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Enantiomerically Enriched Aziridine-2-carboxylates via
Copper-Catalyzed Reductive Kinetic Resolution of 2H-Azirines
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Abstract: We present the first reductive kinetic resolution
of racemic 2H-azirines to prepare optically enriched N-
H aziridine-2-carboxylates, which are bench stable and
readily diversifiable building blocks, concomitantly with
the corresponding enantiomerically enriched 2 H-azirines.
The N-H aziridines were obtained with excellent diastere-
oselectivity (>20:1) and high enantioselectivity (up to
94%). A Hammett study revealed a linear free energy
relationship between the AAG¥* of the diastereomeric
transition states and the o, values. density functional
theory (DFT) calculations and non-covalent interaction
analysis suggested that non-classical H-bonding inter-
actions and edge-to-face aromatic interactions between
the substrate and the ligand are responsible for the
stereoselectivity and also for the substrate electronic
effects observed in the Hammett study.

N J

Introduction

Aziridine-2-carboxylate esters are versatile chiral building
blocks with a potential for many synthetic elaborations. For
example, the aziridine moiety can undergo stereoselective
ring openings and 1,3-dipolar cycloadditions; the ester func-
tional group can also be manipulated (Scheme 1a).['* The
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utility of this building block is well-demonstrated by its
extensive application in the synthesis of bioactive molecules
(Scheme 1b). For example, aspartic acid protease inhibitor
aziridine dipeptide (I) has been prepared by amidation
of the corresponding racemic aziridine-2-carboxylate with
enantiomerically pure amino acids, followed by separation
of the diastereomers.>] The hydantoin skeleton of BIRT-
377 (II), a compound developed for the treatment of
inflammatory and immune disorders, has been synthesized
by reductive ring opening of the corresponding optically
enriched 3-arylaziridine-2-carboxylate.l”] Antibiotics featur-
ing vicinal stereocenters, like (4)-chloramphenicol (IIT),[®!
(+)-thiamphenicol (IV)[°! and florfenicol (V),['°] as well as
pro-drugs like L-DOPA (VI)['!l and droxidopa (VII),['?] have
been prepared by regio- and stereoselective nucleophilic ring
opening of enantiomerically pure aziridines. The aziridine
moiety also served as the azomethine ylide precursor for the
intramolecular 1,3-dipolar cycloaddition in a synthesis of a
neurokinin (NK)-1 receptor (VIII).I*] The first total synthesis
of the potent antimicrobial agent dynobactin A (IX) in 2024
by Baran and coworkers showcased the utility of free N-H
aziridines (e.g., cis-2v, 87% ee) as key building blocks via
stereo- and regioselective C—C (western fragment) and N—C
(eastern fragment) ring opening transformations.[3]

Traditional strategies for the asymmetric synthesis of
aziridine-2-carboxylates include intramolecular substitution
of chiral amino esters['*?] asymmetric aziridination
of imines mediated by chiral ruthenium!*!! or borate
catalysts,7?>?] and asymmetric aziridination of alkenes
via chiral copper catalysis (Scheme 2a).*’! However,
most of the reported procedures deliver aziridines bearing
electron-deficient N-protecting groups, such as N-sulfinyl,l'*]
N-sulfonyl,[?°?°l  N-phosphonyL,['®) and  N-carbamoyl
groups.'”°] Indeed, such N-deprotections can be non-
trivial, as these activated aziridines are less stable and can
undergo undesired ring opening.!'3! On the other hand, chiral
N-H aziridines are more versatile building blocks, as they
are generally bench stable under most circumstances for
extended periods of time.'l Moreover, should their ring-
opening reactivity be desired, they can be N-functionalized at
the later stages of a synthetic route.

A straightforward preparation of enantiomerically
enriched aziridine-2-carboxylates is conceivable through
asymmetric  nucleophilic  additions to = 2H-azirine
derivatives.’®*! In this connection, the kinetic resolution
(KR) of racemic 2,3-disubstituted 2H-azirines has emerged as
a useful strategy to access optically enriched N-H aziridines
and 2H-azirines (Scheme 2b). While highly enabling, only five
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a) Synthetic potential of aziridine-2-carboxylates
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Scheme 1. a) Chiral aziridine-2-carboxylates can be leveraged as building
blocks through SN2 ring opening, ester group transformations, and as
chiral 1,3-dipole precursors. b) Reported bioactive molecules that were
synthesized using aziridine-2-carboxylates as starting materials.

examples of 2H-azirine KR have been reported.[33133:3840]
Indeed, excellent ee’s (up to 99%) have been achieved in
these processes, but the incorporation of rather specific
and exotic nucleophiles severely limits the application
of these protocols to general syntheses. Recently, Li and
coworkers were able to prepare more versatile 3-allylated
aziridine-2-carboxylates, but with low chiral induction (42%
ee).38

