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Experimental and computational studies on
pseudotetrahedral nickel(II)-(S or R)-dihalogen-
salicylaldiminates with Δ- or Λ-chirality induction
at-metal†

Arezoo Saadati,a Hadi Amiri Rudbari, *a Mahnaz Aryaeifar,a Olivier Blacque, b

Isabel Correia, c Mohammad Khairul Islam, d Dennis Woschko, e

Takin Haj Hassani Sohi, e Christoph Janiak e and Mohammed Enamullah *d

In this study, three pairs of pseudotetrahedral C2-symmetrical bis[(S or R)-N-1-(phenyl)ethyl-(2,4-X1,X2-

salicylaldiminato-κ2N,O)]-Δ/Λ-nickel(II), Δ/Λ-NiSL1–3 or Λ/Δ-NiRL1–3 (X1, X2 = Cl, Cl; Br, Br; Cl, Br) with Δ- or

Λ-chirality induction at-metal were synthesized, respectively. X-ray molecular structures showed the for-

mation of a N2O2-chromophore around nickel(II) from two molecules of Schiff bases in a pseudo-

tetrahedral geometry. The structural analysis further suggested the isolation of opposite configured Δ-Ni

and Λ-Ni diastereomers for S- and R-HL1–3 Schiff base ligands in an enantiopure crystal, resulting from

diastereoselection and chirality induction at-metal. The gas-phase optimized structures for Δ-NiSL1–3 or

Λ-NiRL1–3 are also slightly more stable by 0.10–1.70 kcal mol−1. Electronic circular dichroism (ECD) spectra

showed expected mirror-image relationships with opposite Cotton effects, confirming the enantiopurity or

enantiomeric excess of NiRL1–3 and NiSL1–3 complexes in solutions. Combined analyses of experimental

and simulated ECD spectra suggested diastereomeric excess of Δ-NiSL1–3 or Λ-NiRL1–3 in solutions, dem-

onstrating the preservation of chirality induction at-metal alike in solid or gas phases. The analysis of supra-

molecular packing explored several kinds of intermolecular interactions with the strongest one for halo-

gen⋯oxygen atoms and only halogen at the para-position of salicylaldehyde is involved in these

interactions with Br⋯O > Cl⋯O. Hirshfeld surface analysis also supported such kind of interactions at a

distance shorter than the sum of the van der Waals radii. The non-covalent interaction (NCI) indices ex-

plored the presence of weak attractive interactions resulting from the halogen atoms of the respective

structures. The experimental and simulated PXRD patterns revealed a fair matching, confirming the phase

purity of bulk crystal samples of these complexes.

Introduction

Four-coordinated non-planar transition metal(II)-complexes
with asymmetric bidentate (A^B) ligands gained considerable
interest in the context of syntheses, structural analyses, co-
ordination geometry, chiroptical properties, (dia)stereoselec-
tivity and induced Λ/Δ-chirality at-metal centres.1–6 X-ray
structural analyses revealed that the two molecules of A^B-
chelate ligands coordinate to a metal ion forming a A2B2-chro-
mophore with a pseudotetrahedral geometry. The formation
of these molecules gives two opposite configured stereoiso-
mers Λ-M(A^B) and Δ-M(A^B) with chirality induction at-
metal in the C2-symmetric molecules. In this connection, co-
ordination of chiral asymmetric bidentate ligands (R or
S-A^B) provides two opposite configured diastereomers
Λ-M(R-A^B) and Δ-M(R-A^B) {or Δ-M(S-A^B) and Λ-M(S-A^B)}
for each enantiopure ligand. However, the X-ray structure
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determination indicates the formation and isolation of only
one diastereomer of Λ-M(R-A^B) or Δ-M(S-A^B) in the bulk
samples of enantiopure crystals in solid state.7–15 Although
the phenomenon is quantitative in the solid state (examined
by X-ray structure and DSC analyses), both the diastereomers
co-exist in solutions and lead to a diastereomeric equilibrium
shift (i.e., Λ ⇆ Δ) with temperature and/or time (examined by
1H NMR, VCD and ECD spectra). The phenomenon is signifi-
cantly influenced by ligand chirality and substituents, solute–
solvent interactions in solutions, non-covalent interactions in
solid, metal ion selection, crystallization protocols, solvent po-
larity, pH of the solution and redox reactions.6–15

