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Southwest University, Chongqing 400715, People’s Republic of China
(Received 17 February 2009; final version received 30 May 2009)

Density functional theory has been used to study copper(I)-catalysed aziridination of diazoacetate with imines. All the
intermediates and the transition states were optimised completely at B3LYP/6-31G(d) level. Calculation results confirm that
copper(I)-catalysed aziridination of diazoacetate with imines is exothermic, and the total released Gibbs free energy is about
—170kJ/mol. Copper(I)-catalysed aziridination has two reaction modes: I and II, and thus the reaction mode I is dominant.
The formation of the copper(I)—carbene—imine complex M3 (i.e. the attack of imines on copper—carbon(carbene) of
copper—carbene intermediate M2) is the rate-determining step and the chirality-limiting step for copper-catalysed
asymmetric aziridination. The reaction channel CA2 — Mla — TS1la — M2 — TS2a2 — M3a2 — TS3a2 — M4a2 —
— TS1la — M2 — TS2a2 — M3a2 — TS3a2 — M4a2 — P1 is the most favourable one. The dominant products

predicted theoretically are of (R)-chirality.

Keywords: chiral bisoxazoline—copper(I) complex; aziridination; imines; reaction mechanism; DFT

1. Introduction

Aziridines have been attractive organic molecules due to
their great synthetic utilities [1-3]. Aziridines have been
used as intermediates in the preparation of amino acids
[4-5], B-lactams [6], polymers [7] and pyrrolidines [8].
A number of synthetic aziridines have found biological
applications as antitumour agents, antibiotics and as enzyme
inhibitors [9]. Several naturally occurring aziridines have
been shown to exhibit antibiotic and antitumour activity [9].
Many non-catalytic pathways to aziridines have been
developed [10,11]; recently however, the development of
the asymmetric catalytic aziridinations has received the
most attention [2]. A variety of methods have been
developed for the synthesis of aziridines [9,12,13] including
a ring closure reaction of 1,2-amino alcohols or their
derivatives [14,15], ring opening of epoxides with metal
azides [16,17], addition of a-haloester enolates to imines
[18], transfer of a nitrene group to an alkene [19,20], and
the reactions between diazo esters and imines mediate
either by carbene transfer catalysts [21-23] or Lewis acid
catalysts [24—-29].

The aziridination catalysed by the transition metals,
which is defined as a [241] cycloaddition between a
carbene-type species and imines (Scheme 1), is an
important synthetic method to obtain aziridine rings.
Some transition metals such as rhodium and copper are
found to be able to catalyse the aziridination [30,31].

As illustrated in Scheme 2, it is also generally accepted
that copper-catalysed aziridination proceeds via a copper—
carbene complex E, which is formatted by association of
the diazo compound D and the active catalyst B with
concomitant extrusion of nitrogen; and then the attack of
imines F on the copper—carbene intermediate E leads to
the asymmetric aziridine G. In copper-catalysed asym-
metric aziridination, the copper—carbene intermediate
plays an important role. The copper—carbene complex is
better in stabilisation and enantioselectivity, compared
with a free carbene, and has been detected as a reaction
intermediate in the experiment [32].

Ikeno et al. [33] have studied some metal—carbene
complexes such as Co-, Cu- and Ru-carbenes at B3LYP/
6-31G(d) or B3LYP/LANL2DZ levels. The formation of
copper—carbene intermediate has been studied by
Salvatella and others [34] at the B3LYP/6-31G(d) level.
Some copper—carbene complexes [35] and copper-
catalysed asymmetric cyclopropanation [36] have been
studied by us at B3LYP/6-31G(d) or B3ALYP/6-31G levels.
The theoretical data available for the reaction mechanism
of the aziridination of diazoacetate with imines are
rather limited. The detailed quantum chemical studies on
the mechanism of the metal-catalysed aziridination are
hardly reported. Therefore, in order to understand the
mechanism of the metal-catalysed aziridination in
detail, chiral bisoxazoline-copper(I)-catalysed asymmetric
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Scheme 1. Transition metals-catalysed aziridination of
diazoacetate with imines.

aziridination of diazoacetate with imines is studied in the
present work.

