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Introduction -Theme and its significance

C-H/C-X functionalization
Consider cases where the reaction occurs at an C(sp3) stereocenter

e e ee

racemic tertiary prochiral single enantiomeric

Enantioconvergent functionalization _ _
- - . @Dsimple alkyl compounds or alkyl halides as SM
of racemic tertiary alkyl halides + Commercially available
. . . * Simple Subsitution
via catalytic strategies

@cCreation of chiral quaternary carbon centers is challenging.
* Steric congestion
* Enantio-differentiation of three distinct carbon substituents
of prochiral tertiary radicals

What does “enantioconvergent” means? >>>
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Introduction -Chirality induction

SM ™

Chiral substrates » Single diastereomer
/enantiomer

Prochiral substrates » Single dlas.tereomer
/enantiomer

Selective formation of new chiral centers
ex. asymmetric hydrogenation

Racemic mixtures » Single diastereomer
/enantiomer

% If possible, highly applicable

Stereospecific process

> ex. Memory of chirality (MOC)

* Retaining transient axial chirality or conformational bias
* Without relying on external chiral sources

Enantioselective process
Necessitates external chiral sources giving chiral environment
> ex. Chiral catalysts, Chiral auxiliaries or biocatalystic approaches...




Introduction -Enantioconvergent reactions

X Not enantioconvergent

(DKinetic resolution (KR)
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For the improvement of yield,

=»Need to convert the other half enantiomer...

=) Enantioconvergent process

Yus, M., Ndjera, C., Foubelo, F. et al. Chem. Rev. 2023, 123, 11817-11893

Enanticonvergent process

=Enantioselective transformation from racemic mixture
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Introduction -Enantloconvergent reactions
When does desymmetrization occur?
“Stereoablative” “Stereomutative” “Stereodiscordant”
% Loss of stereocenter Y Racemization % Different reactionpathway
% Achiral intermediate A Racemization rate is crucial for highy. AFew examples
K Kk
(R)-A R~ (R)-P (R)-Q B— (R-P
(Ry-A" Ke.g_» (R)-P H e e
\ I C_t*,.| x / Ks S)-Q
cat’ | Kp_g (S}A -rmmeeee = (S)-P (S)-
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Dynamic kinetic resolution (DKR)
Enantioconvergent catalysis
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Introduction -Enantioconvergent reactions

When does desymmetrization occur?

“Stereoablative”
Y Loss of stereocenter
Y Achiral intermediate

pr, (R)-P

- Kp.s
N
(

(R)-A*
\ cat®

| — |-cat*

S)-P
(S)-A | = achiral intermediate

Enantioconvergent catalysis

Kp.r >> Kp.s

Type Il DyKAT

* Chiral catalyst captures achiral intermediate

- Applicable to unactivated C(sp3)-H, robust bonds

* Forcible reset of stereochemical information

% Integration with radical chemistry:

Alkyl radicals inherently function as achiral intermediates!

Zhu, Y., You, H., Chen, F.E. et al. Chem. Sci. 2024,15, 8280
Sansano, J.M. et al., Chem.Rev. 2023, 123,11817-11893
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Steric hindrance and substitution strategy and chirality control

Catalytic process via prochiral radicals
-> No need of direct insertion

Nucleophilic substitution of an alkyl halide
Straight forward, but less explored:

q q - q X
classical substitution reactions (SN1) R~RY 5 y .
Qrarm q - q N
A Difficulty in controlling the stereochemistry + ca”t* R —=  Ycat’
. . . . R R
A Olefination as a side reaction x_{ (chiral catalyst) ,
R A
Side reactions of carbocation C: single
racemic stereoisomer
/R'L elimination to form an olefin, ¢
R&R hydride and alkyl rearrangements
c /
Limited scope with respect to the nucleophile (N u: ’ ):
Deactivati id (H® ) . ) ) \, Nu
eactivation by Brensted acid (H™ ) or Lewis acid (LA) activators: R L
©
Nu—H or Nu—LA high ee,
high yield

¢ 2. Limitations of the Sy1 reaction.

Enantiopure transition-metal catalyst could afford a
single stereoisomer of an alkylmetal complex
=»Enantioconvergent reactions

Due to steric considerations, direct insertion
into the C-X bond of a secondary or tertiary
alkyl halide is challenging -> | Ar—X M-Nu —— Ar—Nu

*Radical formation

Ar—Nu Ar—X
reductive oxidative
elimination addition

Formation of radicals:

©
%»X el.::tron -x@ /K OSET

transfer ~ homolysis

LnPd fi LnPd"
Y Y
Nu X y Ae
_— >r e | XAT
M—X M—Nu halogen-atom
transmetalation abstraction

Fu, G.C. ACS Cent. Sci. 2017, 3, 692-700


https://pubs.acs.org/doi/pdf/10.1021/acscentsci.7b00212?ref=article_openPDF
https://pubs.acs.org/doi/pdf/10.1021/acscentsci.7b00212?ref=article_openPDF
https://pubs.acs.org/doi/pdf/10.1021/acscentsci.7b00212?ref=article_openPDF
https://pubs.acs.org/doi/pdf/10.1021/acscentsci.7b00212?ref=article_openPDF
https://www.science.org/doi/epdf/10.1126/science.aau7797

Radical formation process

XAT compared to direct homolysis and SET

direct C-X bond - ..
homolysis R + v — X v y e+ &
single-electron R-X + e~ —/SET—» R+ + X

transfer

halogen-atom R-X + oY Re + X-Y
transfer

Homolytic C-halogen bond cleavage
* Require high-energy light
A Low FG compatibility

SET reduction
- Strong reductants or
* EWG is necessary for reduction potential.

XAT

* Reactivity depends on BDEs and polarizability of the C-X bond.

* Strong chemoselectivity and FG tolerance

Leonori, D. et al., Chem.Rev. 2022, 122, 2292-2352
Zhang, C,, Li, ZL., Gu, QS. et al. Nat Commun. 2021. 12, 475

XAT or HAT?

7\ 1
R=X + oY —[ -5 R==-X=---Y +5 l—x—- Re + X-Y

*Y = nucleophilic radical = *SnBug; *Si(SiMe;)s; *GeBugj; *Mn(CO)s; |I\;|(=,./\N|5[2

t-
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a
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-
R N Rz Organometallic G-H activation H}\ R2 R'" TR?
b
H L*M=X L"M=}(::-H HX
> . —_—
R >\ R? Concerted metal carbenoid/ R1” R2 R"" "R?
nitrenoid C—H insertion
c
H FG)\
———
R }\ R2 HAA/formal HAA /1> g2 R1™*R?
chiral product

Undesired chirality memory

H activation by transition metal, or

concerted metal carbenoid/nitrenoid C—H insertion
-> Radical rebound competing HAT process

-> Chirality retention is problematic

*Carbon radicals formed adjacent to the metal center undergo
predominantly radical rebound prior to diffusion
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Outline

1. O-alkylation to form sterically-hindered dialkyl ethers
% Enantioconvergent synthesis of congested a,o’-trisubstituted ethers via
direct substitution of tertiary alkyl electrophiles

* Multidentate anionic ligands

* Outer-sphere model

2. Azidation of alkyl Halides
% New approach for enantioconvergent azidation via alkylhalyde substitution
% Quaternary stereocenter

* Photoinduced chiral catalyst

3. Synthesis of congested vicinal stereocentres
% Enantioconvergent stereocenter formation from alkyl halide racemic mixture
- Facile synthesis of valuable motifs including C-glycosylation

Liu, X.Y., et al., Nat Catal, 2025, 8, 919-930

(0] O
)J\ Cl OH N )J\.. fo)
ArHN /<.r + Na” Cu(l)/N,N,NL", base o AHN /< \I<
Enantioconvergent O-alkylation
Racemic 3° 1°, 2° and of alcohols Enantioenriched
alkyl halides 3° alcohols hindered dialky! ethers

Fu, G.C., etal., J. Am. Chem. Soc. 2025, 147, 32963-32970

1 chiral copper catalyst 1 N
(alkyl")H Br CsOPh+2H,0 (alkyl")H Ns
NHAr TMSN, A _NHA
alkyl hv (blue LED) alkyl
(0] radical pathway (0]
2° or 3° electrophile good ee
racemic good yield

Wu, X., Xia, T., Bai, J. et al., Nat. Chem., 2025

N R' (N
X [CoJ/L*, reductant 3

R” "R’ Up to 99% yield
Up to 99% e.e., >20:1 d.r.

Vicinal stereocentres



1. O-alkylation to form sterically-hindered dialkyl ethers

Outline

% Enantioconvergent synthesis of congested a,o’-trisubstituted ethers via

direct substitution of tertiary alkyl electrophiles
* Multidentate anionic ligands
* Outer-sphere model

10

Liu, X.Y., et al., Nat Catal, 2025, 8, 919-930
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)J\ Cl OH N )J\.. fo)
ArHN /<.r + Na” Cu(l)/N,N,NL", base o AHN /< \I<
Enantioconvergent O-alkylation
Racemic 3° 1°, 2° and of alcohols Enantioenriched
alkyl halides 3° alcohols hindered dialky! ethers
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Background: Williamson-type ether synthesis

Traditional Williamson ether synthesis
% High practicality and scalability
X Tertiary alcohol, enantioconvergent synthesis

Challenges:

(Dsteric hindrance of both reactants &
Difficulty in substituent enantiodiscrimination

@Relatively weak nucleophilicity of tertiary alcohol

strong basicity of the corresponding alkoxide
->induce competing side reactions.

Williamson-type O-alkylation of alcohols (2023)
* Enantioconvergent
* Inner-sphere ? RYW
A Less sterically hindered alcohols

Racemic

Shortcoming:

* Limited to privileged (allylic and propargylic) electrophiles

Chiral catalyst

Bronsted base
Enantioconvergent

O

R
\I)LNHAr H—OR

X
Racemic

Copper/LL* catalyst

Bronsted base
Enantioconvergent

(]

R
NHAr

OR

R

T

Good yield

H1

Good e.e.

LL*

O\]/\ro
N N
R >N s
\‘).LNHS-\' . c
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t- lu t-Bu X
OPh L se
L (for example, J) &
L o
L R\)-I\
O ~~ T NHAr
J 0 0,
O\]/\\l/o . \J“‘-\,, \”Ar
</| Ar N N
NN HOPh RN
3 Cull gy tBu O t-Bu
/\ . |
S OPh X
o M
OPh
O\(‘\\\ro
[
A
N
se t-Bu G|U' t-Bu
OPh X
N
- -“OPh Tl OPh
Oj/‘\\ro |
[
ChA
N v
tBu U’ tBu
Pho. oFn Mechanism

Chen, C., Fu, G.C. Nature. 2023. 618, 301-307
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Background: Inner- or outer-sphere model

Inner-sphere model
* Preferred if the spin is majorly on Cu
A Transmetallation is difficult with bulky nucleophiles

[Nu]

bulky nucleophiles suffer
from difficult transmetalation

transmetalation

2 radical

Inner

VS

Outer-sphere model
* No need of Nu coordination to the metal center
* Reactive site of the metal complex is spatially accessible.
X

oo

SET

i L+ ML
Nu ./?\.
[Nu]
M2
oo
\

I [Nu]

FI
of R
N—ct#"’—;_’f"/
* rt R' 5 R2

3" radical

Outer Li, ZL., Yu, P, Liu, XY. et al. JAm.Chem.Soc. 2024,146,9444-9454

Liu, X\., et al., Nat Catal. 2025, 8, 919-930
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Background: Anionic ligands

Speriority of Cu against Pd or Ni

* Reductive elimination of Cu(Ill) intermediate readily proceeds
A \Weak reducing ability of Gound State-Cu
=» |nefficient oxidative addition

(DAnionic tridentate ligands (topic 1.)
* Enhance the reducing ability of Cu(l)

+ Design of Cu/Chiral Anion Catalysis for Radical-Initiated Asymmetric Chemistry

Catalyst design

Liu group’s approach

R? N
u
s _ L
. Chiral [Nu] ey Chiral Nu
" M anion —> R‘%Ra — s anion R"'lRJ
R ; 2
R
R1’i;R3 R‘%RJ
CO,R
RIR

13

Recent enantioconvergent bond formations

* C(sps)-N cross coupling

X 1 0] 3 Y
AR i cuLb )‘\N/,'S:\ — )‘\NHQ

.
R? A;f “*NH base
t
g

\—> Leu-N" 3 AT J

@ N,N,N-ligand to forge sterically congested stereocenter
© sulfoximine that is easily unmasked to afford free amine
© up to 95% yield, up to >99% ee

* C(sps)-S cross coupling

. /NN,P(N)-L* SR

4+ R—SH/SM
Base

Racemic secondary and
tertiary alkyl halides

Up to 99% yield
Up to 97% e.e.