Our recent studies on the diastereoselection phenomenon
using the enantiopure Schiff base ligands {(R or S)-HL: L =
(Ar)ethyl-salicylaldiminate16a/-naphthaldiminate16b} provide,
in general, only one diastereomer of Λ-MRL or Δ-MSL (M =
Co,7,10 Ni,13,15 Cu,8 Zn6a,9) in a single enantiopure crystal,
while in a single case opposite configured Δ-CuRL or Λ-CuSL
is reported in Cu(II)-salicylaldiminate.6b However, in two
cases both the diastereomers Λ- and Δ-M(R or S)L co-exist in
a single enantiopure crystal.2c,8 Due to various inter- and/or
intra-molecular interactions, the only diastereomer Λ-MRL or
Δ-MSL found in the solid state might not necessarily be the
same as thermodynamically favored diastereomers formed in
solution or gas phase (optimized structure). Thus, solid ver-
sus solution studies demonstrated preservation6a,7–11,13,14 or
inversion6b,12 of chirality induction at-metal, suggesting a
phase-dependent diastereoselection phenomenon. Combined
analyses of experimental and simulated ECD spectra suggest,
in general, the preservation of chirality leading to diastereo-
meric excess of Λ-MRL or Δ-MSL in solutions, in parallel to
the diastereomers found in the solid state or gas phase (opti-
mized structures). However, the introduction of dihalogen
substituents in the chelate ring (salicylal-ring) results in chi-
rality inversion from Λ-CuRL1–3 or Δ-CuSL1–3 in the solid state
to Δ-CuRL1–3 or Λ-CuSL1–3 in solution or gas phase in Cu(R or
S)L1–3 complexes {L1–3 = (phenyl)ethyl-2,4-X1,X2-
salicylaldiminate and X1, X2 = Cl, Cl; Br, Br; Cl, Br}.12 Con-
versely, the analogous homoleptic Λ- or Δ-Zn(R or S)L1–3 com-
plexes14 show chirality preservation in the solid state and in
solution (or gas phase optimized structures). In addition, var-
iable time and temperature 1H NMR spectra (along with sim-
ulation) showed the formation of only one diastereomer for
the later Zn complexes (i.e., Λ-ZnRL1–3 or Δ-ZnSL1–3)14 instead
of showing both diastereomers of Λ- and Δ-Zn(R or S)L {L =
(Ar)ethyl-salicylaldiminate6b/-naphthaldiminate9} with an un-
even ratio in solutions. These discrepancies in
diastereoselection and chirality induction at-metal for a par-
ticular ligand with Cu12 or Zn14 lead to the present investiga-
tion on the homoleptic Ni(R or S)L1–3 complexes. The single-
crystal X-ray diffractions were carried out to elucidate the ab-
solute configuration of the metal centre. Experimental and
computational procedures on UV-vis and ECD spectra were
employed to get insights into chiroptical properties and to as-
sess the Λ- or Δ-chirality induction at-metal in solutions. Ex-
perimental and simulated powder XRD patterns were com-

pared to check the phase purity of the bulk crystal samples of
the complexes. The supramolecular packing analysis was con-
ducted and linked with the Hirshfeld surfaces using
CrystalExplorer.

Results and discussion

The reaction of enantiopure Schiff bases (S or R)-N-1-(phenyl)
ethyl-2,4-X1,X2-salicylaldimine {(S or R)-HL1–3: X1, X2 = Cl, Cl;
Br, Br; Cl, Br} with Ni(NO3)2·6H2O in the presence of triethyl-
amine under reflux provides pseudotetrahedral C2-symmetri-
cal bis[(S or R)-N-1-(phenyl)ethyl-(2,4-X1,X2-salicylaldiminato-
κ2N,O)]-Δ/Λ-nickel(II), Δ/Λ-NiSL1–3 or Λ/Δ-NiRL1–3, respectively
(Scheme 1). The elemental analysis data correspond well to
the proposed compositions of the complexes, as depicted in
the reaction in Scheme 1. IR spectra show the main charac-
teristic band at ca. 1600 cm−1 for ν(CN). EI-mass spectra
display the parent ion peaks at 644 for Ni(R or S)L1 ([M+]),
823 for Ni(R or S)L2 ([M + H+]) and 734 for Ni(R or S)L3 ([M+])
(Fig. S1†). The spectra further reveal several ion peaks at 351,
441 and 397 for the mono-ligated species and at 292 for
[HL1–H]+, 383 for [HL2]+ and 338 for [HL3]+, respectively.

Analyses of X-ray molecular structures

Solid-state X-ray molecular structures for the enantiopure
crystals of bis[(S or R)-N-1-(phenyl)ethyl-(2,4-X1,X2-
salicylaldiminato-κ2N,O)]-Δ/Λ-nickel(II), Δ/Λ-NiSL1–3 or Λ/Δ-
NiRL1–3 are shown in Fig. 1, and the selected bond lengths
and angles are given in Table 1. All the complexes crystallize
in non-centrosymmetric space groups (monoclinic, I2). The
asymmetric unit contains half of the molecule that lies on a
crystallographic 2-fold axis passing through the nickel center.
The molecular structure features the nickel(II) ion surrounded
by a N2O2-chromophore comprising two phenolate-oxygen
and two imine-nitrogen atoms from two molecules of the
Schiff bases in a pseudotetrahedral geometry. The inspection
of metal–ligand bond distances reveals that the metal–oxygen
bond is slightly shorter than the metal–nitrogen bond and in-
dicates strong bonding between the negatively charged oxy-
gen atom and the metal ion (Table 1). The N1–Ni–N1′ and
O1–Ni–O1′ angle values are exactly the same for each enantio-
meric pair, resulting in a fair overlap between them (i.e., all
atoms' sites overlap well). For example, an overlay plot of
Λ-NiRL2 and Δ-NiSL2 is shown in Fig. 2 with the resulting r.

Scheme 1 Synthetic route for the formation of Δ/Λ-Ni(II)-(S or R)-
Schiff base complexes.
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Fig. 1 Molecular structures for nickel(II)-Schiff base complexes with Λ-NiRL1–3 or Δ-NiSL1–3 configurations at-metal in the pseudotetrahedral ge-
ometry. Thermal ellipsoids are drawn at the 30% probability level, while the hydrogen size is arbitrary (see Table 1 for bond lengths and angle
values).

