys ke Ph Chz
35, 76% 36, 62%

B. The scope of aziridine

40, 93% M, 91%

48 85%

Ph™ N
cl Chz
37, 80%

42, 95%

48, 65% (1:1dr, >20:1rr)f
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2, 2-Substituted

ji/D
\
Ph N

L)
Chz

Ph’*hrjiqz
Chz

33, T0% 34, 70%

Ph’q*?’J[:%;_1) Ph’**hf’l:;;r_o
) \~—\\ o) \——<<

38, 93% 39, 91%

43, 88% 44, 90%

2, 3-Substituted

Ph™ =% N Ph” = N
CgHys ke Ph Chz
35, 76% 36, 62%

B. The scope of aziridine

40, 93% M, 91%

48 85%

Ph™ N
cl Chz
37, 80%

42, 95%

48, 65% (1:1dr, >20:1rr)f
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A. One-Pot tandem hydrazone synthesis/ ring expansion of aziridines

R"%)LH

o]

VNJJ\OR

TisNHNH,, DCM, rt Rhy(OAC)s (2.5 mol%)

- R1’\\\/DN

Y

K,CO; (2.2 equiv) J—OR

DCM (3.0 mL), 60 °C o
| two-step, one-pot reaction |
" e =
>N N
= N /\/\/CN' /I\-/D Ph Ph™ ™ G,
ebz Chz bz 0)_ \_\ C}Dr 7<
3, 91% 30, 63% 38, 88% 42 92%
B. Late-stage modification of molecules bearing an alylaldehyde moiety
),L N_ .0,
/\\\/L\""\ i N‘c:bz = \g’
Chz PH :
47, 67% 48, 64% 49, 62% (dr = 1:1) 50, 82% (dr = 1:1)
From Fluvastain From Crotonaldehyde From Perillyl aldehyde From(-}-Menthyl ChloroforMate 60
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A. Controlled experiments

. Proposed mechanism

NNHTfs 0
+
& pv"H U 0Bn
1a 2
NNHTfs O
+
b. R H VN OBn
53, R = Ph
55 R = Me

Without Rhz{QAC)H o)

5.1 /D
R N

54, R = Ph, 65%
56, R = Me, 0%

X
Ph™ " NNHTfs

1a

[K2CO;]

[Rh]

[1, 2]-Stevens
rearrangement

- FhM[Rh]

Int1
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Scheme 1. Ring Opening of Aziridines: Two-Electron versus
Radical Redox-Relay Approach

A. Existing approach: acid and/or base catalysis

A-. ¥
pg Aand/orB PG _PG
N (cat) Ny HN
— N
R NuH Rﬂ/Nu—H--B R’J\/ u
(PG = pI’OteC'Llng _ . _ NU = halide, CO(CO)4—-
group) A= acid, B = base N5~ CN-, etc.

t
R1—==—R? PG

— N
0 <
ArTHN " pg

B. Existing approach: transition-metal catalysis

R1

alkenelyne

A= Lewis acid R2

PG, E PG,
N‘PG M(Cat} N-M N=E

PG
HN”
= —).-R/I\/E or R)_I

R E R
M = transition E = aryl, alkyl, CO, alkene,
metal heterocumulene, etc.
C. This work: radical redox-relay catalysis
R5
o) R!
R1
YR M (cat.) d_N_o )\R‘* R2 o
RZ2 & N R2 XYM — N_«R3
1 ~
R R3 RS R4

Scheme 2. Proposed Catalytic Cycle

R2 (o)
RLBO, R4 W—r?
N - RZ N

=0 . e
V g3 I
oxidative

ring closure
E’;E{n-ﬂ )+

mn+
RGN K;%)Rs Of)

RACN
v RZ R R;%L& M-I

O .
)\ reductive
=

R3 ring opening
Rd RZ\T)
Il

Y

Lin, S. J. Am. Chem. Soc. 2017, 139, 12141-12144. 62
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Table 1. Ti-Catalyzed [3+2] Cycloaddition under Various