L

X= \ \Af\_
ST

Tian, Y., Li, XT., Liu, JR. et al. Nat. Chem., 2024, 16, 466—475
Zhang, YF., Wang, JH., Yang, NY. et al. Angew. Chem. Int. Ed. 2023, 62



Background: Outer-sphere model and tridentate N,N,N-ligand

Challenges
* High Lewis basicity of aliphatic amines and ammonia

->transition-metal-catalyst poisoning
- Selective deprotonation of the weakly acidic N-H bonds

Conventional approach
A Complicated substrates (multistep manipulation)

Ligand structure

a Conventional catalytic approach Underdeveloped one-step N-alkylation
O
EI} JJ\ r*ld I‘I~.I M/L* catalyst z M/L* catalyst X g
e I * -
HT I " -~ \( -0 \r - \l/ )\ + H? \.
Structurally divergent |solated or in situ formed Ubigquitous in . . .
alkyl amine or ammonia bioactive molecules Racemic version widely adopted

=
OMe
N R L*3

| L*4

| | L*5

W L*6
'’

0

I\ H X%
N, = O
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Enantioconvergent N-alkylation of aliphatic amines (2023)

% One-step enantioconvergent C-N bond formation

% Transition-metal-catalyst poisoning was overcome by utilizing
multidentate anionic ligands. ->strong chelation

% Outer-sphere model
->with sterically bulky heteroaromatic amine

Cl I Cl Cu'L* Oxidative R ClC:_j”L* R CICu'l'L*
Cu, L* ! addition % NR
NHR NR 5 NR & ——— o
R’/I\n/ E} R’ - F{”J\I-r —_— Flsﬁr
Rr‘! HI{
o E o |1 o 0 O
N
® R H L@
N Ligand exchange Iy * Amine
. VKF%O ’ RN ~Cul and base
R E . _
Products ’N\’KR%O C-N coupling

Chen, JJ., Fang, JH., Du, XY. et al. Nature. 2023. 618, 294-300
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This work: Challenges and catalyst design

.
s

Racemic 3° halides

Challenges
* Steric hindrance of both reactants
-> Quter-sphere model

* Enantiodiscrimination of substituents
-> Bulky substituents of ligand

* Low nucleophilicity of bulky alcohols

Fl‘?h~ _-OH Enantioconvergent O-alkylation
+ ~
RE |
R1 (Underdeveloped)
3° alcohols

@ O R
I'""‘HE
'

Enantioenriched

bis-tertiary dialkyl ethers

Outer-sphere approach

cu'L*

‘ Base

* Strong basicity of the corresponding alkali-M alkoxides

induce competing side reactions
-> Anionic ligand

(provides enough opening space)
Low steric congestion

‘L R*

N H I/Fl2
K # '-»O/ “\-.H.I
R
Chiral anionic ligand — N— Cu'll==y=N o)
(enhances the reducing T
bility of talyst %
capability of copper catalyst) N :
Rigid side arm

(increases the difference in steric repulsion)

’ xCU"L*

E
NR — —
Y Y J Enamioconvergentl

RE

.\X '”L*_‘ Side process

O-alkylation

Fl1
3
/ “‘\/R

RHN ‘\ <

Non-stereoselective O-alkylatlon ;

Liu, X\., et al., Nat Catal, 2025, 8, 919-930
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Ligand screening

Reaction development and optimization 16

1 Me._ .OH Cul {10 mol%s), L* (15 mal%g)
A,HNJ:;;:' mﬁ; T — mm{}f\ﬁj + AmNJﬁf Catalyst and ligand structure—activity relationship
Racemic Ef a1 1 B1 1: Stereospecific nucleophilic substitution
SN Z Z 2: Mainly B1 by-product
| P OMe OMe Ph Ph
N PPhs : o
0 B O=5—nH TiMe D""S—NH Nl'u'lez . . L .
) o ? B1 derives from intramolecular B-elimination.
oy 0=s . .. . .
@:’*‘? i 4 X Tridentate anionic sulfonamide ligands decreased B1.
= 7 Y Too much steric hindrance in side arm decreased y.
L*a L*s Ph Ph
o
Ph Ph Ph Ph Ph Ph Ph Ph Ph Ph R NH  TuMe,
o " / — o "y o ) =
NH  TiMe, NH  TiMe, NH TiMe, NH  TBn, MH  TiMey \ /"
Wa W Wa Y
Ph L*14, R =4-Ph L"IS, R=H
L*10 L1 L"12 L*3 L*15, R = 5-Ph CN  LY17,A=F
Entry = Conv.of E1(%) Yieldof1(%) YieldofB1(%) e.e.of1(%) Entry [t Conv.of E1(3%) Yieldof1(%) YieldofB1(%) e.e.of1(%)
r = 19 13 Trace 0 n | e @ 29 Trace 2 | chelation pattern-> next page
e = 88 14 70 0 IE "0 99 77 Trace 59 |
3 u 90 32 15 0 13 rn & 21 53 10
4 L2 97 10 83 0 1 2 100 10 84 a
5 L3 100 22 70 0 15 M3 100 11 83 3
6 a4 100 a9 50 14 16 4 100 74 Trace 60
7 I's 80 26 40 3 17 5 100 75 Trace 62
8 e 73 24 ag 0 18 6 100 76 Trace 64
9 7 38 27 Trace 3 19 7 100 79 Trace 68
10 '8 48 37 Trace 5 20° 7 100 91 Trace 90

Standard reaction conditions: racemic E1(0.05mmal), tert-butanol A1 (1.5equiv.), Cul (10 maol%), L* (15mol%) and K,PO, (3.0equiv.) in dichloromethane (0.50 ml) at room termperature for 48h
under argon. The conversion of E1and yields of 1and B1 are based on 'H NMR analysis of the crude products using 1,3, 5-trimethoxybenzene as an internal standard and the e.e. values are
based on chiral high-performance liquid chromatography analysis. “Without Cul and L* "Without L*. “Cu(CTf)-tol,; (10 mol%), DCE (0.50 ml) at -10°C for Sdays. Ar, 4-cyano-2-methylphenyl: Bn,
benzyl: Conv., conversion; RT, room temperature; ‘Bu, tert-butyl.



Ligand screening

Reaction development and optimization

o] Mo, On . 0 0 Me
Cul (10 mol%s), L* (15 mal%s)
cl Ou M
A'HNJ\/{M * M°>J,-|/ K4PO, (3.0 equiv.), DCM, RT A'HNJJ}f \ﬁMQ * M"NV
P Et ¢ i e i B gt e
Racamic E1 Al 1 B1
o = =
OMe OMa
| - op 4 N Ph Ph
N FPha — — B o} { o 4
N N v ol - gl %
L1 L2 L3 =s—nH  TuMe, =S—nH  TuMe,
NH  N¥ wA
o ] [ N N L
3_”% o\‘/\ro o=5 R R
N $’I L_} 0 _ _ ™~ B
] Mot
PPhy Bl =M L*7 L*s L*a
* *
=5 =5 Ph Ph
o / MA;B; octahedral complex, fac isomer
Fh Ph Ph Ph Ph Ph Ph Ph Ph Ph R NH  TiMeg .
Q / 0 / o 9 0 / - not suitable
NH  TiMe, NH  TiMe, NH TiMe, NH  TBn, MH  TiMe, \ 4
N ¥ N h N
\ \ 4 \ »;
. . Ph . L*14, R =4-Ph L*16, R=H
Lo L™ L™z L3 L*15, A =5-Ph CN  L*7.R=F
N -, goody.
o Ph { @ P
‘“D;H . ,‘[ N.-f 0 H "' ¥ 4 ;.(,
TR— L*a- Li1u N = _:_:f'-r\- & L
o —_— Y —_— . 2
A = =4 \Cu, HiO oo Cu(OAC)s N Cu:NMe2 D 1'< o
SV 0N S0Ae MeOH MeOH /1 H,0 o Oy
il l&:/".\ Yi}____ 0 Me 74 N DAJ_lg - T
e ns AR R Yy v Me \ i \ 7
' \,1_.,'“' Me —_— L
A facial coordination mode c1 c2 A meridional coordination mode

X-ray crystallography

Not facial, but meridional chelation is suitable for Nu coordination.

MA;B; octahedral complex, merisomer

ligand can coordinate
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Ligand screening

Reaction development and optimization

Steric hindrance in coordinating center decreased e.e.
-> Low congestion around Cu(Ill) is important.

PhCN side arm increased e.e.
-> Stereodiscriminating interactions far from the

Cu center are necessary.

o] fo] 0 Me
Me. .OH Cul (10 mals), L* (15 malsg)
cl ' 0. _Me
A’H“JL; o MB>|; K4PO, (3.0 equiv.), DCM, RT '*“H”J\l-.’ \ﬁM * AN Y
P Et ° e e OB paC L
Racemic E1 Al 1 B1
o == ==
| OMe OMe Ph Ph
N PPhy 0 / o
o=l Y o=l
U L2 =g—nH  TiMe, =5=H  TiMe,
M -
o ) N N
o i 3 R
N —_ —
PPhy L*s L*a
* *,
£ £ Ph Ph
o
Ph Ph Ph Ph Ph Ph Ph Ph Ph Ph R NH - NMe,
o - / 8 / S / o -
NH  TiMe, Ny HUMe, \>—NH FiMe, NH | TiBn, /_?—NH TiMe, \ /"
N N N W N
\ 4 \_4 \ 4 W
. . en . L*14, R =4-Ph L*16, A=H
et L Lk o L*15, R = 5-Ph CN  LY7,A=F
e
Entry = Conv.of E1(%) Yieldof1(%) YieldofB1(%) e.e.of1(%) Entry [t Conv.of E1(3%) Yieldof1(%) YieldofB1(%) e.e.of1(%)
r - 19 13 Trace 0 n | re a7 29 Trace 2|
o = 88 14 70 0 IE *10 99 77 Trace 59 |
3 L1 90 3z 48 0 13 L*11 a1 21 53 10
4 L2 97 10 83 0 14 *12 100 10 84 4
5 L3 100 22 70 0 15 L*13 100 14 83 3
6 L*4 100 39 50 14 16 L*14 100 74 Trace 50
7 L*S 80 26 40 3 17 L*15 100 75 Trace 62
8 L'6 73 24 as 0 18 L*16 100 76 Trace 64
9 L*7 38 27 Trace 3 19 L*17 100 79 Trace 58
10 L8 48 a7 Trace 5 20" L*17 100 a1 Trace 90 Best

Standard reaction conditions: racemic E1(0.05mmal), tert-butanol A1 (1.5equiv.), Cul (10 maol%), L* (15mol%) and K,PO, (3.0equiv.) in dichloromethane (0.50 ml) at room termperature for 48h
under argon. The conversion of E1and yields of 1and Bl are based on 'H NMR analysis of the crude gradusts peina 12 Strimathovvbanzens ac an intarnal standard and the o s valuse are
based on chiral high-performance liquid chromatography analysis. “Without Cul and L* "Without L*| “Cu(OTf)-tol,; (10 mol%), DCE (0.50 ml) at -10°C for Sdays. Ar, 4-cyanc-2-methylphenyl: Bn,
benzyl: Conv., conversion; RT, room temperature; ‘Bu, tert-butyl.

(provides enough opening space)
Low steric congestion

* R
-
H
/ * \O/ \Fl1

Chiral anionic ligand —> N—Cu'l==3 "N o

(enhances the reducing r .f
capability of copper catalyst) o) =
N -
Rigid side arm

(increases the difference in steric repulsion)
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Substrate scope

O O
cl R%__OH C " Jk o.__R?
n U(OTfytoly (10 mol%), L*17 (15 mol%) L
AHNT ¢ + H1>|1/ - AN Vi
Ar' R R KsPO, (3.0 equiv.), DCE, —20 °C, argon Ar R R
Racemic E1-E22 A1-A42 1-63

Tertiary haloamides

Substrate scope of tertiary haloamides

U‘O)W@*

Scope of Ar! in alkyl chlorides

= o~

(o] 1, B8%, 90% e.e.? 2, 57%, 91% e.e. 3, 54%, 90% e.e. 4, 59%, 9% e.e. 5, 66%, 91% e.e.
/u\ o] Me
-~ MeO.
ArHNT " \ﬁMe
A Et Me
(1-10) Ph
OMe
6, 54%, 87% e.e.” 7.75%, 83% e.e. 8, 59%, 80% e.e. 9, 68%, 91% e.e. 10, 64%, 90% e.e.
Me
) ) .upr}'a "‘Bu}a’ N P"I/\'}" MEO/\),’ W)l'
Scope of R in alkyl chlorides
Me
11, 51%, 87% e.e.t 12, 45%, 88% e.e.b 13, 55%, 84% e.e. 14, 57%, 87% e.e. 15, 60%, 83% e.e. 16, 72%, 96% e.e.?

Lo

ArHN ‘J,]\
O
s L. o ArHN XME
[/
Bu h e Me
(11-22)
17, 62%, 90% e.e.% 18, 85%, 90% e.e.®  19,74%, 90% e.e® 20, 78%,95%e.ed  21,58%,87% e.e. 22, 62%, 49% e.e.84

Steric disparity for enantiodifferentiation
v o,a-dialkyl-substituted electrophile *Under optimization
(=»Interacting moiety with ligand is Ar-amide?)

|
/ # H\O/ "\H-‘

> N—Cu'll==2X "N @]

o

b

N

A

Tertiary alcohols

Et OH

D

Me Me

23, 76%, 90% e.e.

"Pro__.OH

"Pr
30, 53%, 90% e.e.

Me0,C._ _.OH

Me Me
36, 67%, 94% e.e.'

OH
Me Me

43, 65%, 91% e.e.

Ph OH

50, 74%, 91% e.e.
Me OH

57, 62%, 95% e.e.!

Bn OH

DY

Me Me

24, 82%, 90% e.e.

X-ray structure of 30

OH
BocHN/X
Me Me

37, 42%, 94% e.e.’

@Yo?ﬂ
Et Et

44, 57%, 94% e.e.

Me
50—1

51, 81%. 90% e.e.

Ph OH

&S

Q

58, 48%, 87% e.e.!

MEMOH

Me Me Me
25, 68%, 90% e.e.

FaC.__.OH

Me Me
31, 64%, 95% e.e.'
Ph

/I\/\ OH
Ph N

|\I‘,|E Me Me

38, 57%, 93% e.e.!

Me
Ph Ph

45, 51%, 90% e.e.

Me
OH

L

52, 56%, 91% e.e.

Ph OH

Boc

59, 46%, 90% @.e.

Radical-sensitive moiety

Bulky alcohol

26, 82%, 95% e.e.'

OH
MeO

Me Me
32, 63%, 95% e.8.'

2
Et
39, 69%, 94% e.e.’

. oL

Me Me

46, 58%, 90% e.e.

Me  OH

53, 73%, 9% e.e.
MefaCH
0

60, 56%, 95% e.a.!
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27, 56%, 90% e.e.