Table 1 Selected bond lengths (Å) and angles (°) in Ni(II)-Schiff base complexes (Λ-NiRL1−3 and Δ-NiSL1−3)

Λ-NiR1 Λ-NiR2 Λ-NiR3 Δ-NiS1 Δ-NiS2 Δ-NiS3

Ni1–O1/O1′ 1.9103(17) 1.900(4) 1.9120(16) 1.910(2) 1.906(2) 1.9098(17)
Ni1–N1/N1′ 2.008(2) 2.015(5) 2.0066(19) 1.998(3) 2.012(3) 2.006(2)
C7–N1 1.284(3) 1.274(8) 1.285(3) 1.293(4) 1.281(4) 1.285(3)
O1–Ni1–O1′ 142.33(11) 142.9(3) 141.94(10) 142.37(14) 142.60(15) 142.50(11)
N1–Ni1–N1′ 115.84(12) 115.3(3) 117.02(11) 115.92(15) 115.24(16) 116.61(12)
O1–Ni1–N1′ 107.26(8) 107.12(19) 107.29(7) 107.24(10) 107.33(11) 107.04(8)
O1–Ni1–N1 92.65(8) 92.62(19) 92.49(7) 92.62(10) 92.61(10) 92.56(7)

Symmetry transformations used to generate equivalent atoms: 1 − X, + Y, 1 − Z.
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m.s. distance of 0.27 Å. The values of dihedral angles (θ =
74.3–75.5°) and geometric indexes (τtet-sq = 0.83–0.84), calcu-
lated from the X-ray structures, are listed in Table 2, are al-
most the same for all Ni(II)-complexes irrespective of different
substituents on the salicylal-ring and in good accordance
with the homoleptic Cu (θ = 60.1–62.0°)12 or Zn (θ = 75.4–
76.1°)14 complexes. These values are very close to the corre-
sponding values from DFT optimized structures (Table 2).
These geometric parameters suggest a deviation from tetrahe-
dral to pseudotetrahedral geometry by ca. 15° for Ni- or Zn-
complexes, while from tetrahedral to distorted square-planar
geometry by ca. 30° for Cu-complexes.7–14,17 A stronger devia-
tion for the Cu-complexes from tetrahedral, that is, a closer
metal configuration to square-planar for Cu makes the
Cu(chelate)2 complexes more likely for chirality inversion if
the solid and solution state have opposite ground-state ener-
gies for the Λ or Δ configuration (discussed below).

Considering the C2-axis passing through the center of the
O1⋯O1′ edge, metal ion and center of the N1⋯N1′ edge, the
absolute configuration of the metal center was determined
on the basis of very low absolute structure or Flack parameter
values (−0.024 to −0.004).18,19 Thus, for a given S- or R-ligand
chirality, the Δ-NiSL1–3 or Λ-NiRL1–3 diastereomer was found
in a single enantiopure crystal.6–14 The Δ- or Λ-configuration
at-metal is induced diastereospecifically by conformational
preference of the chiral N,O-chelate rings and/or minimum
steric requirements by ligand substituents in the co-
ordination sphere, leading to thermodynamically stable
Δ-NiSL1–3 or Λ-NiRL1–3 diastereomers. These results are in
parallel to the preferred, in general, formation of Λ-MRL or
Δ-MSL diastereomers in C2-symmetrical metal-(R or S)-
(Ar)-salicylaldiminate/naphthaldiminate complexes (metal =
Co,7,10 Ni,13,15 Cu,8 Zn6a,9) in the pseudotetrahedral ge-
ometry. Indeed, the homoleptic M(II)-(S or R)-N-1-(phenyl)

ethyl-2,4-X1,X2-salicylaldiminates showed similar results of
Δ- or Λ-chirality induction at-metal and provided the
Δ-MSL1–3 or Λ-MRL1–3 configured diastereomer (M =
Cu,12 Zn14) in the solid state. However, it should be
noted that the measurement of a single crystal in a sin-
gle attempt does not exclude the presence of opposite
configured diastereomers (i.e., Λ-MSL1–3 or Δ-MRL1–3, may
be minor) in the bulk crystal sample of the complexes.

Supramolecular packing analyses

All the Ni(II)-Schiff base complexes show a similar crystal
packing and feature several kinds of intermolecular interac-
tions such as X⋯H–C, X⋯O, X⋯π, X⋯M, H⋯C, H⋯O and
H⋯H, respectively. Because of the presence of the halogen
atoms as substituents on the salicylal-ring (chelate-ring),
most of the strong intermolecular interactions belong to
these halogen atoms with other atoms. Among these interac-
tions, the strongest one is identified as halogen⋯oxygen
(X⋯O). It should be noted that only the halogens in the para
position can involve in X⋯O interaction. According to X⋯O
interaction values in Table 3, Br⋯O(1) interaction is the
strongest one compared to Cl⋯O(1). The van der Waals
(vdW) radii for the Cl, Br and O atoms are 1.76, 1.87, and
1.58 Å, respectively, and the corresponding sum of the vdW
radii are Cl + O = 3.34 and Br + O = 3.45 Å.20 As a result,
X⋯O halogen bonding interactions play a key role in crystal
packing with the Br atom in the para position of salicyl-
aldehyde, as shown for Λ-NiRL2 in Fig. 3. Another strong in-
termolecular interaction in crystal packing is X⋯π contact.
The geometrical parameters for C–Cl⋯π/C–Br⋯π interactions
are listed in Table 4. The ortho halogen atom has an X⋯π in-
teraction with the neighboring molecules and vice versa. Ac-
cording to geometric parameters in Table 4, especially the rb
value which is slightly shorter than the sum of the vdW radii
for the halogen and carbon atoms (i.e., rC + rCl = 3.45 Å and
rC + rBr = 3.55 Å), these interactions can be categorized as
strong localized (SL) interactions.12

