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Crystallization of [Cul(CNXyl)s] (1) with |, (exhibiting strong halogen bond donor properties), at different
molar ratios between the reactants, resulted in a series of (XyINC)Cu' crystal polyiodides formed along
with gradual accumulation of iodine, namely [Cu(ls)(CNXyl)s] (two crystalline polymorphs 2' and 2",
[Cu(lg)(CNXyl)3]-%I2 (2-%I2) and [Cu(CNXyl)sl(ls) (3); all these compounds were studied by X-ray diffractome-
try. Molecular electrostatic potential (MEP) surface plots were also calculated using density functional
theory (DFT) for isolated molecules of 2 and I,, showing electrophilic and nucleophilic sites. Halogen
bonding in 2-%I2 was additionally elucidated for both crystal and cluster models, including combined
quantum theory of atoms-in-molecules (QTAIM) and one-electron potential (OEP) projections. For model
clusters, DFT energetic analysis, quantum theory of atoms-in-molecules, combined with the noncovalent
interaction index plot (QTAIM/NClplot), natural bond orbital (NBO) donor—acceptor charge transfer ana-
lysis, and Wiberg bond index (WBI) analysis were used. In the structure of 2-%I2, the presence of an I---I3~
halogen bonded linkage gives a key toward the understanding of the precise mechanism for the gene-
ration of Is~ (and then |82_) ligands from |, and metal-coordinated I3~.
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1. Introduction

Polyhalides are a subject of intensive studies,"™ in view of their
broad application as, for instance, electrolytes for batteries and
dye sensitized solar cells,”* mildly selective oxidants for organic
synthesis,> and synthons for the construction of metal-organic
frameworks.* In particular, polyhalides (especially polyiodides) of
various transition metals are utilized for the design of coordi-
nation networks® and fabrication of semiconductive materials;
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halogen-halogen closed-shell bonding interactions have been
widely studied theoretically.®™*

The ability to generate polyatomic anions, namely polyio-
dide anions, is a characteristic feature of iodine as an
element."*"** In the formulation of polyiodides L,,"~, there is
always a problem whether I,,”~ can be considered as a single
entity or as a composite of the building blocks I,, I", and I,
linked by noncovalent interaction(s), including halogen
bonding (abbreviated as HaB).

The Cambridge Structural Database (CSD) analysis of the
I-1 distances in such systems® revealed a continuum in the dis-
tribution of iodine-iodine separations, spanning from approx.
2.7 A (the distances that are typical of the I, molecule) to those
larger than 4 A (Bondi van der Waals radii’® sum Y(I + I)
3.96 A; Rowland van der Waals radii'®” sum Y (I + I) 4.06 A);
values larger than 4 A exceed the optimistic expectations for
noncovalent interactions (Fig. 1). As follows from the recent
CSD analysis,"® the iodine-iodine covalent bond for the most
widespread and studied polyiodide, I;7, is in the range of
2.7-3.2 A, while it is 2.9-3.3 A for the less common I5™.

Starting from approximately 3.2 A and further, up to ca. 4 A,
lies the region of various noncovalent interactions. Although
the interval 3.2-4.0 A is specific for I.--I intermolecular bonds,

This journal is © the Partner Organisations 2023


http://rsc.li/frontiers-inorganic
http://orcid.org/0000-0001-5055-1212
http://orcid.org/0000-0002-0855-2251
http://orcid.org/0000-0002-7020-0134
http://orcid.org/0000-0002-1066-2177
http://orcid.org/0000-0002-0769-3992
http://orcid.org/0000-0001-7840-2139
http://orcid.org/0000-0002-2253-085X
http://orcid.org/0000-0001-8692-9627
https://doi.org/10.1039/d2qi02634a
https://doi.org/10.1039/d2qi02634a
http://crossmark.crossref.org/dialog/?doi=10.1039/d2qi02634a&domain=pdf&date_stamp=2023-02-23
https://doi.org/10.1039/d2qi02634a
https://pubs.rsc.org/en/journals/journal/QI
https://pubs.rsc.org/en/journals/journal/QI?issueid=QI010005

Published on 11 2023. Downloaded on 07/11/25 18:24:30.