BzO OH

Me Me
33, 68%, 95% a.e.!

Me OH

Me

=
@©

40, 64%, 95% e.e.'

28, 62%, 90% e.e.

TBSO OH

Me
34, 59%, 92% e.e.!

%7(

Me Me
41, 78%, 92% e.e.

(o]
4
- OH
Me Me Me Me

47, 63%, 90% e.e.

H

of

54, 61%, 91% e.e.’

Me

ZCX
o
I

Boc
61, 61%, 94% e.a.!

48, 57%, 95% e.e.!

%

55, 54%, 95% e.e.'

<y

62, 67%, 95% e

Ph

A

N i

H 2
NMe,

*
CHN L"17
Substrate scope of tertiary alcohols®
Me OH Me OH MeXOH Et OH
Et Et P "Pr "Bu  "Bu Et Et

29, 71%, 95% e.e.

Me Me

OH
HO'

Me Me

35, 72%, 94% e.a.!

L _on

Me

42, 57%, 90% e.e.

BocN
OH
Me Me
49, 42%, 90% e.e.

Me,  OH

56, 64%, 90% e.e.

Me. .OH

Si
Me” |
Me

63, 91%, 82% e.8.*



Substrate scope 20

(Secondaly alcohols)

F 8} Ph
c O Ph ,I\/Ph
=
j)\ Cl R'__OH CulNTfa), (10 mol%), L*22 (15 mols j\ o.__R' | A HJ\E/Fh H :
ArHN l{"r + u(NTfz)z (10 mol%e). (15 maa - ArHN ‘..: Y ZN PTIMEbz - N NMEZ
Ar' R R? KsPO, (3.0 equiv.), DCE, —10 °C, argon At RoRe
Racemic E1, E5 or E16 A43-A69 64-91
CN Lr22 *
Substrate scope of primary alcohols CN L7
OH @/\OH SN OH @_\l - Nc/\vDH Ph‘*s-"\-./OH
Fe « . epe o
s 2N o> - Selectivity among other heteroatoms by utilizing
64, 94%, 91% e.e? 65, 93%, 94% eel 66, 68%, 90% e.e. 67, 62%, 95% e.e.” 68, 71%:, 92% e.el 69, 64%, 91% eel b u | kl n ess d Iffe re n Ce
o y N y N - Tolerable for metal-ligand substrate
e e - = . . .
) Ho>hg\’ o N W’ oo con _— * ligand fine-tuning

70, 69%, 91% e.e. 71, 87%, 90% e.e. 72, 73%, 91% e.e. 73, 87%, 94% e’ 74,97%, 95% e.e? 75, 84%, 90% e.e. 76, 94%, 91% e.e.

Substrate scope of secondary alcohols and phenol

OH OH OH

AIMYOH F'h\l-l; V/ OD/

Allyl

i OH
Pr\l/ OH "By

Et 'Pr

"Bu

77, 87%, 91% e.e. 78, 87%, 93% el

84, 69%, 92% e.e.

78, 62%, 91% e.e. B8O, 78%, 91% e.e. B1, 75%, 92°% e.e. 82, 74%, 90% e.eP 83, 76%, 92% e.e.”

Me OH OH
\O: Me @/
‘r Br

Me

90, 67%, 19:1 d.r.

OH OH OH OH

MeO,C ;
BocN N e

“'NHBoc

85, 82%, 90% e.e. BB, 78%, 91% e.e. 87, 71%, 91% e.e. B8, 68%, >20:1d.r® 89, 74%, >20:1 d.r. 91, 57%, 32% e.e.cd

Substrate scope of secondary haloamide

o o 0] Ph
Jj\ J_,LCI CulPPhg)a'CF3 (10 mol%a), L*22 (15 mol%e) J‘l\,...’_(j‘.~ = \JJ\/ Ph
PhHN [ + R=—0CH PhHN I R H :
i N NMe:
Ph KsPO, (3.0 equiv.), THF, RT, argon Ph FiC F = Fig. 3| Substrate scope for primary and dary alcoholsor - dary performance liquid chromatography analysis or d.r. values based on crude 'H
. 92 R =Bn, 45%, 87% e.e. haloamides. Standard reaction conditions: racemic E5 (Ar' = 3-MeOCH,; R = Et; NMR analysis. *E1 was used. "E16 was used. ‘L*23 was used. “E1(0.20 mmol) and
Racemic E23 A43 or AB1 93, R = cyclopropyl, 63%, 95% e.e.¢ L*23 0.20 mmol), primary or secondary alcohol (1.5 equiv.), Cu(NTf,), (10 mol%), 4-bromophenol (1.2 equiv.) in p-xylene (2.0 ml) at room temperature for 3 days.

1L*22 (15 mol%) and K,PO, (3.0 equiv.) in DCE (2.0 ml) at -10 °C for 5 days under
argon. Isolated yields are shown, followed by e.e. values based on chiral high-

Ar, 4-cyano-2-methylphenyl: d.r., diastereomeric ratio; THF, tetrahydrofuran; RT,
room temperature.



Synthetic utility and Application for late-stage functionalization

2 jivwc
/

ArHN + ArHN Y
PH iPr PR TPr
Racemic E16 Drugs and bioactive moleculars 94-103
O
NSOt
F OH OH 0
Me N \‘) o w
Me
“ Me Me. O o I OH
N IN >< " MeO
= Me o ", —
\|/ N cl " g 0% o
o) - H
W Ny ) 0 MeO
S, Me Me M
Me™ N s Me me Me OMe
Rosuvastatin precursor A70 to 94 Perphenazine A7T1 1o 95 Diacetone-o-galactose A72 to 96 Diacetone-p-glucose A73 1o 97 Podophyllotoxin A74 to 98
66%, 95% e.e. 93%, 94% e.e. 66%, =20:1 dor. 69%, >20:1 d.r. 58%, =20:1 d.r.

Simvastatin A75 to 99

Epiandrosterone A76 to 100

Diosgenin AT7 to 101

Penfluridol A78 to 102

Me

85%, 88% e.e. T1%, =20:1 d.r.
OBn
- HO™ N
LiAIH, -
an Ph Et

106, 91%, 90% e.&.

OHC.__
DIBAL-H /

OBn

91%, =201 d.r. 82%, =20:1 d.r. 54%, =201 d.r.
b
o
-‘-\rHNJJ\ _OR (1) Boc,O/DMAP/EtN --1eOzC}_,OF| From 106
ol % (2) CsF or "Bu,NF PR Et

MeOH
1, 90% e.e. or

64, 90% e.e ®

R ='Bu, 104, 43%, 90% e.e.
R =Bn, 105, 78%, 90% e.e.

PR Et

107, 82°%, 90% e.e.

HO,C._ _-OBn

th Et

NaOH

108, 84%, 90% e.e.

\ 2 FG tolerance

* Chiral centre introduction with other FG untouched
* Gram-scale

* Valuable in the initial phase of drug development

(-)-u-terpineol A79 to 103

FG transformation at the carboxamide moiety
* Generation of other valuable enantioenriched building blocks

E10,C. A~ -0Bn
F’h’ Et
108, 89%, 90% e.e.

Horner—Wittig
—_—
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o o]
3 e *
ArHNJ\._’O‘;__’H (S.5)-L*17 or (S,5)-L*22 ArHNJ\ L0l .

Pﬁ‘"sprn‘ 2 o Ve

(5)-110-115 Racemic E16
Ph
OH
Ph”” > OH
NHBoc

{8,8)-L*22: (-)-110, 84%, 95% e.e.
(R.A)-L*22: (+)-110, 76%, 94% e.e.

OH
8]

N\Q
F
BnO

Ezetimibe derivative A82 to 113
(5,5)-L*22: (S)-113, 83%, >20:1 d.r.
(R,R)-L*22: (R)-113, 91%, >20:1 d.r.

)
F N

b
o}
PMP

0
ArHN Ny

With (S.8)-L*17

(8.5)-L*22: (5)-111, 94%, >20:1 d.r.
(R,R)-L*22: (R)-111, 86%, >20:1 d.r.

Me Me, OH

-

Me’

(-)-Linalool AB3 to 114
(S,5)-L*17: (S)-114, 69%, >20:1 d.r.
(R,B)-L*17: (R)-114, 61%, =201 d.r.

Ph "'Pr Et‘ T\-le
(5.R)-116, 74%, =20:1 d.r.

O

O._ _PMP
AHNT W YT

With (R,R)-L*17

PR 'iF'rEl‘ Me
(R.R)-116, 62%, 201 d.r.

Catalyst-controlled stereoselectivity

PMP.__.OH PMP~__OH
ALY A

El Me Q Et Me
(R)-A85 (S)-AB5

Racemic E16

Catalyst control

RI__.OH (R,R)-L*17 or (R,R)-L*22

¥
R? R!
Chiral alcohols

o}
J\ o, R
AHNT N

SN A
PR Prgl R
(R)-110-115

Ph OH

Me

(8.5)-L*22: (S5)-112, 91%, >20:1 d.r.
(B,8)-L*22: (R)-112, 87%, >20:1 d.1.

17-Methyltestosterone AB4 to 115
(5,5)-L*17: (S)-115, 86%, >20:1 d.r.
(R,R)-L*17: (R)-115, 78%, =20:1 d.r.

With (5,5)-L*17

(8.8)-L"17. R*=F
cN (S.SKL*22, Ré=ClI

(RR)-L*7.R*=F
CN (R,R)-L*22, R* =CI

o

O _PMP
AHNT N

With (R, R)-L*17

R §
Ph “PrEf Me

(5,5)-116, 58%, =20:1 d.r.

o

O _PMP
AHNT w7

LY
PR PrEL Me

(R.5)-116, 65%, >20:1 d.r.

Stereocontrolled synthesis

* Ligand chirality
* Alcohol enantiomer



* Coordination to a chiral tridentate N,N,N-ligand

is necessary (chelation affects y.)

Me OH

we T

Me
J\ ~C A

» K3PO4

DCE, -10°C

Ar = 4-cyano-2-methylphenyl

Racemic E1

AngNJ\ - \|<Me

Ph Et

With C2: 1, 72%, 74% e.e.
With Cu(OAc),/L*10: 1, 51%, 74% e.e.

Mechanistic studies 23

* Mononuclear copper species (nonlinear experiment)

* Uniform mechanism for both enantiomers

* Subtle racemization (supported by DFT calc.)

[0} 0]
1 e Lo
ArHN /\"M Standard conditions ArHN *Me
PH Et ol B e
E1 1
Entry Substrate Time (d) Recovered E1 1
1 E1 (0% e.e.) 1 69%, 1% e.e. (E1") 30%, 90% e.e.
2 E1(0% e.e.) 2 35%, 7% e.e. (E1)  63%, 90% e.e.
3 E1' (>99% e.e.) 1 58%,91% e.e. (E1')  40%, 90% e.e.
4 E1' (>99% e.e.) 2 26%, 84% e.e. (E1')  71%, 90% e.e.
5 E1" (~99% e.e.) 1 65%, 96% e.e. (E1") 31%, 90% e.e.
6 E1" (~99% e.e.) 2 39%, 92% e.e. (E1") 55%, 90% e.e.

Ar=

+ Cl
ArHN

reaction conditions

Ph
p @Deutgratlon experiment
OnN 2
v -NM
FIU\N ©2 A HNJJ\ ~C Me OH Standard conditions
7N oad®0 ‘ + Me>r -
\ Ph Et Me
—
c2 Racemic E1 Al
kulkp =3.47
J'I\ -.r-“ Me oD Standard conditions
ArDN -
+ Me -
Ph Et Me
Racemic E1-d Al-d
—] @Kinetic experiments
.g 50 | 30+ /
E 244 A1 2 /
‘ ' 0 ‘ ‘ = S Me. _OH
100 -50 50 100 L 18 E .
Catalyst e.e. (%) = 10 Me>r
-50 12 ® ] Me
; J o . ool A
~100 |
°; 8 12 18 20 24 0.0 01 0z 03 04 0.5
Timel h Concentration of [A1] (M)
25 a
- 12
20 s ; (o0}
71 %M - J\ O
e : € . ArHN "
=10 : 0e PH Et
5 . 03
o .

Ph Et

Chiral E1
(>09% e.e.)
4-cyano-2-methylphenyl

DCE,-10°C,1.5d

s Gl 0 - T T T T
ArHN 3 12 18 24 30 004 008 0.08 0.10 0.12

Ph Et Time! h Concentration of [E1] (M)

&.2. of recovered E{

(1) withou! Cu(OTf)toly,: >00% ..

(2) withou! L*17: >99% e.e.

(3) Cu(OTf)ol 5, L*17 and K4PO,: 85% e.e.

RDS involves concerted nucleophilic attack and deprotonation.