The supramolecular packing is further supported by analy-
ses of intermolecular interactions with Hirshfeld surfaces
using the program CrystalExplorer.21,22 Because of similar
Hirshfeld surfaces for all complexes, the Hirshfeld surface
with dnorm properties and fingerprint plot only for Λ-NiR2 are
illustrated in Fig. 4 (for other complexes, see Fig. S2†). The
percentages of contributions to various types of contacts in
the fingerprint plots are summarized in Fig. S3.† The plots in-
dicate that the highest contributions over the Hirshfeld sur-
faces are due to the H-atom with other atoms such as carbon
(H⋯C), halogen (H⋯X) and hydrogen (H⋯H) (Fig. S3†).
These three kinds of contacts overall are more than 84% of
the total Hirshfeld surface area of the complexes. Also, the
fingerprint plots indicate that the intermolecular interactions
between the halogen and other atoms (X⋯X/C/H/O/M) cover
nearly 40% of the whole Hirshfeld surfaces (Fig. S3†). This
can be attributed to the relatively large vdW radii of the halo-
gen atoms. The Hirshfeld surface analyses display strong

Fig. 2 Structural overlay plot of Λ-NiRL2 (blue) and Δ-NiSL2 (grey).

Table 2 Values of dihedral angle (θ/°) and geometric index (τtet-sq) in

Ni(II)-Schiff base complexes (Λ-NiRL1−3 and Δ-NiSL1−3)a

Complexes X1, X2 θ/° τtet-sq
b

Λ-NiRL1 Cl, Cl 75.09 (71.00) 0.83 (0.79)
Δ-NiSL1 Cl, Cl 75.02 (71.00) 0.83 (0.79)
Λ-NiRL2 Br, Br 75.24 (65.60) 0.84 (0.73)
Δ-NiSL2 Br, Br 75.49 (65.51) 0.84 (0.73)
Λ-NiRL3 Cl, Br 74.34 (66.00) 0.83 (0.73)
Δ-NiSL3 Cl, Br 74.33 (66.29) 0.83 (0.74)

a Values in parentheses are from optimized structures. b τtet-sq = θ/90.
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intermolecular interactions, between two molecules at a dis-
tance shorter than the sum of the vdW radii, as red spot on
the dnorm surface in Fig. 4 (Fig. S2†). These strong intermolec-
ular interactions include X⋯H/C/O and C⋯H contacts, re-
spectively, which cover nearly 61% of the whole Hirshfeld
surfaces (Fig. S3†). As we see in Fig. S3,† halogen atoms exist
in three of four kinds of these strong interactions, indicating
its prominent role in crystal packing.

The non-covalent interactions (NCI) are further investi-
gated via NCIPLOT4 analysis.33 Analysis is focused merely on
the halogen bonds. Considering the peaks present in the NCI
plots in Fig. 5 of Δ-NiSL1, Δ-NiSL2 and Λ-NiRL3 at ca. −0.01 ≤
sign(λ2)ρ ≤ 0 (λ2: second eigenvalue of the Hessian of ρ),
which represent weak attractive interactions in van der Waals
regions, one can identify intermolecular Cl2⋯Cl1 and
Cl2⋯O1 interactions between molecules of Δ-NiSL1, Br2⋯Br1
and Br2⋯O1 interactions between dimers of Δ-NiSL2, and

Cl1⋯Br1 and Cl1⋯O1 interactions between molecules of
Λ-NiRL3, among other interactions displayed in Fig. 5. The
NCIPLOT indices therefore give further evidence to the pres-
ence of weak attractive interactions resulting from the halo-
gen atoms of the respective structures.

Experimental UV-vis and ECD spectra

The absorption spectra (UV-vis) for the Schiff bases and
nickel(II)-Schiff base complexes in methanol/chloroform
(50%, v/v) (Fig. 6 and S4 and S5†) show several bands/shoul-
ders at <500 nm, assigned to the intra-ligand (LL) and
metal–ligand (ML) charge transfer transitions. The spectra
for the complexes further reveal an additional weak broad
band in the visible region due to the metal-centred d–d (MM)
transitions for the nickel(II)-core electrons (Fig. 5 and S5;† in-
set).13,15 The electronic circular dichroism (ECD) spectra for
the complexes in methanol/chloroform (50%, v/v) (Fig. 7) dis-
play several bands with expected mirror image relationships,
corresponding to the enantiopurity or enantiomeric excess of
NiRL1–3 or NiSL1–3 in solutions.8–14 The inspection of ECD
spectra shows the following series of bands with opposite
Cotton effects (sign and strength) at ca. 650 nm (−/+ and
weak), 550 nm (+/− and weak), 495 nm (−/+ and very weak),
390 nm (+/− and strong), 330 nm (−/+ and weak), 280 nm (+/−
and very strong) and 250 nm (−/+ and strong), respectively for
NiRL1–3/NiSL1–3.