2. Model and computation

The present studies are based on chiral bisoxazoline—
copper(I)-catalysed aziridination of diazoacetate with
imines (Scheme 3) [30,31]. This aziridination is suggested
as the following (illustrated in Schemes 4 and 5): the
decomposition of the catalyst, the bisoxazoline—copper(I)
complex, leading to oxazoline and the active oxazoline—
copper(I) catalyst CA2; the reaction of diazoacetate with
the active catalyst CA2 generating the catalyst—diazoace-
tate complex M1; the decomposition of N, in M1 leading
to the copper(I)—carbene intermediate M2; the reaction of
M2 with imines resulting in the copper(I)—carbene—imine
complexes M3; the formation of the catalyst—aziridine
carboxylate complexes M4 or MS; the decomposition

of complexes M4 or MS leading to the aziridine
carboxylate and regenerating the active catalyst CA2.
In the present model shown in Scheme 3, the methylene
imines and diazo methyl acetate are substituted,
respectively, for the imines and diazo ethyl acetate.
As shown in Scheme 6, the methylene imines can attack on
the re-surface or the si-surface of the copper(I)—carbene
intermediate M2, which leads to four plausible reaction
paths. In the following discussion, the attack of imines on
the re-surface of M2 is marked by ‘a’ and its attack on the
si-surface is marked by ‘b’. The numbers (1—-7) marking
the atoms are shown in Scheme 4.

Allintermediates and transition states are fully optimised
by means of the density functional theory (DFT), with
Becke’s three-parameter functional (B3) [37] and Lee, Yang
and Parr (LYP) correlation energies [38,39], at the B3ALYP/
6-31G(d) level. The vibrational analysis and the natural bond
orbital (NBO) analysis [40—48] of all the optimised
structures are also performed at the B3LYP/6-31G(d)
level. All the species are positively identified for local
minima with zero of the number of imaginary frequencies
and for transition states with the sole imaginary frequency.
The transition states were verified by intrinsic reaction
coordinate [49] calculations and by animating the negative
eigenvector coordinates with a visualisation program
(Molekel 4.3) [50,51]. The intermediates were characterised

Rl N\/ w,///Rl m}
Cu o,
Rl%(\N/ %”N R i C R
[
O/'\/‘\O
o, 3 2
ng/ "y R CO,R
€ x7
B N
N,CHCO,R? R* r|\1
D R5
G
O/w’\“‘“\“\ Rl s
N CO,R? R3\ _ R

—N ////""/,, o /C_ N
- Cu R4
—N F

(@)
Rl

E

H

Scheme 2. Possible reaction mechanism of copper-catalysed aziridination of diazoacetate with imines.



17:13 14 January 2011

Downl oaded At:

H Ar,

Molecular Simulation 17

Cu(l) Ligand *

+ N,CHCO,Et

>~

Arg

Scheme 3.

by all real frequencies, and transition states had the sole
imaginary frequency (Table 1). All these computations are
carried out using the Gaussian 03 program package [52].
Total Gibbs free energies rectified with zero-point energies
(ZPE), G, formation Gibbs free energies, AG, reaction Gibbs
free energy barriers, AG ~, and the first two vibrational
frequencies, v, and v,, are summarised in Table 1.

The topological properties of the electronic charge
density have been characterised using the atoms

solvent 0°C

CO,Et

pd

>
N

Copper-catalysed asymmetric aziridination of diazoacetate with imines.

in molecules (AIM) [53] method of Bader with the AIM
2000 program package [54].