Mechanistic studies

DFT calculations

a

r . -1
[as MO6-L/DCE (kcal mol™") o :- I O, :’ ]

— = - — — - 7 _ -+ [ N ]

| t “ | t Ph = ¢ Z | I Fh i
o] =y 0. = N 0 = N f
* ! J\ ;"C.u ~ Ar N Pt yc."' ~ . _Ar
Phe N, = v N7 WY TN N

N !‘ N
. -~ Phee VT Ar M ' Ph—. Cu Ar Me= !
Y “-\-.___ ~ 92 . ‘I"‘-m...,__ 7~ s .
j_“/ \ v oEt & N K El*“H \ Pt K .H \

Ph*
Ph N \ Y N \ N
Mea K"'O-E;(\Ph PR™ e, N0 ey P e, D\;/O Bty
"N Bt o] VA e PH 0 O\ - \ﬁ o Z 7
L AT J L Ph Jd Lo o=--H - L Et J =9  o---H - SN

0S5TS1-8 055TS2-§ \I{ T83- OS5TS2-R \K/ TS3-R Ph ‘N/\(c*ul &
& i — P E‘% K‘.\_o et
1.0 o . . . . O L. | S ey
Enantio-determining . .
Ll int-1 f
\Ef Ar AAG*=0.0 kealmot™
N; R
Me, P ?
P|‘f1}éc. ‘ ‘ l {JN )‘f
cl Et' 0OBu S ,’ (J/
\l)\.uE'[ s?
3 >y
NP \a——{/{—
N-bound species 1S .
A~ Regeneration
fe) . = — 0] = — ey 2a
N N S " N Sy J O e int-6R
Ph]:N;C‘“”—CI Phee. N~ *n ,Ar NN i " I“N\E:’u[' A NN "N o8
" Cu n r 1 ArHN .
M * /f N .-’"'CU“'-.. -~ Ar Ph N’r ~u , /""CU“'H -~ Ar 5 ape . . .
P Mes \ol-K F’hj‘me Q}bo R, Mo, ) N \_(“ e %,  RDS: Concerted nucleophilic substitution step leading
2 ] Et ., e . . _ .
9(1“\3,,_,” B © /AD RO 2a from alcohol Al to int-5S, assisted by the K,PO,4™ anion
PHy Et Ph Ph°  OBu
Sint-3 Yint-4 int-58 int-65 int-5R
C—Cl bond cleavage Dissaciation of KC C—Cu bond formation C—C bond formation Product liberation
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Mechanistic studies 25

ORigins of enantioselectivity
Quantitative Bader’s atoms-in-molecules analyses
Non-covalent interactions contributed TS3-S stabilization.

Installing a side chain at the meta-position of the pyridyl unit in
ligand L10 resulted in improved enantioselectivity.

b Additional steric repulsion

K Mez
o7\ E'“l", o] (1) 2.40

F O Ph
Ph
w0 Pho, ) 2.71 ° NN Y
P, o : :
/AN -~ (3) 2.97 2 =N NMe;
L o TogT--H Jd @ee2 >
\ / (5) 2.66 TS4-S TS4-R A
K TS3-5 1S3-S AAGE = 0 keal mol-! AAGF =1.9 keal mol ™ .
faveiired disfavoured CN L7
@«9cu®rewceneo H
TS3-S (0 keal mol™") 5 TS3-R (1.2 keal mol™) {\t}\ *& ' Ph Ph
' n ) —N- . 0 >_/_‘
Type vip E Type vop \ \\ ” NH 'NMeg
(1)C-H-=n 0.489 ! (Mm--m 0.182 e —
(2)C-H -1 0.240 r oo \ /N
(3)C-H - 0.126 — — / f\
(4)C=H - 0.288 i _— —— ///;,{’ — L*10
(5)C—H - 0.278 :  — _— 9

TS3-S TS3-R
AAGY =0 keal mol™ AAG? =1.2 keal mol™!
favoured disfavoured



Short summary

Achievements:

% Enantioconvergent synthesis of congested a,o’-trisubstituted ethers via direct substitution of tertiary alkyl electrophiles
(first example)

- Multidentate anionic ligands enabled strong chelation
=> Transition-metal-catalyst poisoning was overcome.

* Meridional chelation
=>Enouguh space for Nu chelation

* Outer-sphere model
= Sterically congested O-alkylation

26



Outline

2. Azidation of alkyl Halides
% New approach for enantioconvergent azidation via alkylhalyde substitution

% Quaternary stereocenter
* Photoinduced chiral catalyst

27

Fu, G.C., etal., J. Am. Chem. Soc. 2025, 147, 32963—-32970

(alkyl")H Br °“"g' ?gﬁf’;ﬁa‘g'ys‘ (alkyl')H Ns
NHAr TMSN, = 2 A__NHA
alkyl hv (blue LED) alkyl
(0] radical pathway
2° or 3° electrophile good ee

racemic good yield



Background: Conventional catalytic asymmetric synthesis of alkyl azides 28

Synthetic utility of azide compounds
* Click chemistry
- Staudinger ligation

A. Bioactive a-azidocarbonyl compounds and derivatives

N3 3
- - H
M : M ~ N B
O

S & o

0 NH (@] 0 )
CO,H inhibitor of trypsm " u
N-CO2Bn NH
H
inhibitor of glyoxalase
SOzMe
0]
NaO_ !
o/ \NH H
M ~__N__CO,N
HO- L, iBu” Yy Y2 Yo
HO 4, o Bn” ) OH
phosphoramidon 0]
inhibitor of thermolysin H inhibitor of HDACS8

Lin, Z., Liu, G. et al. Angew. Chem. Int. Ed. 2021, 60, 6997 — 7001
Nugent, W.A. JAm. Chem. Soc. 1992, 114, 2768-2769
Jacobsen, E.N. et al. Org. Lett. 1999, 1, 1611-1613
Fu, G.C,, et al., J. Am. Chem. Soc. 2025, 147, 32963-32970

Various ways, but not enantioconvergent
- Azidations of olefins

CN
O\H\,\\l,o
$,IN HN J
'‘Bu

CN-Box

Ar A Ny
;YN cat. CW/CN-Box _ R.\)\‘(N
X R,SO,ClITMSN, S

* Ring openings of epoxides and aziridines by nucleophilic azide reagents

ON
approach to this probleém utilizing a novel type of chiral Lewis

O
N % W, 0 Qm’? acid.
o “Na catayst wOSiMe;
HN ;\NS QO + MesSiN, &’ O\ ()
acetone, 4 A sieves Fl: R Ny

-30 °C, 48-100h

83-94% ee
80-95% yield

- Azidative function decarboxylative azidations

Jacobsen, D., Bao, H. et al. Org. Lett. 2021, 23, 8847;8851

This work: Iron-catalyzed radical asymmetric decarboxylative azidation j
SN:N-
0. 0. .R cat. Fe{OTf)./L* Ny X r;lfN
= (o] + TMSN, /;\ Fel )
via Ar” Talkyl N + (o]
Ar” alkyl PN ]

Ar alkyl X

outer-sphere

radical azido transfer
- Azidations of C—H bonds
L|Groves JT. etal. J. Am Chem. Soc. &Or“lsab%ﬂ, ;}/99;%3203

N —
d j%}*l Bu
(R,R)- Mn(salem)CI
N3
0

PhiO (2 eq.), 4 °C
60% yield, 70% ee
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https://www.nature.com/articles/s41929-024-01257-7.pdf
https://pubs.acs.org/doi/pdf/10.1021/acs.orglett.1c03355?ref=article_openPDF
https://pubs.acs.org/doi/pdf/10.1021/acs.orglett.1c03355?ref=article_openPDF
https://pubs.acs.org/doi/pdf/10.1021/acs.orglett.1c03355?ref=article_openPDF
https://pubs.acs.org/doi/pdf/10.1021/ol990992h?ref=article_openPDF
https://pubs.acs.org/doi/pdf/10.1021/ja00033a090?ref=article_openPDF
https://onlinelibrary.wiley.com/doi/epdf/10.1002/anie.202015083
https://onlinelibrary.wiley.com/doi/epdf/10.1002/anie.202015083

Background: Recent studies for enantioconvergent azidation

Halogenophilic SN2X strategy (DKR) (2020)
% Only example of alkylhalide substitution
% New SN,X mechanism

A Use of less general a-cyanoacetates

PN1: R', R? = 2-CI-3,5-(tBu),CgH,CHo; X = BF 4~

NaN; (2.0 equiv.)
sat. aq. K2003 (0.2 mL) Ph“ R1 rR! Ph
Br PN1 (3.0 mol%) N3 N® Nﬁ

N CooBu  Pro(toml) NG COOtB * NN

base aodiated 86% yleld. 94% ee X

Chiral cation stablllzes anionic intermediate.

R © S R? ¥ Chiral C t'® \,
= o iral Cation A—Nu
szrx NU» ——s RZ)VX Nu —_— RZJV"X"'NLI —_— R1 —_— R2 3
3 . )
racemic hangen -bonded R R2 \@3 ~_» Nu—X h!gh ee
intermediate R high yield
Ph
Ph Ph RR' Ph Ph"- R 1 Ph i NR‘R1 Ph
N’\ —( NN ,(EN RN& e ON
Ph=" )\ e /L\ NZNL = N')‘\‘\b‘l')"'\‘N\ N’ ‘\N'/‘;b\ 1
ﬁ X R‘ P —_— 1 PR— R PR
R‘ ) R
HO S HO-Br---
cat;sm4 HOQ- i Br"]QCN Ho-"Br"T{—R)CN e.cN
R-bromide //
AG = 0.0 kcal/mol intKk AG=-17 TS-K AG¥=157 int-M AG=15.7
Cl Bu “ . .
3 Racemization
REe Ph t
R1 Ph 1
i Ph-., NR1R1 & hﬁ“N I Ph 2 d R R! Ph
u = \
LISl Ay | (S
cat;sm4 Spn2X i i ﬁl_’ be P,;z A R
S-bromide o} © _pri.- o HO-Br---0
AG = 0.0 keal/mol HO™-- s Ho "'F,{ e
OMe OMe OMe
int-L AG=-58 TS-L AG*=94 int-N AG=0.3

Lee, R., Tan, CH. et al. Angew.Chem. Int. Ed. 2020, 59, 9055-9058
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This work

Y Quaternary stereocenter

% Use of general a-halocarbonyl
* Photoinduced chiral catalyst

C. Catalytic enantioconvergent azidation of secondary and tertiary
o-halocarbonyl compounds: This study

copper/L catalyst
(alkyl")H Br CpspOPh-ZH (3._’) (alkyl)H Nq
NHAr TMSN; 2~ . NHAr
alkyl hv (blue LED) alkyl
o radical pathway o)
racemic good ee
good yield
0]
<O O ] » Secondary and tertiary electrophiles
PAr’, (cyano group not required)

» Commercially available chiral ligand
« Useful derivatizations
» Mechanistic studies

(R)-L (DTBM-SEGPHOS)


https://onlinelibrary.wiley.com/doi/pdfdirect/10.1002/anie.202000138
https://onlinelibrary.wiley.com/doi/pdfdirect/10.1002/anie.202000138
file:///C:/Users/tetra/Downloads/science.aau7797.pdf

Photo-induced strategy

Previous work:
Alkylations of Anilines (2022)
* Photo-induced Cu catalysis

* Enantioconvergent
Speriority of Cu against Pd or Ni

* Reductive elimination of Cu(Ill) intermediate NCo _Cl HN 10 mol% CuCl H
. oy 12 mol% (R)-L1 NC N
A Weak reducing ability of GS-Cu Ph Et \©\ T bleLED) . o% O
Me N Ph Et
=> Inefficient oxidative addition racemic  12equv -2 24V BTPP Me
“standard conditions”
R—NHAr < Cu—cCl
hv
(2Photo-induced strategy in mild condition (topic 2.) \
- Overcome high-reduction potential of alkyl elecrophiles < /CU—NHAF gu—cl
P

* Elimination of side reactions

*
Up
* Enantiomeric control
BTPP « HCI wa’ sy R—C
wCl XAT
~cl R

H,NAr

BTPP
Cl.IB

Peters, JC., Fu, GC. et al., J. Am. Chem. Soc. 2022, 144, 4550-4558
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https://pubs.acs.org/doi/10.1021/jacs.1c12749
https://pubs.acs.org/doi/10.1021/jacs.1c12749
https://pubs.acs.org/doi/10.1021/jacs.1c12749

[Cu(CH+CN)4] PFg (5.0 mol%)

Reaction and ligand optimization

Br (R)}L (6.0 mol%) Ny
Cs0OPh-2H;0 (1.5 equiv) L. NHPR
i—F’r)\n’NHPh TMSN3 Py
o hv (440 nm) o
racemic 2.0 equiv toluene#_?gduEC(‘11: ;:3'05 M) enantioenriched
"standard conditions”

Entry Change from the "standard conditions" Yield (%) ee (%)
1 none >99 94
2 no [Cu({CH3CN)4]PFg <1 (=<19) -
3 no (R)}-L =1 (=19) -
4 no [Cu(CHsCN)4]PFg and no (R)-L <1 =
5 no CsOPh=2H,0 =<1 -
B no h <1 (<1 a} _
7 L1, instead of (R)-L 8 <5
8 L2, instead of (R)-L 38 =5
o] L3, instead of (R)-L [515] 79
10 L4, instead of (R)-L =<1 =
11 CsOPh*H,0, instead of CsOPh=2H,0 96 94
12 Cs0Ph, instead of CsOPh-2H20 38 a1
13 LiOPh=2Hz0, instead of CsOPh+2H;0 80 80
14 TMG, instead of CsOPh=2H20 =99 a3
15 MEls, instead of CsOPh-2H,0 <5 —
16 CuBr, instead of [Cu(CH2CN),]PFg 99 94
17 CuCls, instead of [Cu{CH;CN)4]PFs 74 93
18 toluene/DME (1:1, 0.1 M) a7 93
19 toluene/DME (1:2, 0.05 M) 96 93
20 toluene/DME (2:1, 0.05 M) 88 94
21 toluene (0.05 M) <5 =
22 DME {0.05 M) 98 a8
23 -60 *C, instead of -78 *C =99 91
24 room temperature, instead of —-78 °C 48 -33
25 no hw, room temperature, instead of -78 °C =5 -
26 1.2 equiv of CsOPh=2H,0 and 1.3 equiv of TMSN4 af a4
27 [CulCH3CN)4]PFg (1.25 mol%), (R)-L (1.5 mol%) 86 (83%) 94 (949)
28 427 nm, instead of 440 nm 89 94
29 456 nm, instead of 440 nm 89 95
30 1.0 equiv of H,O added 97 (96%) 93 (939)
31 0.1 mL of air added to the headspace 81 (B19) 93 (93%)

1.2 equiv of CsOPh+2H,0 and 1.3 equiv of TMSN; were used.

