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Abstract: B-Tertiary amino acid derivatives constitute one of the
most frequently occurring units in natural products and bioactive
molecules. However, the efficient asymmetric synthesis of this motif
still remains a significant challenge. Herein, we disclose a cobalt-
catalyzed enantioselective reductive addition reaction of ketimine
using a-chloro carbonyl compound as a radical precursor, providing
expedient access to a diverse array of enantioenriched (-quaternary
amino acid analogues. This protocol exhibits outstanding
enantioselectivity and broad substrate scope with excellent
functional group tolerance. Preliminary mechanism studies rule out
the possibility of Reformatsky-type addition and confirm the
involvement of radical species in stereoselective addition process.
The synthetic utility has been demonstrated through the rapid
assembly of iterative amino acid units and oligopeptide, showcasing
its versatile platform for late-stage modification of drug candidates.

Chiral B-amino acid is widely found in numerous natural
products, pharmaceuticals and bioactive molecules.l] As a
consequence, significant endeavors have been dedicated to the
pursuit of asymmetric construction of these motifs.[2! In particular,
synthetic methods targeting chiral B-secondary amino acid
scaffolds are extensively explored, such as the century-old
catalytic asymmetric Mannich reaction of aldimines, 8! as well as
asymmetric reduction of enamines.l In striking contrast,
strategies for the manufacture of sterically encumbered B-tertiary
amino acids with structural diversity remain scarce, yet highly
desirable for advancing the new drug development.
Enantioselective addition of a-carbonyl carbanion or radical to
ketimine is a straightforward and appealing approach for
assembling this structure framework (Scheme 1a). However, the
less acidic a-C-H site of ester or amide functionality largely
suppressed the development of asymmetric Mannich reaction of
ketimine. Kanai and Shibasaki seminally presented the only case
of copper-catalyzed asymmetric nucleophilic addition of
ketimines with preformed silyl ketene acetal species at 2007,
delivering the B-amino ester in high enantioselectivities. 58
Therefore, the utilization of versatile a-carbonyl electrophiles for
the radical addition to ketimines offers an advantageous strategy
to tackle this longstanding synthetic challenges, thus providing
an opportunity for synthesizing various B-amino carbonyl
skeletons.[6-9]

The utilization of readily accessible a-halo carbonyl
compounds in transition metal-catalyzed asymmetric reductive
addition to the carbon-heteroatom double bonds still poses a
formidable challenge. This is mainly attributed to the intrinsic

(a) Chiral B-tertiary amino ester synthesis enabled by the stereoselective addition
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® excellent enantioselectivity with broad substrate scope under mild condition

Scheme 1. Enantioselective reductive addition of a-carbonyl radical with
ketimine.

high reactivity and short lifetime of a-carbonyl radicals, thus
resulting in the difficulties of realizing the precise control over the
stereoselectivity and the reactivity, such as dehalogenative side
reaction pathway.[1% Recent studies have witnessed impressive
advancements in asymmetric enzymatic catalysis, which offersa
complementary arsenal of small organic molecular synthesis.[11-
14] Particularly, Hyster and coworkers have elegantly reported a
photoenzyme-catalyzed intramolecular  cyclization of a-
chloroamide bearing an imine moiety, affording valuable and
diverse chiral lactam fragments in good yields and
enantioselectivity (Scheme 1b).'2 We recently reported the
cobalt-catalyzed asymmetric aza-Barbier reaction of a-imino
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ester and the unactivated organoelectrophiles to construct the a-
tertrasubstituted amino ester in presence of stochiometric
amount of metal as terminal reductant. (Scheme 1c).!31 The
utilization of chiral NPN ligand enabled the high
enantioselectivity. Particularly, the reaction of unactivated alkyl
halides allows for the selective formation of alkyl radical
intermediate to participate the stereoselective addition
process.[t5al |ntriguingly, we are wondering if this asymmetric
reductive addition process could be suitable for the more reactive
a-halo carbonyl compounds, as the highly reactive a-halo
carbonyls could easily generate the nucleophilic Reformatsky
reagent in the presence of a metal reductant, which often
proceedsthe classic Reformatsky-type background reaction with
ketimine, thus inevitably diminishing the enantioselectivities in
the realm of stereoselective addition process.[16l We envision
that the leverage of a-halocarbonyl compounds with moderate
activity might circumvent the formation of Reformatsky reagent
to generate an a-carbonyl radical, and allow the subsequent
engagement of the radical species in the addition process
towards C=N bond[”l The cobalt-catalyzed reductive cross-
coupling reactions between electrophiles have received growing
interest as a valuable synthetic tool for the facile construction of
C-C bonds.[18-28] |n addition to our work,[*%! Xiao and coworkers
accomplished the cobalt/photo-cocatalyzed  asymmetric
reductive Grignard-type addition of aldehydes with aryl iodides
to construct various chiral benzyl alcohols.[23 Very recently, Shi
and coworkers uniquely disclosed a Co-catalyzed
enantioselective reductive arylation of cyclic N-sulfonyl aldimine
to furnish diarylmethylamines derivatives.[24 Based on our
continuous interest in catalytic asymmetric  reductive
transformations,[15. 271 herein, we set a protocol for cobalt-
catalyzed enantioselective reductive addition of ketimine with
reactive a-chloro carbonyl compound, to afford the B-tertiary
amino acid derivatives with excellent yields and broad functional
group tolerance (Scheme 1d).