Inspired by these reports and as part of our research
program on copper hydride reduction chemistry,[*°! we
speculated that chiral copper hydrides could be leveraged
to differentiate the enantiomers of racemic 2H-azirine-2-
carboxylates to access more synthetically relevant, optically
enriched N-H-aziridine-2-carboxylates (Scheme 2c¢). We rec-
ognize that copper-catalyzed kinetic resolutions have been
applied to substrates whose reactivities are attenuated, there-
fore facilitating their enantio-discrimination.®"3] On the
other hand, 2H-azirine-2-carboxylates are highly reactive, >
with a calculated total ring strain of 44.6—48 kcal mol~'.[26-28]
Moreover, hydrides are small nucleophiles in comparison
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a) Methods to access enantiomerically enriched aziridine-2-carboxylates
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d) This work: reductive kinetic resolution of 2H-azirine-2-carboxylates
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Scheme 2. a) Reported strategies for the synthesis of chiral
aziridine-2-carboxylates. b) Reported KR of 2H-azirines with their
corresponding nucleophiles. c) Representation of the challenges of a
reductive KR of 2H-azirines with hydride as the nucleophile and the
calculated total ring strain of 2H-azirine.[?6-28] d) Highlights of this
work.

to those used in the previous successful examples of KR,
making the enantio-discrimination all the more challenging.
Herein, we describe the realization of this reductive process
to access various enantiomerically enriched 2H-aziridine-2-
carboxylates. To the best of our knowledge, there has only
been one communication of an asymmetric reduction of
prochiral 2H-azirines, which reported low levels of chiral
induction.[>] Therefore, this report also represents the first
asymmetric reduction to produce aziridines with good ee’s
(Scheme 2d).

Results and Discussion

To facilitate our study of the kinetic resolution process,
we designed an experimental protocol that could efficiently

© 2025 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Scheme 3. Reaction optimization workflow for reductive KR by 'F NMR spectroscopy and acetylation to obtain accurate 1a:3a ratios by integration.

evaluate the crude reaction mixtures without chromato-
graphic purification of each run. We selected fluorinated
2H-azirine-2-carboxylate racemate (la) as the model sub-
strate to exploit ’F NMR to analyze the crude reaction
mixtures (Scheme 3). Nevertheless, the free “N-H” of the
aziridine product 2a has a negative effect on both 'H and '°F
NMR analysis, so that, depending on the acid content of the
deuterated solvent, the observed chemical shifts of 2a vary
(mixture A). Thus, for analytical purposes, we acetylated the
crude product after the copper hydride catalyzed reduction.
This enabled distinct and informative "YF NMR spectral
analysis of the crude material 3a (mixture B). Indeed, the
apparent ratio of 1a:2a versus 1a:3a by integration before and
after acetylation differs, therefore underscoring the necessity
of N-protection for accurate analysis of the crude reduction
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product. In the reduction, we also observed variable amounts
of a side product, 4a, which arises from hydride ring opening
at the C-2 position of 1a.

After an initial screening, CuTC (copper(I) thiophene-2-
carboxylate) was selected as the copper source, as it provided
the most reliable and consistent rates of in situ Cu—H
formation (see Section 4.1 in the Supporting Information).
Moreover, we found that at low catalyst loadings, oxygen
exclusion was necessary to ensure the stability of the copper
hydride. In the presence of CuTC (1 mol%), (R)-BINAP (L1)
(1.2 mol%) and TMDS (0.5 equiv.) in THF (0.2 M with respect
to 1a) at room temperature for 18 h, the kinetic resolution
of racemic-1a followed by acetylation successfully afforded
aziridine cis-3a with >20:1 dr and 60% ee, together with
recovered 1a (Table 1, L1). As previously reported, the high
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Table 1: Selected results from chiral ligand screening.?
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Table 2: Selected optimization examples.?

1.CuTC (1 mol%)
L* (1.2 mol%)

)
TMDS (0.5 eq) Ac
Ar COBU  1hE (0.2 M), 1t, 13-37 h N H N H
rac-1a - . ay A
,,,,,,,,,,,,,,,,,, 2.DMAP (10 mol%)  Ar “COyt-Bu* Ar CO,t-Bu
F i Ac,0 (1.5 e
! . 2 .5 eq) is-
D ars \©}( ! DCM (0.1 M), 1t 0.5h 1a cis-3a
7777777777777777 Chiral ligand screening
1) e
10 4 > 1)
PPh, o PAr, o PPh,

L1: (R)-BINAP
1a 44% yield, 52% ee
cis-3a 45% vyield, 60% ee

“n
~

i

PPh,
Fe PCy;

=

L4: (R, Sp)-Josiphos
1a 53% yield, 15% ee
cis-3a 32% yield, 37% ee
s=3

L7: (R,R)-Me-DuPhos
1a 87% vyield, 2% ee
cis-3a 2% vyield, 20% ee
s=2

o) PAr,
g

(Ar = 3,5- (t-Bu)-4-MeO-CgH,)
L2: (R)-DTBM-SEGPHOS
1a 89% vyield, 4% ee
cis-3a 4% vyield, 17% ee
s=1

t-Bu
||
SO
NP
#Bu
L5: (R)-QuinoxP
1a 57% yield, 21% ee

cis-3a 32% yield, 39% ee
s=3

Et

Et

L8: (R,R)-Et-BPE
1a 86% yield, 3% ee
cis-3a 6% yield, 30% ee
s=2

L3: (R)-Difluorophos
1a 87% yield, 8% ee
cis-3a 10% yield, 76% ee
s=8

L6: (R)-SDP
n.r.