0
<
o PAr,
0 PAry
¢

Ar = 3,5-(1-Bu)z-4-MeO-CgHy
(R)}-DTBM-SEGPHOS ((R)-L)

MeO G PAr,
MeO O PAr2

Ar = 3 5-(t-Bu)p-4-MeO-CgHa
(R)-DTBM-MeO-BIPHEP (L3)

o
<
o PPh;
0 PPh;
¢

(R}F-SEGPHOS (L1)

So W
] I PPh;

(R)}-BINAP (L2)
I,
O
(R)-BINOL (L4)

* Bulky substituent is necessary for high ee.
* EDGs increase the reducing power of Cu.

Origin of selectivity
Fu, G.C., Peters J.C. et al. J.Am.Chem.Soc. 2022, 144,4550-4558
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Reaction development and scope

[Cu(CH3CN)4] PFg {5.0 mol%h)
Br (RFL (6.0 mol%) N,
CsOPh+2H,0 (1.2 equiv)
RJ‘“,NHAr TSN, 4 R)\Ff NHAr
0 hv (blue LED) o
racemic 1.3 equiv m'““"fig“."g 1 enantioanriched

Variation of the a substituent (R)

Ny
NHPh
(8]

Entry 1

N3
, NHPh N3 N3 N;
Pr Q/HTNHPH WNHPH NHPh
0
0 0 o]
try

94% ee, 96% yield Entry 2 Entry 3 Entry 4 Entry 5
Modifications: 93% ee, 92% yield 94% ee, 95% yield 96% ee, 86% yield 95% ee, B4% yield
No [Cu(CH3CN)4]PFg

or no L or no hv: <1% yield
1.25 mol% copper/1.5 mol% L: N Ny N3 Ng

94% e, 83% yield
H30 (1.0 equiv) added:
93% ee, 96% yield
Air (0,1 mL) added:

93% ee, 81% yield

NHPh
o} 0

Entry 6 Entry 7
91% ee, 92% yield 91% ee, B9% yield

WNHH‘I F;CﬁNHPh Hcfj)\mNHPh
BocN F
oc o CF; O Ho 0

Entry 8 Entry 9
97% ee, 93% yield 86% ee, 95% yield

Gram-scale:®
93% ee, 91% vield
N N v
3 3 NHPh
Et NHPh  Me NHPh RJW N NHPh \ NHPh
o] /\)\lr /\/\)\’r
Me O Me Me O Eniey 12 z X Bno !
Entry 10% Entry 11° R = n-Pr, 88% ee, 97% yield
(R)-L: 98:2 dr, 93% yield  (R)-L: 88:2 dr, 84% yield Entry 13 Entry 14 Entry 15

84% ea, 93% yield

[(SHL: 5:95 dr, 98% yiekd]  [(S)-L: 5:95 dr, 80% yield] R = .py, 88% ee, 98% yield 84% ee, 93% yield

SM:diastereoisomers mixture

N3 N3 Na
NHPh
Maozc/\)\mNHPh Br\/\)\rrNHPh i
0 ! 0
Entry 18°
Entry 18 Entry 17 (R)-L: 95:5 dr, 88% yield Entry 19 Entry 20¢

84% ee, 96% yield [(S}L: 14:86 dr, 96% yield]

:'-Pr/l\“’N | K—R
0 Z
Entry 21

84% ee, 99% yield

Variation of the amide substituent (Ar)

Na h Na | Ns Ng [~
:'-Pr)\’-rN o TN e r'-Pr)\n’N 7 )
o] o] = ! fo] =
Entry 24 5 :

93% ee, B6% yield  92% ee, 89% yield

0
R = p-OMe, 94% ee, 97% yield
Entry22 Entry 2 Entry 262" Entry 277
p-Br, 93% ee, 98% yield 93% ee, 92% yield 87% ee, 93% yield 88% ee, 92% yield  80% ee, 92% yield
Entry 23

o-Me, 88% ee, 81% yield |

Quaternary azidation was accomplished.

Me Br q Me N
see Figure 2 - g3
NHPh TMSN; s A NHPh
R R
(0] (0]
racemic enantioenriched
Me, N3 Me, N3 Me“ N3
A _NHPh NHPh /SrNHPh
t-Bu
@] O (o] (0]
Entry 28 Entry 29 Entry 30 Entry 31
85% ee, 95% yield 90% ee, 84% yield 91% ee, 64% yield 90% ee, 69% yield

* Acyclic substituent (31)

* 3-membered ring-> poor differentiation?

Air, moisture tolerable (1)
Diastereomer substrates (10-11)
o-bromoketone (17)

Bulky substrate (19-20)

FG tolerance

A o-chloroamide is much less reactive

A o-substituted ketones and esters* (poor e.e.)

*structure not reported

Fu, G.C., et al., J. Am. Chem. Soc. 2025, 147, 32963-32970

32



Synthetic applications

@]
NHBoc N3 MeO. 5
) NHPh i-Pr/lWNHPh b P(OMe); MeO” "NH
i-Pr " NHPh
Compatibility check N 9305) ol
p y 96% yield, 93% ee o ee _
95% vyield, 93% ee
[CU{CH3CN),IPF (5.0 mol%) COEt | d e
Br (RFL (6.0 mot%) } Ph I N
NHPh ©sOPh+2H;0 (1.5 equiv _ NHPh NAS N-N
1 TMSN ! h — "
i Pr)\lg ] hy (440 nm) ! Pr)Y N\N\ CozEt N=C—Ts N\N»L\TS
. ] toluene/DME (1:1; 0.05 M) L Cul/sodium ascorbate A
racemic 2.0 equiv _78°C. 12h enantioenriched i pr)\n/NHPh CO,Et ; Pr)}rNHPh
additive (1.0 equiv) - -
N
Recovery of additive  Yield (%) ee (%) Entry Additive Recovery of additive  Yield (%) ee (%) o [\j{ \ CO,Et 0
86% yield, 93% ee N 2 o o 82% yield, 93% ee
- >99 a4 NHPh 86% yield, 93% ee
10 o 95 o8 04 iPr
©/\I/ >a5 94 93 o]
OMe 0
1 >95 >99 04
Me’JJ\/\OBn
12 A »95 % o Synthetically useful building block
>95 @ o Ph. * Boc-protected amine (Reduction
cl N
13 . >95 96 92 . . .
o En * Phosphoramidate (Staudinger-type reaction)
>95 >99 94 Bt _iP . . . .
O/ 1 N »95 w o Triazole, tetrazole (Click chemistry)
i-Pr
|
Q/ >a5 98 9
15 @' 95 95 92
BPin
/©/ 05 >99 93 5
Me 16 ©/ O 95 9 93
H
X
>05 96 9 NIV
17 Yy . >95 =99 93
0
0 0
>95 98 94 18 95 9 91
g A

Fu, G.C., et al., J. Am. Chem. Soc. 2025, 147, 32963-32970




Mechanistic studiesD)

Supposed catalytic cycle

N3
enantio- :
enriched R” ~R! LCu'(N3)
A
hv
N3 step 3 step 1
LCu'l_ P ¥
g o

L ] | *

ROR! [LCu'(N3)]

CsBr c B
step 2

Br

N3 A, 1

LCU" R R

CsNj SBr racemic

D
Br
. iPr NHPh
CsN3 formation o 1

B. LCu'(N3) (A): Presence at the start of the reaction

UV-Vis spectroscopy:

31 .
P NMR spectroscopy:
p Py reaction mixture at -78 °C

(prior to irradiation; filtrate)

— LGu'(N3) (A)

—— LCu'(OPh) + TMSN,

0=P(OEL); Leu(M) (A) — [Cul{CHCN)JPFg + L
({internal standard) (independently synthesized) R LCIJI(OF'I'I)

LCu'Br

Absorption

aliquot from the reaction mixture

(befare irradiation)
O=P(OEt);
(internal standard) A | L
18 14 10 6 2 -2 -6 -l‘O--;ﬂ.-l.B--ZZ =26 -E T T T T T T T T 1
ppm 340 360 380 400 420 440 460 480 500

Wavelength (nm)

34

C. [LCU'(N3)]* (B): Stern-Volmer quenching by electrophile 1

3.51
u

Oxidative quenching by
a-bromoketone

3.0

2.5+

I/l

2.0+ y = 0.0545x + 1.13

R?=0.987

0 5 10 15 20 25 30 35 40 45

[1] (mh)
E: LCU"(N5), (E): Q-band Davies ENDOR data and DFT analysis
. , . : . s
— total simulations
63155Cu
. .o . . .
LCull(Ns), was identified as active species. .
2
D. LCu"(N3); (E): X-band CW-EPR spectra == WN
taws g=2112
catalyzed coupling
(1.0h)
g=2.020
Cu(OTf), L [TBA]N;
1 s 1 A2
g=1.995
260 280 300 320 340 360 380 :
Magnetic field (mT) 0 50 100 150 200 250 300
Frequency (MHz)
X DFT calculations
Nucleus | Experiment
LCu(N3)2 [LCu(N3)]*

S35Cu 154 185 50

31py 428 403 188

31p, 434 386 512

"Ng 16.5 11.0, 11.6 0.3

4Ng N.D. 1.6, 2.0 3.3

N, N.D. 1:3,1.2 16

Fu, G.C., et al., J. Am. Chem. Soc. 2025, 147, 32963-32970



Supposed catalytic cycle

enantio-
1

enriched R R LCu' (Ns)
step 3 step 1
LCU”\ % N

Mechanistic studies?)

ROR! [LouNg)]”
CsBr c B
- Alkyl radical existence
step 2
Br A. Independent generation
)\ Na N
tandard conditi
LCu"/Ns R I NHPh NHPh <\('\,( NHPR
CsN; 5 SBr racemic G/\g i o
Br F mNHPh 93% ee, 24% yield oo EMY
. NHPh o % 2o, B5% yield
i-Pr
c1
@) 1
B. Trapping by TEMPO
Br standard conditions
_ NHPh TMSN; (Figure 2) )}rNHPh Pr )YNHPh
-Pr TEMPO (0.1 equiv)
0

93% remaining not detected

Me
Me
N
7% yield ~o
(based on alkyl bromide) Me Me
<5% ee i-Pr/K’f NHPh

o

* Radical trapping and catalytic cycle inhibition

Fu, G.C., et al., J. Am. Chem. Soc. 2025, 147, 32963-32970
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Short summary

(alkyl')H Br chiral copper catalyst (alkyl')H N
NHAr TMSN CsOPh+2H,0 ’, NHA
alkyl * " hv (blue LED) alkyl
O radical pathway (0]
2° or 3° electrophile good ee
racemic good yield

Achievements:
% New approach for enantioconvergent azidation via alkylhalyde substitution
% Quaternary stereocenter (first example)
% Use of general a-halocarbonyl
Y commercially available chiral ligand (SEGPHOS)
* Photoinduced chiral catalyst

Limitation:

A o-chloroamide is much less reactive

A o-substituted ketones and esters (poor e.e.)
A Necessitate a-carbonyl

Fu, G.C., et al., J. Am. Chem. Soc. 2025, 147, 32963-32970
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Outline

3. Synthesis of congested vicinal stereocentres
% Enantioconvergent stereocenter formation from alkyl halide racemic mixture
- Facile synthesis of valuable motifs including C-glycosylation

37

Wu, X., Xia, T., Bai, J. et al., Nat. Chem., 2025

3 R! (N
X [CoJ/L*, reductant S

R” "R’ Up to 99% yield
Up to 99% e.e., >20:1 d.r.

Vicinal stereocentres



Backgrounds: Conventional approaches for enantioselective vicinal stereocenter formation

Not enantioconvergent synthesis (chiral substrate)

a, Allyic substitution
H R : R
{Q__\-K = ewe ™ r' + A Ewe Re + RAAAX

4

b, Conjugated addition E:L ‘R\%

H R ; R
’zt‘fg\.& => ewe'™ R + NP Ewe? | ewe g + R gne? R2 R3
R R R E

Complete stereocontrof ?

¢, Sigmatropic rearrangement
H'. R ,
’Zt"g\}l. — H ’\r X \/\r R
')\ R Y
d, Ring-opening

H R' w R
= O

Figure 1. Main strategies for the enantioselective preparation of vicinal
tertiary and quaternary stereocenters in acyclic systems.

Cu catalysis
* Oxidative radical addition

Ni/Co catalysis
* Reductive addition
* Reducing agent: In, Mn, Zn etc.

Marek, |. & Pierrot, D., Angew.Chem. Int. Ed. 2020, 59,36—49

Stereoselective NHK reaction
- Addition of organoelectrophiles to carbonyl compounds(Ni,Cr)
% No need for organometallic reagents

Vinyl halides and activated allylic electrophiles
* Generate catalytic organometallics intermediates
- Zimmerman—Traxler transition states

R
vx o R3 OH via )
Catalyst S R
Y : M
or + JI\ ——— \ "-.._,.--""""
R2 R3 RZ R! / P S )
H'M X R ;13 0

Rely on cyclic transition state
to regulate stereoselectivity

Asymmetric reductive addition
=»application to alkyl halides (recent work)
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https://onlinelibrary.wiley.com/doi/pdfdirect/10.1002/anie.201903188
https://onlinelibrary.wiley.com/doi/pdfdirect/10.1002/anie.201903188

Background: Recent work of doubly enantioconvergent stereocenter formation

Radical-radical coupling (2020)
% Secondary E & secondary nucleophiles

R;Si

- 3
\Br R O Rasl\j\i
R? Ban)\)]\NRz : NFa
2
oo B good sterl:oselectivity
1.0 equiv 1.0 equiv good yield
= (S,R)-L2
Conditions: | 5 0
10% NiBrp-glyme "N~ ™ H
13% (S,R)-L2 N

1.2 equiv LiCl, THF, r.t. H

* Bidentate rather than a tridentate ligand is effective
<- Low congestion around Ni helps amide-O complexation in the
stereochemistry-determining step.