Inorganic Chemistry Frontiers

2.7 I3 3.2

2o = a3 Suqw 141 3.96
4.0
[ > A

Covalent Noncovalent

Fig. 1 lodine—iodine distances in polyiodides.

the accurate assignment of contacts in the 3.0-3.6 A range is
often rather ambiguous,® and the area 3.1-3.4 A is the so-called
“no man’s land” with an overlap of covalent and noncovalent
contacts.”® This large variability of iodine-iodine interactions
hampers a clear assignment of I-I contacts to primary or second-
ary bonding (in other words HaB) thus blurring, in turn, the
accurate difference between covalent and noncovalent contacts.

In the framework of our ongoing project focused on nonco-
valent interactions in organometallics, in particular HaB
including iodine and polyiodides,'®'® we studied the [Cul
(CNXyl);] cocrystals with such a strong iodine-based HaB
donor (exhibiting two 180°-directing c-hole donor sites) as
I,.>° We obtained a series of (XyINC)Cu' polyiodides, whose
structural features are outlined in section 2.2. In this series,
the change in the composition of the product occurs in accord-
ance with the change in the ratio of the reagents. A transition
from a coordinated triiodide to a semicoordinated pentaiodide
via an intermediate Is>~ was observed and studied in detail. In
one of these structures (section 2.2.2), we identified a I,---I3~
entity present between metal-bound I;~ and unbound L.
Despite all difficulties in the identification of noncovalent
bonding in I,---I;~ outlined above, our experimental and
appropriate theoretical data explicitly confirmed the existence
of HaB in the I,---I;” linkage and, thus, our results indicate
that we trapped the hitherto unreported I,---I;~ intermediate
in the generation of pentaiodide. All our findings are conse-
quently detailed in the sections that follow.

2. Results and discussion
2.1. Cocrystal growth

Copper complexes (first of all, Cu™ species) demonstrate very
rich and versatile polyiodide chemistry, reviewed in ref. 4,
while copper(1) polyiodides are far less studied and all these
reports are briefly surveyed in the ESI (section S2.17).

The copper(r) iodide complexes [Cul(CNXyl);] (1) and
[Cu(1)3(CNXyl);] (2) chosen for this study were prepared by
known procedures.?! The solvent-dependent crystallization of
2 yielded 2" (from CH,Cl,) and 2" (from CH,Cl,/MeNO,, 1:1
v/v) polymorphic forms (Scheme 1); the structure of 2" is iden-
tical to that obtained previously.>' Crystallization of 2" with I,
(2: 1 molar ratio) in CH,Cl, afforded crystals of the adduct [Cu
(I;)(CNXyl);]-31, (2-1L,). The latter was also obtained when 1
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Scheme 1 Synthetic scheme and compound numbering.

was crystallized with a 1.5-fold excess of I, in CH,Cl,.
Crystallization of 1 with a 3-fold excess of I, from CH,Cl, furn-
ished [Cu(CNXyl);](I)s (3); these crystals were also obtained
when 2 was crystallized with I, (1:2 molar ratio) in CH,Cl,.
The indicated crystallizations gave crystals suitable for XRD
studies, which were performed for all these species.

2.2. X-ray diffraction studies

2.2.1. Structures of 1 and 2"™. The XRD structures of 1 and
2" (Fig. 2) are not unusual and they are considered in details
in the ESI (sections S2.2 and S2.37).

2.2.2. Crystal and molecular structures of 2-%12. The struc-
ture of this adduct is central in the context of this work and we
discuss it in more details with particular focus on I3™-:-I, short
contacts. Appropriate theoretical calculations of the HaB situ-
ation in this structure are detailed later in section 2.3.

