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This work reports a combined computational and experimental analysis of the ability of square planar d®
transition metal complexes to establish unconventional halogen bonding interactions with chloro-, bromo-,
and iodopentafluorobenzene as o-hole donors. Typical M---Ha (M = transition metal and Ha = halogen)
interactions are coordination bonds (frequently halides acting as counter ions) or semicoordination bonds
(neutral lone pair donor halogens). However, in recent times a new binding mode has been described in the
literature with a reverse donor-acceptor role. That is, directional C-Br,l---M halogen bonding (HaB)
interactions have been reported where the metal center acts as the electron-rich atom and the halogen
atom acts as the acceptor via its o-hole. In addition to the Cambridge Structural Database (CSD) survey of
exemplifying X-ray structures, this manuscript reports a DFT study that investigates the relative ability of Ni,
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Introduction

Progress in crystal engineering, a term coined by G. Desiraju,
has allowed the generation of deep knowledge on noncovalent
interactions and their influence on crystal packing." A
relevant consequence is the highly productive design and
synthesis of multicomponent crystals with tailored
physicochemical properties.> In the last decade, o-hole
interactions have become active players in this field.* That is,
elements belonging to groups 14-17 of the periodic table
frequently act as Lewis acids establishing directional
interactions with a variety of Lewis bases, m-systems, and
anions.* These interactions are termed tetrel,” pnictogen,®
chalcogen,” and halogen bonds® for elements belonging to
groups 14, 15, 16 and 17, respectively.

After hydrogen bonding,’ halogen bonding (HaB) is the
most popular c-hole interaction.'®" Actually, this interaction
has inspired and motivated the generalization of the c-hole
concept to groups 14-16."> HaBs involving the heavier
halogen atoms (bromine and iodine) are nowadays
commonly used in crystal engineering,"® catalysis,"*
biological supramolecular chemistry,"> molecular recognition
of anions,'® and membrane transport."”

The most used electron donors in HaB-based crystal
engineering are lone pair bearing atoms, such as N, O, and
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complexes to participate in HaBs with chloro-, bromo-, and

halogen atoms.® Moreover, HaB assemblies involving
n-systems as donors have also been reported'® and several
theoretical works'® have analysed and compared Ha---n and
Ip-n interactions that can be formed depending on the
relative orientation of the halogen atom (c-hole or negative
belt pointing to the m-system). Recently, unconventional HaBs
have been described, where the electron donor is a transition
d® metal and the occupied d,.[M] orbital acts as a c-hole
acceptor instead of more conventional Lewis bases (see
Scheme 1).>“*' This type of interaction is counterintuitive
and often unnoticed by the original authors, since positively
charged metals are usually recognized as electron acceptors.
The nucleophilicity of the d,.[M] orbital can be modulated by
the presence of nucleophiles (other d® metals or electron
donors) located at the opposite side of the c-hole donor.*

unconventional HaBs
EWG

Conventional HaBs

EWG

Ha=Br, |
Ha =Br, | |

i, a

-<@--®—

d,2[M], M = Ni, Pd, Pt
This work

Y =N, O, F, etc...

Scheme 1 Conventional (LP as electron donors) and unconventional
(metal as electron donors) HaBs. EWG: electron withdrawing group.
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In this manuscript, a combined CSD analysis and
theoretical study is reported to investigate the ability of
divalent metals of group-10 of the periodic table to
participate in halogen bonding complexes. For the theoretical
DFT study (PBE0-D3/def2-TZVP level of theory), three o-hole
donors (halopentafluorobenzenes) and three acceptors were
used, as detailed in Scheme 2. The three square planar metal
complexes used in this work are neutral. Two 3-oxoprop-1-en-
1-olate anions were used as organic ligands. It should be
mentioned that, along with experimental studies, metal-
involving HaBs were previously studied theoretically using
single-point DFT calculations.”***