At the outset of our investigation, we selected ketimine la
as the prototype substrate with a-chloro amide 2a as the radical
precursor to test the feasibility of asymmetric reductive addition.
The desired product 3a could be obtained in 28% yield with 63%
ee by the utilization of Col2 and NPN ligand L1 as a catalyst,[?8]
Mn as a reductant and EtOH as an additive in MeCN at 35°C
(Table 1, entry 1). To our delight, the yield and enantioselectivity
could be dramatically improved (52%, 90% ee) when Zn powder
was utilized as the terminal reductant (Table 1, entry 2). The
screening of the chiral ligands was subsequently executed under
the aforementioned conditions. Changing the tert-butyl group on
the chiral oxazoline moiety to less bulky substituents such as
cyclohexyl (L2) and sec-butyl (L3) groups could increase both
the reaction yield (61-62%) and the enantioselectivity (95-96%)
(Table 1, entries 3—4). Notably, the employment of the iso-butyl-
substituted NPN ligand L4 furtherimproved the enantioselectivity
to 98% ee with 62% yield (Table 1, entry 5), whereas the benzyl-
substituted NPN ligand L5 delivered the desired product 3a in
lower 92% ee (Table 1, entry 6). Screening the amount of Lil
revealed that the addition of 20 mol% of Lil could improve the
reaction yield to 71% without any erosion of the optical activity
(Table 1, entries 7-9). Eventually the a-tertiary amino acid
derivative 3a was obtained in 80% isolated yield with 98% ee
(Table 1, entry 10) by using MeCN/DMA (9/1) as a mixed solvent.
Both lowering and raising the reaction temperature would be
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harmful to the reaction efficiency (Table 1, entries 11-12). The
reaction failed to deliver the target product when one equivalent
of H20 was added (Table 1, entry 13).

Table 1. Optimization of the reaction conditions.ll
5 mol% Col,, 6 mol% ligand

M [o]
N'PMP '!‘e 2.0 equiv reductant PMPH%}\ M
- .Me
M ¥ me” Y el , — Et0,C N
Ph CO,Et 1.0 equiv EtOH, Lil |
2 o MeCN (0.2 M), temperature Me
1a 2a 3a
entry ligand reductant T (°C) Lil yield (%)®! ee (%)
1 L1 Mn 35 - 28 63
2 L1 Zn 35 - 52 90
3 L2 Zn 35 - 61 95
4 L3 Zn 35 - 62 96
5 L4 Zn 35 - 62 98
6 L5 Zn 35 - 60 92
7 L4 Zn 35 10 mol% 67 98
8 L4 Zn 35 20 mol% 71 98
9 L4 Zn 35 50 mol% 71 97
10! L4 Zn 35 20 mol% 80 (80)! 98
11104 L4 Zn 25 20 mol% 70 98
120d] L4 Zn 50 20 mol% 65 97
13d.1 L4 Zn 35 20 mol% 0 -
Ph Fl’h Ph Fl’h
L : b L
0" N N0 0°SN N“70 0" N N0 0°SN N“ "o
Bu 'Bu R R Bu Bu Bn Bn
L2, R=Cy
L1 L3, R = *Bu L4 LS

[a] Reaction conditions: 1a (0.1 mmol), 2a(1.5 equiv, 0.15 mmol), Col, (5 mol%,
0.005 mmol), L1 (6 mol%, 0.006 mmol), reductant (2.0 equiv, 0.2 mmol), EtOH

(1.0 equiv,0.1 mmol), MeCN (0.2 M, 0.5 mL), stirred at35 °C for 18 h. [b] The

yields were determined by IH NMR using mesitylene as an internal standard.

[c] The ee values were determined by chiral HPLC analysis. [d]MeCN/DMA =
9/1. [e] isolated yieldin parentheses on 0.2 mmol scale. [fladd 1.0 equiv HO.
PMP = 4-methoxyphenyl.

With the optimized conditions in hand, we investigated the
substrate scope of this cobalt-catalyzed enantioselective
reductive radical addition to ketimine with a-chloro carbonyl
compounds (Scheme 2). The reaction efficiency varied with
different ester groups including methyl (3b), ethyl (3a) and
isopropyl (3c) on imine substrate, giving the corresponding
products in 72—90% yields with excellent 98% ees. Evaluation of
substitution pattern of the aromatic ring on the nitrogen atom
moiety revealed that both steric hindrance (3d) and electronic
effect (3e) would not affect the enantioselectivity, although the
inclusion of a methyl group at the ortho-position caused a slightly
lower yield. Furthermore, we also explored the generality of the
other functionalities on the aromatic ring adjacent to the carbonyl
carbon of the ketimine. Encouragingly, the electron-donating
group (-OMe) and electron-withdrawing halogen atom (-Cl) were
successfully integrated into the substrate, leading to the
corresponding products in moderate to good yields with excellent
enantioselectivities (3f—3g). Moreover, heteroaryl substituents
such as indolyl proved to be a compatible substrate, delivering
the corresponding product 3h in 65% yield with 98% ee. It should

This article is protected by copyright. All rights reserved.

85UB0 |7 SUOWIWOD 3AITeaID 8 |gedl|dde sy Aq peusenob s e ssjoiife YO :ssn Jo s9jnl 10§ Arlg178ul|uQ, A3]1M UO. (SUONIPUOD-PpUR-SLLBYWOD A8 | 1M ATeJq 1 U1 [UO//SANY) SU BIPUCY Pue Suss | 8y} 88s *[7202/T0/eZ] uo Aiqi]aullu A8|im ‘eoiwey JO smisu| telled Ad T668TEZ0Z 91U/Z00T 0T/I0p/L0d A |1m Aridjeut|uo//sdny wouy pepeojumoq ‘el ‘€//£T2ST