The structural parameters of complex 2 in 2-1I, (z, = 0.85 *?)
are close to those in 2™ £(Cu1-11-12) 94.399(15)° and £(I11-12-
13) 178.502(17)°. The bond distances within the I~ ligand (I1-
I2 2.8204(4), 12-13 3.0520(5) A) are normal and agree well with
those in the previously reported structures of 2" and 2-CHI;.>
The Cul-I1 bond length is 2.9015(7) A, what is somehow
longer than those in other structures apparently because of
the effect of HaB, which is discussed later.

Noncovalent contacts (Table S31) include Type-I halogen-
halogen® interactions (induced by packing effects) between
the I3 atoms from different molecules (Fig. 3), and the lone
pair-n-hole interaction between the I2 atom and the n-system
(C10) of the isocyano groups (Fig. 4). Intermolecular contact
14---11 between I, and I;~ moieties fulfill the IUPAC criteria for
the identification of Type-Il halogen-halogen® interactions
(or, in other words, the true HaB) (d(I1-14) = 3.3658(6) A vs.
Bondi Y (I + 1) = 3.96 A, £(14-14-11) = 174.23(2)°).*® This is the
shortest contact between iodine atoms in the structure of 2-%12.
This interatomic separation (3.3658(6) A) lies on the borderline
between the values typical for I~ (2.9-3.3 A)*® and the area of
the “no man’s land” range (3.1-3.4 A;"® Fig. 1) with an overlap
of covalent and noncovalent contacts.
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Fig. 2 View of the molecular packing for 2' and 2" (CCDC no 1841442), demonstrating a short |---1 contact in polymorph 2' (top panel) and Cu---I

contact in polymorph 2" (bottom panel).

Fig. 3 Two types of I--:] contacts in the structure of 2-%|2.

If we consider only covalent and Type-II noncovalent inter-
actions and put aside packing-driven Type-I contacts, the
observed HaB-based adduct I;™---I,---I5~ is relevant to the metal-
bound dianion I3*". The Type-I contact 13---I3 is longer than the
true I1---14 HaB and it is certainly weaker than the HaB; this con-
clusion was confirmed by the analysis of the computation results

1524 | Inorg. Chem. Front, 2023, 10, 1522-1533

(section 2.4). Considering all these, one can formulate the supra-
molecular organization of 2.1, as the 1D-chain built by the
copper(i)-ligated Is>~; a similar outstretched Z-shaped polyiodide
geometry has been previously reported.**

On moving from the structures of 2" to that of 2-%12, the
Cu-1 bond is further lengthened (by approx. 0.18 and 0.06 A,

I-1I

This journal is © the Partner Organisations 2023
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Fig. 4 The I---C contact in the structure of Z%Iz.

correspondingly, for two polymorphs) and the coordination
polyhedron is more deviated from the tetrahedral geometry
(the AY(£C-Cu-C) was increased by 13-17 and 1°, respect-
ively). The weak contact Cu---I in 2-I,, as compared to that in
2", became shorter (by 0.06 A). As compared to 2", in 2-1L,,
an additional I, molecule appeared and a new HaB
contact I4.--I1 between the I, and I3~ ligand was identified
(3.3658(6) A).

Remarkably, although many examples of different polyio-
dide sequences, including the 13>~ moiety, are known, predo-
minantly they belong to the category of metal-free polyiodides.
To prove the novelty of our findings, namely the noncovalent
nature of the I,---I;~ linkage, we performed the CSD search of
metal-bound polyiodides exhibiting structures similar to 211,

3.4547(8),.
R

0 11s

2.7329(7) 2.8182(6)
/Tzs
3.3603(6). 3.0073(6)
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namely those built by I, and coordinated I;~ via relatively
short (3.1-3.4 A) I,---I;” contacts. In the nickel(n) triiodide
complex (KUGBAS," R,, 2.20%) the ligated 1;~ forms a rela-
tively short I---I (3.3503(6) A; N. = d/(3vaw Bondi) = 0.85)
contact with I,. The other iodine center of I, forms a slightly
longer contact (3.4547(8) A; N, 0.87) with another complex via
the terminal uncomplexed iodine of the I, ligand (Fig. 5) and,
hence, the supramolecular organization of KUGBAS includes
the extended chains {(p-1,1>-I;7)-(u-I',I>-1,)},. Notably, the I,
molecule behaves as a bifunctional HaB donor toward two
accepting I;~ moieties. No detailed discussion of the supramo-
lecular organization of the structure was provided in the
corresponding article."’