Reaction Conditions

F’“>= o o Cp*TiCl; (5 mol%) HBZ
Me><5w . \)‘I\ . Zn dust (10 mol%) -~ Me)7l:)_COZ,BU
Me OBU {oluene, 22+1°C,12h ye

1 2 (1.5 equiv) 3
entry variation from standard conditions yield (%)“

1 none 94
2 CpTiCl, instead of Cp*TiCl, 20"
3 Cp,TiCl, instead of Cp*TiCl, <s”
4 TiCl, instead of Cp*TiCl, <5P(11% 4)
5 without Zn dust <S5 (>99% 4)
6 Mn dust instead of Zn dust 829%
7 ZnCl, instead of Cp*TiCly and Zn dust <s”
8 DCM instead of toluene 82%
9 THF or MeCN instead of toluene <5
10 1.0 equiv 2 92
11 4 or § instead of 1 <s”
“Determined with "H NMR. “Unreacted starting material observed.
H 'Ts
"Bz Me._ _N
Me/g Me><l
4 5

Scheme 3. Substrate Scope“

=

Cp*TiCl; (5 mol%)
Zn dust (10 mol%)

e )=O R4
RL_N

RN ’ )‘RS

(1 equiv) (1.0-1.2 equiv)

toluene, 22 +1 °C, 12 h

R3

\?;0

t o N RS
RQ‘L)(R"

R1

pz

Et

3, 86% (91%)® 6, 96%

Arl o}
o}

z P Bz Cl Bz
N N O N o/ N O
M 7E.)_ cont ) —7[)_'6 M —7[.)_( Me——][)_&
e e o) e (o] o]
Me Me Me Me

9¢, 88% 10, 75%, dr = 1:1

?z
N
MeW Me7[)<00 Mé
Me o

13, 71% 78%

7, 82%, dr=2.3:1

11, 93%

F!z
N o}
Me—7E)_4NMez

Me
15, 63%

Bz Bz Bz
N N N N
_7[)—005511 7E)—c:ozfauu /\/I:)—-cogeu Me_ﬁ)—cozpn
Me Et Ph B
Me Me Me

8, 86%

NM62

12, 78%

Me
Me

16, 69%

Bz Bz Bz Bz
N N N N
Ph Cl
Me7l:)—SOZPh Me‘7E)_ Me—7E)_©_ MeMOMe
Me Me Me Me

17, 95% 18, 76%

19, 76%

21, 70% 22, 62%

78%

20, 63%

COQME
249, 71% (dr = 1:1)

EEANAIEAR
Rz, BRI
}ERETB N
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20-94% yield, >19:1 dr,

L1: Ar = 2,4,6-'PrsCgH,
71.5:28.5 - 95.5:4.5 er (24 examples)

L2: Ar = 2,6-Pr,CgH3
L3: Ar = 2,6-Et,CgH3

c) This work: Extended scope of enol ethers
- (D-Galactal derivatives)
0‘3”0 X":\ \". AT Reversed diastereoselectivity
—~ X% '
' 10% yield N R? XY catt R®____Tertiary or quaternary
<10% S -
b) [3+2] cycloaddition (Zhang's work) o / \ :COzR * | COzR carbon center
LT I\ """""""" R’ CO,R R S0~ "R* CO.R
Es ARNA o H o?/[Nj\To o racemic " _ Extended scope of 2,2'-diester aziridines

[N\ COR + oL COR | N N— E = e (alkyl aziridines)
i ° ROWTTeoR H H | | N,N'-dioxide: ;

racemic Ts E Pybox E : X
Racemic synthesis: R' = anyl, cat = Y(OTf)s, 66-85% yied | ) .
Asymmetric catalysis: R' = 4-MeCgHj, cat* = Pybox/Y(OTf)3 + X Asymmetrlc cataIVSIs:

75% vyield, >19:1 dr, 79.5:20.5 er (one case) O\\\: > : R1 = aryl aIkyI R3 - H alkyl
\\N\ i R*=H, alkyl; X =Y = H, alkoxyl, -CH=CH-
4 E cat* = Dy(OTf)s/N,N'-dioxide/LiNTf,