Computational methods

The calculations of the non-covalent interactions were carried
out using Gaussian-16 (ref. 25) and the PBE0-D3/def2-TZVP
level of theory.>®*” For the heavier elements Pd, I, and Pt,
this basis set implements ECPs and relativistic effects.>”*®
The complexes were fully optimized using the C,y symmetry
constraint. The interaction energies were computed by
calculating the difference between the energies of isolated
monomers (optimized geometries) and their assembly.
Bader's “Atoms in molecules” theory (QTAIM)>® analysis was
performed by means of the Multiwfn program.>® The
molecular electrostatic potential surfaces were computed
using the Gaussian-16 software.>’

In order to assess the nature of the interactions in terms
of being attractive or repulsive and reveal them in real space,
the NCIplot index was used, which is a method for plotting
non-covalent interaction regions®' based on a visualization
index that is derived from the electronic density.*> The
reduced density gradient (RDG), which came from the density
and its first derivative, was plotted as a function of the
density (mapped as isosurfaces) over the molecule of interest.
The sign of the second Hessian eigenvalue times the electron
density [ie., sign(i,)p in atomic units] enabled the
identification of attractive/stabilizing (blue-green coloured
isosurfaces) or repulsive (yellow-red coloured isosurfaces)
interactions using 3D-plots. The NCIplot index parameters
used in this work were: RGD = 0.5; peutofs = 0.04 a.u.; colour
range: —0.04 a.u. < sign(4,)p < 0.04 a.u. The QTAIM/NCIplot
figures were presented using VMD software.”®> The NBO
calculations were performed using the NBO 7.0 version®® at

F
F F =0 0=
< M )
F F—00=
Ha
1, Ha=Cl 4, M = Ni
2, Ha=Br 5 M=Pd
3, Ha=1 6, M =Pt

Scheme 2 Halogen bond donors (left) and acceptors (right) used in
this work.
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the same level of theory. The donor-acceptor NBOs were
presented using the VMD software.*?

Results and discussion
CSD examples exhibiting Br,I---M HaB contacts

In this section, several X-ray structures and co-crystals
containing square planar Ni(u), Pd(u), and Pt(un) complexes
are highlighted. First of all, it should be mentioned that
in this work, instead of using the stringent Bondi's*® van
der Waals (vdW) radii for groups 10 and 17, those
proposed by Batsanov were used,’®® which are gathered in
Table 1. Although Bondi's vdW radii are the most used
criterion to designate a noncovalent contact,®® the values
for group-10 metals seem largely underestimated, as
suggested by several investigations.*® For instance, Hu
et al**® proposed 1.97 A, Batsanov proposed 2.00 A, and
Alvarez®*“ even proposed 2.40 A as reliable values for the
vdW radius of Ni(u), whilst Bondi's vdW radius for this
atom is only 1.63 A. Batsanov's value was selected herein
because it is more restrictive than Alvarez’s value and
almost identical to Hu's proposal.®®?

Fig. 1 shows two selected X-ray structures involving Ni(u)
as the electron donor and bromine (refcode PUGRIU)*® or
iodine (refcode VAPVAK)* as Lewis acids (c-hole donors).
The halogen bond distances are significantly shorter than
S Ryaw (3.90 A for Ni + Br and 4.10 A for Ni + I) and longer
than the sum of covalent radii (3 Reoy = 2.44 A for Ni + Br
and 2.63 A for N + I), thus supporting the existence and
noncovalent nature of the Ni---Ha contacts. The interactions
are less directional than the conventional HaBs, with C-
Ha---Ni angles of 152° for Br and 162° for I.

For Pd(u), two structures were selected (see Fig. 2), which
form homodimers in the solid state where the C-Br bond is
pointing to the middle of the Ni-O coordination bond in
RECTEZ" and the Ni-Br coordination bond in REYJAH.*'
Therefore, in both structures, bifurcated HaBs are formed.
The Br---Ni distances are shorter than Y R,gw and longer
than Y R.., thus disclosing the noncovalent nature of the
contacts.

