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Abstract. Density functional theory calculations at M052X/6-311??G** level were performed to understand the structure and stability of Ni(II) tetraaza macrocyclic dicarbinolamine complex 1. The preferential
stability of 1 over the hitherto unknown Ni(II) complex having fully conjugated macrocyclic ligand 2, is
examined by analyzing geometric and electronic structures and energy considerations. The present calculations predict that in the trans (C2) structure, 1 is 102 kcal/mol more stable than its components 2 and 2(OH) at
M062X-D3/def2-QZVP//M052X/6-311??G** level. This signiﬁcant stabilization explains the formation of
1 as experimentally observed. The calculations support a distorted square planar environment for Ni in 1, in
agreement with the observed spectral and magnetic properties. In order to understand the stability of 1, we
examined the second-order stabilizing interactions in natural bond orbital (NBO) basis, the role of the
noncovalent dispersion energy, macrocyclic cavity size, Ni-ligand covalent bond strength, natural electronic
population on the atomic centers and the nature of the frontier molecular orbitals in the complexes. The
present study reveals that the higher stability of 1 over 2 is primarily due to the stronger covalent bonds
between the Ni(II) centre, and two of the coordinating nitrogen atoms in 1 than in 2 and signiﬁcant secondorder stabilizing interactions originating from the NBOs involving the oxygen atoms.
Keywords. Ni(II) macrocyclic dicarbinolamine complex; Ni-ligand covalent bond strength; M052X/6311??G**; dispersion energy; natural electronic population; macrocyclic cavity size.

1. Introduction
Many macrocyclic complexes of transition metals and
lanthanides are useful models for naturally occurring
systems such as the heme and non-heme proteins and
metalloenzymes.1–9 Macrocyclic polyaza complexes
are extensively studied because of their biological
properties and their importance in coordination chemistry.10–15 They also ﬁnd applications as magnetic
resonance imaging agents, radioimmuno therapeutic
agents, and in color switches.16–20 The redox potentials
of these systems can be altered by making suitable modiﬁcations in their structures and some of these
are useful in the electrochemical reduction of CO2.21

The macrocyclic hole size in the highly conjugated
macrocyclic ligand is smaller than that in the corresponding saturated system. Metals bind strongly with
the macrocycles having a cavity that ﬁts its size
best.22–25 The saturated ligands can exist in different
structures due to conformational ﬂexibility in the
macrocyclic subunits. Conﬁgurational isomers of metal
complexes with saturated tetraaza macrocycle tetramethylcyclam were isolated.26,27 It is found that the
cyclam (cyclam = 1,4,8,11-tetraazacyclotetradecane)
complexes of Ni(II), Co(III) and Cr(III) possess energetically most favorable trans-III conﬁguration having
the least ring strain.28–34 In this structure, the two sixmembered chelating rings in the complex exhibit chair
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form. On the other hand conjugated macrocyclic
ligands such as the porphyrins lead to planar structure
of the metal complexes.1,9
Though macrocyclic polyaza complexes have
received considerable attention, only a few cases are
reported with dicarbinolamine moiety in the macrocyclic ligand.35–41 Dicarbinolamine complex 1
(scheme 1) and its methyl derivatives synthesized
were reported to be diamagnetic and non-ionic in
nature.39 The tetraaza 14-membered macrocyclic
ligand in these complexes are conjugated with the
exception of the region containing the two equivalent
sp3 carbon atoms each having a hydroxyl and phenyl
substituents, since the macrocyclic part is less ﬂexible
as it is highly conjugated. Thus, the macrocyclic part
can exist in a planar structure unlike in the case of the
fully saturated cyclam complexes which adopt different conformations.26,27 However, the two hydroxyl
groups can adopt trans or cis arrangement with reference to the macrocyclic ring leading to the C2 and Cs
structures of 1. Due to steric effects arising from the
bulky phenyl substituents, the macrocyclic part in 1
will possess a distorted planar structure. The failure to
obtain the corresponding fully conjugated compound 2
led to the inference that the dicarbinolamine complex
1 is stabilized due to electronic and structural effects
that originate from the orientation of the phenyl groups
present.39
Although the spectral, magnetic, and conductance
studies led to the characterisation of 1 as a squareplanar nickel(II) complex,39 the structure of 1 was not
determined by X-ray analysis. In the present study, we

examined the structure of the dicarbinolamine complex 1 by complete structural optimization using the
density functional theory (DFT) methods. The formation of the Ni(II) complex containing the
dicarbinolamine ligand moiety 1 was rationalized by
examining the relative stability in the experimentally
observed complex 1 and the hitherto unknown system
2 with the fully conjugated 14-membered tetraazamacrocyclic ligand (Scheme 1). In order to understand
the role of the phenyl substituents in stabilizing the
Nickel complex with the dicarbinolamine moiety, we
also investigated the complexes 3 and 4 wherein
R1=R2=R3=R4=H (Scheme 1). The electronic and
molecular structures of the complexes 1, 2, 3 and 4
were compared using different density functional
theory (DFT) methods.42 The DFT method BP8643,44
is reported to be suitable to study transition metal
complexes.33,34,45–48 However, recent studies reveal
the importance of noncovalent dispersion forces49 in
stabilizing sterically hindered metal complexes.50–52
The complexes 1 and 2 under study contain four bulky
phenyl substituents and hence it is appropriate to study
these systems using the DFT methods such as the
M052X53 and M062X-D354–56 which take into
account the noncovalent interactions.57 Benchmark
study by Goerigk and Grimme56 has proved by statistical analysis that the M062X-D3 is the best hybrid
DFT method to study noncovalent dispersion interactions in varied types of systems. Application of the
above methods at M052X/6-311??G** and M062XD3/def2-QZVP levels on alanine dimers yielded
accurate binding energies.58 Though the B3LYP59,60