Fu, G.C. et al., Science. 2020, 367, 559-564

DyKAT approach (2023)
- Contiguous stereocentres (not both quaternary)

F This work: general Ni-catalyzed dynamic kinetic asymmetric arylation and alkenylation of ketones using organoboronates

rt_
R2
E

R

R1

R2

e}

(0]

R3

R3
OA OA: oxidative cyclization
RE: reductive elimination

L1

| o Ph N_N
SNi f#H elimination o reinsertion O \i >
et e T

base-free racemization of .
nonactivated ketones o EA=RIO) (et ) HO, ,Nu

R% RS Nu—Bneo RH/( R
R2
RE | | OA
L1

>140 examples R2
up to 98% ee
most >20:1 dr

L

L1-Ni(0)

(cat.) enantioenriched

tertiary alcohols

R' = alkyl, (hetero)aryl

R2 = aryl, NR*R®, OR?, alkyl
R3 = alkyl, (hetero)aryl

Nu = (hetero)aryl, alkenyl

I|.1
Ni-H

reinsertion

R2 /H elimination R2 (R,R,R,R)-ANIPE (L1)
Et ; Et
L1-Ni° : Me
o == Me Ph" N
- Ph LI-NP 3 o
Me\: OBneo matched mismatched
reductive oxidative
elimination cyclization rapid I
racemization L1-Ni
L1 enantioconvergent Et
Et 1 nickel catalysis = B
Ni Me - Me
Ph Ph Ph™ ™ ol
Me OBneo O-Ni'-L1 O-Ni'-L1
\ transmeta/atM
oy e
Ph-Bneo

Shi, SL. et al., Science. 2023. 379, 662-670
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This work: New approach for enantioconvergent stereocenter formation 40

Enantio aza-Barbier reaction (2024)

Y chiral a-tertiary amino esters

Y complementary method without *moisture- and air-sensitive
organometallic reagents

- Easily accessible alkyl halides
* Reductive addition approach
A Chiral alkyl substrates not tested

PG NHPG
aza-Barbier reaction
Akyl-@f) = crmmmmmmmmmsmsesmsemceeecees - ZAlkyl

Electrophilic addition

pe

(Unactivated organohalide)

[Co)/L* N\
0 + Alkyl—X - >\
Asymmetric electrophilic Alkyl

alkylative addition

Isolated ketimine Alkyl =1°, 2°, 3° Up to 99% vyield
Lo X =1,Br,Cl Up to 99% e.e.

Chen, Y. et al. Nat. Chem. 2024, 16, 398-407

This report (following work):
% Enantioconvergent stereocenter formation from alkyl halide
racemic mixture (first)
Y Various modes of vicinal stereocentres
* Precise mechanistic study
- C-glycosylation

R X PG [Co)/L". reductant R ;NHPG
'S * L > S Fa
RZ FG R R’ Viginal stereogenic centres R o
R R?
Racemic alkyl halide
SET
Weak
O interaction
<.
NTR
Imine, Co/l" ' PG
R Pel - FG
FE NG ey
He .a’ % )
=N R
H1
Prochiral alkyl radical o R

Chiral environment determines and Weak interaction and sterics regulate
enantiostereoselectivity diastereoselectivity

Wu, X., Xia, T., Bai, J. et al. Nat.Chem. 2025


https://www.science.org/doi/pdf/10.1126/science.ade0760
file:///C:/Users/tetra/Downloads/s41557-023-01378-9.pdf
file:///C:/Users/tetra/Downloads/s41557-023-01378-9.pdf
file:///C:/Users/tetra/Downloads/s41557-023-01378-9.pdf
file:///C:/Users/tetra/Downloads/s41557-023-01378-9.pdf
file:///C:/Users/tetra/Downloads/s41557-023-01378-9.pdf
file:///C:/Users/tetra/Downloads/s41557-023-01378-9.pdf
file:///C:/Users/tetra/Downloads/s41557-023-01378-9.pdf

Substrate scopes

Secondary alkylhalides

. . i Chiral NPN ligand
- Colg/chiral NPN ligand PMPHN_ Ph i kh
N X reductant, R'OH - i ! L L1.R'=Bu, R'=H
/II\ ' vent, 5-35 °C i RioL | L4, R'=Pr,R"=H
solvent, 5-35 ! , R ="Pr, =
Ph*” CO,R’ R - R : 0" N N o
: L8, A'='"Bu, A"=H
1 2 3-53 PR 1 :' < ‘ R L13, R'=En,R"=Ph

Racemic a-carbonyl chloride®

Racemic benzyl ChIOAAE® -~ - === = === == = == = s o oo e o e e e e e e e

PMPHN, Ph O PMPHM_ Ph © PMPHN, PR O %‘Nz
PMPHN Ph O % = “ . PMPHN, Ph PMPHN, Ph R 36, R = Bu, 79%, 99% e.e., >20:1 d.r.
- — 03'\ Ol’\. PMPHN  Ph
I EtO.C NMe. EtO.C MNMe. - 37, R =Ph, 72%, >99% e.e., >20:1 d.r
2 2 z 2 2EN 2N oS Et0,C Et0.C :
EtO,C A 38 R =F, 87%, =09% e.e, =201 d.r
2 Et Me e L Et0:C
;. = N1 1t 39, R = Cl, 75%, »09% e.e., =20:1 d.r.

R x CO,Et
3, B5%, >09% e.e., =20:1 d.r. 4, 63%, >09% a.e., =20:1 d.r. 5, 74%, =099% e.e., >20:1 d.r. “‘O: | CCDC 2267486 COzEt 40, R = Br, 83%, 99% e.e., >20:1 d.r.
34, 80%, 99% e.a., >20:1 d.r 35, 74%, >99% e.e., >20:1dr.
0
PMPHN Ph © 6, R = "CqHhs, 682, 89% e, 20:1 dor. PMPHN, Ph O PMPHN, Ph PMPHN, Ph O > )
-, 7. R = (CHz)oPh, 66%, >89% e.e., >20:1 d.r. - p— Nk . PMPHN, Ph Y Hoa & PMPHN  Ph PMPHN, Ph
= - -
Et0,C NMe, 8, R =Bn, 64%, 99% e.e., >20:1 dr. EtO.C NMe, 2 2 Ei0:C NMe, PMPHN, JPh QG hallen ;- ‘- Ph > Ph
2 9, R = PMB, 61%, 99% e.e., >20:1 d.r. = ol COoEt EW0.C MeO:C 1= \ Et0:C Et0:C
10, A = CHoCy, 57%, 96% e.e., >20:1 d.r. COMe (0 ..k! RN CO,Et e
11, 52%, 99% e.e., 20:1 d.r® 12, 60%, >89% e.e., >20:1 d.r.” 13, 76%, >09% e, 15:1dr? CO:Et 5-55’ \
41, 97%, 99% e.e., >20:1 d.r. 42, 80%, >89% e.e., >20:1 d.r. CCDC 2281055 )i 43, 82%, 99% e.e., 711 dr. 44, 88%, 99% e.e., 41 dr.
PMPHN" ph O PMPHN  Ph © PMPHN, Ph O PMPHN, Ph o] PMPHN Ph O Aacemic a-bromobenzoate’
" R - PMPHN, Ph
EIOaCﬁ)l\NMez EDZCAHJ\ NEt» EIOECAHI\ EIOQCAI)'\E" EDzC/kl)LOrEU PMPHN  Ph PMPHN"‘ Ph o8 ", 082 PMPHN, Ph
R Et PMPHN_ Ph * OBz Pro.C z PrOzC £ _oBz
Et - 2 i
14, R = Pr, 539%, 98% 20:1 drt A ProLC Froee
T, o, o B8, r. i
, 17, X =0, 78%, >09% e.e., 10:1 dr. 19, R =Bu, 71%, >89% e.a, 14:1d.rb Pro,C r
. » h 1%, : . Pr
15, R =Cy, 53%,98% e.e., 201 dr. 16, 74%, >39% o0, >20: dr. o) — o 82%. 299% o.c. 5201 dr_ 20 B - Gy 6o ) 1 n 21, 60%,89%ee. 5t dr. ] Bu
- — e
Racemic: a-chioraphosphine oxide’ 45,84%, 99% e.e., >20:1 dr 46, 56%, >09% e.e., 16:1 d.r. 47, 86%, >99% e.e., 15:1 dr. 48, 81%, =99% e.e., 16:1 d.r.
o] 0
PMPHN Ph O _Ph PMPHN“. FPh ‘;; Ph PMPHN"‘ Ph W PMPHN_ Ph (o]
Et0 Et0,C
PMPHN, Ph ECAr 2 Racemic a-chlorosulfonamide
Et0C PMPHN_ Ph PMPHN_ Ph PMPHN, _Ph PMPHN Ph O
A 22, R = Me, 83%, =89% e.e., =20:1 d.r. - o8z - OB ks OBz - o]
_ . 2 )
23, R = ﬂEt 55%, >92% a.6., >20:1 d'r_' 26, 56%, >09% e.e., >20:1 d.r. 27, R=CH,0Bz, 75%, 89% e.e., >20:1 d.r. 29, 56%, 99% e.e., 20:1 d.r. ProzC Pro:C Pro:C Et0C NMe
24, R = "CgHyg, B3%, >98% a.6., >20:1 d.r. 28, R = NPhih, 61%, 89% e.e., >20:1 d.r. Et Bn Fh Et :
25, R = "CoH,Cl. 51%, 95% e.e., »20:1 dr. Me
OMa Wos 49, 49%, >99% e.e., B:1 dr. 50, 40%, 99% e.e., 8:1 d.r 51, 60%, >99% e.e., 7:1 d.r 52, 47%, 99% e.e., 711 dr 53, 36%, 99% e.e., >20:1 d.r.
,‘6:‘
X
PMPHN_ P O PMPHN, PhO, w0 R
PMPHN, Ph 3“ _Ph PMPHN, Ph C\J\ _om - P Me ", ‘b N
R : EtO,C Et0.C — i WP
\ = o1 -
T B0” Y s . D N a-bromoalkyl benzoate substrates
Bn Bn AL I ;
Bn Bn Pl W -~
Mé OMe W )
30, 40%, »99% e.e., >20:1 d.r. 31, 41%, »89% e.e., >20:1 d.r. 32, 50%, =09% e.a., >20:1 d.r. 33, 62%, »09% e.e., >20:1 d.r. os Ch | h h d
CCDC 2339703 Iral organopnospnorus compoundads

Isolated yields are reported; the e.e. was determined by chiral HPLC analysis and the d.r. was determined by crude NMR or chiral HPLC analysis. *1(1.0equiv.), 2 (1.5equiv.), Col, (5 mol%),
L4 (6mol%%), indium (2.0 equiv.), R'OH (1.0equiv.) in MeCN/THF (1:1w/v, 0.2 M) under 35 °C for 24-48h. Hindium (3.0 equiv.), LB (6 mol%) in MeCN/THF (1:4 vfv, 0.2M), 72h. “Cal, (10 mol3%),
L4 (12mal%). “1 (1.0 equiv.), 2 (1.5equiv.), Col, (10 mol%), L1 (12 mol%), indium (2.0equiv.), R'OH (1.0 equiv.), NaBr (1.0 equiv.) in MeCN (0.2 M) under 35 °C for 24h. *1 (1.0 equiv.), 2 (1.5equiv.),
Col, (10mol%), L13 (12mol%), manganese (2.0equiv.), R'OH (2.0equiv.) in MeCN (0.2M) under 5°C for 6h. "1 {1.0equiv.), 2 (1.5equiv.), Col, (10 mol%), L17 (12mol%), manganese (2.0 equiv.),
'PrOH (1.0equiv.) in MeCN (0.1M) under 15°C for 24 h. PMP, p-methoxyphenyl.



Substrate scopes

q2 Calyichiral NPI\L ligand AZHN R Bh Chiral NPM ligand
- Clo_ _FG reductant, R*OH o |
,ll\ * \I/ RI0C F
; Solvent, 5-35 °C =Pr.A"=H
g “co,R? R R o” N
\ : '., ! L13, A'=Bn, A =Ph
1 2 54-78 S

Et0,C, NHPMP

l l .‘{ LCONMe,

54, 76 %, >09% e.e., =20:1 d.r.

Et0uC, NHFPMP Et0.C NHPMP

mcowmaz /@/S/DONMEd

55, Td%, »89% e.e., »20:1 d.r.

E10, C NHFMP

E10,C NHPMP
; CONMe;

Cl Br

56, 66%, 99% a.e., =201 dr. 57, B0%, 99% e.e., =20:1 d.r. 58, 56%, 97% e.a., >20:1 d.r.

=

61, A = 'Bu, 93%, »09% e.e., >20:1 d.r. PMPHN,  CO.E!
EiO_gC MHPRP PMPHMN CO‘!E[ PMPHMN CD El Lt

€2, A = OBn, 85%, =99% a.e.,18:1 d.r. : Ph
CONMe, Ph 63, Al = Cl, 91%, >89% e.e., >20:1 dur.
64, A =Br, 70%, =98% o.e., =201 d.r.
E10,0 CO.Et 65, Al = GF, 69%, 98% e.e, 201 dr. O 'CO:Et

COEt
86, A = COLEL, 77%, =090% e, »20:1 d.r. cl

59, 729%, >89% a.e., >20:1 d.r. B0, 78%, 99% a.a., >20:1 d.r.

67, 909, 99% a.e., >20:1 d.r.

PMPHM,  COLEL BDC:HN Fh

. _Ph CONMe,
FaC e AC‘

COEL

I I NH Fh

Eu::zc

FaCO NH Ph

CONMe CONMe;
E10.C
El E10,C Et

Et

71, 66%, =89% e >20:1 d.r.

BB, 64%, >39%: e.e., 5:1 d.r.