Optimized structures and excited state properties (Λ vs. Δ
configuration at-metal)

Gas-phase optimized structures (Fig. S6†) for the diastereo-
meric pairs of Λ-ZnRL1–3/Δ-ZnRL1–3 and Λ-ZnSL1–3/Δ-ZnSL1–3

at b3lyp/6-31G(d) suggest diastereomeric preference with a
very small amount of energy for Λ-NiRL1–2 or Δ-NiSL1–2 by
0.10–1.70 kcal mol−1, alike the homoleptic Cu12/Zn14 com-
plexes. The excited state properties by TD-DFT were calcu-
lated at the same level of theory for Λ-ZnRL1–2/Δ-ZnRL1–2 and
Λ-ZnSL1–2/Δ-ZnSL1–2 diastereomers, respectively. The simu-
lated UV-vis spectra for all diastereomers are essentially iden-
tical (Fig. S7†), while ECD spectra show expected mirror-
image relationships for each diastereomeric pair, respectively
(Fig. S8†). Further, the simulated UV-vis spectra are almost
identical to the experimental spectra in solution with a slight
shifting of the band maxima (Fig. 6).

Comparison of experimental and simulated ECD spectra
has been successfully used to assign the absolute

Table 3 Values of X⋯O(1) interactions in nickel(II)-Schiff bases complexes

Complexes X = X⋯O(1)/Å C(4)–X⋯O(1)/° C(1)–O(1)⋯X/° <or> normal X⋯O bond (%)

Λ-NiRL1 Cl(2) 3.3526(18) 143.503 145.087 +0.38
Δ-NiSL1 Cl(2) 3.356(2) 143.463 144.958 +0.47
Λ-NiRL2 Br(2) 3.311(4) 142.747 143.963 −4.02
Δ-NiSL2 Br(2) 3.313(2) 143.026 144.058 −3.97
Λ-NiRL3 Cl(1) 3.3806(17) 143.299 144.688 +1.22
Δ-NiSL3 Cl(1) 3.3721(18) 143.387 144.842 +0.96

Fig. 3 Br⋯O(1) halogen bonding interactions in crystal packing of
Λ-NiRL2.
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configuration of the metal centre in the complexes, resulting
from diastereoselection and Λ- or Δ-chirality at-metal induced
by the R- or S-ligands upon coordination.6–14 The results
show a fair matching of experimental spectra for NiRL1–2 or
NiSL1–2 with simulated spectra for Λ-NiRL1–2 or Δ-NiSL1–2 dia-
stereomer with a slight blue shifting of the band maxima (es-
pecially for d–d transitions in the visible region) (Fig. 8). The
opposite matching of spectra is shown in Fig. S9.† Though
the ECD spectra explore the chirality of the whole molecule,
the metal centered chirality, in particular, is reflected in the
visible region based on the d–d electron transitions for the
open shell metal-complexes.7–14 Our previous results of vari-
able temperature 1H NMR/ECD/VCD studies suggest the exis-
tence of Δ ⇆ Λ equilibrium between the two diastereomers
with, in general, diastereomeric excess of Λ-MRL or Δ-MSL
(as major diastereomers) in solutions.6a,7,9,14 Thus, the com-
parison of experimental and simulated ECD spectra along
with reported literatures infers preferred formation of
Λ-NiRL1–2 or Δ-NiSL1–2 (i.e., diastereomeric excess) over
Δ-NiRL1–2 or Λ-NiSL1–2 in solutions. These results are in par-
allel with the solid-state X-ray structures of the complexes
(Fig. 1) or slightly more stable gas phase optimized structures
for Λ-NiRL1–2 or Δ-NiSL1–2 (Fig. S6†). The overall results thus
conclude the integrity of diastereoselection phenomenon and
preservation of Δ- or Λ-chirality induction at-nickel upon co-
ordination of S- or R-HL1–3 ligands in solid and solution (or
gas phase optimized structures). Similar results of preserva-
tion of chirality induction at-metal were reported for the
homoleptic Zn(R or S)L1–3 complexes14 in solid and solution.
On the contrary, the homoleptic Cu(R or S)L1–3 complexes12

showed inversion of chirality induction at-metal from
Λ-CuRL1–3 or Δ-CuSL1–3 in solid to Δ-CuRL1–3 or Λ-CuSL1–3 in
solution.

It was attempted to assign the different electronic transi-
tions based on orbital and population analyses of excited-
state properties for Λ-NiRL1.13,15 Some selected and simpli-
fied assignments on simulated spectrum for Λ-NiL1 are listed
in Table 5, which are in good agreement with experimental
data. A combined band comprising MM, ML/LM and LL tran-
sitions is found at 409 nm with an oscillator strength of
0.0503 and a molecular orbital (MO) contribution of 60% for
the HOMO−1 to LUMO transitions. The energy gap between
HOMO−1 and LUMO (Fig. 9) is considerably high (ΔEg = 17.96
kcal mol−1), resulting in relatively low MO contributions.