Another structure, [Ru(I;)(ClL)(CNBu-t),]'1, (ZAGTEJ),>
contains both I3~ and ClI,~ ligands and it includes the
{I;71,-ClI,”} moieties featuring rather strong I.--Cl (3.056(9) A)
and I.--I (3.309(5) A) noncovalent interactions (Fig. S57).
However, the Ry, (13%) value is too high and this prevents an
accurate examination of its geometric characteristics and com-
plicates appropriate computational works. The same group
studied the structures of cocrystals of Ru"~halide species with
molecular halogens and identified the polyhalide (X:--X'),
and the oligomeric X:--X';---X linkages involving the halide X
ligands.>®

We also performed CSD search for the known uncoordinated
Is~ and I3~ systems, although these systems were only relevant
but not strictly related to our observations (see the ESI, section
S1t). In summary, the analysis of structural parameters of I5~
from CSD indicates that Is;~ demonstrates a noticeable differ-
ence in the covalent distances for the terminal (2.7-3.0 A) and
internal (3.0-3.4 A) I-I bonds. At the same time, the extreme
cases of unsymmetric L-shaped Is~ can be considered as the
supramolecular adducts {I;™-I}.

The bond length analysis for the I;°~ CSD structures
allowed the formulation of these structures as the associates
{I;7-+-I,--I;7}, where interatomic distances within the struc-
tural units (namely, I, and I;”) are attributed to covalent

11

3.3603(6)

118 ==

Fig. 5 View of the supramolecular organization of KUGBAS bearing coordinated Is~; HaBs are given by dotted lines, interatomic distances (A) are

given for selected iodine—iodine bonds and contacts.

This journal is © the Partner Organisations 2023
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bonding (2.74-3.12 A) and the shortest separations between
these units are in the 3.27-3.44 A range, ie. lie in the “no
man’s land” region (3.1-3.4 A) (see the Introduction section).

Avery similar bond length distribution was observed for the
fragment {I;”---I,---I;7} in 2.1, (see above), therefore co-
ordinated {I;™I,-I;"} and uncomplexed (for details of the latter
see the ESIf) moieties demonstrate certain structural simi-
larities. However, this work is the first where coordinated poly-
iodides {I;™---I,---I;"} were detected in the solid state and struc-
turally characterized.

2.2.3. Structure of 3. The crystal structure of this ionic
complex consists of cation [Cu(CNXyl);]" and the pentaiodide
anion, I~ (Fig. 6; detailed consideration of this structure is
given in the ESI, section 2.51). The complex exhibits a trigonal
planar geometry, while the pentaiodide anion exhibit a
V-shaped geometry that is typical for I;~.>”>° On moving from
211, to 3, the d(Cu-I) bond length is drastically lengthened (by
0.49 A) that results in the cationic planar (3(£C-Cu-C) 360°)
complex [Cu(CNXyl);]", which forms two equivalent Cu--I
semicoordination bonds (3.42515(11) A) with two I5~ anions.

2.3 Theoretical DFT study of halogen bonding in the
structure of 211,

The structure of the 2%12 adduct was studied in detail with a
particular focus on the HaB.