A

69, 58%, 98% e.e. >20:1 dr. 70, 85%, >8%9% a.e., >20:1 d.r. T2, 80%, >89% a.e., 16:1 dr.

NH Ph

k NH Ph NH Fh N o
POPh; =
POPh; -
Et0,C EiO,C 2 Ma0,C s "-‘:‘,{ \
By I
Fon \
Bn Bn COuMe Y
76, A = Ma, 76%, =09% e.a. =201 d.r. Heray of 7B
T3, 66%, =99% a.e., =20:1 d.r. T4, 60%, =09% e, =201 dr. 75, 95%, 09%ee. =201 dr. 77 A ="Pr, 77%, >00% e.a.. 151 d.r. CODC 2347928
10 mol% Coly, 12 mol% L17
N FMP 2.0 aquiv. Mn I':.IHF‘MF'
1 o 2.0 equiv. HFIP, 0.2 equiv. Zn(0Th: N :
N J,I\/l\ = COEL
H | EtO Ph MaCN (0.1M), 5 *C, 22 h | P e o NF
> \—( \—(
2ah 78, 41%, B7% a.e., =201 dur. P F':_ﬁp“

Reaction conditions: 1({1.0equiv)), 2 (1.5equiv.), Col, (5-10mol3%), L4 or L13 (6-12mol%), indium or manganese (2.0 equiv.), R*0OH (1.0equiv.) in MeCN (0.2M) under 35°C. Isolated yields are
reported; the e.e. was determined by chiral HPLC analysis and the d.r. was determined by erude NMR or chiral HPLC analysis. See Supplementary Information, pp. 100-125, for more details.

E10,C | 2
U - e
>, _ = i

Tertiary alkylhalides

10 mol%: Coly

o 12 mol% L3
PG 2.0 equiv. Zn, 1 equiv. R'OH
cl N”
R ) 20 maol%s Lil
n MeCN (0.2 M), 35 °C
2

R'0,C

R°HN, Ph

g o

/

PMPHN, Ph O

R'O,C _
Me N—Ph

79,R' =
80, R'

85, 63%, 95% e.e., B:1dr.

3

Y -

\ PMPHN, Ph O

[ | \ %

— a -~
W B d‘* i . EtO:C

o2 o1 I con
eg‘,.__ / J}f N ~ F

> X-ray of 89

CCDC 2345237

PMPHN, Ph o]

EtO,C N—Ph

3

Et, 85%, 99% e.e., 12:1 d.r.

81, 76%. 99% e.e., 10:1 dr.
= Me, 8B3%, 97% e.e., 12:1 d.r.

“MCO,Et
\')Q—OTBS

86, 51%, 93% e.e., 91 dr.

90, 62%, 96% 6.8, 13:1 d.r.°

o]

E0,C
i Et

N—Fh

82 72%, 92% e.e., 91 dr

PMPHN, Ph O

Etogc/gi/x(N__Bn

Meu

87, 90%, >99% e.e., 10:1 d.r®

NP Et0,C

PMPHN, GF; O

91, 75%, 99% e.e., 51 d.r®

o}

N—Ph

EtO,C
"Pr

83 61%, 95% e.e., 10:1 dr.

"MCO,EL
"
\E-CI

88, 78%, 89% e.e., 13:1 dr.

Bn—pn

>
I\//N-—-Bn

92, 77%, 97% e.e., 4:1 d.rd

PMPHN, Ph O

ElO,0

nN—Fh
"CrHig

--_/

84, 48%, 91% e.e., 10:1 dur.
Cl

PMPHN, Ph

EtClzC

e’ N

89, 71%, =09% e.e., 11:1 d.r.?

CbzHN, Ph O

MeO,C N—Ph

;

93, 48%, 94% e.e., 19:1 d.r.°

Reaction conditions: 1(1.0equiv.), 2 (1.5equiv.), Col, (10mel%), L3 (12mol%), zinc (2.0equiv.), R'OH (1.0equiv.), Lil (20mol%) in MeCN (0.2 M) under 35°C for the required time. *"MeCN/DMA
(3:2 vjv, 0.2M). "L4 (12 mol%), manganese (2.0 equiv.). “L1 {12mol%), MeCN (0AM). L1 (12 mol%), without Lil, MeCN (0.1M). "L1 (12mol%), without Lil, without ethanol, MeCN (01M). Isolated
yields are reported; the e.e. was determined by chiral HPLC analysis and the d.r. was determined by crude NMR. PG, protecting group; DMA, N,N-dimethylacetamide.

A limited to cyclic alkyl halides. ->low d.r.?

% Medicinally valuable trifluoromethyl-substituted amino acid (68)
Y Aldimine substrates (78)

*readily act as bidentate nitrogen ligands



C-glycosilation

Substrate scopes

43

. . .
10 mos ol Synthetic applications
= 12 Mot (S)-L8 or (R}-L8 ro X5 =0,
N” [ 2.0 equiv. Zn, 1.0 equiv. RE0H RO~ a
- or .
| + RO "‘_ﬁ - . NHF!i : MHRZ r‘|,Pr'«1P o POPh, PMPHN  _Fh CE‘ _ph 10 equiv. HSICl, PMPHN, P Ph
3 MeCM (0.2 M), 35 °C, 3-12 h R GOgR T % 3 ' 20 iv. DIFEA e R
&7 COR & : RT COR Py * \]: —— Standard conditions? —=  Er0,0 P\Ph _ SheawmTER E10.C M
. 1. 8-111 4°-105" PRT TOO:E Bn Totuene, 120 °C
diast Bn En
- OBz 1a 2ac (1.5 equiv.) 11?,1.611 0. 66% _115, BE%:
09% e.a., =201 d.r. 99 ea., =201 dor.
BzO -0
Bz
HHPMP b c -
\ o 0
NHPMP NHPMP /@ Co;Pr PMPHN, Ph 40 s, CAN Ha, Ph O we MP o Standard conditions® Y Fh
coarr coaEt F EtO:CAHkNM% MeCNH,O ETO..C/S)J\NMEE A ’ HHCY e s | NP
[S)-LB: 84, 91%, o, 520:1 dr. (5)-LB: 85, B2%, o, 201 dr. [S)-L8: 96, 8B, o, =20:1 d.r. (5)-L8: 97, 91%, o, »20:1 d.r. Er 09Cr1. L Fh CO,Et c 1.5 equiv. KO'Bu o -._ET
(R-LS: 847, 81%, o, =20:1 dr. (F)-LB: 85", B29%, o, =201 dor (A-LB: 96°, BE%, «, =20:1 dr. (A)-LB: 97, B6%, o, =201 d.r. 3 114, 979, =00% .6, 520:1 dr. 1a ar 118, 43%, =009 a0, =201 dr.
Bz OBz
S e
BzO. 2]
BzO 10 molés Cols, 12 mol®s L18 T
NHPIR BzD d ~PMP oo 2.0 equiv. Mn ~N
cl N Bz NI 1.0 equiv. HFIP, 1.0 equiv. Zn{OTH), " 0
2 N * DEt o oy j
- A TS Me MeCN (2.1 M}, 15°C e W N
) P Y0P P L Fh PPh
(S)-L8: 88, T4%, o, =201 dr. (SHL8: 99, 82%, o, =201 dr. 151-L8: 100, T0%, o, =201 d.r. (59-L8: 101, 91%, o, =20:1 dor.  Lis
1 2ah 116-124
[ F)-L8: 88°, 67%, o, >20:1 dr. |FA-LE: 997, 72%, a. =201 dr. (F)-LB- 1007, 604, o, 1001 dr. (A)-L8: 101", 92%, o, =20:1 d.r.
a o) o [}
PO o PP PP, PMP. FMP., PP,
" N N N N
Five M . Mo ] Ny Mo Mo o
| e 4 D‘M B | “\‘M H "\-‘M', | "\"M H
NHPP Me % ® Ph ® Ph ® Ph ¢ Pn
FE Yoo, Pr = Me F al Br
(5)-LB: 102, 88%, o, =20:1 d.r. (5)-L8: 103, 81%, o, =201 dr. (S)-L8: 104, 82%. o, =20:1 d.r. (S)-L8: 105, 80%, o, »20:1 dr? 116, 9245, BB% e, =200 dr. 117, 845, 95% ee., =201 dr. 118, =089, 87% e, =2000 dor. 118, 50%, 87% e, =2001 dr. 120, 874, 97% e.e. =201 dr.
[AFLE: 1027, 7%, a, =2001 d.r. (A-L8: 103, B0%, o, =20:1 d.r. (A-LB: 104, 94%, @, =20:1 dor. [A-L8: 108, 37%. af = a1, =201 dr? [
e o PMP‘-\N [ ] R}
7 PMP 7 P e
L
DAg 0, 0 Me PMP, ~N PMPL N~ = N1
Me % - M2
Ph el ~
O 8] N-.\ o - e = N-.‘ I P /gd 1
O, 0Bz | Me B P | Me B e
W, 2 = \ |
Bz o} Me [} o
820 M Er ~of \?
=]
NHPMP EIZEE;D OTES 02
PR COPr NHFMP 121, 7d%, O7% e, =200 dr. 122, TB%, 979 e, =200 dr. 123, 86%, 85% e.a., =2001 dr. o 124, 55%, 96% e.2., =20:1 dr. CCDGC 23308754
107, 85%, a, =20:1 d.r. 108, 875, . =20:1 dr . fie. Gramescalereact o
from isoxepac from [ 5)-{+)-ibuprofen PR TCOSPr organophosphine. b, Removal of the PMP group. ¢, Construction of chiral "1a (L0 equiv.), 2r (L5 equiv.)
Et succinimide. d, Cobalt-catalysed enant y Col, (5 mol’s) L8 (6 mo: CCN/THE (1:4 v/, 0.2 M)
Me pyridi i ylchloride to access ylactams under 35°C_ Isolated yields are reported: was determined by chiral HPLC
o bearing continuous quaternary-tertiary stereocentres, "1a (1.0 equiv.), 2a¢ I dthe dor. rude NMR
N J .
; e
o 3 s 0
Et =
13 N |z
M a
OBz
BzO
Bz0

108, 88%, o, >20:1 d.r.
from probenacid

bis a)
Bz0

NHFMP

110, 91%, o, =20:1 d.r. Ph‘“ oOPr

111,
from febuxpstat

from hyodeoxycholic acid

NHPMP

95%, o, 2001 d.r. 3 'ca.Pr

B

+ Useful bioisosters

% Potential application to glycopeptide therapeutics

Reaction conditions: 1(1.0equiv.), 2 (1.5equiv.), Col, (10mol%), LB (12mol%), zine (2.0equiv.), R°OH (1.0 equiv.) in MeCN (0.2M) under 35°C for the required time. Isolated yields are reported;
the diastereomeric ratios were determined by crude NMR. *50mol% Kl as additive. "Indium as reductant.

% Rare examples of glycosyl addition via cross-coupling



Radical clock experiment

-> Alkyl radical existence
0

Mechanistic studies 44

PMPHN, Ph

N PMP A P
standard condition -
/"\ * NMe; - » EIOLC )
n]

Ph” “CO.Et Cl

1a 2t, 1.5 equiv

Achieved catalytic chiral control

PP

I
CO,Et

0

Et
NME:

cl

2a, 1.5 equiv

standard condifion
(5, 5)-L4

|

Et0,C. NHPMP
CONMe;

Et

3, 85%, =20:1 dr
=89% ae

standard condition
(R, R)-L4

|

EtO.C, NHPMP

—

3, B6%, =20:1 dr
=89% ee

CONMe,

125, 33%, 97% e
946 olefin isomerization

Real-time tracing experiment

entry

i o Et0,C NHPMP
| Et standard condition CONMe;
+ >
CO,Et NMe; reaction time
Et
Cl
1a 2a, 1.5 equiv 3
original state of 2a reaction time recovery of 2a product 3
racemate 1h 98%, 3% ee 47% yield, >99% ee, 12:1 dr
racemate 2h 85%, 4% ee 54% yield, >99% ee, 12:1 dr
racemate 3h 26%, 6% ee 89% yield, >99% ee, 12:1 dr
(S), 88% ee 2h 75%, 88% ee 58% yield, >99% ee, 12:1 dr
(R), 94% ee 2h 77%, 94% ee 53% vyield, >99% ee, 12:1 dr

- Reaction rate was the same with both enantiomers.
* Nether KR nor DKR




DFT calculations@)

ks
L
Et 10) XAT is more favored than OSET
Me,N ﬂc’o ‘-(\) AAG* = 1.2 keal/mol
Cl Nas OEt (dynamic kinetic resolution)
0 pMP” -
RO,C NHPG AGgq 33.4
7 ¥ Et
CONR’, p¥ o kcal/mol L
Ar A | u MezN N ®_q
R1 ',Rz colq—o 1/31In C|“'C;<"\
In, EtOH, 1 t OR ———] 1/3 In3* racr2a 213 o N/ OE
N it ( R)-TS1 triplet 0 PMP
£ oH Ph
" A \ Et - (R)-TS1Uplet
L' —l“' A LI. (S)_Ts1lrlplet 2a’ _
| L* . ) (R)-2a 20.1
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Co' 0
o Cl
radical addition TN OR ><U\NR'2

Easily racemizable, but not DKR (contradiction! )