EAr

Feng, X. ACS Catal. 2017, 7, 3934-3939. 64
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Ms E N,N*-Dioxide ' @
I : + | /O @)
N COLEt | Dy(OTf); W Paas o
e o W i 2 CO,Et
R CO,Et I R l/<CO = R N COzE
l LiNTF, f‘o Ms Ms
O..i OTf R2=H =
l\llls OEt (O “oTf  (path 1) (path )
@ o
Y@ - o)
- S
EtO o) L|NTf2 R2
R’ CO,Et
N—< 2
LiNTf, CO,Et
EtQ o\ R? = CH,0Bn
\® )=0-._,..0 M EtQ g )\ Isolated
N—© oy ) S® )=0.._ | .0
H—" Y=o""i ™0 N2 oy )
o_/ HK Y0 170
R1 Eto ‘\ : O'\/
>___/ R 1 OEt
R2 y ’:/\
el

R?=H, alkyl
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Scheme 1. Aziridines Involved Cycloaddition and the Strategy of Halide Ring-()pening“

A
Y =X ' PG preference PG PG
PG (A dipolar : | L 1}
N C-Nbond _ ﬁ 5’3 cycloaddition VANG VANG u\_ﬁ
Q\R cleavage PG~ V\R : Ar Alkyl R
more hindered ' )
zwitterionic 1,3-dipole C_N bond fess pindered Jess predictable
ST
substrates-controlled regiodetermining
PG © X R
' - H
N [K I H [NI{”]'] H . +R N
LKJP& — PG’N\)\Ar — pa - > PG” \)\,ﬂ.r
r
(X =1, Br, Cl)
Re © HN—PG HN—PG HN—PG
L EN:,, X /—< [Ni{n}] - ._( +R
Alkyl > X Alkyl SET Alkyl R Alkyl

Wang, G. -W. J. Am. Chem. Soc. 2025, 147, 2675-2688. 66
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reversible iodide ring-opening of aziridines catalyst-controlled discrimination
© ©
s(A+1
A+ N—PG ey N7 N-pe
— jf |{.~ —_— ._LR """""""""""""""" E
” Y R SET % slower or unproductive pathway
slow R1
I ]|
'?G Curtin-
N Hammett catalyst-controlled regiodetermining
7R scenario
/‘ h1 P 4
Ie e [Nl{nﬂ}] 4 @ P 4 o \N
PG=N © U PG-N (n+2) |
Ir N R s Yr
- "1 —_— \_j\ \..._,_,. Ar —_— R-], 2 R1" R
© R' R SET r' R 1 1A R
LA +1 fast a ,
Il v v Azepines
1,3-radical anion radical-polar crossover cycloaddition
exclusive selectivity and the scope of aziridines
Ts Ts Ts
I{I _J — :h-s I:l F I"!l AN NTs
[N\ g /—\rrr:a / ;E..-Alkyl R
A " ' 3 =
. LA A u\f-\lkyl X V R= AIE}'I Ar
R s - (O)R

Wang, G. -W. J. Am. Chem. Soc. 2025, 147, 2675-2688. 67
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Table 1. Reaction Optimization“

entry

o0e =1 Oh Ln e b

—
b =

14

“Reaction details: 1a (0.1 mmol) and 2a (0.2 mmol) were used. “Yield measured by NMR with CH,Br, as internal standard. “Isolated yield.