3. Results and discussion
3.1 Catalyst

The optimised structure of the catalyst, chiral bisoxazo-
line—copper(I) CA, is illustrated in Figure 1. It is a C»-
symmetry complex and its lowest vibrational frequency
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Scheme 4. Proposed mechanism of copper(I)-catalysed aziridination: reaction mode I.
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Scheme 5. Proposed mechanism of copper(I)-catalysed aziridination: reaction mode II.

is positive. There is a Cu—N—C—C—C—N six-membered
ring in the catalyst CA and the six atoms are nearly in the
same plane (as shown, most of the intermediates and
transition states have this character). The Cu—N and C—N
bonds are 2.008 and 1.283A, respectively. And thus
Cu—N and C—N bonds are 1.841 and 1.295 A in the active
catalyst CA2 (Figure 2).
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Scheme 6.  Attack of imines on copper—carbene intermediate M2.

3.2 Formation of copper(I)—carbene intermediate

As illustrated in Scheme 4 and Figure S2, the reaction of
diazoacetate (R1) with the active catalyst CA2 leads to
the catalyst—diazoacetate complex M1, and then the
decomposition of N, in the complex M1 generates the
copper(I)—carbene intermediate M2 via the transition
state TS1.

Figure 3 shows that, in the catalyst—diazoacetate
complexes Mla and Mlb, the Cu(2)—C(3) and
C(3)—N(N,) bonds are Mla: 1.981, 1.355 A and M1b:
1.951, 1.374A, respectively. Compared with those of
diazoacetate, C(3)—N(N,) bonds become longer by about
0.06 A, which possibly resulted from the formation of
Cu(2)—C(3) bonds. As illustrated in NBO analysis,
Cu(2)—C(3) bond is composed of 8% s orbital of copper
and 92% p orbital of carbon, and the orbital energies are
Mla: —1180.74 and Ml1b: —1278.28 kJ/mol. The
N(1)—Cu(2)—C(3)—C(4) and N(1)—Cu(2)—C(3)—N({N>)
torsion angles are, respectively, 87.4, — 161.0 for M1a and
140.2°, 15.6° for M1b. In the transition states TSla
and TS1b, C(3)—N(N,) bonds are stretched considerably
and Cu(2)—C(3) bonds are shortened compared with those
in the complexes M1 (M1 — TS1, C(3)—N(N,) bond:
14— 1.8 A Wiberg bond order P;: 0.98 — 0.48, the
electron densities p of the bond critical points (BCPs):
0.26 — 0.10e/A% Cu(2)—C(3) bond: 2.0 — 1.8A, P;:
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Table 1. Total Gibbs free energies, G ( X 2625.5kJ/mol), formation Gibbs free energies, AG (kJ/mol), reaction Gibbs free energy
barriers, AG ~(kJ/mol), and frequencies (cm ') for all the compounds.

ZPE G AG AG™ v Vs

CA2 0.2324 —2251.2619 17.09 27.94
R1 0.0770 —376.5791 99.41 132.36
R2 0.0401 —94.6091 1084.08 1091.42
Mla 0.3108 —2627.8696 —75.09 19.82 23.45
Mib 0.3111 —2627.8691 —73.78 11.61 23.69
TSla 0.3088 —2627.8562 35.18 385.04i 18.85
TS1b 0.3089 —2627.8570 31.77 395.46i 17.60
N, 0.0056 —109.5370 2457.66