Ph

L9: (R,R)-Ph-BPE
i 1a74% yield, 16% ee !
| cis-3a 18% vyield, 79% ee !
: s=10 ‘

3 Conditions: rac-1a (0.2 mmol), CuTC (1 mol%), L* (1.2 mol%), TMDS
(0.5 eq) in dry THF (1.0 mL) at room temperature. Acetylation
conditions: DMAP (10 mol%), Ac;O (1.5 eq), and Et3N (2.5 eq) in DCM
(2.0 mL), room temperature, 0.5 h. ®Yield was determined by °F NMR
spectroscopy of the crude mixture using PhCF3 as the internal standard.
c) ee was determined by HPLC analysis. d) Selectivity factors s, s = In[(1
= C) (1 - eesup)]/In[(1 = C) (1 + eequp)], C = (eesub)/(€€sub + €€pro). The
dr values of 3a were all >20:1 as detected by "°F NMR spectroscopy.
CuTC = copper (I) thiophene-2-carboxylate; TMDS,
1,1,3,3-tetramethyldisiloxane.

diastereoselectivity results from the hydride delivery on the
less hindered face.[3%-3338]

We proceeded to an extensive ligand screening (see
Section 4.2 in the Supporting Information), the more salient
findings of which we outline herein. Biaryl ligand (R)-DTBM-
SEGPHOS (L2), which has frequently been employed in
highly enantioselective chiral copper-catalyzed reductions of
ketones and imines,**>] was examined, but it gave low con-
version (4% yield of cis-3a) and low enantioselectivity (17%
ee of cis-3a). The use of the electron-deficient biaryl ligand
(R)-difluorophos (L3) provided cis-3a with a better 76% ee,
albeit still with low conversion (13%). Other diphosphine
ligands (L4-L7) bearing various chiral backbones were also
evaluated, but they facilitated reductions that resulted in
low enantioselectivity and yields or even gave no reaction.
Gratifyingly, when (R,R)-Ph-BPE (L9) was examined, the N-
protected aziridine 3a was obtained with a promising 79% ee,

Angew. Chem. Int. Ed. 2025, 64, 202423645 (4 of 1)

1. CuTC (5 mol%)
L9 (6 mol%)

N Reductant A
a DCM (0.2 M), c
ArACOZt-Bu rt/-65°C, t N H/ﬂ\H
rac-1a AN L
", +
[T 2 DMAP (10 mol%) Ar CO,t-Bu Ar CO,t-Bu
' F ' Ac,0 (1.5 eq) 1a cis-3a
D Ar= ! DCM (0.1 M), 1t,0.5h
1a"° cis-3a"°
=i Reductant i (o} J
n ; 5 s
sy (i e O Yield ee Yield ee )
(%) (%) (%) (%)
. TMDS
1 74 16 18 79 17 10
(0.5)
PhSIH,
2 17 60 58] 40 91 37 36
(0.5)
PhSIH,
3 0 25 99 75 36 73 9
(0.5)
EtO),SiH
4 (E10), 2 = = n.r. - 0 -
(0.5)
DMMS
5 - - - trace - 0 -
(0.5)
HBPiIn
6 24 66 38 30 92 29 35
(0.5)
HBPin
7 24 51 70 48 88 44 33
(0.65)
HBPin
8 24 40 97 55] 79 55] 35
0.7)
. HBPin
9 36 49 83 51 88 49 41
(0.65)

3) Conditions: rac-1a (0.2 mmol), CuTC (5 mol%), L9 (6 mol%),
reducing reagent in dry DCM (1.0 mL) at —60 °C. Acetylation conditions:
DMAP (10 mol%), Ac;O (1.5 eq) and EtsN (2.5 eq) in DCM (2.0 mL),
room temperature, 0.5 h. ® Yield was determined by '*F NMR
spectroscopy of the crude mixture using PhCF3 as the internal standard.
9 ee was determined by HPLC analysis. 9 Selectivity factors s,

s = In[(1-C) (1-eesub)]/In[(1-C) (1 + eequp)], € = (eesub)/(eesub + €€pro).
The dr values of 3a were all >20:1 as detected by "°F NMR spectroscopy.
€ CuTC (1 mol%), L1 (1.2 mol%), dry THF (1.0 mL) at room temperature
instead. ) No reaction. 8 0.3 mmol scale, —65°C, no acetylation step,
isolated yields of 1a and cis-N-H-2a.

while the use of the more electron-donating and less bulky
(R,R)-Et-BPE (L8) led only to 30% ee for cis-3a.

With the optimal ligand L9 in hand, further screening
found that a dramatic improvement in enantioselectivity
(91% ee of cis-3a Table 2, entry 2) could be achieved by
switching the solvent from THF to dichloromethane (see
the complete solvent screening studies in Section 4.3 in the
Supporting Information), as well as decreasing the reaction
temperature to —60 °C. At this low temperature, the use
of more reactive hydride donors such as PhSiH; ensured
an acceptable turnover.[®] Under these conditions, the for-
mation of ring-opened product 4a was also suppressed. As
previously noted, 2H-azirines are very reactive electrophiles:
even at low temperatures, the reduction rates for (R)- or (S)-
1a are still very similar, and the control over the conversion
needs to be enforced also by the reductant stoichiometry.
Limiting the amount of PhSiH; used (0.5 equiv., 17 h) led
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to a 37% conversion of rac-la, and thus, the remaining 1a
was recovered with only 53% ee (Table 2, entry 2). However,
when we extended the reaction time to 20 h, over-reduction
occurred (36% ee and 75% yield for cis-3a, 99% ee and 25%
yield for 1a Table 2, entry 3). This is likely to be because
PhSiHj can, in principle, donate three hydrides successively
and at different rates.