VA

1a

Ph

Nil,/dppb (10 mol%)

> P(p-CF3CgHa)s (20 mol%)
Ar'

Zn (30 mol%)

DMA (0.2 M), 60 °C, 48 h
2a

AI’1 - 4'PhCGH4 'Conditions A’

deviation from “Conditions A”

none

without Nil, or Zn or dppb

without P(p-CFa(:ﬁHq.)g

Mn (30 mol %) instead of Zn

Zn (10 mol %) used

Zn (1.0 equiv) used

NiBr, as a catalyst

NiCl, as a catalyst

Ni(OTf), or Ni(acac), as a catalyst

Ni(OTTf), as a catalyst + Nal (20 mol %) as a additive
Ni(acac), as a catalyst + Nal (20 mol %) as a additive
Ni(cod), as a catalyst without Zn

Ni(cod), as a catalyst

Ni(cod), as a catalyst + Nal (20 mol %) as a additive

Ts,

Ar’
Ph

3a

yield of 3a”

829%°
0%
65%"
64%
46%
52%
54%
42%
0%
38%
24%
0%
13%
60%

638
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2-FEE IR A LEE

Scheme 2. Scope of Aziridines and 1,3-Dienes”
T s Q oM Q D wmkcchs.
A, o QA cemmemen, (] wod™ M aod T B, R
. ) DMA (0.2 M), 80 °C, 48 h R s /AE %Eﬁﬂj_’jﬁﬂ;

'Conditions A’ 3u, T1% 3v, 54% 3w, 75% 3x, 50%" 2 A
PiiRIE.
. PG =
P Ts Ts,
P Q.0 Ve Q0 o Ts, N N
l 5 X0 N | |
Ar1 M M ME}/ ,‘-;’
R ° ¢ PH PH
Ph BH JO
1o 4 R = OMe, 3b, 71% . 0 OMe o
Ar' = 4-PhCgH, R = F, 3¢, 67% 3d, 52% 3e, 41%
3y, 65% 3z, 55% 3aa, 74%
R =p-F, 3f, 76% R = p-Ph, 31,72%
R = p-Cl, 3g, 66% R =p-TMS, 3m, 68%
R = p-Br, 3h, 53% R = p-OTIPS, 3n, 64% R = Me, 3ab, 72%
R = p-CF3, 3i, 80% R =CN, 3ac, 67%
R = p-COs;Me, 3j, 73% R = m-Cl, 30, 78% R = Cl, 3ad, 62%
R = p-CN, 3k, 71% R = o-Cl, 3p, 69% R = CF3, 3ae, 73%

R = CO;Me, 3af, 74%

3ag, 82%

, Ts\ T_
1 Ts N Sy
Ar \N 1 N |
—
N
QT)S " At §
PH = Z oMe

3q, 66% 3r, 66% 3s, 57% 3t, 45% 69
3ah, 69% 3ai, 64% 3aj, 67%
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Scheme 3. Scope of 2-Alkyl and Disubstituted Aziridines”
Nilo/dppb (10 mol%) JERE

LS j\ P(p-CF3CgHa)3 (20 mol%) . ‘N Al R
AN + " Zn (30 mol%), Znl, (30 mol%) Q . ME\JEE
‘R ‘: DIPEA (10 mol%), Nal (1.0 eq) .'R- Ar
Ar
4

2a DMA (0.2 M), 60 °C, 48 h . Alkyl

1 Ar' = 4-PhCgH,4 '‘Conditions B' 3
=
BRIGENE EEEI%
Q INEGARBHRIE
3ak, 56%, (17:1) 3al, 49%, (16:1) 3am, 53%, (10:1) 3an, 56%, (17:1) 3a0, 52%, (12:1) 3ap, 46%, (>20: ‘l}b
Ts
T: n TS\
S\N N N Ts,
| | | N
Ar! o Ar’ Arl |

Ar' _

MeO ! d Me "Si

Me 0 Me” Me

3aq, 62%, (>20:1)° 3ar, 55%, (>20:1) 3as, 53%, (9:1)° 3at, 42%, (13:1) 3au, 52%, (>20:1) 3av, 62%, ( 8:1) 7 O
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s, Ts. Ts Ts s,
’ | 0 Y N N i N
O Ar’ Ar! | 1 | 1 N ArT
/& Mo (8] Me BnO Ar' PR Ar Mo
Bh 0 Me Me o)

3ba, 43%, (10:1)

3aw, 71%, (11:1)

TS . Ts N
N N
&\Aﬂ Ar'
,N P
Ts 0

3be, 87%, (13:1)