Paramagnetism
1H NMR spectra for NiRL1 and NiRL2 in dmso-d6 show sev-
eral broad peaks associated with the co-ordinated Schiff ba-
ses to the nickel(II) ion (Fig. S10†). The spectra exhibit
shifting and peak broadening effects, corresponding to the
paramagnetic nature of the high-spin nickel(II)-complexes in
the pseudotetrahedral geometry.13,15,23

Powder XRD analysis

Powder XRD patterns (Fig. S11†) for all three pairs of Ni(II)-
complexes (NiRL1–3/NiSL1–3), measured over the 2θ range of
5–50° at ambient temperature, show consistent similarities
along the series. Comparison of experimental and simulated
PXRD patterns (from single-crystal X-ray structures) reveals a

Table 4 Geometrical parameters (Å and °) for descriptions of C–X⋯π interactions in nickel(II) complexes

Definition of geometrical C–X⋯π parameters

Λ-NiRL1/Δ-NiSL1 Λ-Ni-RL2/Δ-NiSL2 Λ-NiRL3/Δ-NiSL3

C–X⋯πa C–Cl1⋯π C–Br1⋯π C–Br1⋯π
rr/Å 3.828/3.819 3.748/3.754 3.734/3.729
ra/Å 3.528/3.518 3.467/3.474 3.430/3.430
rb/Å 3.46/3.45 3.40/3.40 3.36/3.36
Dplane/Å 3.422/3.413 3.348/3.354 3.339/3.341
dcentroid/Å 3.828/3.819 3.748/3.754 3.734/3.729
doffset/Å 1.715/1.713 1.687/1.686 1.670/1.657
α/° 63.38/63.34 63.28/63.30 63.43/63.62
β/° 144.11/144.13 144.97/144.88 145.26/145.23
Type SL SL SL

a π (C9–C14).
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fair matching, confirming the phase purity of bulk crystal
samples of the complexes.

Conclusions

The pseudotetrahedral C2-symmetrical bis[(S or R)-N-1-(phenyl)
ethyl-(2,4-X1,X2-salicylaldiminato-κ2N,O)]-Δ/Λ-nickel(II), Δ/Λ-
NiSL1–3 or Λ/Δ-NiRL1–3 exhibit Δ- or Λ-chirality induction at-
metal upon co-ordination of S- or R-HL1–3 ligands. The X-ray
molecular structures proved the formation of Δ-NiSL1–3 or

Λ-NiRL1–3 configured diastereomers in the solid state. This is
further supported by slightly more stable gas-phase optimized
structures for Δ-NiSL1–2 or Λ-NiRL1–2. Electronic circular dichro-
ism (ECD) spectra showed the mirror-image relationships, con-
firming the enantiopurity or enantiomeric excess of NiSL1–3 or
NiRL1–3 in solutions. Combined analyses of experimental and
simulated ECD spectra suggested diastereomeric excess of
Δ-NiSL1–3 or Λ-NiRL1–3 in solutions, resulting from
diastereoselection and Δ- or Λ-chirality induction at-metal. The
overall results thus conclude the preservation of Δ- or Λ-chirality

Fig. 4 Hirshfeld surfaces mapped with dnorm properties and fingerprint plot for Λ-NiRL2. Red spots represent the closest contacts and blue the
most distant contacts. ESP (electrostatic potential) plotted on Hirshfeld surfaces mapped from −0.875 au (red) to 1.1415 au (blue).

CrystEngComm Paper



372 | CrystEngComm, 2023, 25, 365–377 This journal is © The Royal Society of Chemistry 2023

induction at-nickel in solid and solution (or gas-phase opti-
mized structures), alike the homoleptic Zn-complexes14 and op-
posite to the homoleptic Cu-complexes (inversion of chirality in-
duction),12 demonstrating that the metal ion selection plays a
key role in phase-dependent diastereoselective phenomenon.

Experimental
Chemicals and instrumentation

Ni(NO3)2·6H2O and triethylamine were used as received from
the Sigma-Aldrich. The FT-IR spectrum was recorded using a

Fig. 5 NCI plots and concomitant interactions at ca. −0.01 ≤ sign(λ2)ρ ≤ 0 between molecules in (a) Δ-NiSL1, (b) Δ-NiSL2 and (c) Λ-NiRL3. The gra-
dient isosurfaces for the Cl/Br⋯Cl/Br and Cl/Br⋯O interactions are highlighted with red circles.
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JASCO FT/IR-6300 spectrometer (4000–400 cm−1) in KBr pel-
lets. 1H NMR spectra were recorded using a Bruker Avance III
400 spectrometer in dmso-d6 at 20 °C. The elemental analysis
was performed using Leco, CHNS-932 and Perkin-Elmer 7300
DV elemental analyzers. UV-visible spectra were recorded
using a Shimadzu UV 1800 spectrophotometer in methanol/
chloroform (50%, v/v) at 20 °C. ECD spectra were recorded
using a JASCO spectropolarimeter (J 810) in methanol/chloro-
form (50%, v/v) at 20 °C. Powder XRD patterns for all three
pairs of complexes were acquired using a Bruker D2 Phaser
powder diffractometer over a 2θ range of 5–50° on a flat sili-
con, low-background sample holder at 30 kV, 10 mA with Cu-
Kα radiation (λ = 1.5418 Å) for 30 min at ambient temperature.
The most intense reflection in each diffractogram has been
normalized to 1 and matched with the simulated PXRD pat-
terns from single crystal X-ray structure, using the MERCURY
2020.3.0 software.24 The synthesis of the enantiopure Schiff
base ligands, (R or S)-N-1-(phenyl)ethyl-2,4-X1,X2-
salicylaldimine {(R or S)-HL1–3: X1, X2 = Cl, Cl; Br, Br; Cl, Br},
was described in our previous study.12