We therefore screened monohydridic sources. (EtO);SiH
and dimethoxymethylsilane (DMMS) were found to be too
inert under the cryogenic reaction environment (Table 2,
entry 4-5). Pinacolborane (HBPin) turned out to be an ideal
alternative (Table 2, entry 6-8): an experimentally determined
0.65 equivalents achieved the most effective kinetic resolution
in terms of yield and enantioselectivity for both 1a and cis-
3a (Table 2, entry 7). We moved forward with HBPin as
the optimal reductant and determined that —65°C is the
ideal temperature for this kinetic resolution (full temperature
optimization in Section 4.5 of Supporting Information). With
these optimized conditions, cis-N-H-2a was isolated in 51%
yield and 88% ee, while 1a was recovered in 49% yield and
83% ee (s = 41) (Table 2, entry 9).

Substrate Scope

Having identified the conditions for the catalytic system, we
studied how the variation of the electronic and local steric
profile of the aryl group would influence the kinetic resolution
process (Table 3). Racemic 2H-azirines (1a,1b and 1d-1k)
representing substrates of the classic “Hammett study” type,
which are mono- substituted at the meta- or para- positions,
were examined. We found that the presence and position
of a fluorine atom on the arene (la, 1f) with respect to
the parent pheny group (1b) exerted only a small influence
on the reaction outcome, where 1a, 1b, and 1f were all
reduced with the same selectivity factor (s = 41). On the
other hand, the reduction of ortho-fluorinated 1c¢ led to cis-
2¢ with a marginally increased ee of 89% and a higher s
factor of 49. This might be attributed to the steric profile
of the ortho-fluorine atom. In contrast, the enantioselectivity
of the reductions was dramatically improved for 2H-azirines
that possessed electron-donating groups (EDGs) on the arene
(meta-: 1d-1e, para-: 1g-1 h): the asymmetric reduction of
meta Me- and MeO-substituted azirines generated reduced
products 2d and 2e in excellent yields (46%-49%) and with
good ee values (91%-92%). Moreover, the unreacted 1d
and le were recovered in equally excellent yields (44%-—
47%) and enantioselectivity (86%-92%). Reactions proceed
efficiently with moderate to highly electron-deficient azirines
(p-Br, p-SO;Me, p-NO,) to provide free aziridines (2i-
2k) in 44%-47% yield and moderate ee’s (67%-77%).
The absolute configuration of the cis-N-H aziridine (2i)
was determined by X-ray crystallography to be (R,R)-2i.[0!]
By analogy, the same stereochemistry was assigned to the
other reduction products. Whereas 2H-azirines bearing para-
substituted electron-donating substituents on the aryl ring
(1g-1 h) underwent more enantio-discriminating reductions,
those bearing electron-withdrawing groups on para-positions
were reduced to give products with lower ee. The more
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Table 3: Scope of aryl substituents.®?)

CuTC (5 mol%)
L9 (6 mol%) H N H

N
2 HBPin (0.65-1.05 eq)
COptBuU — > “COtBu 4 CO,-Bu
DCM (o 2 M)

rac-1

u
H N H
@L\cog»au

1b 47% yield, 87% ee
cis-2b 47% yield, 87% ee

Kinetic Resolution

HNH

wcozr Bu \(ju\cozt Bu

1c 47% yield, 87% ee
cis-2¢ 46% yield, 89% ee

1a 49% yield, 83% ee
cis-2a 51% yield, 88% ee

C=50%, s =41 C=49%,s=49 C=49%,s=41
H H H
H, N H H, N H H, N H

" LN oo LN
e\©/u\cozr-3u © \©/L\C02t-8u

1d 44% vyield, 92% ee 1e 47% yield, 86% ee
cis-2d 49% yield, 91% ee cis-2e 46% yield, 92% ee

F

1f 44% yield, 90% ee
cis-2f 51% yield, 86% ee

C=50%,s=70 C=48%, s =67 C=51%,s=41
{ precursor to BIRT-377 (Il) |
H H 1 H
H, N H H, N H ; H, N H

/(ju\cozt.Bu 3 MCOZt_BU 3
e0 3 Br 3

1h 50% vyield, 87% ee
cis-2h 48% vyield, 87% ee
C=50%,s=41

/@L\COQFBU
Me

19 52% yield, 81% ee
cis-2g 41% yield, 90% ee

C=47%,s =47
precursor to Thiamphenicol (IV)} 1 precursor to '
and Florfenicol (V) (+)-1 Chloramphenicol (1) f

1i 51% vyield, 77% ee i
| cis-2i 46% yield, 84% ee |
C=48%,s=27

H i
H, H HNH

W "

Me . : cis-2i
1j 49% vyield, 75% ee 1k 44% yield, 67% ee : CCDC 2343244
cis-2j 44% vyield, 75% ee cis-2k 47% yield, 64% ee | Absolute configuration

C=50%,s=16 C=51%,s=9 determined by X-Ray
precursor to L-DOPA (V1)
D/'ox:dopa (vii)
; H H
H N H ! H, N H H, N H