3ax, 71%, (13:1), d.r. = 1:1  3ay, 66%, (11:1)

Ts \N Ts \
| N
Ar’
Arl
Me

EtOOC

3az, 84%, (>20:1)

3bd, 62%, (>20:1)  3be, 62%, (13:1), d.r. = 3:2 3bf, 54%, (>20:1)° 3bg, 48%, (>20:1)°

\N -:-S
2a
o e A -
MeO”
MeO"CQO R MeO Arl
R =H,1ba
R = OMe, 1bb

3bi, 76%, (>20:1)° 3bj, 66%, (>20:1, d.r.>20:1)° 3bk, 45%, (>20:1, d.r.>20:1)° 1bc

Ts

Me Ar1
Me

X-ray
3bb, 74%, (8:1)

3bh, 89%, (>20:1)°

3bl, 18%

“Reaction details: 1 (0.1 mmol) and 2 (0.2 mmol) were used, and isolated yields of the mixture of isomers were reported. The ratios in parentheses

are regioisomeric ratios (3:4).
A" was used, see Table 1.

PNil, (20 mol %), dppb (20 mol %), P(p-CF,C4H,); (40 mol %), Zn (60 mol %) were used instead. ““Conditions

/1
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TS Ts, Tsi
N Me + \\‘_R Conditions B N 1 N B
Qv e —_— TN
Z " see Scheme 3 Jon p Ry
1ap 2 ME 3 andior V€ 4
1,3-dienes .
Me
T VN Ph/‘ﬁz/\\\
2\— Me
2n 20 2p 2q
/‘\‘J'L > z > é 1 4
Me™1 =3 Ph PH 2 *Ph M 2 3 Me
2r 2s 2t 2u
Ts Ts Ts,
{ ; N
OGS ‘
Me Me
Me Me Me Me
Me
4n, 74% 40, 61%, E/Z >20:1 3bm, 54%, (9:1)°
from 2n from 20 from 2p

=B, RIRFEEME AR

Ts Ts
! 4
SRS
Me
Me Me Me
4n, 74% 40, 61%, E/Z >20:1
from 2n from 20
Me
Ts N
\
Ph
Me M
© Me
4q, 61%°, E/Z >20:1 3bn, 46%°
from 2q from 2r
E Ts, Ts
: N Me N. MeMe
5 L.
' Me Me
' Me Me Me
' from 2t
+ 3bp, 34% 4bp, 17%

L m e e e e e e e == - =

Ts

Me
Me

Me
3bm, 54%, (9:1)°

from 2p

Ts

A

N Ph

Me
Me

3bo, 53%P
from 2s

TS‘ H
N

M
© MeH

4u, 42%, d.r.>20:1
from 2u

12
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ang Ne
% "'Ts
/TR
Ts IR
N A
Q—‘ R
1 i
R S
; TS.{N I —\
Zﬂlz 1
R R ISET
B
S
N {0}
Ts7 \ . [Ni*]
by
R R’
Cc

radical
addition

Nil; R
3
@k
Zn R 2 Ar
Znl, R1
3
[Nit']
allylic

substitution

radical
recombination

D, hybrid allylic Ni radical

/3
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Table 1: Optimization of the reaction conditions."!

\/A A (AFS)z {5 ITIO'%) /r 7
S NTs * Ph™™ NTs
A
1 (1.2 equiv) hv Ph 2 /ENTS 1/2 (ArS),

benzene, rt, 10 h 2h R1

Entry (ArS), Yield [%]"! d.rl hv

1 5a 10 67:33 AIS A .