Scheme 1. Ni(II) complexes studied.
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functional is widely used in investigations of molecular electronic structure, it has been reported that the
B3LYP method is not suitable to study the noncovalent interactions.55,56

2. Computational aspects
The molecular geometries and electronic structures in the
low-spin neutral complexes 1–4 were examined by complete structural optimization using the DFT methods
M052X/6-311??G** and M052X/TZVP level. We also
performed the BP86/def2-TZVP and the B3LYP/6-31G*
calculations for comparison. The metal-ligand bonding was
examined by analyzing the Mayer’s covalent bond
orders61–63 obtained at single-point M062X-D3/def2-QZVP
calculations performed on the different optimized geometries of the complexes. The M052X and B3LYP calculations were carried out using the Gaussian 03 software.64 The
BP86 and M062X-D3 calculations invoked the Resolution
of Identity (RI) algorithm65 to enhance the efﬁciency of the
calculations. The def2-TZVP and def2-QZVP basis sets
used in the BP86 and M062X calculations are the extended
polarized basis set TZVPP and QZVPP, respectively, on the
atoms other than hydrogen.66 Further, Auxiliary Coulomb
ﬁtting basis sets67 def2/J were added to the def2-TZVP and
def2-QZVP basis sets for accurate predictions. We have
used the ORCA 4.0.1 software68,69 for performing the BP86
and M062X calculations as the def2-TZVP, def2-QZVP and
the auxiliary Coulomb ﬁtting basis sets were incorporated in
ORCA.

3. Results and Discussion
The structural optimization reveals that the complexes 1, 2 and 3 can exist in C2 and Cs point groups.
The C2 axis of symmetry passes through the Ni and
centres of the carbon-carbon bonds C3-C4, C10-C11
and C7-C8 (Figures 1 and 2). In the Cs structure, the
symmetry plane passes through Ni and bisects the
bonds C3-C4, C10-C11 and C7-C8 (Figures 1 and 2).
The pair of hydroxyl groups in 1 and 3 are in transarrangement with reference to the macrocyclic ligand
plane in the C2 structure (Figures 1a and 1c) and cis
in the Cs geometry (Figures 1b and 1d). It is seen
that in the complexes 1 and 2, the phenyl groups
A and A’ as well as B and B’ are in transarrangement with reference to the macrocyclic ligand
plane in the C2 structure (Figures 1a and 2a) and cis
in the Cs geometry (Figures 1b and 2b). The fully
conjugated complex 4 is found to be planar and
exhibits C2v point group in its lowest energy structure. The optimized structural parameters in 1, 2, 3
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and 4 obtained by the different DFT methods are
compared in Tables S1, S2, S3 and S4 (Supplementary Information), respectively. The results indicate
that in 1, 2, 3 and 4 the nickel - nitrogen coordinate
bonds Ni-N1, Ni-N2, Ni-N3 and Ni-N4 have lengths
in the range 1.83–1.89 Å. Due to the symmetry in the
complexes the bond lengths of Ni-N1 and Ni-N2 are
equal. Similarly Ni-N3 and Ni-N4 have same lengths.
The N…N lengths in the coordinating region vary
from 2.52 to 2.73 Å. The bite angles N1-Ni-N2 and
N3-Ni-N4 involving the ﬁve-membered chelating
rings are in the range 84–88. As expected, the bite
angles in the six-membered chelating rings N2-Ni-N3
and N3-Ni-N4 are wider in the range 93–95. The
coordinating nitrogen atoms N1, N2, N3 and N4 are
coplanar in the Cs and C2v structures as revealed by
the dihedral angle N1N2N3N4 = 0. However, in the
C2 point group of 1, 2 and 3, the donor nitrogen
atoms are nearly planar and the magnitude of the
dihedral angle N1N2N3N4 is found to vary up to 5.
The Ni(II) centre deviates by about 2 from the plane
of the coordinating nitrogen atoms. Thus, it is evident
that the Ni(II) and the four chelating nitrogen atoms
exhibit distorted square planar geometry in the
complexes 1, 2, 3 and 4 as observed experimentally
for the complex 1.39
3.1 Structure of the dicarbinolamine complexes 1
and 3
The M052X/6-311??G** optimized geometries with
selected structural parameters of the nickel
dicarbinolamine complexes 1 and 3 are shown in
Figure 1. It is seen from Figure 1 and Tables S1 and
S3 (Supplementary Information) that the optimized
structural parameters in the C2 and Cs geometries do
not change to any signiﬁcant extent in a given DFT
method. The results predicted at the M052X/6311??G** and M052X/TZVP are very similar. The
M052X methods predict the Ni-N1 and Ni-N2 bond
lengths of *1.84 Å in 1 and 3 and are *0.05 Å
shorter than the Ni-N3 and Ni-N4 bonds (of length *
1.89 Å). Although the overall structural features predicted by the BP86 and B3LYP calculations are similar, signiﬁcant differences are noticed in the nickel –
nitrogen bond lengths. There is a change in the trend in
the BP86/def2-TZVP results which predict Ni-N1 and
Ni-N2 bonds are longer (* 1.86 Å) than the Ni-N3
and Ni-N4 bonds (* 1.84 Å) in 1 while the four Ni-N
lengths are * 1.85 Å in 3. The B3LYP/6-31G* study
predicts nearly equal Ni-N bond lengths (*1.83 Å) in
1 and 3. As the M052X and M062X functionals are
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Figure 1. M052X/6-311??G** optimized geometries of (a) 1 (C2), (b) 1 (Cs), (c) 3 (C2) and (d) 3 (Cs). Atomic labels are
given in a). Selected bond lengths (in Å) and dihedral angles (in ) are shown. Colour code: Ni – purple; N – blue; C – grey;
H – white; O – red.

found to be suitable to study systems wherein noncovalent interactions play a role53,56 we focus on the
results obtained from these methods.