2.3.1. MEP surfaces. Initially, we computed the molecular
electrostatic potential (MEP) surfaces of 2 and I, to rationalize
the assemblies observed in the solid-state structure of 2-%12. To
this end, it is relevant to investigate the MEP differences
among the negative belts of the three iodide atoms of the co-
ordinated I5”, since the I, molecule bridges the I1-atom
(Cu'-coordinated iodine) from one molecule to the I3-atom

Fig. 6 Semicoordinative Cu:---l contacts (dotted lines) in the structure
of 3.
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(I;7-end), see Fig. 5. Moreover, it is also relevant to study the
electronic nature of the Cu-coordinated isocyanide group to
rationalize the I---C contact represented in Fig. 4. Fig. 7 shows
the MEP surfaces using two different orientations of complex 2
(I;~ ligand down and up). The MEP maximum is located at the
aromatic H-atoms (+25 kcal mol™") followed by the methyl
groups (+21 kcal mol™"). The MEP minimum is located at the
coordinated I~ ligand, as expected, being the belt of the most
nucleophilic uncoordinated I-end (=35 kcal mol™).
Interestingly, the MEP values on the extension of both I-I
bonds of the I, ligand are significantly less negative (—16 and
—14 kcal mol™) than those at the electron belts (=31 to
—35 kcal mol™"). This explains the directionality of the I,---I~
interaction observed in the X-ray structure of 2-%12, where the I,
c-holes point to the negative belts. Moreover, the small differ-
ences between the negative belts of the three I-atoms in I, also
suggests that the HaB preference observed in 211, is likely
modulated by other interactions in the X-ray structure.

The MEP values over the aromatic rings are in general
modest, ranging from slightly positive (+3 kcal mol™) to
slightly negative (—7 kcal mol™"). The MEP value at the Cu-
atom is zero and over the C=N bonds is slightly positive, thus
disclosing that the I---C interaction is favored electrostatically.
The MEP surface of I, is also included in Fig. 7 (bottom-left),
evidencing a deep c-hole (+34 keal mol™") and a very modest
negative belt (—4 kcal mol™).

2.3.2. Crystal and cluster model theoretical calculations.
To have more arguments supporting the occurrence of I37---I,
HaB in the structure of 2%12, we conducted an additional
theoretical study that utilized the crystal model and the calcu-
lations were performed under time-demanding, the so-called
“true”, periodic conditions. For relevant calculations we also
used a model cluster approach, which proved to be useful for
molecular crystals.

Thus, to closely interrogate the systems and to verify the
nature of the I---I interactions, we performed DFT calculations
under periodic boundary conditions (the crystal model, PBE*’-
D3%'%2 level of theory and DZVP-MOLOPT-SR-GTH*® bases
within the Gaussian/plane wave (GPW)** methodology in
CP2K) for the 2%12 crystal. In addition, we also performed cal-
culations for the isolated heterotrimeric (2),-(I,) cluster exhibit-
ing the I---I interactions, namely gas-phase DFT calculations
(the cluster model, PBE**-D3*' level of theory and def2-
TZVP*>® basis) in Gaussian 09, both approaches are based on
the experimentally determined coordinates.

The QTAIM analysis for the crystal and cluster models
demonstrated the presence of bond critical points (3, —1)
(BCP) between the iodine centers of I, and the iodine atoms of
the I group (Table 1). Consideration of the negative values of
the BCP sign(4,)p(r) values indicates the attractive nature of
the I---I interaction,’” although with some covalence contri-
bution in view of the negative energy density and the balance
of the Lagrangian kinetic energy G(r) and the potential energy
density V(r) (=G(r)/V(r) < 1) on the corresponding critical
points.*® Remarkably, the sign(i,)p(r), Vp(r), G(r), and V()
values are almost the same for the crystal and cluster models.

This journal is © the Partner Organisations 2023
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Fig. 7 MEP surfaces (two opposite orientations) of compound 2 and iodine (bottom-left). The energies at selected points of the surfaces are given

in kcal mol™. Isosurface 0.001 a.u. the PBE-D3/def2-TZVP level of theory.

