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Strong stacking interactions of metal-chelate rings are caused by
substantial electrostatic component
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Symmetry Adapted Perturbation Theory (SAPT) analysis shows that
stacking interactions of metal-chelate rings are stronger than
stacking interactions of organic molecules due to much stronger
electrostatic interactions caused by the presence of metal.
Depending on the ligand, electrostatic component of chelate
stacking can be stronger than dispersion component.

Stacking interactions of aromatic fragments are of great
importance for many chemical and biological systems.=3 They
are among the crucial factors for stability of structures of
nucleic acids*® and play an important role in the structure of
proteins.®’ Important systems that can form various
noncovalent interactions are metal-chelate rings,®~1! which are
widespread in materials science,? catalysis’®>1> and crystal
engineering.. Metal-chelate rings with delocalized m-bonds
were considered to be aromatic,1® but it was later determined
that many of them do not satisfy magnetic criteria of
aromaticity.’” Nevertheless, chelate rings frequently form
stacking interactions with both aromatic®8-2! and other chelate
rings,?272% as evidenced by the analysis of crystal structures from
the CSD.8 Moreover, there are many studies showcasing that
stacking interactions between nonaromatic moieties are
stronger than those of aromatic moieties.827-2°

Our previous DFT-D calculations revealed that stacking
interactions of chelate rings are stronger than stacking
interactions between organic aromatic rings. Benzene-chelate
stacking interactions of acac-type Ni chelate (-5.49 kcal/mol)3°
and of dithiolene Ni chelate (-5.43 kcal/mol)3! are significantly
stronger than the stacking between two benzene molecules
(-2.73 kcal/mol),?® or between benzene and pyridine (-3.54
kcal/mol).32 Chelate-chelate stacking is even stronger; stacking
energy between two acac-type Ni chelates is -9.50 kcal/mol,33
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and between two Ni dithiolene chelates -10.34 kcal/mol.3!
Previous results have also shown that interaction energies can
be different depending on a particular metal and ligand.83133
The calculations showed that the strongest benzene-chelate
stacking interactions have parallel-displaced geometries,3°
which is in agreement with the dominance of these geometries
in crystal structures.® The strongest chelate-chelate stacking
interactions can also have geometries very similar to
sandwich,33 which is also in agreement with the data found in
crystal structures.®

In this work we study the nature of metal-chelate stacking
interactions by performing the energy decomposition analysis
of benzene-chelate (Bz-Ch) and chelate-chelate (Ch-Ch)
stacking based on Symmetry Adapted Perturbation Theory
(SAPT)34. The results on stacking interactions of chelate rings
were compared with SAPT analysis of stacking interactions of
organic molecules.3>3% To the best of our knowledge, these are
the first results of energy decomposition SAPT analysis of
stacking interactions of chelate rings.

In order to study the influence of metals on stacking
interactions of chelate rings, we have used Ni, Cu and Zn
complexes that contain six-membered chelate ring of acac type
(Figure 1). The influence of ligand was studied by comparing the
results for nickel acac-type chelate rings, which contain oxygen,
with the results for nickel dithiolene chelate rings, which
contain sulfur (Figure 2).

Bz-Ch minl Bz-Ch min2 Ch-Ch min

Figure 1. Minimum geometries of benzene-chelate (Bz-Ch) and chelate-chelate (Ch-Ch)
stacking interactions of acac-type chelate rings of Ni, Cu and Zn. The corresponding
potential energy curves are presented in ESI (Figures S4 and S6).

Benzene-chelate and chelate-chelate stacking geometries were

described by two geometrical parameters — horizontal
displacement (offset) r and normal distance R (Figure 3). By
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changing the normal distances for a series of offset values, we
have calculated the potential energy curves for stacking
interactions of chelate rings (ESI), and performed the SAPT
analysis of the curve minima (Figures 1 and 2).