As seen in Figure 1, the hydroxyl groups as well as
the adjacent phenyl groups A and A’ which are bonded
to the sp3 carbon atoms (C2 and C5) in the complex 1
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Figure 2. M052X/6-311??G** optimized geometries of (a) 2 (C2), (b) 2 (Cs) and (c) 4 (C2v). Selected bond lengths (in
Å) and dihedral angles (in ) are shown. Colour code: Ni – purple; N – blue; C – grey; H – white.

adopt axial-like orientation with reference to the
14-membered macrocycle. However, the phenyls
B and B’ are bonded equatorially to the macrocycle as
reﬂected from the dihedral angles N1C2C1C15 and
N2C5C6C16 which are close to -180. It is observed
that all the four phenyl groups lie in vertical planes
with reference to the macrocyclic ring so that the steric
repulsion is minimum.
The macrocyclic ligand units in the dicarbinolamine
systems 1 and 3 are found to be distorted from the

planar structure in both Cs and C2 point groups. The
M052X calculations predict a deviation of -2.9 from
planarity for the coordinating nitrogen atoms in the C2
point group of 1 as seen from the dihedral angle
N1N2N3N4 while the deviation is -4.7 in 3 (Figure 1). In the Cs structure the donor nitrogen atoms are
coplanar in 1 and 3. In 1 the carbon atoms C3 and C4
in the macrocycle that forms part of the benzo ring
deviate from the plane of the coordinating nitrogen
atoms by -8.6 and -16.0, respectively, in the C2 and
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Cs structures as reﬂected by the dihedral angle
N3N4N1C3. It is seen that corresponding dihedral
angles in 3 are -11.4 and 21.9 which reveal that the
nonplanarity of the macrocycle is more pronounced
in 3 than in 1 though the bulky phenyl substituents
are absent in the former. Thus, it is clear that the
hydroxyl groups in 1 and 3 are mainly responsible
for the nonplanarity of the macrocyclic unit. The
present study leads to the inference that the presence
of the two hydroxyl groups in the cis arrangement
leads to a larger deviation from planarity in the Cs
structure.

3.2 Structure of the fully conjugated complexes 2
and 4
The M052X/6-311??G** optimized Cs and C2
geometries of 2 and 4 are shown in Figure 2. It is seen
that the structures of 2 and 4 differ considerably from
those of the corresponding dicarbinolamine complexes
1 and 3. The phenyl groups A and A’ are equatorially
arranged in 2 as expected from the sp2 nature of the
substituted carbon atoms C2 and C5. The close proximity of the phenyl groups A and A’ to the macrocyclic ligand in 2 as compared to that in 1 leads to a
large deviation from planarity in the macrocyclic part
near the benzo ring. The benzo ring is titled in the C2
structure of 2 while it is bent in the Cs structure such
that it is farther from the phenyl groups A and A’ in
order to avoid the steric repulsion (Figure 2). In the Cs
structure of 2, the benzo ring carbons C3 and C4
deviate from the plane of the chelating nitrogens in the
14-membered tetraaza macrocylic part by 34 as
manifested by the dihedral angle N3N4N1C3. Due to
these changes the bond lengths and bond angles show
signiﬁcant differences in the Cs and C2 point groups of
2, unlike in 1 where the structural parameters are quite
similar in the two-point groups studied. The titling and
bending of the benzo ring in the C2 and Cs structures
of 2 decrease the delocalization of the p-electrons of
the benzo ring with the donor nitrogen atoms N1 and
N2. This leads to the elongation of the bonds C3-N1,
C4-N2, Ni-N1 and Ni-N2 (Figure 2 and Table S2,
Supplementary Information) and also reorganization
of the macrocyclic unit in 2. In contrast to the trend in
the Ni-N bond lengths in 1 and 3, the Ni-N1and Ni-N2
bonds are longer than those of Ni-N3 and Ni-N4 in 2.
Further in the Cs point group, the two six-membered
rings in the macrocyclic part in 2 exhibit boat like
arrangement. This is in contrast to the chair-like conformation adopted by the 6-membered chelating rings
in the Ni(II)- (cyclam) complexes having a saturated
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macrocyclic part.28–34 Comparison of the C2 and Cs
structures of 2 with the lowest energy planar C2v
structure of 4 (in which the phenyl groups A, A’,
B and B’ are replaced by hydrogen atoms) reveals that
nonplanarity in the macrocyclic part as well as the
benzo ring in 2 is due to the steric effect of the phenyl
substituents.