PMP

| . &
CO,Et NMe,

Initial state:
2e” reduction
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+
L
Et 10 XAT is more favored than OSET
Me,N ﬂc;*(\) AAG?* = 1.2 keal/mol
Cl N= OEt (dynamic kinetic resolution)
0 pMP” -
ROZC/’ NHPG AGgg 33.4 Et i
o CONR', Hy i kcal/mol T L
Ar z, | ! Me;N “ 1®
R “R2 Col«—0 173 In CI---Co<—<\3
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N o PMP
V oH L Ph n
4 pG Ar Et (R)_Ts1(rlplel
L 1 A L (S)yTS1vRlet 2a° = -t
I .o L* . Loy (Ry-2a 20.1
c' "\ . XAT is favorable ~ ©9=¢ e
| R OR COI‘—O (S)y2a |M2doublet Me;N .\Cl'“C(I)Q'O
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Lt - OSET 0.0 PP Ph
[z 0
Co' 0
di o L OR Cl HH
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A Ar 2 Et o, o Ot N % i
Mo, Lo P \ PMR, @\ ) ] PVR, @\ )
e cl I OEt N-=Co~y H, N-=Co~
o} F'MF'/N 0 _J‘*‘-'/é ‘,0 _j*-.l o
Pho | | MeN PR Mezwf‘%; PR
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(S,S)-Ts2auaret (S, 5)-Tg2rauartet
(rac)-2a AGH = 4.6 AGH = 6.5
EtOH effect
0.0 (hydrogen-bonding interaction)
Initial state: M3t
. L (S,S)—TS uartet
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OSET is favorable Ph MeoN P w0\
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(rac)-2a

M 3d0ublet

]
Co=0
\

N

PMP”
Ph

Re-face addition
(less hindered)

Si-face addition
(blocked)

DFT calculations(2) Origins of stereoselectivity

""Et OEt
H

(S,S)-Tg20uartet
AG* = -4.6
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""Et OEt
H
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IM1'Pet 4+ 297
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IM1vPt + 22

V)

Et

Me,N
N

o}
2a"

Structural analysis

{S. s)_-'-sznquanet
AG* =-6.5

EtOH effect
(hydrogen-bonding interaction)

S,5)-TS2uartet

| quartet
Et NMe, (S.5)-Im4

Ph Chiral NPN ligand
||= L1, R'=Bu,R"=H
NP L4, R'=Pr,R"=H

L8, R'='Bu, R"=H

R ,] r‘ =+ E,F"’ L13, R’ =Bn, A" = Ph

Sterically blocked by iPr
=»Distortion

a Amide\group of the alkyl radical and ketimine moiety

(S,S)-TS20uarmt
AAG =0.0 J
AAE*=0.0
P
/,/ W AEY WAL oy W AE g o, AT,
~ 5.5
35
21
1.5 11 1.7 1.8
0.1
-7.0 6.7
-8.0
10.1 -10.6
-11.5
] -12.6
e S
//// -14.2 //
A -~

(S,5)-TS20uaret (R R).TS2aret ( g) TGuanet (g ) Tgauartet

Distortion/interaction analysis

less steric repulsion between the radical and chiral ligand

= /High n-mt interaction & low distortion energy
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Achievements:

Y Enantioconvergent stereocenter formation from alkyl halide racemic mixture (first)

Y Various modes of vicinal stereocentres
* Precise mechanistic study
* Facile synthesis of valuable chiral amino acids, organophosphorus compounds, aminoalcohols, heterocycles and glycols
- C-glycosylation

Limitations: 3 R (N
ATertiary alkylhalides substrate: limited to cyclic alkyl halides. ->low d.r.? g(x ¢ [CojiL", reductant R>'>{.
A Necessitate a-carbonyl B R Up to 99% yield %

Up to 99% e.e., >20:1 d.r. .
Vicinal stereocentres

3°-3°, 3°-4° and 4°—4° stereocentres

R' (N} O R' (N ~—0C,

{ PO—<
Rogc:)\l)l\m Rogc>\(e N

R “CO,R




Summary

1. O-alkylation to form sterically-hindered dialkyl ethers
% Enantioconvergent synthesis of congested a,a’-trisubstituted ethers via direct
substitution of tertiary alkyl electrophiles (first example)

* Multidentate anionic ligands enabled strong chelation

* Meridional chelation

* Outer-sphere model

2. Azidation of alkyl Halides
% New approach for enantioconvergent azidation via alkylhalyde substitution
% Use of general a-halocarbonyl
Y commercially available chiral ligand (SEGPHOS)
* Photoinduced chiral catalyst
A o-chloroamide is much less reactive
A o-substituted ketones and esters (poor e.e.)

3. Synthesis of congested vicinal stereocentres
% Enantioconvergent stereocenter formation from alkyl halide racemic mixture (first)
% Various modes of vicinal stereocentres

* Precise mechanistic study

49

Liu, X.Y., et al., Nat Catal, 2025, 8, 919-930
(0]
)l\*/o\ 7~
/%

ArHN » ATHN I\

Enantioconvergent O-alkylation
of alcohols

0
)J\ = . ~ ~OH Cu(1)/N,N,N-L*, base
%

Enantioenriched
hindered dialky! ethers

Racemic 3° 1°,2° and
alkyl halides 3° alcohols

Fu, G.C., etal., J. Am. Chem. Soc. 2025, 147, 32963-32970

1 chiral copper catalyst 1 N
(alkyl")H Br CsOPh+2H,0 (alkyl")H Ns
NHAr TMSN, A _NHA
alkyl hv (blue LED) alkyl
(0] radical pathway (0]
2° or 3° electrophile good ee
racemic good yield

Wu, X., Xia, T., Bai, J. et al., Nat. Chem., 2025

* Facile synthesis of valuable chiral amino acids, organophosphorus compounds, aminoalcohols, heterocvcles and glvcols

* C-glycosylation
ATertiary alkylhalides substrate: limited to cyclic alkyl halides. ->low d.r.?

g( I "\
X [Col/L*, reductant >>/.
+ . -
L R

R R Up to 99% yield
Up to 99% e.e., >20:1 d.r.

Vicinal stereocentres
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enantio-
enriched R R? Lcu! (N3
XCU"L* XC "'L*
Cu'L* ’ I\IFI R
Base Y Y Enanlioconvgergem i step 3 step 1
o R O\ O-alkylation LCu N
X Rz/l . o RO,C NHPG
R > CONR L
s NHR RHN / oL / R - | 9 R/\R1 [Lcd! N3)]
./‘\rr Col«—0 1/3In CsBr c B
o) J\. In, EtOH, 1 t p—_—
\ o] N=
i : step 2
1 )L Non-stereoselective O-alky\atlon ! Br
--------- - g L*
@ —NR [ i® N3 R/k R
‘ Col <™ | Lcu' ;
| OR Co'«—0, CsNy Br racemic
N WR? | D
Ar W
/ . NHPh
R? PG Ar i-Pr
- o 1

OSET
(o]

radical addition

Ar 2

limitations/common issues
A Alkyl group differentiation capacity
->Catalyst and ligand development is needed. Hopefully differentiation between aliphatic substituents...

AElectrophiles are limited to a-functionalized substrates
->Probably...
* Radical stabilization by conjugated substituents such as aryl or allyl groups, or EWGs is necessary for XAT
* Coordination of the carbonyl group to the catalyst is required for enantioselectivity

Carbonyl non-adjacent electrophiles?
-> Example: next page




Summary -limitations

Y C(sps)-H-functionalization (2020)

HAT instead of XAT 50 . B 0.9
Conventionaly: C-H was activated by organometalics S AR comre | ,l;/;,é\\:o _»Bn—;fj;{m
o RN |TRT© R]
Bn N4 [Co] up to 95% yield
->Radical rebound occurring prior to diffusion (+)-Alkylsulfamoyl Azides ¢-Co(ll)-Alkyl Radicals P 10 957 er
->Steric retention was problematic. . 5 R o
’ ] N’ N’ i oLl
=> 3 Internal HAT - ,L/\Nsﬁo Jmom | N ' Oradte C{_\RSS:O N
R N T|%R w0 'R HN0 - \_)\Rs
[Co(Por)] [Co(Por*)] [Co(Por'_)] __________________________
. . . o B ArSONHNH, N| NHSO:A' O“"'IS—NH . ) | . . . Oﬁg—NH RS
B C(sps)-H-functionalization (2020) IS K R—N’\_)i';s éﬂ}f‘ib RN R
% Carbonyl non-adjacent electrophiles | A (Rr2 Factcal CoPor) joal™_(S)2
. . substitution substitution
A Multistep ring cleavage 0, f . metalloradical
RCORH Ra /S ~ /\/g{-RS activation R
‘ " \isman N N N Rt @N
om T \ Rs 520 & ()1 Not RL5Z°
)L S 0) + O :’O §0ar R H|\|1 \O R SR HN O
& Yo Mo 0 - 1 ; 4 SN N—
&—-—,Nhéfo;"ié . f N‘Sao SN
(SiHI . R7: N"o stom (Re)l

I
. R o C|),—>‘ RCO4Bu )&
o R (i) R*NHNH; 7 ~O2p g ‘W N
H N—N He >0 Alom - |7 H-8 on
N ) U WR? R4 o e Z-Co(lll)- b&ffa N N Strad-" ¢-Co(ll)-
X R 50N Alkyl Radicals Clion N0 N—< ab Alkyl Radicals

R =< (i) Cu(1)/CPA, oxidant . - N
= LN -
) Ll
Racemic >80 examples n1JI\/°TRf2 ; ’k%’; I: a-Co(lll)-Aminyl Radicals
@Ring cleavage for chiral 1,3-diamine
SOzAr Ac 020, Et0.C Ac
N—N A KoHhen LiAIH, N=N" CICO,EL, LIHMDS o ‘r\_N’AC Ha, PAIC o NN Smip, tBuoH EO0< o oA 00
el e Tnenacoiros gyt dozte s it ek A= Bn. S, .Boc 1) 10% Pd/C; HCO,NH, N fRBoc
Ph Ph Ph PH Ph P Bh v NN MeOH: THF \/kCO;JBu U'-ws NH entry 16: (-)-2p
3, 90% e.e. 67, 72%, 90% e.e. 68, 82%, 90% e.e. 69, 93% 70, 87% - K/k. COZ"BU - H 93% yield: 74:26 er
(Ar = 4-MeOCH,) 90% e.e., dr. > 2011 0% e.e., dr. > 2011 H 2) pyridine; H;0; 80 °C 4t E“_N\_)<_j yield; 7
3t . 90% yield; 96% ee
— Desulfonylation Aonly 1 example
Ing Cleavage
other 15 were carbonyl adjacent.

Liu, X.Y. et al. Nat Catal. 2020, 3, 539-546 Zhang, X.P. et al. J. Am. Chem. Soc. 2020, 142, 20902-20911
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Summary —insightful study

P
( _[Cu]—H (re face)
P L]

7= Rg " r;lS
“ HLF R Bpin

(siface)

high enantioselectivity

—
P"‘--_ - P
X R L _mp jt
<x ( ) increased volume R H Rg
2 increased dispersion - b -

increased enantioselectivity

attractive dispersive interaction

new bisphosphine ligand ;
(revealed by DFT calculation)

C Structures of the new ligands reported in this study

MeyGe Me;Ge, OMe

[” ¢ (@G‘*Mea) ¢ g (@Gem%)

2 2
o] P 0 P
o p  (R)-TMG-SYNPHOS p  racDTMGM-SEGPHOS
( O (L13) <0 O (L15)
(o] ( GﬂMBs) 0 ( GeMea)

2 2
MegGe Me;Ge OMe

tBu  OMe

r06op’[-Bu
(o) tBu
O F’Me
By p\C_lu--H EBD

t-Bu FE fLondon dispersion
t-Bu ‘_'\® (AEgsp) lowers

MeO tBu activation energy

Differentiation between two substituents

- Dispersion interactions between the bulky alkyl substituent
and the substrate accelerate the reaction.
-> Substitution with Si or Ge strengthened interaction.

- Two primary alkyl groups

Liu, P., Hartwig, J.F. et al. JAm.Chem.Soc. 2020,142,18213-18222
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Appendix


https://pubs.acs.org/doi/pdf/10.1021/acscentsci.7b00212?ref=article_openPDF
https://pubs.acs.org/doi/pdf/10.1021/acscentsci.7b00212?ref=article_openPDF
https://pubs.acs.org/doi/pdf/10.1021/acscentsci.7b00212?ref=article_openPDF
https://pubs.acs.org/doi/pdf/10.1021/acscentsci.7b00212?ref=article_openPDF

Recent studies for enantioselective azidation

54

Enantiocontrol by binary-mixed ligand catalytic system (2025)

% Remote SH2 mechanism (outer)
A compatible to only a-mono substituted amides

-> steric COﬂgeStlon R? o The role of R' and R%:
& S, @
; N Adjust the twisting angle
R1 of the ligand framework
R NH
= odi e electron density
| Cu(MeCN)4PFg (10 moal%) A OI around the coordinated
0 Additive (10 mol%) 0 nitrogen atom (N-H)
Jl\/\/\ Ligand (15 mol%) Ph Jj\/\/\
N Me - SNTOY Me
| z
Cs,CO05 (2.0 equiv.) Me @
$1 THF, purple Leds
1
+ TMSN, rt, 24 h
k Ly -N TMSN, + base LyLp
purple \i X o
LEDs
mop A
Photocatalync Chiral catalytic R N,
'Ns]* cyde Ny cycle Product

LMCT Parh A

PathB L
LyLp(CU'-N,
R‘N J.k/ Vil
P
o)

1,5-HAT Ary, JKB,
w H R
@ vi Ly: BOPA, L,: DPPM viI

Qi. X., Zhang, G., Guo. R., et al. J. Am. Chem. Soc. 2025, 147, 40010-40023

active space

Ligand
self-assembly

B2

moderate enantioselectivity high enantioselectivity

Unsuccessful substrates

| |

LA LA, S CL 3
NJ\[\”ME N N
Me Me Me Me Me Me NH

A Tertiary azidation not achieved due to steric hindrance


https://pubs.acs.org/doi/pdf/10.1021/jacs.5c16924?ref=article_openPDF
https://pubs.acs.org/doi/pdf/10.1021/jacs.5c16924?ref=article_openPDF
https://pubs.acs.org/doi/pdf/10.1021/jacs.5c16924?ref=article_openPDF
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