Angewandte Chemie International Edition

be noted that the methyl-substituted ketimine could also be a
successful example, providing product 3i with good optical
activity, albeit in a moderate yield. The trifluoromethyl-substituted
ketimine substrate was also compatible with this protocol,
affording the B-amino acid derivative 3j bearing atetrasubstituted
stereocenter with CFs group in 61% yield with 97% ee. Next, we
focused on exploring the applicability of a-chloro carbonyl
electrophiles. A diverse range of a-chloro-N,N-disubstituted
amides could be applicable in this reaction with the standard
conditions, including N,N-diisopropyl (3k), N,N-dipheny! (3I), N-
aryl-N-alkyl with functionalities such as CN (3m) and COzEt (3n),

10.1002/anie.202318991
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assigned as S configuration, unambiguously confirmed by X-ray
diffraction. Tertiary amides bearing pyrrolidine (3p) and
morpholine (3q) moieties were satisfactorily tolerated in this
reaction and furnished products 3p and 3q in 85-92% yields with
98% ee. Moreover, a secondary amide (3r) with a bulky
adamantyl group was also a suitable substrate for this
transformation. Significantly, this methodology demonstrated
versatility in accommodating a-electron-withdrawing group
substituted alkyl electrophiles, such as a-chloroalkyl ester (3s—
3t), a-chloroalkyl ketone (3u), a-chloroalkyl sulfamide (3v), as
reductive addition fragments. These reactions yielded the

as well as Weinreb amides (30), providing the corresponding
with  excellent

products in moderate to good Yyields
enantioselectivity. The absolute configuration

of 3k was

5 mol% Col,, 6 mol% L4
2 equiv Zn, 1 equiv R?0H

corresponding B-carbonyl
exceptional enantioselectivity.

N,Ar
)|\ + CIVEWG
R'” “CO,R?
1 2
NHPMP, Ph O NHPMP, Ph O
EtO,C NMe, MeO,C NMe,

3a, 80%, 98% ee 3b, 72%, 98% ee

OMe ¢l
NHPMP o NHPMP;,,,
tey i NMe.
'Pro,C 2
Et0,C NMe, 2

3f, 69%, 98% ee

39, 85%, 97% ee

NHPMP, Ph O
2 JPr —
Et0,C N =

Pr

3k, 67%, 98% ee

NHPMP, Ph o

J _Me

EtO,C r;l EtO,C
OMe

30, 66%, 98% ee

NHPMP, Ph o

EtOZC/ULOEt

3s, 65%, 96% ee

NHPMP, Ph O

3p, 85%, 98% ee

NHPMP, Ph 0

iProszOPh

3t, 72%, 95% eel®l

20 mol% Lil
MeCN/DMA = 9/1, 35 °C

Scope of Ketimine

NHPMP, Ph O

'ProszNMez

a-amino ester products with

: Ph| I
I
P
0" SN N“ "o
“{

ArHN R!
> L__EWG

R20,C \

3 'Bu 'Bu

L4
e o
O HN O HN
11Ph \''Ph

MeN c0,Et MeN co,Pr

3¢, 90%, 98% ee

3d, 61%, 98% ee

3e, 86%, 98% ee

Me
N
\
NHPMP, Me QO NHPMP, CF;Q
NHPMP.,,, v EtO,C NMe, Et0,C NMe,
MeO,C €2

3h, 65%, 98% ee

Scope of a-chloro carbonyl analogues

3i, 51%, 91% ee

3j, 61%, 97% eel!

NHPMP, Ph O o cN NHPMP, Ph O  COEt
OO P
2 h EtO,C r;] EtO,C l;l
Ph Ph PMP

31, 65%, 97% ee

3m, 72%, 98% ee

NHPMP, Ph O

D iProszN/\

Pro,C

(o}

3q, 92%, 98% ee

NHPMP, Ph o

M"Cﬂ"w

3u, 26%, 98% ee

3n, 77%, 95% ee

NHPMP, Ph O
iPro,C NHAd

3r, 67%, 98% ee

NHPME, PhO \y.

iPro,C oY

3v, 68%, 98% ee

Scheme 2. Substrate scope of Co-catalyzed enantioselective reductive addition of ketimine with a-chloro carbonyl compounds.[@

[a] Reaction conditions: 1 (1.0 equiv), 2 (1.5 equiv), Col, (5 mol%), L4 (6 mol%), Zn (2.0 equiv), R20H (1.0 equiv), Lil (20 mol%), MeCN/DMA (9/1,0.2 M), 35 °C,
isolated yields are shown after column chromatography. [b] Col, (10 mol%), L4 (12 mol%), Mn (2.0 equiv), EtOH (1.0 equiv), MeCN (0.2 M), 50 °C. [c] Without Lil.
Ad = adamantyl.

Based on the promising results discussed above, we
envisioned to realize the oligomerization of different a-amino

acid units, thus offering convenient access to some biologically
active small molecules (Scheme 3). By subjecting a-chloroamide

This article is protected by copyright. All rights reserved.

85UB0 |7 SUOWIWOD 3AITeaID 8 |gedl|dde sy Aq peusenob s e ssjoiife YO :ssn Jo s9jnl 10§ Arlg178ul|uQ, A3]1M UO. (SUONIPUOD-PpUR-SLLBYWOD A8 | 1M ATeJq 1 U1 [UO//SANY) SU BIPUCY Pue Suss | 8y} 88s *[7202/T0/eZ] uo Aiqi]aullu A8|im ‘eoiwey JO smisu| telled Ad T668TEZ0Z 91U/Z00T 0T/I0p/L0d A |1m Aridjeut|uo//sdny wouy pepeojumoq ‘el ‘€//£T2ST