3.3 Stability in the dicarbinolamine complexes
The total energies and the relative energies in the
Ni(II) complexes under study obtained at the different
DFT levels are presented in Table 1. The total energies predicted in the C2 and Cs structures of 1 by a
given DFT level are very close as expected from the
very similar structural parameters. It is seen that the
variation in the energies is within ±0.3 kcal/mol. A
similar trend is predicted in the total energies of the
complex 3 as well. The very narrow energy difference
between the C2 and Cs geometries indicates that the
dicarbinolamine complexes can exist in both the
structures wherein the two hydroxyl groups adopt
trans or cis orientations respectively (Figure 1). Tasker and coworkers38 reported the cis arrangement of
the hydroxyl groups in the crystal structure of a Zn(II)
dicarbinolamine complex. In 2, the Cs structure is
found to be the energetically favoured since it is lower
in energy than the C2 structure by 3 to 5 kcal/mol at
the different DFT levels.
The suitability of the total electronic energies,
instead of the free energies, for comparing the stabilities of the C2 and Cs structures of the complex was
tested by computing the free energies of the complex 3
at M06-2X/def2-TZVP//M052X/6-311??G** level
(Table S6 in Supplementary Information). The Gibbs
free energies are -2445.481174 and -2445.480587
hartree, respectively, in the C2 and Cs structures of 3 at
298 K. Thus, it is seen that the free energies of the two
structures of 3 are very close to each other and the
complex can exist in both the structures as predicted
by the corresponding total energies. The difference of
0.37 kcal/mol in the free energies of C2 and Cs
structures of 3 is comparable to the corresponding
difference of 0.42 kcal/mol in the total energies predicted at M06-2X-D3/def2-QZVP//M052X/6-311??
G** level (Table 1). This leads to the inference that
the relative stabilities are predicted reliably by the
total energies.
To understand the formation of the dicarbinolamine
complex 1 in the experimental study,39 we investigated its relative stability, DE, with respect to the
components 2 and two OH radicals using the equation

J. Chem. Sci. (2019) 131:110
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Table 1. Total energy, E, in hartree in Ni(II) complexes 1, 2, 3 and 4. Relative stability DE in 1 and 3 are given in
kcal/mol. DE(1) = E(1) - E(2) - 2E(OH); DE(3) = E(3) - E(4) - 2E(OH)a.
Method
M052X/6-311??G**

M052X/TZVP

B3LYP/6-31G*

BP86/def2-TZVP

M062X-D3/def2-QZVP//M052X/6-311??G**

Complex

Point group

E

1
1
2
2
3
3
4
1
1
2
2
3
3
4
1
1
2
2
3
3
4
1
1
2
2
3
3
4
1
1
2
2
3
3
4

C2
Cs
C2
Cs
C2
Cs
C2v
C2
Cs
C2
Cs
C2
Cs
C2v
C2
Cs
C2
Cs
C2
Cs
C2v
C2
Cs
C2
Cs
C2
Cs
C2v
C2
Cs
C2
Cs
C2
Cs
C2v

-3376.071737 (0.00)
-3376.071880 (-0.09)
-3224.422969 (0.00)
-3224.427604 (-2.91)
-2451.715772 (0.00)
-2451.716436 (-0.42)
-2300.089833
-3376.275732 (0.00)
-3376.276035 (-0.19)
-3224.622086 (0.00)
-3224.626850 (-2.99)
-2451.842595 (0.00)
-2451.843168 (-0.36)
-2300.211732
-3375.776025 (0.00)
-3375.775615 (0.26)
-3224.171816 (0.00)
-3224.180302 (-5.33)
-2451.577424 (0.00)
-2451.577304 (0.08)
-2299.994176
-3376.946342 (0.00)
-3376.946209 (0.08)
-3225.257785 (0.00)
-3225.264450 (-4.18)
-2452.444799 (0.00)
-2452.444536 (0.17)
-2300.771418
-3370.066352 (0.00)
-3370.066032 (0.20)
-3218.422916 (0.00)
-3218.429805 (-4.32)
-2445.820852 (0.00)
-2445.820179 (0.42)
-2294.2039752

DE
-98.41
-95.59
-84.08
-84.50
-97.46
-94.66
-83.17
-83.53
-98.71
-93.12
-85.55
-85.48
-98.04
-93.77
-88.51
-88.35
-102.81
-98.29
-86.14
-85.72

a

Energy of OH radical in hartree - M052X/6-311??G** : -75.745970; M052X/TZVP : -75.7491633; B3LYP/6-31G* : 75.7234548; BP86/def2-TZVP : -75.766161; M062X-D3/def2-QZVP//M052X/6-311??G** : -75.7397975

DEð1Þ ¼ Eð1Þ  Eð2Þ  2EðOHÞ:

ð1Þ

Similarly, the relative stability in 3 is obtained using
DEð3Þ ¼ Eð3Þ  Eð4Þ  2EðOHÞ:

ð2Þ

where E(1), E(2), E(3), E(4) and E(OH) are the total
energies of 1, 2, 3, 4 and OH radical respectively.
Figure 3 shows that the dicarbinolamine complex 1 is
more stable than the stochiometrically equivalent
component species 2 and two hydroxyl groups. The
present study shows that the C2 point group of 1 is
favored energetically as compared to 2(C2) and two
hydroxyl groups by 97.5 to 98.7 kcal/mol at M052X/6311??G**, M052X/TZVP, BP86/def2-TZVP and

B3LYP/6-31G* levels of calculations. The corresponding relative stability in the Cs point group of 1 is
93.1 to 95.6 kcal/mol at the above DFT levels. The
more
authentic
M062X/def2-QZVP//M052X/6311??G** calculations predict that 1(C2) and 1(Cs)
are stabilized by 102.8 and 98.3 kcal/mol, respectively, as compared to the respective components.
A similar trend in the relative stability is also
observed with the dicarbinolamine complex 3. However, the relative stability in 3 is signiﬁcantly lower
than that in 1 as seen from Figure 3. The M062X-D3/
def2-QZVP//M052X/6-311??G** calculations predict the maximum decrease of * 17 kcal/mol in the
relative stability of 3(C2) as compared to that of 1(C2).
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DEij ¼ qi

Figure 3. Relative stabilities of the dicarbinolamine complexes in kcal/mol at different DFT levels.

