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Abstract The mechanism of the direct amination of (3-keto
esters catalyzed by copper(Il)-bisoxazoline has been studied
by means of density functional theory of B3LYP method.
The computational results support the present mechanism,
which involves (i) the generation of the enol from (3-keto
esters, which coordinates to copper(Il)-bisoxazoline. The
coordination step appears to be fast, exothermic, and
irreversible. (ii) The formation of the o(N-C) bond via a
six-membered ring transition state after azo dicarboxylate
coordination with the chiral catalyst. This step is chirality-
control step. (iii) Intramolecular hydrogen migration gen-
erates a catalyst-product complex, which can finally yield
product. The hydrogen shift is the rate-determining step,
which affords the experimentally observed (R)-product.
The stereochemical predictions have been rationalized in
terms of steric repulsions, showing good agreement with
experimental data.

Keywords Copper(ll)-catalyzed - DFT - Direct amination -
Reaction mechanism

Introduction

Optically active oc-amino acid derivative are fundamental

constituents of numerous natural products and of other
highly valuable compounds for our daily life. As a result,
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great efforts have been made to develop efficient diastereo-
and enantio-selective methods for the synthesis of «-amino
acid derivatives [1-6]. However, the development of
stereoselective transformations for the synthesis of optically
active non-nature x-amino acid derivatives from simple and
readily available starting compounds in the presence of a
chiral catalyst is an ongoing challenge for chemists.

The synthesis of optically active x-amino acid deriva-
tives by a catalytic, enantioselective, direct C-N bond
forming reaction is probably among the simplest procedures
for the formation of an asymmetric carbon center attached
to a nitrogen atom [7-14]. Recently, Jorgensen and co-
workers present the first direct c-amination of «-substituted
[p-ketesters 1 catalyzed by a chiral copper(Il)-bisoxazoline
(BOX) complex with azodicarboxylates 2 as the nitrogen
fragment source [15, 16] (see Scheme 1). The reaction are
catalyzed by chiral copper(Il)-bisoxazoline (BOX) to give
the products in high yields and excellent enantiomeric
excesses. This new reaction gives access to (3-hydroxy-oc-
amino acids such as oxazolindinone derivatives.

In particular, C2-symmetric bis(oxazoline) (BOX)
ligands in the presence of copper salts have been used for
numerous catalytic asymmetric reaction because of their
efficiency, selectivity, and broad substrate tolerance [17—
19]. Of these, the mechanism of Lewis acid-catalyzed direct
-amination reaction using bis(oxazoline) copper(Il) com-
plexes remains unclear and is the subject of this article.

A detailed understanding of the reaction mechanism is
necessary to rationalize the observed stereoselectivity and
enantioselectivity, and to design better catalysts with higher
enantioselectivity. Mechanistic studies show that copper
(IT)-bisoxazoline (BOX) fragment is the active species in
the catalytic process. The coordination of (3-keto esters to
the active species is believed to be the first step in the direct
«-amination (see Scheme 2). IN1 through TSI, via 1,3
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Scheme 1 Enantioselective
direct o-amination of
o-substituted (3-keto esters with
azodicarboxylates catalyzed by
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hydrogen shift, to form IN2. The keto-enol tautomerization
of R1 and then coordinates with Cat to form IN2 is also
discussed. The following azo dicarboxylate R2 coordinates
with IN2 to give IN3. A subsequent N-C bond generation
yield IN4, IN4 through hydrogen migrate step to give INS.
Finally, INS5 releases of product and regenerates Cat.