Angewandte Chemie International Edition

derived from methyl L-prolinate to the standard conditions, we
successfully obtained product 4 featuring both a-tertiary and
secondary amino ester units in 83% yield with 99:1 dr.
Additionally, the utilization of a-chloro amide containing the
methyl L-prolyl-L-leucinate moiety as an electrophile also yielded
the corresponding product 5, incorporating three a-amino ester
units with promising diastereoselectivity and a moderate yield.
Besides, when we employed a-chloroamide 2p derived from the
product 3p as an addition partner, reaction with ketimine 1k
under the standard conditions also worked successfully to give a
product 6 in moderate yield with>20:1 dr, which could not only
realize the synthesis of iterative a-amino acid units, but also

(a) _PMP O  cooMe
N a2
M ¥ N o
Ph” ~CO,Pr
1c 2n
(b) o H
_PMP 0 N
N ¥"",_CO,Me
. rall [ —e—
Ph” > CO,Me 'D ,
Pr
1b 20
(c)
O R2R! O R2R' O

l/\NJl\/(NHPMP
o\) 0\) PMP
3p, 98% ee 2p, 80%
R"=Ph, R? = CO,/Pr

NHPMP, Ph O

N.._co,me
MeOZCMD [
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provide a rapid approach to achieve the prolongation of peptide
chain. Removal of p-methoxyphenyl group of 6 by using CAN
provided product 7 in 91% yield. We also employed unnatural o-
tertrasubstituted amino ester 8 as the starting material.
Remarkably, through the derivatization to a-chloroamide
followed by asymmetric reductive addition with ketimine 1c under
this Co/NPN-catalyzed protocol, products 9 and 10 could be
stereodivergently synthesized in good yield with excellent
diastereoselectivity by the switching the absolute configuration
of chiral ligand L4. These results collectively showcase the
advantage over the classic nucleophilic addition under basic
conditions, thus allowing the tolerance of peptide functionality.

NHPMP, Ph O CO,Me

fProszD ‘

4, 83%, 99:1 dr O

0%’“' 1/\)‘ '}‘J\/<002Me

7,91%, >20:1 dr

1k Q RER' QX NHPWMP
(\NJI\/(r;‘JJ\KCOZMe
o _J PMP

6, 62%, >20:1 dr

Pr

5, 52%, >20:1 dr

Pro,C Ph O Ph. NHPMP iPro,C Ph O Ph. NHPMP

3 1c
PhoOC o> Phoc\/\/‘(NJ\/CI o—> Phoc\/\/(NJ\/(coz,-Pr Phoc _~_X coger

(d) ) iPro,C Ph O
iPro,C Ph
NHPMP |
PMP
8, 99% ee 2q, 73%

@ standard conditions

@ chloroacetyl chloride, Me,NPh, DCE

I I
PMP PMP

9, (S)-L4, 68%, >20:1 dr 10, (R)-L4, 74%, >20:1 dr

® CAN, MeCN/H,0

Scheme 3. Oligomerization of amino acid derivatives enabled by enantioselective reductive additions.

To further showcase the potential synthetic utility of this
asymmetric reductive addition protocol, we performed the
following derivatization (Scheme 4). First, the asymmetric
reductive addition reaction of ketimine that was formed in situ by
condensation of ketoester and aniline furnished the -amino
ester 3a in 71% vyield, while maintaining a high level of
enantiopurity (98% ee) (Scheme 4a). A gram-scale reaction
could successfully be conducted to provide product 3q in a
similarly “high yield without any erosion of enantioselectivity,
further demonstrating the practicality of this method for scalable
synthesis (Scheme 4b). Treatment of 3t with LIHMDS allowed
the formation of B-lactam product 11 in 80% yield with 97% ee
through intramolecular lactamization process (Scheme 4c).

To shed light on the mechanism of this transformation, we
conducted the following preliminary mechanistic studies
(Scheme 5). First, when a-bromo amide was utilized as an
electrophile instead of a-chloro amide to participate in the
asymmetric reductive addition reaction with ketimine l1a under
the standard conditions, the desired B-tertiary amino amide 3l
could only be obtained with very low vyield and poor

enantioselectivity (13% vyield, 21% ee) (Scheme 5a).
Subsequently, we started to elucidate the potential roles of

(a) In-situ reaction
1.05 equiv PMPNH,
4R MS/cat. TSOH , benzene (0.4 M)

o) reflux, 24 h, filtered, concentrated NHPMP, Ph O
then —— "
Ph™ "CO,Et standard conditions Et0,C NMe,

1.5 equiv CICH,CONMe, 3a, 71%, 98% ee

(b) Gram-scale reaction
o] standard NHPMP, Ph O

_PMP 2
N cl  conditions . >
)|\ _ + (\NJ\/ —_— ’PrOZCMN/\l
Ph”” >CO,Pr o\) K/o
scale: 4.0 mmol 159

1a 2h 34, 89%, 98% ee

(c) Construction of chiral B-lactam

Ph
NHPMP, Ph O LiIHMDS PMP\N Z.CO,'Pr
Pro,C OPh THF 0)]

3t 11, 80%, 97% ee

Scheme 4. Synthetic application.
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a-chloroamide and a-bromoamide during the reaction (Scheme
5b). The a-chloroamide 2c remained inactive and was recovered
in 96% yield upon the sole treatment of zinc metal. In sharp
contrast, when corresponding a-bromo amide 2r was exposed to
the above-mentioned condition, the debrominated product 12 (11%
yield) and the enamine 13 (75% yield) through the cascade
addition with MeCN and isomerization process were observed
(Scheme 5b). Taken together, the above results indicated that
the less reactive a-chloro amide served as aradical precursor to
engage in this reductive addition reaction, while a-bromo amide
2r was more reactive to generate the classic Reformatsky
reagent, thus leading to much inferior outcomes in both reaction
yield and enantioselectivity. Consequently, these findings serve
to emphasize the differentiation between our reductive radical
addition process and the classic Reformatsky addition
sequences. Furthermore, we conducted experiments to probe
the presence of radical species during the reaction. Employing
allyl-substituted a-chloroamide 2s as a starting material afforded
adduct 14 (43% yield, 97% ee) and the cyclized adduct 15 (25%
yield, 1:1 dr), which was still observed in excellent 99% ee