The present comparative analysis shows that the
presence of 4 phenyl substituents A, A’, B and B’ lead
to additional stability in 1. The energy considerations
clearly reveal that the dicarbinolamine complex is the
stable species in comparison with the fully conjugated
species.
The preferential stability in the dicarbinolamine
complex 3 as compared to its components is also
examined by computing the change in Gibbs free
energy DG at 298 K for the reaction
3 ! 4 þ 2ðOHÞ

ð3Þ

DG ¼ Gð4Þ þ 2GðOHÞ  Gð3Þ

ð4Þ

G in the above equation denotes the Gibbs free
energy. From the Gibbs free energies given in
Table S6 (Supplementary Information), it is seen that
the free energy changes are positive for the above
reaction. (62.85 and 62.49 kcal/mol respectively for
the C2 and Cs structures of 3. The computed free
energy change proves clearly the stability of the
dicarbinolamine Ni(II) complex.
3.3a Natural bond orbital analysis: The role of the
two axially oriented hydroxyl groups towards the
stability of the dicarbinolamine complex can be
understood
by
performing
second-order
perturbational energy analysis in natural bond orbital
(NBO) basis.70,71 The stabilization energy associated
with delocalization between a donor NBO(i) and
acceptor NBO(j) is given as,

Fði; jÞ2
ej  ei

where qi is the donor NBO occupancy, ei and ej are
NBO energies and F(i,j) is the off-diagonal NBO Fock
matrix element. The perturbational analysis of 1
reveals that there are signiﬁcant stabilizing interactions that originate from the NBOs containing the
oxygen atoms (of the hydroxyl groups). The role of the
stabilizing second-order energy in the complexes of
lithium and beryllium was reported earlier.58
The NBO analysis70,71 leads to classiﬁcation of
orbitals into core (CR), lone-pair (LP), Rydberg (RY)
and localized bond (BD) orbitals. The corresponding
antibonding orbitals are denoted CR*, LP*, RY* and
BD*, respectively. There are several second-order
stabilising interactions between the donor type NBOs
and the acceptor type NBOs. As the number of NBOs
increase considerably with the increase in size of the
basis set, we performed the NBO analysis at the
B3LYP/6-31G* level using the G03W software and
the B3LYP/6-31G* optimized geometries. All the
interactions involving the oxygen atoms (from the OH
groups in 1) having stabilisation energy [0.1 kcal/mol
are listed in Tables S7 and S8 (Supplementary Information), respectively, for the C2 and Cs structures. The
four major interactions which yield [5 kcal/mol stabilization energy are presented in Table 2. It is seen
that the second lone pair orbital LP(2) on each oxygen
atom (donor NBO) interacts with the acceptor antibonding orbital BD*(1) which is localized on the
adjacent C – C bond in the macrocyclic ring. Clearly,
there are two such interactions and each leads to the
stabilisation energy of *7 kcal/mol in both the C2 and
Cs structures. Further, the antibonding NBO of the
C-O bond BD*(1) behaves as an acceptor and interacts
with the bonding NBO BD(2) of the adjacent C-N
bond in the macrocycle and contributes a stability of
8.11 and 7.50 kcal/mol, respectively in the C2 and Cs
structures of 1. The present NBO analysis reveals that
the dicarbinolamine complex 1 possesses signiﬁcant
stability in view of the various donor-acceptor interactions originating from the oxygen atoms in the
dicarbinol moiety as seen from Tables S7 and S8
(Supplementary Information).
3.3b Dispersion energies in the complexes 1, 2, 3
and 4: Table 3 lists the noncovalent dispersion
energies in the complexes 1, 2, 3 and 4 obtained by
performing single point M062X-D3/def2-QZVP
calculation at the different DFT optimized
geometries. The stabilizing dispersion energy is

J. Chem. Sci. (2019) 131:110
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Table 2. Signiﬁcant donor-acceptor NBO interactions involving the oxygen atoms of the
hydroxyl groups in 1 yielding stabilization energy [5 kcal/mol.
Stabilization energy (kcal/mol)
Donor NBO

Acceptor NBO

LP (2) O1
LP (2) O2
BD (2) C3-N1
BD (2) C4-N2

BD*(1)
BD*(1)
BD*(1)
BD*(1)

C2-C1
C5-C6
C2-O1
C5-O2

Table 3. Dispersion energies in kcal/mol in the complexes 1, 2, 3 and 4.
1
C2

2
Cs

C2

3
Cs

C2

Cs

4
C2v

M062X/def2-QZVP//M052X/6-311??G**
-5.28 -5.40 -4.52 -4.56 -1.34 -1.34 -1.04
M062X/def2-QZVP//M052X/TZVP
-5.29 -5.41 -4.52 -4.56 -1.34 -1.34 -1.04
M062X/def2-QZVP//B3LYP/6-31G*
-5.25 -5.34 -4.51 -4.56 -1.34
1.34 -1.04
M062X/def2-QZVP//BP86/def2-TZVP
-5.23 -5.31 -4.50 -4.54 -1.35 -1.34 -1.04