Computational details

Molecular geometries of the model complexes were
optimized at the B3LYP level of density functional theory
[20, 21]. Frequency calculations at the same level of theory
have also been performed to confirm that all stationary
points were minima (no imaginary frequency) or transition
states (one imaginary frequency). Calculations of intrinsic
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Scheme 2 Catalytic cycle for copper-catalyzed direct amination reaction
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coordinates (IRC) [22] were also performed on transition
states to confirm that such structures are indeed connecting
two minima. The effective core potentials (ECPs) of Hay
and Wadt with a double-( valance basis sets (Lanl2dz)
[23-25] were used for Cu. The 6-31G* [26] basis set was
chosen to describe C, H, O and N. All calculations were
performed with Gaussian 03 software package [27]. The
vibrational analysis and the natural bond orbital (NBO)
analysis [28-36] were performed at the same computational
level. In addition, the electron densities at the bond critical
points (BCP) and the ring critical points (RCP) for selected
bond of some species were calculated by employing the
AIM2000 program package [37]. The completely topolog-
ical analyses are performed for all the compounds to obtain
detailed bonding character. The BCPs denoting as (3, -1),
which represent saddle points in the electron densities
between two atoms are examined for all the bonds. In the
topological definition, a chemical bond is represented by
the bond path. The gradient path links two neighboring
nuclei along with maximal pr in any neighboring lines. It
was shown that p(r) and Vf,(r) taken together can be
employed to monitor the relative increase or decrease of
charge accumulation.

In addition, solvent effects of dichloromethane were
studied by performing self-consistent reaction field single-
point calculations employing the polarizable continuum
model (PCM) [38] approach on the B3LYP/6-31G* gas
phase optimized geometry of each species at the same level.
In this method, the solute is placed into a cavity within the
solvent and the latter is modeled as a continuum of uniform
dielectric constant. In this solvent model, the number of
tessarae on each sphere was set to default value of 62. In
order to yield more accurate energetic information, single-
point (SP) calculations both of the gas-phase and solvent
effects were carried out with the basis set of Lanl2dz adding
one set of d-polarization function (exponent: 3.525) [39] for
Cu and 6-311G(d,p) for other elements. Utilizing the Gibbs
free energy including all electrostatic and non electrostatic
terms, the reaction rate coefficients for key steps were
computed by transition state theory.

Molecular orbital (MO) compositions and the overlap
populations were calculated using the AOMix program
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Table 1 Total Gibbs free energies G(x2625.5 kJ mol™"), relative Gibbs free energies AG (kJ mol™"), solvation energies AG*® (kJ mol™"), and

frequencies(cm ") for selected compounds

Species Gas phase In CH,Cl, Frequencies
G ZPE AG G AG™ v, Vs

RI-1 —460.221199 0.156499 - —460.471177 3.0 11.7 51.9
R1-2 —460.219546 0.156820 - —460.470702 2.8 22.7 53.0
R1-3 —460.19494 0.156730 - —460.455818 —-0.09 41.2 86.0
R2 —566.300846 0.114421 - —566.538518 1.2 16.1 70.5
Cat —806.68394 0.231345 - —807.260402 -137.7 36.2 41.2
IN1-a —1267.020685 0.392602 -303.4 —1267.826884 —104.0 19.0 26.2
TSl1-a —1266.912387 0.385260 -19.0 —1267.717074 -103.5 2117.51 15.9
IN2 —1266.996868 0.391852 —240.8 —1267.808718 —104.4 16.2 21.4
IN3-a —1833.299604 0.508037 =5.0 —1834.350702 —84.1 15.0 15.4
TS2-a —1833.282375 0.508799 40.2 —1834.342598 —86.2 198.5i 19.0
IN4-a —1833.301242 0.510493 -9.2 —1834.3641 —86.7 159 27.1
TS3-a —1833.260944 0.505324 96.5 —1834.320873 -92.7 1408.8i 14.7
IN5-a —1833.343318 0.512369 -119.7 —1834.40265 —86.0 10.0 17.2
P-a —1026.537836 0.276720 - —1027.055246 5.7 26.6 46.6
IN1-b —1267.02204 0.392341 -306.9 —1267.826813 -101.7 18.4 21.5
TS1-b —1266.914706 0.385114 -25.1 —1267.717596 -102.5 2115.21 20.7
IN2 —1266.996868 0.391852 —240.8 —1267.808718 -104.4 16.2 21.4
IN3-b —1833.293971 0.507933 9.8 —1834.345285 —85.5 11.7 14.8
TS2-b —1833.276224 0.508846 56.4 —1834.336667 -156.9 215.7i 14.4
IN4-b —1833.296921 0.510665 2.1 —1834.359049 —86.7 14.9 28.5
TS3-b —1833.259223 0.504705 101.0 —1834.32831 -100.4 1429.1i 13.8
IN5-b —1833.342417 0.512665 -117.4 —1834.405468 —87.2 13.0 22.8
P-b —1026.540612 0.277097 - —1027.058760 5.8 27.8 49.0