Bz-Ch minl Bz-Ch min2 Ch-Ch min
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Figure 2. Minimum geometries of benzene-chelate (Bz-Ch) and chelate-chelate (Ch-Ch)
stacking interactions of dithiolene chelate rings of Ni. The corresponding potential
energy curves are presented in ESI (Figures S4 and S6).
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Cu and Zn was performed for the minima at potential,energy
curves (Figure 1). For benzene-chelateDstatking2(B2OCR)1¢Rk
results show that for all three metals and for both minimum
geometries the strongest stabilizing component is dispersion.
However, the largest part of dispersion is cancelled by the
exchange term, leading to net dispersion that is of low
magnitude in comparison to overall interaction energy (Table
1). Considering that, SAPTO analysis implies that the strong
electrostatic component is responsible for the strong benzene-
chelate stacking.

In our previous works we reported benzene-chelate stacking
energies for Ni and Cu chelates,?%3! as well as the chelate-
chelate stacking energies between two Ni chelates.33 In this
work, we additionally calculated benzene-chelate and chelate-
chelate stacking energies for Zn complex, as well as chelate-
chelate stacking energies for Cu complex. Zn chelates form the
strongest stacking interactions, with the strongest benzene-
chelate energy of -7.56 kcal/mol (Bz-Ch min2 geometry, Figure
1), and the strongest chelate-chelate energy of -14.58 kcal/mol
(Ch-Ch min geometry, Figure 1).

The PSI4 program package3’ was used for all SAPT calculations.
For the Ni and Zn chelates, all SAPT levels can be applied (ESI).
However, only SAPT038-40 js applicable for open-shell systems,
as is our acac-type Cu complex, and it was therefore used in this
work. The calculated total SAPTO energies are in reasonable
agreement with DFT-D energies (Tables 1 and 2), which were
used to obtain potential energy curves (ESI).

To study the influence of metals on stacking of metal-chelate
rings, the SAPTO analysis of stacking of acac-type chelates of Ni,

Figure 3. The geometrical parameters describing the benzene-chelate and chelate-
chelate stacking interactions are the horizontal displacement (offset) r of the centers of
interacting rings, and the normal distance R, presented here as the shortest distance
between benzene ring center and the chelate plane (Bz-Ch) or between center of one
chelate ring and the plane of the other chelate ring (Ch-Ch)

For chelate-chelate stacking of acac-type rings, SAPTO analysis
showed that for all three metals electrostatic component is
significantly more favorable than it is for benzene-chelate
stacking; it is even stronger than dispersion for all the
geometries (Table 1). Moreover, net dispersion can be very
unfavourable (Table 1), which makes electrostatic component
even more important for chelate-chelate stacking than for
benzene-chelate stacking.

Table 1. Geometrical parameters (offset r and normal distance R) and interaction energies (in kcal/mol) calculated at DFT-D and SAPTO levels for minima at potential energy curves
(Bz-Ch min1, Bz-Ch min2, and Ch-Ch min, Figure 1) of acac-type benzene-chelate and chelate-chelate stacking. The SAPTO energies consist of electrostatic (ELST), dispersion (DISP),
exchange (EXCH) and induction component (IND). The sum of dispersion and exchange components is usually regarded as net dispersion (DISP + EXCH = NET DISP).3541