(a) Reaction with a-bromoamide as an elecrophile
NHPMP, Ph O

standard conditions . Ph
\)L -Ph ————— > EtO,C ri]’
COzEt Ph Ph
1a 2r 31, 13%, 21% ee

(b) Investigation of Reformatsky reagent formation

(o] (o}
2.0 equiv Zn
Cl Ph
CI\)LN,Ph \)LN,
Fl’h MeCN/DMA = 9/1, 35 °C ll?h
2c 2c, 96%

7 2.0 ivZ )oj\ NGl
.0 equiv Zn Ph
Br\)LN,Ph » Me N~ + Me)VLN’Ph
I'!’h MeCN/DMA = 9/1, 35 °C ﬁh éh
2r 12, 1% 13, 75%

(e) Proposed mechanism

B Ar
/
%CON
OIQKK'“}I,R
R1
orz O
intE
OR? o
N
I\ Co'L o
RSN A
\ R
Ar
int D
2
1/2 Zn?* OR A
I colL o
0 N4
1/2 Zn Y \_Q
\ R
Ar
intC

Scheme 5. Mechanistic studies.

In conclusion, we have developed a cobalt-catalyzed
enantioselective reductive addition of ketimine with a-chloro
carbonyl electrophile to construct the sterically hindered
tetrasubstituted stereocenter. This reaction allows for the
formation of [-tertiary amino acid derivatives with broad
substrate scope and high enantioselectivity. Mechanism studies
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(Scheme 5c). When we used ethene-1,1-diyldibenzene as a
radical scavenger, the desired product 3a could also be
successfully obtained, along with the formation of an a-amide
radical-trapping mixture 16 and 17 in a combined 39% yield
(Scheme 5d). The above-combined results implied that a-
carbonyl radical species might be generated and subsequently
involved in the stereoselective reductive addition process. Based
on the abovementioned mechanism studies, a plausible
mechanism is elucidated as shown in Scheme 5e. The reaction
can be initiated by generation of Co(l) species int A through
ligand exchange of LCo(ll) with imine 1 in the presence of Zn.
The int A then engages in SET process with a-chloro carbonyl
electrophiles 2 to generate int B and a-carbonyl radical.
Subsequently, the a-carbonyl radical could react with int B,
followed by reduction process to generate int D. The Co(ll)
species int E is formed via addition to the C=N double bond of
int D, finally to give rise to the enantioenriched product 3 and
regenerated int A for the next cycle via protonation, ligand
exchange and reduction process.

(c) Reaction with alkene substituted o-chloroamide
2 (2s)

CI\)L

NHPMP Ph O
M Me NHPMPE, Ph
Ph)l\CO Et . Etozc * ~Me
2 standard conditions EtO,C
1a 14, 43%, 97% ee 15, 25%, dr = 1:1, 99% ee

(d) Radical trapping reaction
(o]
(2a) MezNN
Cl
\)LNMeZ
N-PMP

I
Ph”” > CO,Et Ph Et0,C

PMPNH Ph O

MNMeZ MezN

standard conditions

1a 1.5 equiv /\Ph 3a, 75%, 96% ee 017
39%
(1617 = 1.1/1)
1,Zn, R2OH ArHN, R' O
R?0,C R
3
I}r
N 1 Ar
. R I -
coll’ j co'L X
\\ —
2
0% vR? Zn0 R CO.R
1
int A
o n
R & o]
cl
NN
Ar 2
N
ColL™\
0=
OR? intB

ruled out the possibility of Reformatsky-type addition process
and validated the formation of a-carbonyl radical species to
participate in the stereoselective radical addition. The protocol
exhibits potential applicability in the synthesis of the iterative a-
amino acid units and oligopeptide, providing a convenient
approach for late-stage modification of bioactive molecules.
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Systematic evaluation of other enantioselective radical addition
reactions towards imines for the construction of valuable building
blocks is currently underway.

Acknowledgements

This work was supported by the National Natural Science Foun-
dation of China (22171079, 22371071, 92356301), Natural
Science Founda-tion of Shanghai (21ZR1480400), Shanghai
Municipal Science and Technology Major Project (Grant
N0.2018SHZDZX03), the Program of Introducing Talents of
Discipline to Universities (B16017), the China Postdoctoral
Science Foundation (2021M701197, 2023T160215), Shanghai
Sailing Program (23YF1408800) and the Fundamental Research
Funds for the Central Universities. The authors thank the
Analysis and Testing Center of East China University of Science
and Technology for help with NMR and HRMS analysis.

Keywords: amino acid + asymmetric catalysis * reductive
addition ea-chloro carbonyls « cobalt

[1] a)F. Kudo, A. Miyanaga, Eguchi, T. Nat. Prod. Rep.2014,31,1056;b)
C. Cabrele, T. A. Martinek, O. Reiser, t. Berlicki, J. Med. Chem. 2014,
57,9718.

[2] B.Weiner,W. Szymanski, D.B. Janssen, A.J. Minnaard, B. L. Feringa,
Chem. Soc. Rev. 2010, 39, 1656.

[3] a)S. Kobayashi,Y. Mori, J. S. Fossey, M. M. Salter, Chem.Rev. 2011,
111,2626.b) S. Kobayashi, H. Kiyohara, M. Yamaguchi, J. Am. Chem.
Soc. 2011,133, 708.