M2 0.3012 —2518.3595 —70.57 20.17 30.22

—71.89

TS2al 0.3439 —2612.9390 77.71 316.10i 20.26
TS2a2 0.3443 —2612.9505 47.52 239.06i 24.58
TS2b1 0.3445 —2612.9439 64.85 284.36i 25.55
TS2b2 0.3443 —2612.9448 62.49 238.34i 30.26
M3al 0.3486 —2613.0041 -93.20 22.72 28.26
M3a2 0.3488 —2613.0091 —106.33 17.61 25.87
M3bl 0.3488 —2612.9987 —79.03 26.34 30.89
M3b2 0.3490 —2613.0041 —93.2] 8.40 25.91
TS3al 0.3469 —2612.9957 22.05 255.36i 25.30
TS3a2 0.3470 —2612.9992 25.99 299.65i 17.02
TS3bl 0.3473 —2612.9923 16.80 155.66i 22.84
TS3b2 0.3473 —2612.9930 29.14 293.65i 15.61
Md4al 0.3485 —2613.0291 —65.64 18.68 20.50
M4a2 0.3489 —2613.0249 —41.48 14.18 18.69
M4b1 0.3484 —2613.0289 -79.29 13.45 17.26
M4b2 0.3485 —2613.0219 —46.73 9.66 14.37
P1(R) 0.1141 —361.7127 69.83 127.91
P2(S) 0.1140 —361.7127 69.90 128.02
TS4a 0.3444 —2612.9342 90.32 261.9i 235
TS4b 0.3443 —2612.9348 88.74 256.0i 14.6
M5a 0.3474 —2613.0124 —115.00 12.28 17.27
M5b 0.3474 —2613.0126 —115.52 10.19 16.48

0.25—0.38, p: 0.10 — 0.14; Table S1). NBO analysis
shows that Cu(2)—C(3) bond is composed of 10% s orbital
of copper and 90% sp” hybrid orbital of carbon, and the
orbital energies are —1493.67 and — 1485.72kJ/mol,
respectively, and so there is a o bond between copper and
carbon which is different from M1. As shown in Figure 4,

Figure 1. Optimised structure of bisoxazoline—copper(I) CA
(bond distances in A, all hydrogens were omitted).

the copper—carbene intermediate M2 has only one
geometry, and the N(1)—Cu(2)—C@3)—H and
N(1)—Cu(2)—C(3)—C(4) torsion angles are 90.0° and
100.8°, respectively. In M2, Cu(2)—C(3) bond is 1.782 A,
which is shorter than M1. As illustrated in NBO analysis,
Cu(2)—C(3) bond shows strong single-bonded character,
and the natural bond orbital energy is — 1102.16 kJ/mol.
And thus, NBO analysis also shows that the Cu(2)—C(3)
bond has some double-bonded character, and the bond
order is >1 and =~ 1.1. The NBO charges of copper and
carbon atoms of Cu(2)—C(3) bond are 1.174 and — 0.602.

3.3 Reaction mode I: the direct attack of imines on
Cu—C bond of copper(I)-carbene intermediate

As illustrated in Scheme 4, the reaction of M2 with imines
leads to the copper—carbene—imine complexes M3, and the
responding transition state is TS2. The elimination of
the copper—carbene—imine complexes M3 leads, via the
transition states TS3, to the catalyst—aziridine carboxylate
complexes M4; the decomposition of M4 results in the
aziridine carboxylate and regenerates the active catalyst CA2.
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CA2 (1 = 0.234)

R1 (1t = 0.956) R2 (1 = 1.973)

Figure 2. Optimised structures and electrostatic pictures of CA2, R1 and R2 (bond distances in A, angles in degree, moment dipoles, .,

in Debye).

Scheme 6 shows that the attack of imines on M2 has two
reaction modes: from the re-surface or the si-surface of M2.