2 5b 13 72:28 I = NTs R . SAr

3 5¢ 43 69:31 R ArS RV

4 5d 7 64:36 \B\ /\ n

5 6a 80 72:28
; ArS

6 6b 71 72:28 dome : :

7 6c 88 72:28 R AS U NTs A NTs 5 : A(r)g) ;

gl 6¢ 87 72:28 . e . 1 : 21

[a] Reaction conditions: N-tosyl vinylaziridine (1, 0.10 mmol), styrene : l R-H E : S é

(0.12 mmol), disulfide (0.005 mmol). [b] Combined yield of the diaste- EATS\/\/\NHTSE - R1)\/SAI‘ :

reomers, as determined by 'H NMR spectroscopy with mesitylene as an ! ; ; 4 :

internal standard. [c] The diastereomeric ratio (trans/cis) was determined
by '"H NMR analysis of the crude material. [d] The reaction was carried
out for 2 h with 6 mol % of the disulfide. [e] Isolated yield.

sz

R R Ph4Si SiPhy
Me, R' = H (5a)
R' = iPr (5b) R = Me (6a)
R' = CF, (5c) R = OMe (6b)
M

es, R'=H (5d) R R=CF;(q) Maruoka, K. Angew.Chem. Int.Ed. 2016, 55, 8081-8085. /4

Scheme 3. Proposed catalytic cycle and catalyst-decomposition path-
ways.

A0D0AD
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H

0 PG. R
VACEEEN Ar - H,0—BCF + R
PG’ ’:R 2 Ar

O
access to enantiopure 2-azabicyclo[3.1.1]heptanes 37 examples
mild and operationally simple stereospecific

(C) Access to enantiopure 2-azabicyclo[3.1.1]heptanes through stereospecific
intermolecular formal [2c+20] cycloaddition — retrosynthesis (this work)

synthons strained precursors
H
N N/Y*O 5 & aziridine
B < +

o +< >0 R}@

bicyclo[1.1.0]butane

3ag o -H
(C4F:),B-0 +
)/' H Ts-N—"\/Me
A H
0.0 keal/mol \ 1a
H H
Ts <y Me H é
- * N -;Me
(C4F5),BOH Ph \, L
E (CeFs);BOH g
-29.0 keal/mol B(CeFs)y M0 -4.4 keal/mol
_ dioxane TS1
T
(C4F<);BOH e AGH =226
H N, - kcal/mol
H Ts2 (CeFs)BOH 5
on AGH=274 Q
D keal/mol Ts, +0
-14.5 kcal/mol ) N ’\{
Bd H H ‘Me
dioxane C
1.6 keal/mol

Studer, A. . Am. Chem. Soc. 2024, 146, 27204-27212. 75
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metal-catalyzed coupling with N-H-aziridines

2
H R % RN R
LA I
R R2 MP R

c. This work: N-aziridinyl radical transfer

,N& A OH
oo R —— A
BFs  PC,EtN Ar)\"N R [ _N&R]
LiBr, O,

+ o
EtzN Ir(11)
)/ A\
EtsN —| )

Ir(IV} Ir(I11)
_/

N

. A

tpp”
2

Figure 5. Potential photocatalytic mechanism for the N-aziridinyl

radical generation and transfer.

Powers, D. C. J. Am. Chem. Soc. 2024, 146, 30796-30801. 76
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5 mol% FeBr,, 6 mol% L1

EWG _EWG
N or 5 mol% NiBr, 6 mol% L1 N
Aryl/Alkyl—< | 1a : j
1.0 equiv EA (0.067 M), 20 °C, 36 h Alkyl/Aryl
Blue LEDs (450 nm)
+ R = 1-adamantyl Me
\/\/\)OL 1b NHP = N-hydroxyphthalimide
Me NHP 20 €UV PC =(Ir(dMeppy),(dtbpy))PF
_EWG
N
/EWG )
N 2,
AryliAlkyl—< | Alkyl/Ary!
1a Me
~
Br* <N\Fe/N
SH2
| N7
(]

o N'EDG

v Aryl/Alkyl—< | Iron

SET / HBr catalytic
Photoredox cycle
catalytic Br- \_//\ Me
cycle

[|r|||] @ [|r||]

0]

Me\/\/\)]\ Me\/\/\g 1b°
NHP

1bh COA~ + Phth—

> — R A )
> BRI R =R
> KAIBIURSERHT TR

g AMe

1b°*

144
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THANKS!
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