< IjL\COZI Bu

1148% yield, 86% ee
cis-21 49% yield, 86% ee
C=50%,s=37

: CO,t-Bu (/TL\COzt-Bu
: S

1m 50% vyield, 84% ee 1n 49% yield, 81% ee
! cis-2m 48% yield, 94% ee  cis-2n 45% yield, 86% ee
C=47%,s=86 C=49%,s=33

3 Conditions: rac-1 (0.3 mmol), CuTC (5 mol%), L9 (6 mol%), HBPin
(0.65-1.05 eq) in DCM (1.5 mL), —65°C, Ar, 3645 h. ) Isolated yield; ee
was determined using HPLC analysis on a chiral stationary phase;
Selectivity factors s, s = In[(1-C) (1 — eegyp)]/In[(1 - C) (1 + eegyp)], C=
(eesupb)/ (€€sub + €€pro); The dr values of 2 were all > 20:1 as determined
by "H NMR spectroscopy.

electron-withdrawing the substituents (NO, > SO,Me > Br),
the greater decrease in enantioselectivity. Azirine 1l bearing
an acid labile acetal was reduced to cis-2l, a valuable optically
enriched intermediate for the preparation of prodrugs r-
DOPA (VI) and droxidopa (VII), in 86% ee (Scheme 1b).
In addition, naphthyl- and thiophene groups were also well-
tolerated, providing the corresponding cis-2m with excellent
chiral induction (94% ee, s = 86), and cis-2n with slightly
diminished enantioselectivity (86% ee, s = 33).

Variations at the ester group of 3-phenyl-2H-azirine-2-
carboxylates (1b, 10-v) were also surveyed under the optimal
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Table 4: Variation of R.2b)

Research Article

2 HBPin (0.65-0.85 e .,
ArAR ( q) Ar/u
DCM (0.2 M)
rac-1 -65°C 1

10 45% yield, 82% ee
cis-20 49% vyield, 84% ee
C=49%,s=29

Ot-Bu

\I
ZI
o =

1b 47% yield, 87% ee
cis-2b 47% yield, 87% ee
C=50%,s=41

\I
ZT
o= T
o
)
=2

1t46% yield, 88% ee
cis-2t 52% yield, 81% ee
C=52%,s=27

thioester

CuTC (5 mol%)
L9 (6 mol%)

Kinetic Resolution

LA __OEt
o]

1p 47% yield, 77% ee
cis-2p 44% yield, 89% ee
C =46%, s =40

H
H N

L NH
S Oi-Pr
o

1r 47% yield, 89% ee
cis-2r 47% yield, 89% ee
C=50%,s=51

1q 47% yield, 89% ee
cis-2q 48% yield, 84% ee
C=51%,s=34

H
H, N H
L\ o
o

1s 44% yield, 88% ee
cis-2s 45% yield, 90% ee
C=49%,s=55

H H
H, N H H, N H
o] ar o)

1u 44% yield, 89% ee
cis-2u 51% yield, 78% ee
C=53%,s=24

amide

1v 54% vyield, 60% ee
cis-2v 39% vyield, 85% ee
C=41%,s=23

bis-arylated

©/Q}( @/ﬂ\( H/,, A ;\H e

1w 50% yield, 72% ee 1x[151% yield, 86% ee
cis-2w 45% yield, 83% ee cis-2x1€1 259, yield, 82% ee
C=46%,s=23 C=51%,s=28

1y 49% yield, 63% ee
cis-2y 41% yield, 82% ee
C=43%,s=19

3 Conditions: rac-1 (0.3 mmol), CuTC (5 mol%), L9 (6 mol%), HBPin
(0.65-0.85 eq) in DCM (1.5 mL), —65°C, Ar, 36-45 h. ) Yield of the
isolated product; ee was determined using HPLC analysis on a chiral
stationary phase; selectivity factors s, s = In[(1 - C) (1 — eegyp)]/In[(1 -
C)(1+ eegyp)], C= (eesub)/(eesub + eepro). The dr values of 2 were

all > 20:1 as determined by 'H NMR spectroscopy.  rac-1x (0.1 mmol),
HBPin (1.40 eq), —40°C, 45 h.

KR conditions (Table 4). All of the aziridine carboxylates,
including methyl (20), ethyl (2p), benzyl (2q), t-butyl (2b),
i-propyl (2r), phenyl (1t), 2,2,2-trichloroethyl (2 u), were satis-
factorily obtained in 44%-52% yields and 78%-89% ee. The
bulky azirine adamantyl ester 1s was reduced to afford cis-2s
in 90% ee with an s factor of 55. Aziridine cis-2v was obtained
in good yield and ee. We extended the substrate scope to
thioester 1w, which was reduced to aziridine cis-2w in excel-
lent yield and moderate enantioselectivity without poisoning
the copper catalyst. Reduction of tertiary morpholine amide
1x was possible under the typical conditions, but the reaction
proceeded sluggishly: after 41 h, only 14% conversion was
observed (13% yield, 96% ee) (see Supporting Information
Section 6.2). When the reaction temperature was raised to
—40°C, the conversion reached 51% after 45 h, yielding
products 2x and 1x with 82% ee and 86% ee, respectively.
Finally, we also examined unsymmetrical bis-arylated 1y as
a substrate devoid of any carbonyl group. In the event, its
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a) Access to the (S,S)-enantiomers by NaBH, reduction