3.3.1 Formation of copper(l)—carbene—imine complex

The transition states TS2al, TS2a2, TS2b1 and TS2b2
have sole imaginary frequencies, in correspondence with
the stretching vibrations of the Cu(2)—N(7) and
C(3)—C(6) bonds. The Cu(2)—N(7) and C(3)—C(6)
distances are about 2.4 and 1.4 A, respectively. Obviously,
the Cu(2)—N(7) and C(3)—C(6) bonds are strengthened
markedly. It is shown by these results that the Cu(2)—N(7)
and C(3)—C(6) bonds could be formatted at the same time.
Compared with those in imines and M2, the C(6)—N(7)
and Cu(2)—C(3) bonds are weakened and lengthened by
about 0.05 and 0.12 A, which results from the formation of
the Cu(2)—N(7) and C(3)—C(6) bonds. As demonstrated
in Figure 5, the transition states involve a
Cu(2)—C(3)—C(6)—N(7) four-membered ring, and the
electron densities p of the ring critical points (RCPs) are
about 0.03. In the copper—carbene—imine complexes M3,
the C(6)—N(7) bonds are about 1.5 A. Furthermore NBO
analysis shows that the C(6)—N(7) bond displays strong
single-bonded character, and the natural bond orbital
energy of the o bond is about — 1300kJ/mol, which is
higher than those in imines (—2300kJ/mol). The four
atoms Cu(2), C(3), C(6) and N(7) are nearly coplanar and
there is a RCP, with about 0.06 of electron density, inside
the area encircled by the four atoms. There is a little angle
between the Cu(2)—C(3)—C(6)—N(7) four-membered
ring and the N(1)—Cu(2)—N(5) plane.

As discussed above, in the reaction channels
M2 — TS2 — M3, the Cu(2)—N(7) and C(3)—C(6)
bonds are decreased (Cu(2)—N(7) bond:
00 — 24— 1.9A; C(3)—C(6) bond: 0 — 1.9 — 1.5 A).
These results are also demonstrated by analysing the

changes of Wiberg bond orders and the electron densities
of the BCPs (Table S2, Cu(2)—N(7) bond, P;:
0.00 — 0.23 — 0.27, p: 0.00 — 0.12 — 0.14; C(3)—C(6)
bond, P;: 0.00 — 0.16 — 0.82, p: 0.00 — 0.03 — 0.25).
These also confirm that the Cu(2)—N(7) and C(3)—C(6)
bonds could be formatted at the same time.

In addition, we tried to compute another four transition
states, TS2: when imines attack on M2 leading to M3,
N(7) attacks on the carbene carbon, and thus C(6) attacks
on copper. But all of our efforts failed.

3.3.2  The elimination: formation of copper(l)—aziridine
carboxylate complex

The transition states TS3al, TS3a2, TS3b1l and TS3b2
have sole imaginary frequencies which are in correspon-
dence with the stretching vibrations of the Cu(2)—C(3)
and Cu(2)—N(7) bonds. The Cu(2)—C(3), Cu(2)—N(7)
and C(3)—N(7) bonds are about 2.2, 1.9 and 1.8 /0%,
respectively. Compared with M3, the Cu(2)—C(3) and
Cu(2)—N(7) bonds are stretched, the C(3)—N(7) bonds are
shortened. As demonstrated in Figure S4, the transition
states involve a Cu(2)—C(3)—C(6)—N(7) four-membered
ring, and the electron densities p of the RCPs are about
0.07. In the complexes Md4al and M4bl, there is a
Cu(2)—N(7)—C(3)—C(4)—0(0==C) five-membered ring,
and the Cu(2)—N(7) and Cu(2)—0O(0O=C) bonds are 2.0
and 2.3 A, respectively. But in the complexes M4a2 and
M4b2 the same five-membered ring was not found. Only
the Cu(2)—N(7) bond is formatted, and the bond is 1.9 A.
So the coordination number of M4al and M4bl1 is four,
but that of M4a2 and M4b?2 is three.

As discussed above, in the reaction channels
M3 — TS3 — M4, the Cu(2)—C(3) and Cu(2)—N(7)
bonds are stretched, and the C(3)—N(7) bond is shortened
(e.g. C(3)—N(7) bond: 22— 19— 1.5 1&). These results
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Figure 3. Optimised structures for intermediates and transition states of copper-catalysed asymmetric aziridination (bond distances in A).

are also demonstrated by analysing the changes of
Wiberg bond orders and the electron densities of the
BCPs (Tables S2 and S3, e.g. C(3)—N(7) bond, Pj:
0.00 — 0.45 — 0.70, p: 0.00 — 0.00 — 0.25). It is shown
by the present computations that the fractures of the
Cu(2)—C(3) and Cu(2)—N(7) bonds and the formation of
the C(3)—N(7) bond may occur at the same time.