[4] J.-H. Xie, S.-F. Zhu, Q.-L. Zhou, Chem. Rev. 2011, 111,1713.

[5] a)Y. Suto,M. Kanai, M. Shibasaki, J. Am. Chem. Soc. 2007, 129, 500;
b) F. Zhong, W.-J. Yue, H.-J. Zhang, C.-Y. Zhang, L. Yin, J. Am. Chem.
Soc. 2018, 140, 15170.

[6] a)D.A. Nagib,Chem.Rev.2022,122,15989;b)S. Mondal, F. Dumur,
D. Gigmes, M. P. Sibi, M. P. Bertrand, M. Nechab, Chem. Rev. 2022,
122,5842.

[7] B. Eftekhari-Sis, M. Zirak, Chem. Rev. 2017, 117, 8326.

[8] a)C.Heinz,J.P. Lutz,E. M. Simmons, M. M. Miller, W. R. Ewing, A. G.
Doyle,J. Am. Chem. Soc. 2018, 140,2292; b) M. Presset, J. Paul,G. N.
Cherif, N. Ratnam, N. Laloi, E. Léonel, C. Gosmini, E. L. Gall, Chem. Eur.
J. 2019, 25, 4491; ¢c) S. Ni, A. F. Garrido-Castro, R. R. Merchant, J. N.
de Gruyter, D.C. Schmitt, J. J. Mousseau, G. M. Gallego, S. Yang, M. R.
Collins,J. X. Qiao, K.-S. Yeung, D. R. Langley, M. A. Poss, P. M. Scola,
T. Qin, P. S. Baran, Angew. Chem., Int. Ed. 2018, 57, 14560; Angew.
Chem.2018,130,14768;d) R.F. Turro, M. Brandstatter, S. E. Reisman,
Angew.Chem,, Int. Ed. 2022,61,e202207597; Angew. Chem. 2022, 134,
€202207597.

[9] a)R. Kumar,N.J. Flodén,W. G. Whitehurst, M. J. Gaunt, Nature 2020,
581,415;b) J. H. Blackwell,R. Kumar, M. J. Gaunt, J. Am. Chem. Soc.
2021, 143, 1598.

[10] a)D.D. Tanner, H. K. Singh, J. Org. Chem. 1986,51,5182;b) J. Jung,
J. Kim, G. Park, Y. You, E. J. Cho, Adv. Synth. Catal. 2016, 358, 74.

[11] a)K.F.Biegasiewicz, S.J.Cooper, X.Gao,D. G. Oblinsky, J.H.Kim, S.
E. Garfinkle, L. A. Joyce, B. A. Sandoval, G. D. Scholes, T. K. Hyster,
Science 2019, 364, 1166; b) C. G. Page, S. J. Cooper, J. S. DeHovit,
D. G. Oblinsky, K. F. Biegasiewicz, A. H. Antropow, K. W. Armbrust, J.
M. Ellis, L. G. Hamann, E. J. Horn, K. M. Oberg, G. D. Scholes, T. K.
Hyster, J. Am. Chem. Soc. 2021, 143, 97; ¢) H. Fu, H. Lam, M. A.
Emmanuel,J.H. Kim,B. A. Sandoval, T. K. Hyster, J. Am. Chem. Soc.
2021, 143, 9622; d) B. T. Nicholls, D. G. Oblinsky, S. I. Kurtoic, D.
Grosheva, Y. Ye, G. D. Scholes, T. K. Hyster, Angew. Chem., Int. Ed.
2022,61,e202113842; Angew. Chem. 2022, 134,e202113842;e)H.D.
Clements, A. R. Flynn, B. T. Nicholls, D. Grosheva, S. J. Lefave, M. T.

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[21]

[22]

[23]

[24]

[25]

[26]

10.1002/anie.202318991

WILEY . vcH

Merriman, T. K. Hyster, M. S. Sigman, J. Am. Chem. Soc. 2023, 145,
17656.

X. Gao, J. R. Turek-Herman, Y. J. Choi, R. D. Cohen, T. K. Hyster, J.
Am. Chem. Soc. 2021, 143, 19643.

a)H.Fu, J.Cao, T.Qiao, Y. Qi, S. J. Charnock, S. Garfinkle, T. K. Hyster,
Nature 2022, 610,302; b) H. Fu, T. Qiao, J. M. Carceller, S. N. MacMillan,
T. K. Hyster, J. Am. Chem. Soc. 2023, 145, 787.

a) M. J. Black, K. F. Biegasiewicz, A. J. Meichan, D. G. Oblinsky, B.
Kudisch, G. D. Scholes, T. K. Hyster, Nat. Chem. 2020, 12, 71; b) X.
Huang, B.Wang, Y.Wang, G. Jiang, J. Feng, H. Zhao, Nature 2020, 584,
69;¢) Q. Zhou, M. Chin,Y.Fu, P.Liu,Y. Yang, Science 2021, 374, 1612.
a) X. Wu, H. Xia, C. Gao, B. Luan,L.Wu, C.Zhang, D. Yang, L. Hou, N.
Liu, T. Xia,H. Li,J.Qu, Y. Chen. Nat. Chem. 2023, doi: 10.1038/s41557-
023-01378-9; b) T. Xia, Y. Wu, J. Hu, J. Qu, Y. Chen, Angew. Chem,
Int. Ed. 2024, 63, €202316012.

a) S. Reformatsky, Ber. Dtsch. Chem. Ges. 1887, 20, 1210; b) H.
Pellissier, Beilstein J. Org. Chem. 2018, 14, 325-344.