H H
N A N
(S)1d  NaBH, Me A R -
oyt 4 R COt-Bu /@ CO,t-Bu Ph H/
(S)-1s al > 20:1 d.r. F
cis-(S,S)-2d cis-(S,S)-2f cis-(S,S)-2s

72% yield, 91% ee 84% yield, 90% ee 84% yield, 86% ee

b) Gram-scale synthesis and derivatizations  key intermediate of
dynobactin A synthesis

H one

[\‘ KR process A recrystallization
COLEt - COEt = 95%ee
Br (S,S)-Ph-BPE s 63% yield
r
rac-1v cis-(S,S)-2v
1049 37% yield, 84% ee ‘
Ha, Pd/C\ HCI (an)‘ Cl,CHCOOH ‘
OH Cl
NH, *HCI H
@Ni N : cl
CO,Et H
CoEt Br eto” o ©
(+)-2va (-)-2vb (+)-2ve
91% yield 82% yield 75% yield

Scheme 4. a) KR permits the synthesis of both the enantiomers of a
given substrate, as exemplified by the preparation of (S,5)-2d, (S,S)-2f
and (S,5)-2s. b) Gram-scale KR of rac-1v to cis-(S,S)-2v and
recrystallization. This aziridine could be transformed to ring-opened
derivatives via single operations.

asymmetric reduction also proceeded to provide aziridine
cis-2y in 41% yield and 82% ee.

Derivatization

The main advantage of the reductive KR process is that
the use of a single chiral catalyst provides access to both
enantiomers of the product.[®>7] As the diastereoselective
reduction of 2H-azirine-2-carboxylate with NaBH, is well
documented,[®] the reduction of enantiomerically enriched
azirines (S)-1d, (S)-1f and (S)-1s was carried out to show-
case that cis-(S,5)-2d, (S,5)-2f and (S,5)-2s can also be
obtained in a straightforward manner and with excellent
diastereoselectivities (> 20:1 d.r., Scheme 4a).

The robustness of this KR process was demonstrated
on a gram-scale kinetic resolution of racemic arylazirine 1v
using ent-L9 ((S.,S)-Ph-BPE) as ligand, by which cis-(S.,S)-
2v was delivered in 37% yield and 84% ee. This is the key
building block used in the total synthesis of dynobactin A
(IX),I"3] which was obtained with comparable yield and ee
for the total synthesis (cf. 82% yield over two steps, 87%
ee).l’] (Scheme 4b). Notably, the ee of the 2H-azirine-2-
carboxylates aziridines can be increased by recrystallization:
cis-2v was enriched to 95% ee after one recrystallization (63 %
yield). Analogously, one-time recrystallizations of aziridines
2i (84% ee) and 2w (83% ee) obtained from KR also led to
significantly enhanced enantiomeric excesses (2i: > 99.5% ee,
59% vyield, 2w: 98% ee, 69% yield).

The derivatizations of cis-N-H aziridines have been well-
reported.>?*7-771 In our hands, cis-(S,S)-2v was diastereose-
lectively transformed into various useful, ring-opened amine
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a) Constant s at different conversion points

N KR process at -60 °C N " ,\“ H
4 HBPin (0.5 - 0.7 eq) AN L N
ArACOZt-Bu Ar “CO,tBu + AT YCO,t-Bu
Acetylation
rac-1a Ar = 3-FCgHs 1a cis-3a
0
1 //‘.
5 o
g‘ 2 y=35.217x + 0.0647 . SLinear fitting = 39-2
< HER0-aR5Y Lo’ SExperimental = 35
[ -
<3 Lo
= -
. e
e first order kinetics
in substrates
5

0.14 -0.12 0.1 -0.08 -0.06 -0.04 -0.02 0

In[(1-C)(1+ee,)]

b) Hammett plot

20 H

g H, N H

L i CO,t-Bu

g se. g™ ;

Ry R e

2] o .

3 F Br = R | O

b M OMe 026

£ 10 e Me -0.17

£ y=-0.4532x +1.49 ;O F -0.03

§ R?=0.9714 2 H °

s Br 0.25
0.5 0 0.5 1 15 NO, 1.27

0,

para’

Scheme 5. a) Experimental conversion and enantioselectivity of sm
rac-1a from the reaction of Table 3 shows first-order kinetics and gives a
linear fitting k. = 35.2 with an R? = 0.996. b) Correlation between
experimentally determined AAG¥F and the Opara” parameter for R.

derivatives by simple operations: hydrogenation provided
amino ester 2va in 91% yield; treatment with HCI delivered
ammonium chloride salt 2vb in 82% yield; ring opening in
presence of dichloroacetic acid provided amide 2ve in 75%
yield (Scheme 4b).

Mechanistic Investigations

To gain insight into the reaction mechanism and gain
predictive ability for application to desirable new substrates,
we used the data in Table 3 for a Hammett plot study. First,
we examined whether s was constant and independent of the
reaction conversion, which would imply first order in sub-
strate for the selectivity-determining step (Scheme 5a).[787]
By linear fitting, we did observe a first-order kinetic profile
for the KR of rac-1a at —60°C with an R? = 0.996 and a fitted
s =Kk, =35.2.