Table 1 Parameters in (3, —1) bond critical points (the electron density
with sign of A, sign(i)p(r) in e bohr~>, Laplacian of electron density
v2(r) in e bohr™>, the local electronic energy density Hy, local electronic
potential energy density V(r), and local electronic kinetic energy density
G(r) in hartrees per bohr®) corresponding to the I---1 XBs in the cluster
and crystal models

Model sign(4,)p(r) V2p(r) V(r) G(r) Hy
Cluster —0.0216 0.0373 —0.0101 0.0097 —0.0004
Crystal —-0.0205 0.0371 —0.0093 0.0091 —0.0002

One-electron potential analysis. Laplacian of electron density
V?p(r),*® and electron localization function (ELF)*° are widely
used to locate the electron concentration regions such as, for
instance, electron pairs. A quantity, closely related to the
Laplacian of the electron density, is the one-electron potential
(OEP),*"** which accurately represents the potential governing
the motion of a single electron in an electron system®® and,
therefore, OEP serves as a useful tool for the localization of
electron pairs. Hamilton** (for relevant recent work see ref. 45)
has revealed topological similarities between V?p(r) and OEP,
as reflected in the valence shell structures of light atoms.
Differences arise in heavy atoms (elements beyond the third
row) for which the valence shells are generally missing in
V?p(r), but are present in OEP. Notably, the OEP approach is
better than the ELF method since the former does not directly
depend on wavefunction, and its results can be compared for
calculations with and without pseudopotentials using electron
density function (EDF) for core electrons.*®

The OEP value can be used, instead of the Laplacian distri-
bution, to reveal noncovalent features of polyiodide chains in
the studied crystal. Similar to the previous reports,*>*” we
observed a toroidal shape of the OEP around the I4 atom co-

This journal is © the Partner Organisations 2023

valently bound to the neighboring (also 14) atoms (Fig. 8). This
shape is specific for an anisotropic electron density distri-
bution around the nucleus: the nucleophilic region of the
valence shell is localized at the equator, while the electrophilic
region is located at the continuation of the covalent c-bond.
For the I1---14 halogen bond the nucleophilic and electrophilic
regions of the iodine atoms in the crystal agree well with those
obtained in the gas-phase cluster model.

The electrostatic potential features of the observed interactions.
Interatomic surfaces in gradient fields of electron density (p)
and electrostatic potential (¢) allow the identification of the
atomic p- and ¢-basins, respectively. The former defines
chemically bonded atoms, while the latter determines electri-
cally neutral atomic fragments within a common electron-
nuclear system. The analysis of the superposition of these gra-
dient fields provides useful information about the electrostatic
potential features of atomic interactions along the bond paths.

Fig. 9 shows that the p- and ¢-basin boundaries of atoms
coincided completely within the bonds in 12 and I3™. In the
case of I1---14 noncovalent interactions, the boundary of the ¢-
basin of 14 spreads through the region of the p-basin of I1.
This suggests that some fraction of the electrons belonging to
I1 in the triiodide anion is attracted to the I4 nucleus in the I,
molecule. According to ref. 23, this is a conventional case for
Type-II HaB. Thus, consideration of mutual arrangement of
the zero-flux boundaries of p- and ¢-basins provides the
specific information about the kind of I.--I interactions in the
polyiodide chain in the studied crystal.

Combined QTAIM/NCIPIot analysis and dimerization energy. In
(2)2:(I), each contact is characterized by a CP bond (red
sphere) and bond path (dashed bond) interconnecting both
I-atoms (Fig. 10), according to the combined QTAIM and
NClIplot analyses. The QTAIM values at the bond CP, as dis-

Inorg. Chem. Front,, 2023,10,1522-1533 | 1527
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cluster

Fig. 8 OEP distribution in the plane of the polyiodide chain computed for cluster (left) and crystal (right) models of [Cu(l3)(CNXyl)3]~%I2. Contour
lines are drawn at OEP values from —0.4 to 0.0 with 0.02 step, the color range is from green (—0.4) to white (0.0). QTAIM p(r) topological pale brown
nuclear (3, —3), blue bond (3, —1), orange ring (3, +1), and light green cage (3, +3), critical points are drawn with black bond paths and dark blue

interatomic surface projections.
Cul

-
11 J

Fig. 9 Superposition of the electrostatic potential gradient field
(orange) and electron density gradient field (grey) in the plane of polyio-
dide chain for cluster model of [Cu(l3)(CNXyl)3]-%I2. Interatomic surfaces
projections are in blue and brown for p- and g@-basins respectively.
QTAIM p(r) topological bond (3, —1) critical points are drawn in dark
blue. Type-Il halogen bond occurred between the 11 and 14 atoms.