B. Koki¢, B. Vulovi¢, M. Jovié, A. Andrijevi€, V. Ajdaci¢, |. M. Opsenica,
Eur. J. Org. Chem. 2023, e202300997.

a) C. Gosmini, A. Auffrant, Cobalt-Catalyzed Reductive Cross-Coupling
Reactions, 2022, DOIl: 10.1002/9780470682531.pat0990; b) I
Kazmierski, M. Bastienne, C. Gosmini, J.-M. Paris, J. Périchon, J. Org.
Chem. 2004, 69, 936; c) C. Dorval, M. Tricoire, J.-M. Begouin, V.
Gandon, C. Gosmini, ACS Catal. 2020, 10, 12819; d) M. Gao, C. Gosmini,
Adv. Synth. Catal. 2023, 365, 3597; e) M. Gao, C. Gosmini, Org. Lett
2023, 25, 7689

a) M. Presset, J. Paul, G. N. Cherif, N. Ratnam, N. Laloi, E. Léonel, C.
Gosmini, E. L. Gall, Chem. Eur. J. 2019, 25, 4491; b) M. Pinaud, E. Le
Gall, M. Presset, J. Org. Chem. 2022, 87, 4961, c) J. Paul, M. Presset,
F. Cantagrel, E. Le Gall, E. Leonel, Chem. Eur. J. 2017, 23, 402; d) M.
Pinaud, W. B. Hamed, M. Presset, E. L. Gall, Adv. Synth. Catal. 2023,
365, 2877.

a) C.-H.Wei, S. Mannathan, C.-H. Cheng, J. Am. Chem. Soc. 2011, 133,
6942;b) C.-H. Wei, S. Mannathan, C.-H. Cheng, Angew. Chem. Int. Ed.
2012,51, 10592; Angew. Chem. 2012, 124, 10744;c) Y.-L. Li, S.-Q.
Zhang, J.Chen, J.-B. Xia, J. Am. Chem. Soc. 2021, 143, 7306; d) K. Cui,
Y.-L. Li, G. Li, J.-B. Xia, J. Am. Chem. Soc. 2022, 144, 23001; e) Z.-Y.
Gu, W.-D. Li, Y.-L. Li, K. Cui, J.-B. Xia, Angew. Chem,, Int. Ed. 2023, 62,
€202213281; Angew. Chem. 2023, 135, e202213281; f) D. Ding, L.
Zhang, H. Wen, C. Wang, ACS Catal. 2023, 13, 744.

a) X. Zhang, J. Wang, S.-D. Yang, ACS Catal. 2021, 11, 14008; b) X.
Jiang, W. Xiong, S. Deng, F.-D. Lu, Y. Jia, Q. Yang, L.-Y. Xue, X. Qi, J.
A. Tunge, L.-Q.Lu, W.-J. Xiao, Nat. Catal. 2022, 5, 788; c) Z.Ma, W. Xu,
Y.-D. Wu, J. S. Zhou, J. Am. Chem. Soc. 2023, 145, 16464.

a) K. E. Berger, R. J. Martinez, J. Zhou, C. Uyeda, J. Am. Chem. Soc.
2023,145,9441;b)H.D.Bishop, Q. Zhao, C. Uyeda, J. Am. Chem. Soc.
2023, 145, 20152.

a) X. Jiang, H. Jiang, Q. Yang, Y. Cheng, L.-Q. Lu, J. A. Tunge, W.-J.
Xiao, J.Am.Chem. Soc. 2022, 144,8347;b) H. Jiang, X.-K. He, X. Jiang,
W. Zhao, L.-Q. Lu,Y. Cheng, W.-J. Xiao,J. Am. Chem. Soc. 2023, 145,
6944;c) S. Zhang, S. Perveen, Y. Ouyang, L. Xu, T. Yu, M. Zhao, L.
Wang, P. Song, P. Li, Angew. Chem., Int. Ed. 2022, 61, €202117843;
Angew.Chem. 2022,134,e202117843;d) Z. Zhu, J. Xiao, M. Li, Z. Shi,
Angew.Chem,, Int. Ed. 2022,61,e202201370; Angew. Chem. 2022, 134,
€202201370.

a) J. Xiao,M.Wang, X.Yin, S.Yang, P. Gu, X. Lv, Y. Zhao, Z. Shi, Angew.
Chem. Int. Ed. 2023, 62, e202300743; Angew. Chem. 2023, 135,
€202300743;b) L. Zhang, X. Wang, M. Pu, C.Chen, P. Yang, Y.-D. Wu,
Y. R. Chi, J. S. Zhou, J. Am. Chem. Soc. 2023, 145, 8498.

P.Yang, Q. Wang, B.-H. Cui, X.-D. Zhang, H. Liu, Y.-Y. Zhang, J.-L. Liu,
W.-Y. Huang, R.-X. Liang, Y.-X. Jia, J. Am. Chem. Soc. 2022, 144, 1087.
a)S. Yu, C.Wu, S. Ge, J. Am.Chem. Soc.2017,139,6526; b) C. Wang,
S. Ge, J. Am. Chem. Soc. 2018, 140, 10687; c) C. Wu, J. Liao, S. Ge,
Angew.Chem. Int. Ed. 2019, 58,8882; Angew. Chem. 2019, 131, 8974;
d)T.Qin, G. Lv,H. Miao, M. Guan, C. Xu, G. Zhang, T. Xiong, Q. Zhang,
Angew.Chem.Int.Ed. 2022,61,e202201967; Angew. Chem. 2022, 134,
€202201967;e) H. Miao, M. Guan, T. Xiong, G. Zhang, Q. Zhang, Angew.
Chem. Int. Ed. 2022, 62, e202213913; Angew. Chem. 2022, 135,
€202213913;f) J. Wang, X. Shen, X. Chen,Y. Bao,J. He,Z. Lu,J. Am.