) o o wB97X-D/ SAPTO/
acac Bz-Ch minl r [A] R [A] ELST DISP EXCH IND NET DISP
def2-TZVP 2 def2-TZVP
Ni 1.3 3.40 -4.82 -5.12 -3.63 -8.06 +7.40 -0.82 -0.66
Cu 1.2 3.40 -4.92 -5.24 -3.81 -8.21 +7.63 -0.87 -0.58
Zn 1.0 3.43 -4.93 -5.18 -3.72 -8.09 +7.48 -0.85 -0.61
wB97X-D, SAPTO,
acac Bz-Ch min2 r [A] R [A] / / ELST DISP EXCH IND NET DISP
def2-TZVP 2 def2-TZVP
Ni 1.4 3.37 -5.52 -5.97 -4.07 -9.00 +7.91 -0.80 -1.09
Cu 1.3 3.31 -6.43 -6.80 -5.38 -9.78 +9.53 -1.16 -0.25
Zn 1.3 3.27 -7.56 -7.59 -6.38 -10.12 +10.52 -1.61 +0.40
A o o LC-wPBE-D3BJ/ SAPTO/
acac Ch-Ch min r [A] R [A] ELST DISP EXCH IND NET DISP
aug-cc-pvDZ® def2-TZVP
Ni 0.5 3.13 -9.47 -10.11 -11.99 -11.89 +15.60 -1.82 +3.71
Cu 0.4 3.01 -11.70 -12.54 -16.67 -13.82 +21.42 -3.47 +7.60
Zn 0.4 2.88 -14.58 -15.39 -23.21 -16.18 +30.67 -6.67 +14.49

a wB97X-D is in good agreement with CCSD(T)/CBS for benzene-chelate stacking;3° b LC-wPBE-D3BJ/aug-cc-pVDZ is in good agreement with CCSD(T)/CBS for chelate-

chelate stacking33?

Electrostatic potential maps (Figure 4) can help in
understanding the stacking interactions of metal-chelate rings.

Strong acac-type benzene-chelate stacking interactions in the

2| J. Name., 2012, 00, 1-3

most stable geometry (Bz-Ch min2, Figure 1) are the
consequence of overlapping of negative electrostatic potential
above benzene and positive potential above the metal of the
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chelate ring (Figure 4). Acac-type chelate-chelate stacking in the
most stable geometry (Ch-Ch min, Figure 1) is even stronger,
since there is the overlap of negative potential above C2 ring of
one chelate and positive potential above metal of the other
chelate, and vice versa (Figure 4). For both benzene-chelate and
chelate-chelate stacking, the strong electrostatic component
increases from Ni to Zn, since the magnitudes of positive
electrostatic potentials increase from Ni to Zn (Figure 4). For
that reason, zinc chelate forms the strongest benzene-chelate
and chelate-chelate stacking interactions in the most stable
geometries. The same trends (Table S1, ESI) are present in
sandwich geometries for both benzene-chelate and chelate-
chelate stacking (Figure S3, ESI). However, in Bz-Ch minl
geometry of benzene-chelate stacking, the metal influence is
not large (Figure 1), hence the overall stacking energies and all
their components are very similar for all metals (Table 1).

As was mentioned above, to study the influence of ligands on
stacking interactions, we have compared the stacking energies
of acac-type (Figure 1) and dithiolene chelates of Ni (Figure 2).
For these calculations we have used the neutral nickel
bis(dithiolene) complex.*?> The data in Tables 1 and 2 do not
show large differences in interaction energies for Ni complexes
with these two types of ligands, while the components of the
interaction energies are quite different, indicating different
nature of the interactions.

Due to the presence of voluminous sulfur atoms, normal
distances are higher for dithiolene stacking (Table 2) than for
acac-type stacking (Table 1). Presence of sulfur also causes
dispersion to be the strongest energy component for all the
geometries for both benzene-chelate and chelate-chelate
stacking of Ni dithiolene (Table 2). However, net dispersion is of
low magnitude (Table 2), meaning that electrostatic component
is the most responsible for strong stacking of dithiolene
chelates. We want to point out that SAPTO overestimates
dithiolene benzene-chelate stacking (Table 2), particularly in
the most stable Bz-Ch min2 geometry (Figure 2). More

Dalton Transactions

consistent SAPT2 data (Tables S3 and S5, ESI).shew. that
electrostatic component is less pronoundé&d foriditHiclenettRah
for acac-type chelates, which is in agreement with their
electrostatic potentials (Figure 4). However, the strongest
benzene-chelate stacking interactions (Bz-Ch min2) of
dithiolene and acac-type chelates are of similar energies, since
induction term is more pronounced for dithiolene stacking
(Table 2).