a. the relative Gibbs free energies of IN1, TSI and IN2 relative to R1-1+Cat, and the relative Gibbs free energies of IN3, TS2, IN4, TS3 and IN5

relative to R1-1+Cat+R2.

[40, 41]. The analysis of the MO compositions in term of
occupied and unoccupied fragment molecular orbitals
(OFOs and UFOs, respectively), the charge decomposition
analysis (CDA), construction of orbital interaction diagrams
analysis were performed using AOMix-CDA [42]. In
AOMix program, the MOs of a molecular system can be
expanded as linear combinations of the MOs of fragments.

Results and discussion

Total Gibbs free energies (G) rectified with zero-point
energies (ZPE), solvent effect energies AG*", and the first
two vibrational frequencies, v, and v,, are summarized in
Table 1. The electron densities (p(r)), the Laplacian

Vg(r) , and the Wiberg bond indexes (WBIs) [43] are
listed in Table 2. In order to make the calculations more
efficient and close to experimental condition, the model
catalyst [Cu“{(S,S)—Me-BOX}] are used, and R!, R%, R3,
R* in the reactant 1 and 2 are replaced by methyl,
respectively.

Formation of IN2

The structures of the catalyst and reactants considered in
this work are shown in Fig. 1. The catalyst (Cat) has a
planar framework with a C2-symmetry. The coordination
bond length of Cu-N is 1.916 A. The C-N=N-C bond of
azodicarboxylate (R2) also has a planar structure and the
N=N bond length is 1.246 A, as one would expect. On the

Table 2 BCP properties and

Wiberg bond indexes of the Bond Structure €BCP V;zv(r) P WBI
selected bonds in some

structures Cu-O1 Tsl-a 0.069 0.34 0.050 0.10

Tsl-b 0.079 0.36 0.054 0.11

N3=N4 In3-a 0.13 -0.98 0.469 1.90

In3-b 0.13 -1.12 0.478 1.91

N3-N4 Ts2-a 0.11 —-0.84 0.412 1.43

Ts2-b 0.10 -0.84 0.409 1.41

@ Springer



240

J Mol Model (2008) 14:237-247

Fig. 1 Structure of the catalyst (Cat), R1-1, R1-2, R1-3 and R2

other hand, for a-substituted (3-keto ester (R1), both R
(R1-2) and S (R1-1) conformations are depending on the
relative position of the methyl and hydrogen. R1-1 is lower
4.3 kJ mol™' than R1-2 in energy.

By 1,3 H shift to form IN2
The structure of the catalyst-keto ester complexes (IN1) are

shown in Fig. 2. The structure of IN1 presents a square-
planar configuration, the dihedral angles between the O1-

@ Springer

Cu-02 plane and the bis(oxazoline) copper(Il) plane are
very similar in all the complexes. Two Cu-Ol1 bonds
distance is 2.010 A and 2.021 A, respectively. The C1-O1
bond lengths are slightly lengthened due to coordinating to
[Cull{(S,S)-Me-BOX}] (increase from 1.214 A to 1.242 A).

As can be seen from the Fig. 3, the released energy of
R1 coordinate to Cat is 303.4 and 311.2 kJ mol !,
respectively, which indicates this step to be fast, exother-
mic, and irreversible. However, the coordination transition
state of R1 with Cat was not located at the theoretical levels
used, which indicate that the coordination process is
barrierless or, alternatively, has very low activation barrier
(the scan curve along Cu-N3: see Fig. S1).