An additional X-ray structure is highlighted in Fig. 3a
(refcode RAPQOQ).** It is a bi-palladium(n) complex with
bridging 3,4-dibromo-2,5-dioxo-2,5-dihydropyrrol-1-ide
ligands. Remarkably, this molecule self-assembles in the
solid state creating dimers governed by the formation of two
symmetrically equivalent Br---Pd interactions. The combined

Table 1 Covalent (cov) and Batsanov's van der Waals (vdW) radii of
elements of groups 10 and 17 in A

Period G-10“ (cov) G-10 (vdW) G-17“ (cov) G-17 (vdW)
3 — 1.02 (CI) 1.80 (CI)

4 1.24 (Ni) 2.00 (Ni) 1.20 (Br) 1.90 (Br)

5 1.39 (Pd) 2.05 (Pd) 1.39 () 2.10 (1)

6 1.36 (Pt) 2.05 (Pt) —

“ From ref. 37.
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Fig. 1 X-ray structures of CSD reference codes PUGRIU (a) and VAPV
AK (b). Distances are in A. H-atoms were omitted for clarity.

QTAIM/NCIplot presentation shown in Fig. 3b further
corroborates the formation of HaBs that are characterized by
a bond critical point (CP, small red sphere) and a bond path
(orange line) connecting the Br atom to the Pd(u) metal
center. No other bond CP and path connects the Br-atom to
the PACN,O nucleophilic core. The self-assembled dimer is
further stabilized by two symmetric CH---Br H-bonds
characterized by a bond CP and a bond path connecting the
negative belt of the Br atom to one aromatic H-atom. Both
interactions are also characterized by green reduced density
gradient (RDG) NCIplot isosurfaces, thus revealing the
attractive nature of both interactions.

For Pt(n), an iodoform solvate (refcode UKAWOU)* and
a cocrystal (refcode ROZNUS)** were selected to illustrate
the HaBs. As was also observed in the structures above
Ni(u) and Pd(u), the directionality of the contacts was
around 160° and the distances were shorter than > Rygw
and longer than Y R.., thus suggesting the noncovalent
nature of the contacts. As further commented on below
(MEP calculations), the o-hole at iodine is quite extended,
ensuring that it is acting as an electron acceptor in the
I---Pt(u) contacts.

(@) (b)

C-Br---Pd: 160°
Br

N
3.54/ 1 3.32

RECTEZ

Fig. 2 X-ray structures of CSD reference codes RECTEZ (a) and
REYJAH (b). Distances are in A. H-atoms were omitted for clarity.

REYJAH
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(b)

QTAIM/NClplot

Fig. 3 (a) X-ray structures of CSD reference code RAPQOQ. The
distance is in A. H-atoms were omitted for clarity. (b) Combined
QTAIM/NClplot analysis of RAPQOQ with indication of the HaB and
HB contacts. The density at the bond CP is given in a.u.

More interesting is the UHEGAR structure® (see Fig. 5)
that forms self-assembled dimers in the solid state,
establishing two symmetric Br---Pt HaBs. It can be observed
in Fig. 5a that the Br---Pt distance is quite short (3.39 A) and
the C-Br---Pt(n) angle is 161°, in line with the rest of the
structures shown in Fig. 1-4. Remarkably, the combined
QTAIM/NClIplot analysis shown in Fig. 5b not only confirms
the existence of the HaB contacts (bond CPs connecting the
Br and Pt atoms) but also that this self-assembled dimer is
held together exclusively by the formation of these
unconventional HaBs.

(a) (b)

~ V

A
\ C-l----Pt: 158°
3.75 \ C—l----Pt: 162° .
: \ 9 / 3.42
7 TS

/
/
q ROZNUS
v

Fig. 4 X-ray structures of CSD reference codes UKAKOU (a) and
ROZNUS (b). Distances are in A. H-atoms were omitted for clarity.

UKAWOU
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(a)
C-Br---Pt: 1619,

]
N 339?

UHEGAR

(b)

© QTAIM/NCIPIlot

Fig. 5 (a) X-ray structure of CSD reference code UHEGAR. The
distance is in A. H-atoms were omitted for clarity. (b) Combined
QTAIM/NClplot analysis of RAPQOQ with indication of the HaB
contacts. The density at the bond CP is given in a.u.