e
S

T4 \ 14 1€

Cul

cussed earlier in this section, are typical of a noncovalent
interaction. The QTAIM/NCIPlot analysis of the HaB heterotri-
mer also evidences the formation of secondary CH---I inter-
actions involving the methyl groups of the XyINC ligands and
the negative belts of the I, molecule. The dimerization energy
is large (AE; = —32.7 kcal mol ™) in line with the strong electro-
philicity of the I, molecule and strong nucleophilicity of the

H-bond energy:
—-3.2 kcal/mol

AE1 =-32.7 kcal/mol

Fig. 10 Combined QTAIM/NCIPlot analyses of (2),:(l,). The dimerization
energies computed at the PBE-D3/def2-TZVP are given. Only inter-
molecular contacts are represented by bond CPs and RDG isosurfaces.
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I;” ligand, as demonstrated by the MEP surface analysis. We
also estimated the strength of the CH---I H-bonds using the V,
predictor,*® which is —3.2 kcal mol™" for the four contacts
altogether, thus confirming the dominant role of the HaB, in
line with the blue color of the HaB RDG isosurface compared
to the green color of the HBs.

The same calculations were performed for the (2), dimers
with other interactions extracted from the 2-%12 adduct, for
details see the ESL.}

NBO and WBI analyses in a natural atomic partitioning
scheme. To further study the o-hole nature of the HaB in
(2)2-(1,), we performed the natural bond orbital (NBO) analysis
in the natural atomic partitioning scheme focusing on the
second order perturbation analysis.*® This computational tool
is very convenient to study donor-acceptor interactions from
an orbital viewpoint.>® Interestingly, we have found two sym-
metrically equivalent electron transfer from lone pair (LP) orbi-
tals located at the coordinated iodine atoms and to the ¢ anti-
bonding orbital of the I, molecule (¢*) with a concomitant
stabilization energy of E® = 9.04 kcal mol™" (Fig. 11) for each
LP(I) - o*(I-I) interaction, thus confirming the c-hole HaB
nature of the I3 ---I,---I3~ contacts.

The Wiberg bond index (WBIs)>'™>® was also calculated
using the natural atomic partitioning scheme for the I.--I inter-
action in the cluster model. The WBI is 0.16 and therefore the
interaction can be considered as noncovalent but with some
covalence.

Therefore, different approaches—QTAIM and OEP analyses
in both crystal and cluster modes, combining QTAIM/NCIplot

%4

©

LP(l)—a*(I-1); E? = 9.04 kcal/mol
Fig. 11 Representation of the NBOs corresponding to the LP — o*

donor—acceptor interactions in (2),:(l,). The isosurface used for the MOs
is 0.006 a.u.
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analysis, dimerization energies, NBO charge transfer and
Wiberg indexes—clearly demonstrate the noncovalent nature
of the I1---14 contact, although with some covalence contri-
bution. The analysis of electrostatic potential features of this
contact allowed this attribution to Type-II**> HaB. The Ig>~
units in the structure of 2-%12 can be interpreted as the associ-
ates {I;-I,-I;"}, where one uncomplexed I, and two I;~ ligands
are linked by relatively strong HaBs.