An intramolecular 1,3 hydrogen shift transition states
(TS1) were located. Two conformations are possible for the
TS1 and these depend on the orientation of the hydrogen
(see TS1-a and TS1-b in Fig. 4). The H1 migration to Ol
from C2 leads to a four-membered ring of C2-H1-O1-C1, a
RCP of the ring is found (the electronic density is 0.084 for
TS1-b). In TSI the C2-H1 o-bond and C1-O1 7-bond are
partially broken, and the new O1-H1 o-bond and C1-C2
m-bond are partially formed. It can be seen from AIM
analysis, a BCP between O1-H1 in TS1-b is found (p(r)=
0.136), and for C1-C2 is 0.308. (see Fig. 5).

01-Cl: 1.242
C1-C2: 1.519
C2-C3: 1.516
C3-02: 1.248
02-Cu: 1.999
C2-H1: 1.09%4

Fig. 2 B3LYP optimized structures for IN1
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68.9
R1-3+Cat

R1-2+Cat
R1-1+Cat

-306.9
IN1-b

Fig. 3 Energy profile calculated for the proposed IN2 formation. The
relative energies are given in kJ mol ™'

From the structural viewpoint, TS1-a is very similar to
TS1-b (see Fig. 4). They differ from the Cu-Ol1 bond
distance. In TS1-a, there are clear steric interactions between
the methyls of the 4-position of the oxazoline ring and the
B-position of R1 (the distance is 2.377 A). As in the case of
TSl1-a, this steric interaction leads to the Cu-Ol1 bond
distance in TS1-a (2.110 A) to be longer than that in TS1-b
(2.084 A). As show in Table 2, the electron density,

TS1-a ©
Fig. 4 B3LYP optimized structures for TS1 and IN2

p(Cu-01), of TS1-b is slightly higher than that of TS1-a
(0.054 versus 0.050). As steric interaction result, the forward
reaction barrier of TS1-a is higher than that of TS1-b.
Examining the reaction energies, the barriers of 1,3
hydrogen migration via TS1-a and TS1-b are relatively high
(284.4 and 281.8 kJ mol ', respectively) (Fig. 3). Although
the coordination of R1-1 or R1-2 with Cat leave out a large
of energy, considering the high barriers and the less stable
intermediate IN2 (the relative energy of IN2 is 62.6 and
66.1 kJ mol " higher than IN1-a and IN1-b), the formation
of IN2 through 1,3 hydrogen of keto is difficult to occur.

By 2-keto ester tautomery to form IN2

The {3-keto ester can exist mainly as two tautomeric forms
in equilibrium (see Scheme 3); the [3-keto ester form R1-1
and R1-2 is 68.9 and 64.6 kJ mol ' lesser in energy than
isomer R1-3, respectively. With the inclusion of the solvent
effect, this difference became 35.2 and 33.9 kJ mol !,
respectively. Thus, this tautomeric form was assumed for
the catalyzed process.

As shown in Fig. 3, R1-3 coordination with Cat is quite
favored (the relative energy to IN2 is 309.7 kJ mol "). This
reveals a good overlap between the LUMO of Cat and the

Cu-0O1: 2.062
01-C1: 1.404
C1-C2: 1.355
C2-C3: 1472
C3-02: 1.264
02-Cu: 1937
C2-H1: 0.973
H1-H2: 2.410
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Fig. 5 The two-dimensional electron density contours for all the
transition states of pathway B (including electron densities of some
selected BCPs and RCPs)