found to be the maximum in the bulky complex 1
having the values -5.28 and -5.40 kcal/mol,
respectively, in the C2 and Cs structures at M062X/
def2-QZVP//M052X/6-311??G**
level.
The
corresponding dispersion stabilization in 2(C2) and
2(Cs) are -4.52 and -4.56 kcal/mol, respectively. As
expected,50–52 the more crowded Cs structures of 1 and
2 have marginally more dispersion stabilization than
that in the C2 structures. The dispersion stabilization in
3 and 4 are found to be small having the values -1.34
and -1.04 kcal/mol, respectively, in agreement with
their smaller size.58 Table 1 shows that the trends in
the dispersion energies are similar for the geometries
optimized at BP86 and B3LYP methods.
The origin of stability in the dicarbinolamine complexes was also examined in terms of the macrocyclic
cavity size and the Ni - ligand covalency in the sections that follow. The large stabilization of 1 and 3 as
compared to their components leads to the inference
that similar macrocyclic dicarbinolamine complexes
of different metals may also be stable.
3.4 Macrocyclic cavity size
The cavity size of the macrocyclic ligand has a decisive role in accommodating the metal ions. The extent

C2

Cs

7.07
7.07
8.11
8.11

7.04
7.04
7.50
7.50

of the metal-ligand bonding is related to the overlap of
the orbitals of donor centres of the ligand with the
orbitals of the central metal ion. This, in turn, depends
on the orbital symmetries and on the cavity size of the
macrocyclic ligand. The cavity size is smaller in the
fully conjugated macrocyclic ligand than that of the
corresponding ligand which is not completely conjugated. The metal-ligand interaction is strong when the
macrocyclic cavity size is best suited for the efﬁcient
overlap of the orbitals of donor centres of the ligand
with the metal orbitals. Table 4 compares the length
and width of the macrocyclic unit in the optimized
geometries of the Ni(II) complexes 1–4 as predicted
by the different DFT methods. The length of the
macrocycle is measured as the distance between the
centres of the distal carbon atoms in the 6-membered
chelate rings, C1…C6. The width of the macrocycle is
the distance between opposite carbon atoms of the
5-membered chelate rings (C3….C8 = C4…C7).
Table 4 shows that the M052X/6-311??G** predicted lengths and the widths of the macrocycle in the
C2 and Cs structures of 1 are 6.469 and 6.470 Å and
5.175 and 5.167 Å, respectively. As expected, the
mean length and width of 6.47 and 5.17 Å in 1 are
shorter than the observed values of 6.56 and 5.43 Å in
the crystal structure of low-spin Ni(II) complex having
a 14-membered saturated tetraazamacrocyclic unit.25
The lengths in 2 are 6.375 and 6.285 Å, respectively,
in the C2 and Cs structures. Thus, the cavity length in 2
is shortened by 0.094 and 0.185 Å, respectively, in the
C2 and Cs structures as compared to that in 1. However, the predicted width of the macrocycle in 2 is
increased by 0.103 and 0.040 Å in the C2 and Cs
structures. The length of the cavity in 3 is decreased to
*6.38 Å as the steric repulsion from the phenyl
groups on the distal carbons C1 and C6 are absent. The
width of the macrocyclic cavity of 3 is not affected as
compared to 1. In the case of 4, the length is shortened
by * 0.06 Å while the width is increased by about 0.1
Å as compared to the values in the corresponding
dicarbinol complex 3. The increase of the width of the
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Table 4. Macrocyclic cavity length and width (in Å) in the complexes 1–4.
1
C2
M052X/6-311??G**
Length
6.469
Width
5.175
M052X/TZVP
Length
6.463
Width
5.173
BP86/def2-TZVP
Length
6.537
Width
5.215
B3LYP/6-31G*
Length
6.522
Width
5.182

2

3

Cs

C2

Cs

C2

Cs

4
C2v

6.470
5.167

6.375
5.278

6.285
5.207

6.381
5.187

6.385
5.171

6.323
5.288

6.462
5.162

6.367
5.276

6.277
5.206

6.374
5.186

6.377
5.170

6.315
5.286

6.533
5.215

6.416
5.281

6.315
5.184

6.410
5.234

6.414
5.231

6.342
5.303

6.524
5.181

6.402
5.258

6.276
5.141

6.401
5.199

6.405
5.194

6.334
5.280

macrocyclic cavity in 2 and 4 may be explained from
the reorganization of the macrocyclic ring structure as
compared to that in the dicarbinolamine complex. It is
noticed that the bond lengths of C3-N1 and N4-C8 are
longer than the values in the dicarbinolamine complexes. This will lead to an increase in the width of the
macrocyclic part (C3…C8) in 2 and 4. The M052X/
TZVP, BP86/def2-TZVP and B3LYP/6-31G* methods also predict similar trend in the cavity size as seen
from Table 4. Though the cavity length is decreased in
the fully conjugated systems 2 and 4 the width is more
than that of the corresponding dicarbinolamine complex. Thus, the predicted cavity dimensions do not
lead to any inference regarding the relative strengths
of the metal-ligand bonds in the complexes under
study.
3.5 Covalent bond order and strength
of the metal-ligand bonds in the complexes 1–4
The stability and reactivity of the inorganic complexes
are controlled by the strength of the metal-ligand
bonds. Covalent bond-order of the metal-ligand bond
is the quantum chemical parameter which is fundamental to quantify the strength of the complex and
hence its stability. The importance of metal-ligand
covalency to explain stability and reactivity in the
transition metal complexes is focused in recent studies.33,34,47,48 Although the covalent bond-order is
sensitive to the quantum chemical method of calculation, the values predicted by the same method for a
series of related systems provide valuable insights in
understanding the bonding in them. Larger the magnitude of the metal-ligand covalent bond order,
stronger is the metal-ligand bonding. We have