3.4 Reaction mode II: the direct attack of imines
on carbene—carbon of copper(I)—carbene intermediate

As illustrated in Scheme 5 and Figure S5, the double bonds
Tc6)—N(7) Of imines attack directly on the carbene—carbon
of copper(I)—carbene intermediate M2, leading to the
catalyst—aziridine carboxylate complexes MS, and the
responding transition states TS4. The decomposition
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Figure 4. Optimised structure of copper—carbene intermediate
M2 (bond distances in A, angles and torsion angles in degree).

N(1)-Cu(2)-C(3): 97.4
N(1)-Cu(2)-N(7): 83.6

Cu(2)-C(3)-C(4): 100.8
Cu(2)-N(7)-C(6): 113.7

©  N(1)-Cu(2)-N(7): 100.8
1.886 ; /2365 Cu(2)-C(3)-C(4): 131.8
& Cu(2)-N(7)-C(6): 1135

TS2b1 (11 = 3.866)

N(1)-Cu(2)-C(3)-C(4): 104.1
N(1)-Cu(2)-N(7)-C(6): 123.9
Cu(2)-C(3)-C(6)-N(7): 32.8

@) C(6)
L 893 13201 “N(1)-Cu(2)-C(3): 1435 -

N(1)-Cu(2)-C(3)-C(4): 155.gns”
N(1)-Cu(2)-N(7)-C(6): 169.
Cu(2)-C(3)-C(6)-N(7): 26.6

of MS results in the aziridine carboxylate and regenerates
the active catalyst CA2.

Figure 6 shows that C(3)—C(6) and C(3)—N(7) bonds
of TS4a and TS4b are 2.1 and 2.3 A, respectively. Clearly,
there is significant interaction between C(3) and C(6) and
N(7), which is demonstrated by analysing the changes of
Wiberg bond orders and the electron densities of the BCPs
(Table S4, e.g. C(3)—C(6) bond, P;, M2: 0.00 — TS4:
0.29 — MS5: 0.75, p, M2: 0.00 — TS4: 0.06 — MS5: 0.24).
It is shown by these results that the C(3)—C(6) and
C(3)—N(7) bonds may be formatted at the same time.
The formation of C(3)—C(6) and C(3)—N(7) bonds makes
the Cu(2)—C(3) and m¢(6)—nN(7) bonds fractured.

3.5 Stabilisation interaction energies

The second-order perturbation stabilisation energies E(2)
obtained by NBO analysis are summarised in Table S5.
It can be used to describe the delocalisation trend of
electrons from the donor bond to the acceptor bond.
In NBO analysis, if the stabilisation interaction energy
E(2) between a donor bonding orbital and an acceptor

C(3)r "a\
1.869 é—v

C4)

2452, . N(1)-Cu(2)-C(3): 100.8
N(1)-Cu(2)-N(7): 142.2
A N Cu(2)-C(3)-C(4): 119.5
N&. C(6)  Ccu(2)-N(7)-C(6): 112.6
N(1)-Cu(2)-C(3)-C(4): 155.9
N(1)-Cu(2)-N(7)-C(6): 65.0
¢ Cu(2)-C(3)-C(6)-N(7): 38.1

TS2a2 (i = 2.056)

N(1)-Cu(2)-N(7): 109.9
Cu(2)-C(3)-C(4): 127.7
Cu(2)-N(7)-C(6): 113.7
N(1)-Cu(2)-C(3)-C(4): 39.7
N(1)-Cu(2)-N(7)-C(6): 177.9
Cu(2)-C(3)-C(6)-N(7): 32.8

TS2b2 (4 = 3.527)