HOMO of the R1-3. Compared to the interaction between
HOMO(,(-0.58eV) and LUMOg;_3(-0.01eV), the contri-
bution from the interaction between HOMOg_3(-0.22¢V)
and LUMOc,(-0.37¢eV) is large. As illustrated in Fig. 6, the
R1-3 — Cat m-back-donation is almost exclusively
produced by the interaction between the HOFO of R1-3
fragment (HOFOg_3) and the LUFO of the Cat fragment
(LUFOca). The LUMO-a of IN2 mainly comes from the
contribution of LUFOg;_3 (94.7%) and while the LUMO-b
is a combination of 7% HOFOg;_3, 9.7% HOFOc,, and

@ Springer

63.6% HOFO-1¢c,. The corresponding bonding orbital
HOMO-a and HOMO-b is a combination of 88.6%
HOFOg;_3 and 87.8% HOFOg;_3. These orbital contribu-
tions indicate the strong 7-back-donation interaction be-
tween two fragments.

Thus, the favored coordination step make the R1 react with
Cat by enol configuration, it is according with the observation
of El-Dissouky, that the chiral bis (oxazoline)-copper(Il)
complex can promote the keto to enol tautomerization [44].

R1, by enol form R1-3, coordinate with Cat to form 17-
electron complex IN2. Akin to R1-1 coordination with Cat,
no transition state of R1-3 coordination with Cat was
located. As shown in Fig. 4, the complex IN2 is likely a
distorted square-planar geometry. O1-C1-C2-C3-02 is
nearly coplanar, and HI is also in the plane. Owing to
the steric interaction between the RI1-3 ligand and the
substituent in the 4-position of the oxazoline ring, the
ligands plane twists (the angle between two planes defined
by N1-Cu-N2 and O1-Cu-02).

As reference [45] suggested, there is a relationship beween
the enantioselectivity and the ligands plane twists in these
systems catalyzed by metal coordination with C2-symmetric.

The Cu-N and Cu-O bond lengths are similar to those
found in related complexes determined by X-ray analysis
[46, 47]. The Cu coordination with Ol is less strong than
that with O2 because of its longer distance (2.062 A versus
1.937 A).

Formation of C-N o-bond

Two possible conformations are located-depending on
the orientation of R2 attack IN2. Figure 7 illustrates
the calculated structures of IN3, as well as the structure
parameters.

The structures of transition state connecting the energy
minima corresponding to IN2—IN3 could not be located at
the theoretical levels used, which indicates that the R2 attack
process is barrierless, fast or has low barrier (see Fig. S2) just
like the coordination between R1 and Cat.

Inspecting Fig. 7, it can be found the 4-coordination
complex, IN2, affords IN3-a and IN3-b which are 5-
coordination and 19-electron complexes. The big difference
between Cu center with two N atoms (2.114 A and 2.964 A
in IN3-a, 2.477 A and 3.056 A in IN3-b), it indicates that
Cu center coordinate with only one N, and not with the
N=N. It is in agreement with NBO analysis. As NBO
analysis, the Wiberg bond index (which is use to examine

o 9 o OH
CH
Me Me

Scheme 3 [(-keto ester as two tautomeric forms
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Fig. 6 The orbital interaction
diagram illustrating the cou-
pling of Cat and R1-3 fragments
in IN2 complex (the AOMix-
CDA calculation, based on
B3LYP/6-31g* results, MO of J
o and 3 electron replace with a 0 -
and b, respectively). Because of
the little deference in energy,
some orbitals can not be divided
clearly. The MO-FO pairs
connected by lines if the
corresponding FO contributions
are greater than 5%

Orbital Energy (V)
&

A
o
L

[
-
N
1 "

14 -

Cat

the component of 7t-bond) is 1.90 for N=N bond of IN3-a
and 1.91 for IN3-b (see Table 2). It indicates the N=N bond
includes obvious components of 7-bond. In addition, the
NBO charge of Cu, N3 and N4 is 1.32, -0.30 and -0.09 in
IN3-a, and 1.37, -0.30 and -0.18 in IN3-b, respectively.
These exhibit only one N atom to coordinate to copper.