analyzed the covalent bond orders of the Ni-N bonds
in the systems under study using the Mayer’s bond
orders.61–63 For consistency, we analyzed the bond
orders predicted by the single-point M062X/def2QZVP calculations performed at geometries optimized
by the M052X, BP86 and B3LYP methods. The results
are presented in Table 5. It is seen from Table 5 that
the bond orders predicted by M062X/def2-QZVP
calculations vary from 0.40 to 0.63. Clearly the bond
order between the nickel ion and the chelating nitrogen
is less than that of a normal covalent bond (bond order
*1.0). Earlier studies showed a variation of covalent
bond order from 0.2 to 0.7 for coordinate covalent
metal-ligand bonds in metal complexes at different
DFT levels.33,34,48,72–75 It was observed that the bond
order for axial bonds are smaller than that of the
equatorial
bonds
by
BP86/def2-TZVP
Table 5. Meyer’s covalent bond orders for Ni-N bonds in
the complexes 1–4 as predicted by single point M062X/
def2-QZVP at different DFT optimized geometries.
1
Bond

C2

2
Cs

C2

3
Cs

C2

M062X/def2-QZVP//M052X/6-311??G**
Ni-N1 0.63 0.62 0.50 0.46 0.63
Ni-N3 0.44 0.48 0.47 0.47 0.41
M062X/def2-QZVP// M052X/TZVP
Ni-N1 0.62 0.61 0.50 0.46 0.63
Ni-N3 0.44 0.49 0.47 0.47 0.41
M062X/def2-QZVP//B3LYP/6-31G*
Ni-N1 0.62 0.61 0.51 0.48 0.61
Ni-N3 0.51 0.56 0.48 0.47 0.45
M062X/def2-QZVP// BP86/def2-TZVP
Ni-N1 0.60 0.59 0.50 0.47 0.60
Ni-N3 0.52 0.55 0.48 0.47 0.46

Cs

4
C2v

0.62
0.40

0.50
0.46

0.61
0.40

0.50
0.46

0.61
0.45

0.50
0.46

0.59
0.45

0.50
0.46
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calculations.33,34 In the complexes under study, the
two nickel-nitrogen bonds which are near to the benzo
ring, Ni-N1 and Ni-N2, are equivalent by symmetry
and possess same covalent bond order. Similarly the
bonds Ni-N3 and Ni-N4 have same bond-order.
The magnitudes of the Ni-N covalent bond orders
are found to correlate well with the Ni-N bond lengths
in 1. At the M062X/def2-QZVP//M052X/6311??G** level the Ni-N1 and Ni-N2 bonds in 1,
having shorter bond lengths of *1.84 Å (Figure 1a),
possess higher bond orders of 0.63 (C2) and 0.62 (Cs)
than the bonds Ni-N3 and Ni-N4 with bond lengths
*1.89 Å and bond orders 0.44 (C2) and 0.48 (Cs).
Thus, the bond orders in the dicarbinolamine complex
1 reveal that the covalent bonding between the Ni ion
and the nitrogen atoms closer to the benzo ring are
stronger than those between the Ni ion and chelating
nitrogen atoms N3 and N4. However, in the fully
conjugated macrocyclic complex 2, though the four
Ni-N bond lengths vary from 1.86 to 1.88 Å they
possess similar bond orders in the range 0.46–0.50.
The bond order analysis reveals that the Ni-N bonds in
the dicarbinolamine complex 1 are overall stronger
than those in the fully conjugated complex 2. The
bond orders presented in Table 5 show that the
bonding features of the coordinating bonds in the
complexes 3 and 4 are very similar to those of 1 and 2
respectively. Further, it is observed that the trends
predicted above in the Ni-N bond orders in 1, 2, 3 and
4 at the M062X/def2-QZVP//M052X/6-311??G**
level are in close agreement with the results generated
with the geometries obtained at the different DFT
levels examined in the present work (Table 5). The
bond order analysis accounts for the better stability in
1 as compared to that of 2 which leads to the formation
of the dicarbinolamine complex 1 as experimentally
observed.
The strength of the Ni(II)–ligand bonds in the
experimentally observed dicarbinolamine complex 1
can be compared with related Ni(II) complexes
having 14-membered tetraaza macrocyclic ligand.
Earlier DFT study on Ni(II)-cyclam derivatives33 at
BP86/def2-TZVP level in the gas-phase showed the
bond order for equatorial Ni-N bonds (bond lengths
1.95–1.99 Å) are 0.65–0.67. The BP86/def2-TZVP
bond orders for Ni-N1 and Ni-N3 bonds in 1 (bond
lengths 1.86 and 1.84 Å) are 0.76 and 0.81,
respectively (Table S5, Supplementary Information).
The higher bond orders in 1 at BP86/def2-TZVP
level reveal that the Nickel–Nitrogen bonding is
stronger in 1 as compared to that in the cyclam
complexes wherein the macrocyclic ligand is fully
saturated.
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3.6 Frontier molecular orbital analysis
Figure 4 shows the highest occupied molecular orbital
(HOMO), the next inner occupied orbital HOMO-1,
lowest unoccupied molecular orbital (LUMO) and the
next higher unoccupied orbital LUMO?1 for the
systems under study at the M052X/6-311??G**
optimized geometries. It is seen that the HOMO-1 and
HOMO are p-bonding MOs and the LUMO and
LUMO?1 are p* antibonding MOs. In 1–4, the
HOMO is a p bonding MO which is delocalized
mainly over the Ni and the chelating nitrogen atoms
N1, N2, N3 and N4, the fused benzo ring and the
ethene carbons C7 and C8. Though the HOMO is
essentially similar in the four systems under study, it is
observed that the contribution of overlapping pz AOs
in the Ni-N1 and Ni-N2 bonding regions is more
pronounced than that of the Ni-N3 and Ni-N4 regions
in 1 and 3. The population of valence atomic orbitals
in the coordinating region as predicted by the natural
population analysis is given in Table 6. The population of 4pz AO on Ni(II) and 2pz AO on N1 in 1 are
0.49 and 4.43 electron, respectively. The natural
populations of the valence pz AOs in 3 are similar. The
corresponding populations in 2 and 4 are lower (0.43
and 4.26). This accounts for the stronger Ni-N1 and
Ni-N2 bonds with higher covalent bond orders than the
Ni-N3 and Ni-N4 bonds in 1 and 3. Consequently, the
bond lengths Ni-N1 and Ni-N2 are shorter than those
of Ni-N3 and Ni-N4 as seen from Figure 1 and
Tables S1 and S3 (Supplementary Information).
However, in 2 and 4, the HOMO has nearly equal
bonding contributions to the four Ni-N bonds as