Preparation of the complexes

A solution of triethylamine (7 mmol) in methanol (5 ml) was
added to a methanolic solution (10 ml) of appropriate enantio-
pure Schiff base ligands. The mixture was stirred for 10 min,
and then a solution of Ni(NO3)2·6H2O in methanol (10 ml) was
added. The resulting solution was refluxed for ca. 4 h. Upon
addition of salts, immediate precipitation occurs for all com-
plexes except for NiRL1 and NiSL1. The green powder was iso-
lated from the solution and purified by washing with cold
methanol. Suitable green crystals for X-ray crystallography
were obtained from the concentrated chloroform solution of
NiRL2, NiSL2, NiSL3 and NiRL3, respectively. For NiRL1 and
NiSL1, the green solution in methanol was slowly evaporated
at room temperature to isolate X-ray quality green crystals.
The yields for all synthesized complexes are more than 85%.

NiRL1: – IR (KBr, cm−1):  = 3056, 3033, 2973, 2935w (H–

Ar), 1600vs (CN) and 1577s (CC). – MS (EI): m/z (%) = 644
(5) [M = Ni(L1)2]

+, 351 (30) [Ni(L1) + H]+, 292 (24) [HL1–H]+

and 105 (100) [C6H5(CHNH)]+ {HL1 = (R)-N-1-(phenyl)ethyl-
2,4-Cl,Cl-salicylaldimine = C15H12Cl2NOH}. Anal. calc. For
C30H24Cl4NiN2O2: C, 55.86; H, 3.75; N, 4.34%. Found: C,
55.83; H, 3.72; N, 3.35%.

NiSL1: – IR (KBr, cm−1):  = 3064, 3032, 2978, 2939w (H–

Ar), 1600vs (CN) and 1575sh (CC). – MS (EI): m/z (%) =
644 (7) [M = Ni(L1)2]

+, 351 (32) [Ni(L1) + H]+, 292 (28) [HL1–
H]+ and 105 (100) [C6H5(CHNH)]+ {HL1 = (S)-N-1-(phenyl)
ethyl-2,4-Cl,Cl-salicylaldimine = C15H12Cl2NOH}. Anal. calc.
For C30H24Cl4NiN2O2: C, 55.86; H, 3.75; N, 4.34%. Found: C,
55.88; H, 3.75; N, 3.33%.

NiRL2: – IR (KBr, cm−1):  = 3056, 3033, 2973, 2935w (H–Ar),
1600vs (CN) and 1577s (CC). – MS (EI): m/z (%) = 823 (1) [M
+ H = Ni(L2)2 + H]+, 441 (10) [Ni(L2) + H]+, 383 (8) [HL2]+, 279
(12) [C6H2(Br2)(CHNH)(OH)]+ and 105 (100) [C6H5(CHNH)]+

{HL2 = (R)-N-1-(phenyl)ethyl-2,4-Br,Br-salicylaldimine = C15H12-
Br2NOH}. Anal. calc. For C30H24Br4NiN2O2: C, 43.79; H, 2.94; N,
3.40%. Found: C, 43.81; H, 2.93; N, 3.44%.

Fig. 6 Experimental and simulated UV-vis spectra for NiRL1 (2.0 × 10−2

mM) in methanol/chloroform (50%, v/v) at 20 °C. Simulated spectrum
was calculated at b3lyp/6-31G(d) for Λ-NiRL1 with PCM in chloroform.
Gaussian band shape with an exponential half-width σ = 0.16 eV.

Fig. 7 ECD spectra for the enantiomeric pairs of NiRL1–3 and NiSL1–3:
(a) ca. 2.0 × 10−2 mM at 500–230 nm and (b) ca. 1.0 mM at 700–425
nm in methanol/chloroform (50%, v/v) at 20 °C.
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Fig. 8 Comparisons of experimental and simulated ECD spectra (fair matching). Experimental spectra: (a) ca. 2.0 × 10−2 mM at 430–230 nm and
(b) ca. 1.0 mM at 825–425 nm in methanol/chloroform (50%, v/v) at 20 °C (Δεexptl. values are multiplied by 5). Simulated spectra were calculated at
b3lyp/6-31G(d) with PCM in chloroform. Gaussian band shape with exponential half-width σ = 0.16 eV.
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NiSL2: – IR (KBr, cm−1):  = 3055, 3033, 2973, 2935w (H–

Ar), 1599vs (CN) and 1576s (CC). – MS (EI): m/z (%) = 383
(10) [HL2]+, 279 (20) [C6H2(Br2)(CHNH)(OH)]+ and 105 (100)
[C6H5(CHNH)]+ {HL2 = (S)-N-1-(phenyl)ethyl-2,4-Br,Br-
salicylaldimine = C15H12Br2NOH}. Anal. calc. For C30H24Br4-
NiN2O2: C, 43.79; H, 2.94; N, 3.40%. Found: C, 43.81; H, 2.91;
N, 3.43%.