As shown in Fig. 7, the plane of Cu-bis(oxazoline) is
perpendicular to the plane of O1-C1-C2-C3-0O2 in IN3-a,
whereas, those planes in IN3-b are almost horizontal. It lead
to the energy of IN3-b being higher than IN3-a by about
14.8 kJ mol ™' (See Fig. 8).

Starting from IN3, two transition states of TS2-a and
TS2-b are found to be responsible for the N-C bond form to
give IN4. As shown in Fig. 7, Cu-N3-N4-C2-C3-02 forms
a six-membered ring (the electronic density of RCP for
TS2-b is 0.013) in TS2. In an effort to gain some insights
into the origin of the steroselectivies observed, we ex-
amined the calculated TS2 structure. In TS2-a and TS2-b,
Cu-N3 distance is 1.968 A and 1.949 A, and Cu-Ol
distance is very far, indicate a strong coordination between
Cu with N3, and a cleavage of bond between Cu with O1.
The configuration of TS2 show a four-coordination
character, which is in accord with the characteristic of d9
copper(Il) center that favor a square-planar coordination
geometry. The N3-N4 bond lengths are 1.296 A and 1.299
A in TS2-a and TS2-b, respectively, which is longer than
IN3-a and IN3-b (1.233A and 1.242A, respectively). It
indicates the N=N 7-bond change to N-N o-bond. The
cleavage of the N=N 7t-bond is also confirmed by NBO

HOFO 9.7% A

241 HOFO-1
63.6%

@ -2
LOFO %4.7%

HOMO-a HOFO 88.6%
HOMO-b HOFO 87.8%
IN2 R1-3

analysis. The Wiberg bond indexes are lower than those in
IN3 (1.43 in TS2-a and 1.41 in TS2-b), the egcp of N-N
bond (0.13 in IN3-a and IN3-b, 0.11 in TS2-a and 0.10 in
TS2-b) are lower than those in IN3, and the Laplacian
(Vﬁ(r) (-0.98 in IN3-a and -1.12 in IN3-b, -0.84 in TS2-a
and TS2-b) in IN3 is more negative, all of the proofs
indicate the N-N in IN3 is a double bond and is o bond in
TS2. The N4-C2 distance in TS2-a and TS2-b are 2.021 A
and 2.004 A, are shorter than in IN3-a and IN3-b, which
indicate they have the tendency to form N-C o-bond.

As shown in Fig. 7, the configuration of TS2-a and TS2-
b is very similar, the main difference between TS2-a and
TS2-b is the orientation of the ester group connected with
N3. In TS2-a, the ester group is close to the 4-positon
substituted H, whereas, the ester group of TS2-b is close to
methyl. The more crowed structure of TS2-b lead to it to be
less stable than TS2-a (TS2-b is higher 16.2 kJ mol ' than
TS2-a in the relative energies). However, the barriers of
TS2 in both pathway are similar (45.2 kJ mol ' for TS2-a
and 46.6 kJ mol ' for TS2-b).

The reaction model allows us to account for the major
enantiomers found in the direct amination catalyzed by
copper(Il). After the TS2, the C-N bond formation step, the
chiral-C center is received. The C-N formation step is
chiral-determining step. The Cu-N3 distance in IN4-b is
shorter than that in IN4-a (1.930A and 1.912A in IN4-a and
IN4-b, respectively), indicate a stronger coordination
between Cu and N3 in IN4-b. On the other hand, the Cu-
02 distance is 2.237 A in IN4-b, and 2.407 A in IN4-a.
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Fig. 7 B3LYP optimized struc-
tures for IN3, TS2 and IN4

Cu-N3:2.114
Cu-N4: 2.964
N3-N4: 1.233
Cu-01: 2.322
01-C1: 1.381
C1-C2: 1.361
C2-C3: 1.468
C3-02: 1,258
02-Cu: 2.001
01-H1: 0.972

Similar to TS2, the crowded structure lead to high energy
for IN4-b (the relative Gibbs free energy is -9.2 kJ mol ™’
for IN4-a, and 2.1 kJ mol ™" for IN4-b).