Figure 5. Optimised structures of TS2 (bond distances in A, angles and dihedral angles in degree, moment dipoles, ., in Debye).
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N(1)-Cu(2)-C(3): 146.1

‘ Cu(2)-C(3)-C(4): 121.8
[ Cu(2)-C(3)-H: 112.2
Ko N(D) C(G) N(1)-Cu(2)-C(3)-C(4): 142.8
N(1)-Cu(2)-C(3): 124.0 N(2)-Cu(2)-C(3)-H: 85.6

Cu(2)-C(3)-C(4): 113.1 /19 2 132 7) Cu(2)-C(3)-C(6)-N(7): 160.1

Cu(2)-C(3)-H: 124.4 .- CU(Z) 1833/ C(2) C(6)-N(7)-C(4): 20.4
N(1)-Cu(2)-C(3)-C(4): 83.5 0(3)
N(1)-Cu(2)-C(3)-H: 61.4 .

2. 152 ‘%261 Cu@)-C(3-C(O)N(): 177.2 -‘ . ] @

.x C(3)-C(6)-N(7)-C(4): 30.6 - ®
c 6ﬁ1.304
¢ \
' L =
TS4a (1 = 4.082) TSAb (1 = 4.364)

Figure 6. Optimised structures of TS4 (bond distances in A, angles and dihedral angles in degree, moment dipoles, ., in Debye).

bonding orbital is large, there is a strong interaction
between the two bonds.

As demonstrated in Table S5, in M1 and TS1, there is a
strong donor—acceptor interaction between the lone pair
orbital of the atoms N(1) and N(5) and the o* antibond
orbital of the Cu(2)—C(3) bond. These confirm that the
electrons in the lone pair orbitals of N(1) and N(5) are easy
to transfer to the o* antibond orbital of Cu(2)—C(3) bond,
which makes M1 and TS1 to be of better stability. In the
transition states TS2, there is a strong interaction between
the 1 orbital of the C(6)—N(7) bond and the o* antibond
orbital of Cu(2)—C(3) bond, which makes the electrons in
the m orbital transfer easily to the o* antibond orbital of
Cu(2)—C(3) bond, so the 7 orbital of the C(6)—N(7) bond
has a tendency to fracture. In the transition states TS3, the
electrons in the o orbital of C(3)—N(7) bond are easy to
transfer to the LP*(6) orbital of copper, and the electrons
in the LP(5) orbital of copper are easy to transfer to the o*
orbital of C(3)—N(7) bond, which makes TS3 more stable.
In TS4, the electrons in the 7 orbital of Cu(2)—C(3) bond
are easy to transfer to the w* antibond orbital of
C(6)—N(7) bond; and the electrons in the 7 orbital of
C(6)—N(7) bond are easy to transfer to the o* antibond
orbital of Cu(2)—C(3) bond, which makes TS4 more
stable and redounds to the formation of C(3)—C(6) and
C(3)—N(7) bonds.

3.6 Copper(I)-catalysed aziridination

As discussed above, chiral bisoxazoline—copper(I)-cata-
lysed aziridination of diazoacetate with imines has two
reaction modes: I and II. As shown in Scheme 4, in
reaction mode I, the aziridination goes mainly through the
catalyst—diazoacetate complex M1, the copper(I)—car-
bene intermediate M2, the copper—carbene—imine com-
plex M3 and the catalyst—aziridine carboxylate complex
M4, and the responding transition states are TS1, TS2 and
TS3. In reaction mode II (Scheme 5), the aziridination

goes through the catalyst—diazoacetate complex M1, the
copper(I)—carbene intermediate M2, and the catalyst—
aziridine carboxylate complex MS5, and the responding
transition states are TS1 and TS4.

Table 1 shows that the formation of the complexes M1,
M2, M3, M4 and M5 are exothermic, and the released
Gibbs free energies are —75, —70, —90, —60 and
—115kJ/mol, respectively. In addition, the copper(I)-
catalysed asymmetric aziridination is exothermic, and the
total released Gibbs free energy is about — 170 kJ/mol.