NiRL3: – IR (KBr, cm−1):  = 3058, 3031, 2975, 2937w (H–

Ar), 1601vs (CN) and 1575sh (CC). – MS (EI): m/z (%) =
734 (2) [M = Ni(L3)2]

+, 397 (22) [Ni(L3) + H]+, 338 (11) [HL3–
H]+ and 105 (100) [C6H5(CHNH)]+ {HL3 = (R)-N-1-(phenyl)
ethyl-2,4-Cl,Br-salicylaldimine = C15H12ClBrNOH}. Anal. calc.
For C30H24Cl2Br2NiN2O2: C, 49.09; H, 3.30; N, 3.82%. Found:
C, 49.11; H, 3.27; N, 3.83%.

NiSL3: – IR (KBr, cm−1):  = 3058, 3032, 2975, 2937w (H–

Ar), 1601vs (CN) and 1576sh (CC). – MS (EI): m/z (%) =
734 (3) [M = Ni(L3)2]

+, 397 (20) [Ni(L3) + H]+, 338 (15) [HL3–
H]+ and 105 (100) [C6H5(CHNH)]+ {HL3 = (S)-N-1-(phenyl)
ethyl-2,4-Cl,Br-salicylaldimine = C15H12ClBrNOH}. Anal. calc.
For C30H24Cl2Br2NiN2O2: C, 49.09; H, 3.30; N, 3.82%. Found:
C, 49.10; H, 3.29; N, 3.81%.

X-ray crystal crystallography

Single-crystal X-ray diffraction data for all Ni(II) complexes ex-
cept Δ-NiSL2 were collected at 160(1) K using a Rigaku OD
XtaLAB Synergy, Dualflex, Pilatus 200 K diffractometer with a
single-wavelength X-ray source (MoKα radiation: λ = 0.71073
Å) from a micro-focus sealed X-ray tube and an Oxford liquid-
nitrogen Cryostream cooler. Single-crystal X-ray diffraction
data for Δ-NiSL2 was collected at 160(1) K using a Rigaku OD
SuperNova/Atlas area-detector diffractometer with CuKα radi-
ation (λ = 1.54184 Å) from a micro-focus X-ray source and an
Oxford Instruments Cryojet XL cooler. The selected suitable
single crystal was mounted using polybutene oil on a flexible
loop fixed on a goniometer head and immediately transferred
to the diffractometer. Pre-experiment, data collection, data re-
duction and analytical absorption correction25 were per-
formed with the program suite CrysAlisPro.26 Using Olex2,27

structure was solved with the SHELXT28 small-molecule struc-
ture solution program and refined using the SHELXL2018/3
program package29 by full-matrix least-squares minimization
on F2. Hydrogen atoms were placed in calculated positions
by means of the “riding” model. PLATON30 was used to check
results of X-ray analyses. More details concerning the crystal-
lographic data and structures refinements are given in Table
S1.†

Computational methods

A thorough computational procedure was employed using
Gaussian 09.31 The initial gas-phase geometries for
Λ-NiRL1–3/Λ-NiSL1–3 were generated from their corresponding
single-crystal X-ray structures. The geometries with opposite
configuration at-metal (i.e., for Λ-NiRL1–3/Λ-NiSL1–3) were de-
signed by mirror inversion of the structures following manual
inversion of the chiral carbon center.3,4,8–12 The structures
were then optimized by DFT at b3lyp/6-31G(d), respectively
(Fig. S7†).13,15 To gain insights into the electronic transitions
and chiroptical properties, excited state properties by TD-DFT
were calculated at b3lyp/6-31G(d). The PCM (polarization con-
tinuum model) was incorporated using chloroform as the sol-
vent and 72 excited states (roots) were considered for calcula-
tions (Table S2†). The simulated spectra (UV-vis and ECD)
were illustrated using the program SpecDis32 with Gaussian
band shape with exponential half-width σ = 0.16 eV. Finally,
assignments on the electronic transitions on simulated

Table 5 Some selected and simplified assignments on electronic absorption spectrum for Λ-NiRL1, calculated at b3lyp/6-31G(d)a

λb/nm Oscill. strength (f) Transitionsc (%) Assignmentsd

666 (630) 0.0014 H-6 → L + 3 (21), H-4 → L + 3 (16) LM
409 (445 sh) 0.0503 H-1 → L (60), H-1 → L + 2 (9) MM, ML/LM, LL
363 (392) 0.1015 H → L + 1 (59) LM, LL
296 0.1064 H-5 → L (25), H-2 → L + 2 (15) ML/LM, LL
274 (270 sh) 0.1198 H-5 → L + 2 (19), H-2 → L + 2 (22) ML, LL
257 (245) 0.2093 H-16 → L (22), H-14 → L (19) LM, LL

a Assignments are made for β-spin MOs consideration. b Experimental values are in parentheses. c H/L = HOMO/LUMO. d MM = d–d, ML/LM =
metal–ligand/ligand–metal and LL = intra-ligand transitions.

Fig. 9 Frontier HOMO−1 and LUMO for Λ-NiRL1, calculated at b3lyp/
6-31G(d) for β-spin MO consideration.
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spectra and molecular orbitals (MOs) calculations were made
for Λ-NiRL1 at the same level of theory.

The NCI plots were generated for systems Δ-NiSL1, Δ-NiSL2

and Λ-NiRL3 with NCIPLOT4.33 Molecular densities were
computed with Gaussian 16 (ref. 31) performed at a b3lyp/
def2-tzvp level of theory and Grimme-D3 dispersion correc-
tion.34 NCI surfaces were visualized with VMD.35
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