Intramolecular H migration step
The transition structure corresponding to the H migrate
from O1 to N3 are located. Figure 9 shows the structures

TS3 and INS. The two structure of TS3 have a HI1-N3-N4-
C2-C1-0O1 six-membered ring (the electronic density of

@ Springer

01-C1: 1.401
C1-C2: 1.353
C2-C3: 1.475
C3-02: 1.256
N3-Cu: 2.477
N3-N4: 1.242
N4-Cu: 3.056

2.550
Cu-02: 2.237 _
02-C3: 1.224 @ N\
py C3-C2: 1554 ©
C2-N4: 1.499 Cu-02: 2.407
N4-N3: 1.376 02-C3: 1.217
N3-Cu: 1.930 C3-C2: 1.557
C2-N4: 1.491
N4-N3: 1.381
N3-Cu: 1.912

7 Cu-02: 2.091
02-C3: 1.239
C3-C2: 1517
C2-Cl: 1.420
C1-01: 1.325
O1-H1: 0.976
Cu-N3: 1.968
N3-N4: 1.296
N4-C2: 2.021

RCP for TS3-b is 0.022). Related to the Cu-N3 and Cu-O1
distance, there are significant change in IN4 and TS3. The
Cu-N3 bond from 1.930 A in IN4-a to 3.603 A in TS3-a
and from 1.912 A in IN4-b to 3.449 A in TS3-b. The Cu-
N3 bonds are lengthened, it indicate N3 atom no longer
coordinate with Cu center. In addition, the interaction be-
tween Cu center and O1 atom are strengthened (the Cu-Ol
bondlength is 2.048 A in TS3-a and 2.068 A in TS3-b,
respectively). Therefore, form IN4 to TS3 has a ligand
exchange, the coordinated N3 atom eliminated and O1
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Fig. 8 Energy profile calculated for the C-N formation and hydrogen
migration step for pathway A and pathway B. The relative energies are
given in kJ mol™!
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01-C1: 1.293
HI-N3: 1.411
N3-Cu: 3.603

H2-03: 2576

Fig. 9 B3LYP optimized structures for TS3 and IN5

coordinate to Cu again. The bond of Cu-N3 is strong in
IN4, the scission of Cu-N3 lead to a high barrier for TS3, as
shown in Fig. 8.

The O1-H1 and H1-N3 distance in TS3-a is 1.402 A and
1.411 A, which is 1.420 A and 1.385 A in TS3-b. The C1-O1
distance is 1.293 A and 1.288 A in TS3-a and TS3-b,
respectively, which is shorter than in IN4-a and IN4-b, indicate
a hydroxyl bond weakened and a carbonyl bond formed.

The calculated energy barriers for TS3-a and TS3-b are
105.7 and 98.9 kJ mol ', relatively. The relative Gibbs free
energies of IN4-a and IN4-b is -9.2 kJ mol ' and 2.1 kJ
mol ', respectively, it indicates IN4-a and TS3-a are more
stable, which is attributed to the more crewed geometry of
IN4-b, there are clear steric between the methoxyl oxygen
atom and hydrogen atom of the bis (oxazoline) ligand
(2.303 A) and between the methyl hydrogen atom and one

Cu-N2: 1.987
Cu-01: 1.997
01-Cl: 1.240
C1-C2: 1.540
C2-C3: 1.555
C3-02: 1.247
02-Cu: 1.966
C2-N4: 1.459
N4-N3: 1.404
N3-H1: 1.016

N3-Cu: 3.449
N3-N4: 1.378

TS3-b
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of hydrogen atoms of the bis(oxazoline) ligand(2.550 A),
just like TS2-b and IN3-b. Nevertheless, after a ligand
exchange in TS3, the geometry of TS3-a becomes more
crowded, as shown in Fig. 9, the distance of H2 and O3 is
2.576 A. From the energy viewpoint, the difference
between TS3-a and TS3-b is 4.5 kJ mol™', which is less
than in IN3, IN4, and TS2 (14.8, 16.2, and 11.3 kJ mol !,
respectively).