—— — |
-25.2 126 0.00 +126 +252 keal/mol
Ni-acac Cu-acac Zn-acac
{\:’6 {}:-) *
Ni-dt benzene
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Figure 4. Electrostatic potentials plotted at the surface defined by the electron density
of 0.004 a.u. for benzene molecule and chelates of nickel, copper and zinc.

For chelate-chelate stacking electrostatic component is
significantly less strong for dithiolene than for acac-type chelate
(Tables 1 and 2). However, for dithiolene chelates, electrostatic
component is still much more dominant than net dispersion
(Table 2), which means that electrostatic component is the
reason for strong dithiolene chelate-chelate stacking. In spite of
weaker electrostatic component in chelate-chelate stacking for
dithiolene than for acac-type chelate (Tables 1 and 2),
dithiolene stacking is somewhat stronger than acac-type, since
dithiolene stacking has stronger net dispersion and stronger
induction component (Tables 1 and 2). It should also be noted
that net dispersion is favourable for Ni chelate-chelate
dithiolene stacking (Table 2), while it is unfavourable for Ni
acac-type chelate-chelate stacking (Table 1).

Table 2. Geometrical parameters (offset r and normal distance R) and interaction energies (in kcal/mol) calculated at DFT-D and SAPTO levels for benzene-chelate (Bz-Ch) and chelate-

chelate (Ch-Ch) stacking of Ni dithiolene (dt) chelate.

Ni dt r[A] RI[A] DFT-D* SAPTO/ ELST DISP EXCH IND NET DISP
cc-pVDZ

Bz-Ch min1 1.5 3.50 -4.78 -4.99 -3.73 -7.98 +7.94 -1.22 -0.04

Bz-Ch min2 1.8 3.61 -5.43 -6.60 -4.60 -11.62 +11.14 -1.52 -0.48

Ch-Ch min 1.8 3.61 -10.14 -13.28 -8.37 -21.24 +19.79 -3.46 -1.45

2 wB97X-D/6-31+G* was used for benzene-chelate and PBEO-D3BJ/6-31G* for chelate-chelate stacking, since they are in good agreement with CCSD(T)/CBS energies3!

SAPT analysis can indicate the differences in nature of stacking
interactions of chelate rings and organic aromatic molecules.
SAPT analysis showed that dispersion is the most dominant
component for stacking of organic aromatic molecules, but it is
mostly cancelled by exchange component, resulting in very
small net dispersion.3> Net dispersion is also very small for
benzene-chelate stacking interactions (Tables 1 and 2), while it
can be strongly destabilizing for chelate-chelate stacking (Table
2). Therefore, electrostatic component is the most important
stabilizing force for organic aromatic stacking,3>3° for benzene-
chelate stacking (Tables 1 and 2), and particularly for chelate-

This journal is © The Royal Society of Chemistry 20xx

chelate stacking (Table 1). However, electrostatic interactions
of chelate rings can be much stronger than those of aromatic
rings, and therefore stacking of chelate rings is much stronger
than stacking of organic rings. Additional stabilization of chelate
stacking can be provided by induction component (Tables 1 and
2), which is not particularly pronounced for organic stacking.3®

In a conclusion, SAPT analysis shows that electrostatic
component is the most responsible for the strength of stacking
interactions of metal-chelate rings. Metal atoms in chelate rings
influence the stacking significantly; for acac-type chelates
electrostatic component increases from Ni to Zn chelates.

J. Name., 2013, 00, 1-3 | 3
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Chelate-chelate stacking is stronger than benzene-chelate
stacking, and the stacking energies for both interaction types
increase from Ni to Zn chelates. Presence of sulfur atom in Ni
dithiolene chelate causes increase of the dispersion component
in comparison to acac-type chelate. Stacking interactions of
chelate rings are stronger than stacking interactions of organic
aromatic rings due to stronger electrostatic energy component.
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