This article is protected by copyright. All rights reserved.

85UB0 |7 SUOWIWOD 3AITeaID 8 |gedl|dde sy Aq peusenob s e ssjoiife YO :ssn Jo s9jnl 10§ Arlg178ul|uQ, A3]1M UO. (SUONIPUOD-PpUR-SLLBYWOD A8 | 1M ATeJq 1 U1 [UO//SANY) SU BIPUCY Pue Suss | 8y} 88s *[7202/T0/eZ] uo Aiqi]aullu A8|im ‘eoiwey JO smisu| telled Ad T668TEZ0Z 91U/Z00T 0T/I0p/L0d A |1m Aridjeut|uo//sdny wouy pepeojumoq ‘el ‘€//£T2ST



Angewandte Chemie International Edition

[27]

[28]

Chem. Soc. 2023, 145, 24958; g) L. Zhang, Z. Zuo, X. Wan, Z. Huang,
J. Am. Chem. Soc.2014,136,15501;h) P. Xu, J. Xie, DS. Wang, X. P.
Zhang, Nat. Chem. 2023, 15, 498; i) W.-C. C. Lee, J. Wang, Y. Zhu, X.
Wen, X. P. Zhang, J. Am. Chem.Soc. 2023, 145,11622;j) J. Kikuchi, N.
Yoshikai, Nat. Synth, 2022, 1,674;k) Y. Li,D. Liu, L. Wan, J.-Y. Zhang,
X. Lu, Y. Fu, J. Am. Chem. Soc. 2022, 144,13961; 1) Q.-J. Yao, F.-R.
Huang, J.-H. Chen, M.-Y. Zhong, B.-F. Shi, Angew. Chem. Int. Ed. 2023,
62, e202218533; Angew. Chem. 2023, 135, e202218533; m) T. von
Munchow, S.Dana, Y. Xu, B. Yuan, L. Ackermann, Science 2023, 379,
1036;

a) X. Wu, J. Qu, Y. Chen, J. Am. Chem. Soc. 2020, 142, 15654; b) X.
Wu, B. Luan,W. Zhao, F. He, X.-Y. Wu, J. Qu, Y. Chen, Angew. Chem.
Int. Ed.2022,61,e202111598; Angew. Chem. 2022, 134,e202111598;
c) X. Wu, A. Turlik, B. Luan, F. He,J. Qu, K. N. Houk, Y. Chen, Angew.
Chem. Int. Ed. 2022, 61, e202207536; Angew. Chem. 2022, 134,
€202207536; d) F. He, L. Hou, X. Wu, H. Ding, J. Qu, Y. Chen, CCS
Chem. 2023, 5, 341; e) C. Zhang, X. Wu, T. Xia, J. Qu, Y. Chen, Nat
Commun.2022,13,5964;f) X.Wu, H.Li, F. He,J. Qu, Y. Chen, Chin.J.
Chem.2023,41,1673;9) K. Fang, W. Huang, C. Shan, J. Qu, Y. Chen,
Org. Lett. 2021, 23, 5523;

a) S. Ghorai, S. S. Chirke, W.-B. Xu, J.-F.Chen, C. Li,J. Am. Chem. Soc.
2019,141,11430;b) S. Ghorai, S.U. Rehman, W.-B. Xu, W.-Y. Huang,
C. Li, Org. Lett. 2020, 22,3519; c) J.-F. Chen, C.Li, Org. Lett. 2020, 22,
4686; d) W.-Y. Huang, C.-H. Lu, S. Ghorai, B. Li, C. Li, J. Am. Chem.
Soc.2020,142,15276;e) W.-B. Xu, M. Sun, M. Shu, C. Li,J. Am.Chem.
Soc.2021,143,8255;f) K. Li,L.Wei, M. Sun, B. Li, M. Liu, C. Li, Angew.
Chem,, Int. Ed. 2021, 60,20204; Angew. Chem.2021,133,20366; g) B.
Li, M. Liu, S. U. Rehman, C.Li, J. Am. Chem. Soc. 2022, 144,2893; h)
M. Sun, L. Wei, C.Li, J. Am.Chem. Soc. 2023, 145,3897;i) Y. Jiang, Q.
Jiang, G. Zhu, X. Zhang, Tetrahedron Lett. 1997, 38, 215.

This article is protected by copyright. All rights reserved.

10.1002/anie.202318991

WILEY . vcH

85UB0 |7 SUOWIWOD 3AITeaID 8 |gedl|dde sy Aq peusenob s e ssjoiife YO :ssn Jo s9jnl 10§ Arlg178ul|uQ, A3]1M UO. (SUONIPUOD-PpUR-SLLBYWOD A8 | 1M ATeJq 1 U1 [UO//SANY) SU BIPUCY Pue Suss | 8y} 88s *[7202/T0/eZ] uo Aiqi]aullu A8|im ‘eoiwey JO smisu| telled Ad T668TEZ0Z 91U/Z00T 0T/I0p/L0d A |1m Aridjeut|uo//sdny wouy pepeojumoq ‘el ‘€//£T2ST



Angewandte Chemie International Edition

Entry for the Table of Contents

Ar ArHN R' O
» o [CollL*, Zn .
N ) 5
R1)\c02R2 NIOJI\/ up to 92% yield R%0,C ON

up to 96% ee chiral B-tertiary amino
acid analogues
Cobalt-catalyzed enantioselective reductive addition reaction of
ketimine using a-chloro carbonyl electrophile has been
developed to access diversified enantioenriched 3-tertiary amino
acid with excellent enantioselectivity and broad functional group
tolerance. The synthetic utility of this protocol includes the
efficient assembly of iterative amino acid units and oligopeptide.
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