MEP surface study

The MEP surface analysis of the model compounds 1-6 (see
Scheme 2) was carried out in order to study the electrophilic
character of the haloarenes 1-3 and the nucleophilic
character of the square planar complexes 4-6. The surfaces
are presented in Fig. 6, showing as expected a c-hole on the
extension of the C-Ha bond in compounds 1-3. The MEP
value at the o-hole increases on going from Cl to I, as

(@) °

\
60}/ J
~10 N —+35

+17
(b)
_37) —36) —35)
Ni Pd Pt
4 5

~40l  TIKSEl/mGIT . 25

Fig. 6 MEP surfaces of c-hole donors 1-3 (a) and acceptors 4-6 (b) at
the PBEO-D3/def2-TZVP level of theory. The values at selected points
of the surfaces are given in kcal mol™. Isovalue: 0.001 a.u.

Cl

This journal is © The Royal Society of Chemistry 2022

View Article Online
Paper
Table 2 Interaction energies (E, kcal mol™), equilibrium distances (d, A),

and electron densities at the bond critical point that connects Ha with M
(p, a.u.) for complexes 7-15 at the PBEO-D3/def2-TZVP level of theory

Complex E d p

7 (Cl---Ni) -2.50 3.383 0.00643
8 (Br--"Ni) -2.99 3.326 0.00907
9 (I--Ni) -3.87 3.303 0.01249
10 (Cl---Pd) —-3.06 3.396 0.00834
11 (Br---Pd) -3.85 3.414 0.01003
12 (I---Pd) —4.98 3.385 0.01386
13 (Cl---Pt) -3.38 3.442 0.00936
14 (Br--Pt) -4.52 3.404 0.01256
15 (I--*Pt) —6.35 3.309 0.01935

expected. Moreover, the size of the oc-hole also increases
going down in the group. Fig. 6a also shows the half-angles
of the o-hole cones in compounds 1-3, which are 60° for Cl,
68° for Br, and 74° for I. It is worth mentioning that the
maximum deviation from linearity in the C-Ha---M(u)
contacts observed in the X-ray structures of Fig. 2-4 is 28°,
thus suggesting that in all cases the positive part of the
halogen atom is pointing to the metal center.

In the case of the metal complexes 4-6, the MEP
minimum is located at the molecular plane, in the region
bisecting the O-M-O angle. Moreover, the MEP surfaces
reveal that the nucleophilicity of the metal center increases
on going from Ni to Pt. In fact, the MEP is neutral over Ni(u),
-6 kecal mol™ over Pd(u), and —14 kcal mol™ over Pt(m). This
analysis anticipates weaker interactions for Ni compared to
Pd or Pt.

Energetic study

Table 2 shows the interaction energies and equilibrium
distances of complexes 7-15 (see Scheme 3). The interaction
energies range from weak in complex 7 (-2.50 kcal mol™) to
moderately strong in complex 15 (-6.35 kcal mol™), thus
confirming the attractive nature of the interaction.
Remarkably, the equilibrium distances are similar to those
found in the X-ray structures. For instance, for the UHEGAR
dimer, which is only stabilized by the Br---Pt halogen bond,
the HaB distance is 3.39 A and that of complex 14 is 3.404 A,
thus strongly corroborating that the interaction observed in
the solid state is not simply due to packing effects. Regarding
the equilibrium distances, those of the platinum complexes
are shorter than those of palladium in line with the stronger

F

F F 7,M=Ni, Ha = Cl
8, M =Ni, Ha=Br

F F 9,M=Ni Ha=I
10, M = Pd, Ha = Cl
Ha 11, M = Pd, Ha = Br

; 12,M =Pd, Ha = |
<~—0\:/0--— 13, M =Pt, Ha = Cl
o’M ~o= 14, M = Pt, Ha = Br

15, M =Pt, Ha =1

Scheme 3 HaB complexes studied in this work.
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| Br Cl
Ni Pd Pt
9 1" 13

Fig. 7 QTAIM analysis of complexes 9 (a), 11 (b), and 13 (c). The bond
CPs are presented as small red spheres and the bond paths are
presented as orange lines. Only intermolecular interactions CPs and
bond paths are presented.

interaction energies (both metals have identical vdW radii)
and the MEP results.