Figure 4. Frontier molecular orbitals in 1, 2, 3 and 4 at
the M052X/6-311??G** optimized geometries.
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Table 6. Natural electronic population of valence orbitals of atoms at the coordinating region
and their natural charges at M052X/6-311??G** level.
Natural population
System

Point group

Element

ns

np

1

C2

2

C2

3

C2

4

C2v

Ni
N1
N3
O1
C3
Ni
N1
N3
C3
Ni
N1
N3
O1
C3
Ni
N1
N3
C3

0.30
1.27
1.30
1.67
0.82
0.32
1.27
1.29
0.82
0.31
1.27
1.32
1.68
0.81
0.32
1.27
1.29
0.82

0.49
4.43
3.94
5.09
3.07
0.43
4.26
4.02
3.03
0.50
4.39
3.94
5.06
3.03
0.44
4.26
4.02
3.03

predicted by similar covalent bond orders. The
LUMOs of 1 and 3 are almost identical and are p*
MOs having signiﬁcant contribution from Ni dyz AO.
Though the LUMOs in 2 and 4 are also p* orbitals
they do not have any contribution from the d-orbital on
Ni centre and have different nodal patterns as compared to those of 1 and 3 (Figure 4). The HOMO-1,
HOMO and LUMO of the complex 1 have negligible
contribution from the four phenyl groups A, A’, B and
B’. It is seen that HOMO?1 of 1 is a p* MO delocalized over all the 4 phenyl rings. However, in
complex 2, the HOMO has small contribution from the
phenyl groups B and B’ and the LUMO has contribution from A and A’. The HOMO-1 and the
LUMO?1 have considerable contribution from B and
B’ and A and A’, respectively.
4. Conclusions
The structural optimization reveals that the macrocyclic ligand unit is signiﬁcantly nonplanar in the
complexes 1, 2 and 3. The two hydroxyl groups in 1
and 3 are mainly responsible for the nonplanarity of
the macrocyclic unit. The four phenyl groups A, A’,
B and B’ of the complexes 1 and 2 lie in vertical
planes with reference to the plane of the macrocyclic
ligand and thus, the steric repulsions are reduced. The
dicarbinolamine complexes show large relative stability with reference to their fully saturated complexes
as predicted by the DFT methods M052X/6-

(n-1)d
8.61

8.63

8.61

8.63

Natural charge
0.60
-0.71
-0.25
-0.76
0.10
0.62
-0.53
-0.31
0.14
0.59
-0.66
-0.26
-0.74
0.15
0.61
-0.53
-0.32
0.14

311??G**,
M052X/TZVP,
BP86/def2-TZVP,
B3LYP/6-31G* and M062X-D3/def2-QZVP//M052X/
6-311??G**. The M062X-D3/def2-QZVP //M052X/
6-311??G** calculations show that the dicarbinolamine complexes 1 and 3 are stabilized by 102.8 and
86.1 kcal/mol, respectively, with reference to their
component species. NBO analysis reveals that in the
dicarbinolamine complex there are signiﬁcant secondorder stabilizing interactions originating from the
NBOs containing the oxygen atoms. It is found that the
four phenyl groups A, A’, B and B’ in 1 lead to
additional stability of *17 kcal/mol.
Natural electronic population reveals that the 4p
orbital of Ni is populated by about 0.5 electrons in the
dicarbinolamine complex 1 which is more than that in
2 (0.4 electron). Similarly, the 2p population of
coordinating nitrogen atoms closer to the benzo ring
are more in 1 than that in 2. The HOMO of 1 reveals
large p-bonding overlaps between the Ni and N1 as
well as Ni and N2. Consequently, the Ni-nitrogen
bonds in 1 are overall stronger than in 2 as predicted
by the covalent orders which account for the formation
of the dicarbinolamine complex 1 experimentally.
Supplementary Information (SI)
The DFT optimized structural parameters in the complexes
1, 2, 3 and 4 (Tables S1–S4), covalent bond orders at BP86/
def2-TZVP level (Table S5), Gibbs free energies in complexes 3 and 4 (Table S6) and second-order stabilization
energy in 1 originating from the NBOs containing the
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oxygen atoms (Tables S7 and S8) are available at www.ias.
ac.in/chemsci.
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