The s parameter was then expressed as AAGF [-AAG* =
—RT In(s)] and plotted against several o standard parameters.
The best correlation was found with ., (Scheme 5b, y =
—0.4532x + 1.49, R* = 0.971, refer to the Supporting Infor-
mation for correlations with other parameters).[®] Therefore,
conjugation effects seem to impact s more than field/inductive
effects, with strong electron-withdrawing groups on the
arene decreasing the selectivity. The positive sign and small
magnitude of the slope value p indicates that comparatively
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less negative charge is built up at the reaction center in the
transition state of the faster-reacting enantiomer.

In our study, the identity of the reductant did not seem
to impact the ee,l®!] which, taken together with previous
observations for related copper hydride reductions, suggests
that the stoichiometric reductant does not participate in
the enantioselective step.!l On the other hand, over the
same 24-h timespan, we observed an increase in conversion
with increasing HBPin (see Table 2, Entry 6-8). In line
with previous findings,!*®?] this may indicate that the rate-
determining step is the sigma bond metathesis to regenerate
the copper hydride species.

To ascertain this, in silico studies of the reaction mech-
anism of this copper hydride reduction of 2H-azirines were
conducted. density functional theory (DFT) calculations using
rac-1b as the model substrate and L9 as the ligand provide
the reaction-free energy profile as shown in Scheme 6a.
Consistent with the findings by the Hartwig group,[® the
LCuH-PinBH complex is slightly lower in energy than LCuH
by 1.5 kcal mol~!, and is thus the resting state of the
catalyst. The reactive LCuH forms upon dissociation and,
via a coordinated pre-reaction complex (RC), reduction of
azirine 1b occurs via TS1* (barrier of 8.6 and 11.3 kcal
mol~!, respectively, for R-TS1* and S-TS1*), leading to
aziridinyl copper intermediate PC1 (post-reaction complex).
The reduction is highly exergonic, suggesting that this step
is irreversible (barrier for reverse pathway ~ 31 kcal mol~!)
and therefore the selectivity-determining step of this reaction.
Calculations predicted AAG*¥ = 2.7 kcal mol~! between R-
1b and S-1b, in reasonable agreement with experimental
result (expt. = 1.5 kcal mol~!, see Section 11.7 in Supporting
Information for results with an alternative functional M06).
After reduction, complexation of Lewis acidic PinBH to
the nucleophilic aziridinyl copper intermediate leads to a
more stable intermediate RC2, which undergoes a facile
metathesis (barrier ~ 5 kcal mol™!) to regenerate the LCuH
catalyst, completing the catalytic cycle. The facile metathesis is
attributed to the high nucleophilicity of the aziridinyl copper
intermediate. Minimal selectivity between R-TS2* and S-
TS2* is predicted by calculations, but this is inconsequential,
as this is not the selectivity-determining step in this reaction.
Overall, the reduction is the rate-determining step of this
reaction. Nevertheless, the two barriers TS1 (7.1 kcal mol~)
and TS2 (3.7 kcal mol™') are not very different in energy
(only by ~3 kcal mol™!), and any change of substrate or
reductant could result in a change in the rate-determining
step. However, the enantio-determining step will always be
the reduction step, due to the high exergonicity and therefore
irreversibility associated with this step.

The transition states R-TS1* and S-TS1* were fur-
ther inspected to understand how the observed selectivity
is imparted by L9 (Scheme 6b). Analysis of the more
favorable R-TS1* revealed two non-covalent interactions
(NCIs)#*] between the ligand and the substrate: a non-
classical hydrogen bond(®*"] between a phenyl CH of L9
and the nitrogen of the azirine substrate, and an edge-
to-face aromatic interaction®®] between the phenyl rings
on the substrate and ligand L9. These interactions were
further confirmed by IGMH analysis (independent gradient
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a) Free energy profile of the reaction by DFT calculations

R-pathway (favored)

Solvated Gibbs Free Energy (kcal/mol)

LCu.
Y

H

RC = pre-reaction complex Ph

PC = post-reaction complex
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b) Substrate-ligand non-covalent interactions in R-TS1* and S-TS1*.

R-TS1*

Ve, -
y v
m%

y ® :
Nek
$

IGMH analysis

t-BuO,C

Ne+++H non-classical H-bond
ArseeeH facesupstrate t0 edgeligand

E‘Pin R-Bpin-2b
225 PinBH
—_— 253 PhACOZt-Bu
PC1 . J
".729.0 7 T82* " o9
CO,t-Bu LCuH
t
RC2 H---BPin
LCCJ ........ [l\] COzt-BU
H
Ph 1s2+
S-TS1*

, ~$,'/ 1 v

4

DFT model

IGMH analysis

AreseeH faceg,ng to €dgesypstrate
(only)

Scheme 6. a) Free energy profile of the reaction by DFT calculations at B3LYP-D3/def2-TZVPP (IEFPCM, DCM)//B3LYP-D3/def2-SVP (IEFPCM, DCM)
level of theory. b) Substrate-ligand non-covalent interactions in R-TS1T* and S-TS1*.

model based on Hirshfeld partition),®*%3! where attractive
interactions between the ligand and substrate (excluding
CuH) are revealed as green isosurfaces in Scheme 6b. The
larger green isosurface of the non-classical hydrogen bond
indicates that it is the dominant interaction, whereas the
edge-to-face aromatic interaction is relatively weak and just
barely visible at the same isovalue. In contrast, analysis of the