Inspecting the energy barrier of the entire catalytic
process, the highest barriers of TS3 indicate the intramo-
lecular hydrogen migration is the rate-determination step
and pathway B is more favorable than pathway A. It is in
accord with the experimental result.

After the hydrogen migrate step, a complex (INS) is
formed, in which the oc-amino acid product coordinate to
the Cu center. The calculated Cu-O1 distance in IN5-a and
IN5-b is 2.005 A, and 1.997 A. The Cu-O2 distance in
IN5-b and IN5-b is 1.960 A and 1.966 A, which is similar
to the bond length in IN2. It can be seen from Fig. 9, the
structure of IN5-a and IN5-b is similar.

This is in agreement with the calculated Gibbs free
energy of IN5-a and IN5-b (-119.7 kJ mol™" and -117.4 kJ
mol ', respectively). The initial complex Cat is regenerated
from this intermediate in order to close the catalytic cycle.

After analysis of each step of the direct amination
reaction, a conclusion reached here is that the reaction
mechanism shown in Scheme 2 is very feasible. Mean-
while, the downhill potential energy surface (Figs. 3 and 8)
discloses that the reaction is irreversible and the overall
process is largely favorable from a thermodynamic view-
point. As demonstrated, the energy barrier is lower for
TS3-b than that for TS3-a. Therefore, pathway B is more
favorable than pathway A, the mainly chiral product
generated along pathway B is (R)-geometry ester which is
in agreement with the experiments.

Solvent effect

The direct amination reaction was carried out in polar
solvent; as the solvent can change both gas phase activation
energy and stereoselectivity, their effects were explored.
The inclusion of solvent effects, such as CH,Cl,, produces
a larger stabilization of the anti enamine than the syn one.
The Gibbs free energies and solvation energies of all
structures are shown in Table 1. As a consequence, IN3 and
IN4 are more stable than in the gas phase. The energy
barrier for the chiral-control (TS2) and rate-determining
step (TS3) along the more favorable reactive channel
(pathway B) decrease to 22.6 and 80.7 kJ mol ', whereas,
the rate-determining step barrier for pathway A is increased
to 113.5 kJ mol ™' (see Fig. 10). These energetic results are
in reasonable agreement with experiments, where (R)-
configuration product is isolated in 99% ee.

@ Springer
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Fig. 10 Energy profile calculated for the C-N formation and
hydrogen migration step for pathway A and pathway B in CH2CI2
phase. The relative energies are given in kJ mol '

Conclusions

DFT calculations allow us to propose a reaction mechanism
for the direct amination of (3-keto esters catalyzed by
copper (II)-bisoxazoline (BOX). Under the reaction con-
ditions the catalyst is in coordination with R1-3 in the first,
and this step is found to be fast, exothermic, and
irreversible. We also considered R1-1 or R1-2 coordinates
to the catalyst, followed by 1,3 hydrogen shift to form
Cu-enol complex, but the high barriers of hydrogen shift
make this channel unfavorable. The azo dicarboxylate also
attack chiral Cu(Il) catalyst. The N-C bond forming step is
the chirality-control step, and give chiral C center. Then,
intramolecular hydrogen migration generates a catalyst-
product complex, which can finally yield product and the
high barrier indicates it is the rate-ditermining step for the
entire catalytic cycle. The overall catalytic cycle is highly
exergonic. The results of the DFT calculations are in
agreement with the experimentaly observed enantioselec-
tives. Careful examination of the optimized geometries of
the TS allowed an enantiodifferentiation to be proposed on
the basis of the intermolecular steric interaction between the
Cat and reactants.

In summary, a thorough examination of the free energy
surface of the model reaction studies has allowed the
elucidation of the key steps in the mechanism of copper-
catalyzed direct amination reactions. This information
provides new insights into the origin of the steroselectiv-
ities observed, which should allow the design of more
efficient catalytic systems.
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