The geometries of three representative complexes are
given in Fig. 7 along with the QTAIM analysis. It can be
observed that in all cases a single bond CP connects the
metal center to the halogen atom. The values of density at
the bond CPs are also summarized in Table 2. For all the
complexes the values of p are small (<0.02 a.u.) as usual in
noncovalent interactions. Moreover, the values are larger for
the iodine complexes in line with the shorter equilibrium
distances and greater binding energies. The density values
for the Br---Pd and Br---Pt complexes 11 and 14 are similar to
those observed in the X-ray structures RAPQOQ and UHEGAR
(see Fig. 3 and 5) which also supports the relevance of such
HaB contacts in the solid state.

The values of charge density at the bond CPs have been
used before as a measure of the strength of o-hole
interactions like tetrel, chalcogen, halogen, and regium
bonds.*® This behaviour was studied for HaB complexes 7-15
used in this work. Remarkably, a good linear relationship
(regression coefficient r = 0.979) was obtained for the
interaction energies versus p values plot (see Fig. 8), thus
revealing that the charge density at the bond CP can also be
used as a measure of the strength of HaB interactions
involving metals. The importance of such relationships
should be emphasized, since three different metals and
halogen atoms are used, thus allowing elements from rows 3
to 6 of the periodic table to be dealt with in the same
representation.

A
0.020 1

: 0.015 4

u

p,a

0.010 1

0.005 r T T
-7.0 -6.0 -5.0 -4.0 -3.0 -2.0
E, kcal/mol

Fig. 8 Regression plot of the interaction energy vs. p at the bond CPs.
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(c)
Cl Br %

13 14 15
d,2[Pt]—»0*(CI-C) d,2[Pt]—>0*(Br-C) d,2[Pt]—»0*(I-C)
E@=034keallmol  E@=1.02kcallmol  E®@ =235 kcalimol

Fig. 9 Donor-acceptor NBOs characterizing HaB in complexes 13 (a),

14 (b), and 15 (c) and their second order perturbation energies (E®
values). The isovalue used for the orbital representation was 0.075 a.u.

Orbital analysis

In conventional halogen bonding complexes, there is an
important orbital contribution from a filled lone pair (LP)
orbital to the empty antibonding Ha-Y o* orbital stabilizing
the HaB assembly.

For the Pt(u) series of complexes used in this work, natural
bond orbital (NBO) analysis was performed,’” since it is very
useful to analyze donor-acceptor interactions from an orbital
point of view. The results are shown in Fig. 9, clearly
evidencing a d,:[Pt] — o*(Ha-C) donor-acceptor interaction
in the three complexes with concomitant second order
stabilization energies ranging from E® = 0.34 kcal mol™ in
13 to E® = 2.35 kcal mol™ in 15. It can be observed that the
size of the o* orbital is larger for the C-I bond than for C-Br
and C-Cl, thus allowing a better overlap with the d,.[Pt]
orbital, resulting in larger E*) energies.

Conclusions

In this manuscript, metal-involving HaB was analysed in
terms of structures retrieved from the CSD and theoretical
calculations in some model systems. Although these
interactions are known and they have been recently
reviewed,”> a comprehensive theoretical analysis using
optimized geometries instead of crystallographic ones was
not available. The relevant conclusions derived from this
work are as follows: (1) HaBs involving metals are less
directional than conventional HaBs; (2) the nucleophilicity of
the metal increases when descending in the group; (3) the
interaction energies range from -2.5 to -6.5 kcal mol ™",
similar to hydrogen bonds; (4) the density at the bond critical
point can be used as a measure of the strength of the HaB;
and, (5) a relevant orbital contribution (37%) is demonstrated
for the most nucleophilic Pt metal with iodopenta-
fluoroenzene, where the d,. orbital is acting as a LP donor.

It is expected that these counterintuitive interactions will
be progressively exploited and this work could stimulate
researchers working in crystal engineering, supramolecular
chemistry, and catalysis to utilize metal-involving HaBs or
similar interactions.

This journal is © The Royal Society of Chemistry 2022
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