Angew. Chem. Int. Ed. 2025, 64, 202423645 (8 of 11)

less favorable S-TS1* revealed only an edge-to-face aromatic
interaction between ligand and substrate, and this was also
supported by IGMH analysis. Presumably, R-TS1* is favored
over S-TS1* due to this additional and stronger non-classical
hydrogen bond. The critical role of the ligand Ph group, as
revealed in these computations, also explains why L8 Et-
BPE is not selective compared to L9 Ph-BPE (s = 2 and 10,
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respectively), and also why there is a better selectivity in the
reduction of naphthalene substrate 1m compared to phenyl
substrate 1b (s = 10 and 86, respectively). The absence of
non-classical hydrogen bonding in TS2* would account for
the poor selectivity of the metathesis step, and the potential
disruption of these interactions by polar solvent can explain
the lower experimentally observed selectivity in THF than in
CH,Cl,.

To understand the electronic effect of the aryl group in
the Hammett plot study, R-TS1* and S-TS1* were located
for different R groups at para-position of the phenyl ring
in 1b, and AAG¥ between the two TS were calculated
(see Table S1 for individual values). The experimental trend
was qualitatively reproduced by calculations, showing lower
activation energies and earlier transition states on the reaction
coordinate for electron-deficient azirines compared to the
less reactive electron-rich azirines reacting via later transition
states (e.g., 10.0 kcal mol™' for R = OMe vs. 5.1 kcal
mol~! for R = NO,, see Figures S9 and S10). However, the
electronic effects of the R group on ee did not correlate
with the differences in reactivity of the azirines or whether
the transition states were early or late.’] We attribute the
higher selectivity observed in the reactions of azirines bearing
more electron-rich substituents to stronger non-classical N-
H hydrogen bonding that stabilizes R-TS1*. Synergistically,
the electron-rich Ar on the azirine enhanced the edge-to-
face aromatic interaction in R-TS1* (where Ar offers the
face), but weaken the same interaction in S-TS1* (where Ar
acts as the edge),!®] resulting in further selectivity for R-
TS1*. This hypothesis is supported by slightly shorter N-H
hydrogen bond distances and slightly larger isosurfaces for
the edge-to-face interaction in R-TS1* compared to electron-
poor substrates (see Table S2, Figures S14-S16). It is likely
that substituent effects contribute to the observed electronic
effects on selectivity via both of these interactions. Finally,
the ester group was not involved in any non-covalent bond
interactions in the transition states, implying that it does
not play a substantive role in the enantioselectivity of this
reaction. This is confirmed experimentally by the comparable
selectivity obtained for bis-aryl substrate 1y without the ester
group (s = 19 for 1y 29 for 1b), for which DFT calculations
also predicted a similar selectivity (A AG* = 2.4 kcal mol™!
for 1y vs. 2.7 kcal mol~! for 1b).

Based on these results, a full catalytic cycle is proposed in
Scheme 7. During the irreversible enantio-discriminating step,
the chiral copper hydride complex A, formed from precatalyst
CuTC-L9 and HBPin, associates with both enantiomers of
1b to react via two diastereomeric transition state structures
(R-TS1* and S-TS1*). Subsequently, species B undergoes a
sigma bond metathesis with HBPin to regenerate A, and the
aziridine exits the cycle as a BPin adduct C. According to the
results of DFT calculations (Scheme 6a), the rate-determining
step in the reaction of 1b is the reduction (A to B). Although
the rate-determining step could switch to the metathesis step
(B to C) for other substrates and reductants due to the
similar barriers for the two steps, the reduction step (A to
B) remains irreversible and enantio-determining due to the
high exergonicity associated with the hydride addition. Upon
quenching, C provides the aziridine-2-carboxylate product 2b.
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ydrolysis G Py Ph

p-Cu-y CO,t-Bu

/BPin A rac-1b

enantio-differentiating
COyt-Bu rate-determining

£

less-hindered _CU-P b
site HT7

/’:N
Ph™ X
H
B~
g o Bu-Ot
‘ R-TS1*
' H N
HBPin B H
Ph .
O
Bu-Ot N
1 >:11CO,t-Bu

Ph (s)1b
Scheme 7. Proposed reaction mechanism for the KR of 2H-azirines.

Conclusion

We have reported the first copper hydride catalyzed kinetic
resolution of 2H-azirines. A series of 3-aryl-2H-azirine-2-
carboxylates are prepared in high diastereo- and enantios-
electivity. These enantiomerically enriched N-H aziridines
are versatile synthetic intermediates that can be used in
many synthetic applications. We have demonstrated a gram-
scale synthesis that provides a key intermediate in the total
synthesis of dynobactin A. We highlight the advantages of
the KR process that allows access to both enantiomers of the
2H-azirine-2-carboxylates. A linear free-energy relationship
between AAG* and opara Was identified. The DFT calcu-
lations shed light on the origin of the enantioselectivity of
the reaction, where two NClIs (non-classical H-bonding and
edge-to-face aromatic interactions) play synergistic roles in
the transition state that leads to the observed selectivity.

Supporting Information

The supplemental figures, experimental procedures and char-
acterization data that support this study are available in the
supplementary material of this article.
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