The transition states TS1a and TS1b are related to the
fracture of C(3)—N(N,) bond, and their reaction Gibbs
free energy barriers are 35.18 and 31.77 kJ/mol, respect-
ively. The transition states TS2 have strained
Cu(2)—C(@3)—C(6)—N(7) four-membered rings, being
related to the formation of the Cu(2)—N(7) and
C(3)—C(6) bonds, and their reaction Gibbs free energy
barriers are about 60 kJ/mol. The transition states TS3 also
have a Cu(2)—C(3)—C(6)—N(7) four-membered ring,
being related to the fractures of the Cu(2)—C(3) and
Cu(2)—N(7) bonds and the formation of the C(3)—N(7)
bond, and their reaction Gibbs free energy barriers are
about 25 kJ/mol. TS4 are the transition states of the direct
attack of imines on carbene—carbon of copper(I)—carbene
intermediate, being related to the formation of the
C(3)—C(6) and C(3)—N(7) bonds, and their reaction
Gibbs free energy barriers are about 90 kJ/mol. Obviously,
in reaction mode I, the reaction Gibbs free energy barriers
of TS2 are higher than those of TS1 and TS3, so the
formation of the copper(I)—carbene—imine complex M3
(i.e. the attack of imines on copper—carbon(carbene) of
copper—carbene intermediate M2) is the rate-determining
step. In reaction mode II, the reaction Gibbs free energy
barriers of TS4 are higher than those of TSI, so the
formation of the catalyst—aziridine carboxylate complex
MS5 (i.e. the direct attack of imines on carbene—carbon
of copper(I)—carbene intermediate M2) is the rate-
determining step. Because the reaction Gibbs free energy
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barriers of TS2 are lower than those of TS4, the reaction
mode I is dominant for the copper-catalysed aziridination
of diazoacetate with imines.

In reaction mode I, the atoms C(3) of the copper—
carbene intermediate M2 are prochiral. As shown in
Figure 3, in M3, M4, TS2 and TS3, the atoms C(3) are
asymmetric, so these reaction channels can lead to two
asymmetric products. Therefore, the formation of the
copper(l)—carbene—imine complex M3 is the chirality-
limiting step for the copper-catalysed asymmetric aziridina-
tion of diazoacetate with imines. As summarised in Table 1,
the reaction Gibbs free energy barriers of the transition
states TS2al, TS2a2, TS2b1 and TS2b2 are 77.71, 47.52,
64.85 and 62.49 kJ/mol, respectively. It is clear that the
reaction channel CA2— Mla— TSla— M2 —
TS2a2 — M3a2 — TS3a2 — M4a2 — P1(R) is the most
favourable one. The dominant products obtained from this
reaction channel are of (R)-chirality.

4. Conclusion

In this study, we have investigated chiral bisoxazoline—
copper(I)-catalysed asymmetric aziridination of diazoace-
tate with imines using the DFT. All the intermediates and the
transition states were optimised completely at the B3LYP/
6-31G(d) level. Calculation results confirm that copper-
catalysed asymmetric aziridination of diazoacetate with
imines is exothermic, and the total released Gibbs free energy
is about — 170 kJ/mol. The copper(I)-catalysed aziridination
has two reaction modes: I and II, and thus the reaction
mode I is dominant. The formation of the copper(I)—
carbene—imine complex M3 (i.e. the attack of imines on
copper—carbon(carbene) of copper—carbene intermediate
M2) is the rate-determining step and the chirality-limiting
step for the copper-catalysed asymmetric aziridination.
The reaction channel CA2— Mla— TSla— M2—
TS2a2 — M3a2 — TS3a2 — M4a2 — P1(R) is the most
favourable one. The dominant products predicted theoreti-
cally are of (R)-chirality.
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