3. Conclusions

The addition of various amounts of molecular iodine to the
copper(1) isocyanide complex [Cul(CNXyl);] provided a series
of copper polyiodide complexes and their adducts, namely
[Cul)(ONXy)], [Cu(ls)(CNXyl);]2h, and  [Cu(CNXyl)s](Ls)
(Scheme 1). In this series, we observed a change in the ligation
of (poly)iodide anions to the metal site—a gradual transition
from the coordinated iodide, to triiodide, followed by the gene-
ration and stabilization of the semicoordinated pentaiodide.
In a more general sense, we performed the systematic and con-
trollable creation of metal complexes exhibiting increasing
polyiodide content. Polyiodide containing products, like our
systems, are often encountered unexpectedly or unreliably and
often relegated to the ESIf of other publications. This work, in
contrast, demonstrates the controllable design of metal com-
plexes with increasing polyiodide content based on the molar
ratio of iodine added during the synthesis. This stepwise
addition of iodine to give polyiodides allows the systematic
assembly of a HaB network centered on Cu'-bound I,”. We
consider this as an advancement in the supramolecular assem-
bly of coordination complexes in pursuit of other (e.g., ana-
lyzed in recent reviews ***) higher dimensional networks uti-
lizing HaB. Considering that polyiodide-based materials have
been utilized in e.g. photovoltaics,’® the result of this work
may be useful for controllable assembly of appropriate
polyiodides.

In the [Cu(I;)(CNXyl);]31, cocrystals, we identified the unit
Ig"7, which is built by two coordinated triiodides connected by
a bridge of molecular iodine via relatively strong HaBs. The
geometric parameters of the HaB indicate its intermediate
position between covalent bonds and noncovalent inter-
actions. Theoretical methods within different approaches—
QTAIM analysis in both crystal and cluster modes and OEP
analysis along with the analysis of Wiberg indexes—allowed
the conclusion on the predominantly noncovalent character of
HaB, although with small contribution of the covalence.
Therefore, the 1>~ units in the structure of [Cu(I;)(CNXyl);]-1L,
can be treated as the associates {I;”-I,-I;” }, where I, molecules
and I;~ ligands are linked by relatively strong HaBs.

The most significant findings of this study include the trap-
ping of the halogen-bonded compound [Cu(I;)(CNXyl);]-1L,,
and a theoretical confirmation of the noncovalent nature of
the I,---I;” linkage (as an intermediate between the I;~ ligand
to I;~ or Ig>" ligands) in this structure. This entity includes
Type-1I halogen-halogen interactions or, in other words, the

2
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true HaB, and it represents a previously unreported intermedi-
ate in the generation of metal-bound pentaiodides. In the
context of this study, it is noteworthy that although the studies
focused on the bonding situation in polyiodides are
known,'**? no single work is devoted to metal-involving
transformation of I;>~ to Is~. We believe that the identification
of HaB in the structure of [Cu(I;)(CNXyl),]-11I, is key to under-
standing the precise mechanism of the generation of I;~ (and
then I5>7) ligands from I, and metal-coordinated I;~. The HaB-
involving mechanism is predictable but has not yet received
experimental support; our finding provides the means for its
confirmation.

4. Experimental section
4.1. Reagents, instrumentation, and methods

Solvents, Cul, xylylisocyanide, and I, were obtained from com-
mercial sources and used as received, apart from CH,Cl,,
which was purified by the conventional distillation over CaCl,.
The complexes [Cul(CNXyl);] (1) and [Cu(1);(CNXyl);] (2) were
prepared by the known procedures,”' while the synthesis of 3
is given below in this section.

The high-resolution mass spectra were obtained on a
Bruker micrOTOF spectrometer equipped with an electrospray
ionization (ESI) source and MeOH was used as the solvent.
The instrument was operated in the positive ion mode using
an m/z range of 50-3000. The most intensive peak in the isoto-
pic pattern is reported. Infrared spectra (4000-400 cm™*) were
recorded on a Shimadzu IRAffinity-1 FTIR spectrophotometer
in KBr pellets. NMR spectra were recorded on Bruker AVANCE
III 400 spectrometers in CDCl; at ambient temperature (at 400
and 100 MHz for 'H and C NMR, respectively). Chemical
shifts are given in &-values [ppm] referenced to the residual
signals of the undeuterated solvent (CHCl3): § 7.27 (*H) and
77.0 ().

4.1.1. Synthesis of 3. Method A. Complex [Cul(CNXyl);]
(19 mg, 0.03 mmol) and I, (17 mg, 0.07 mmol) were dissolved
in CH,Cl, at room temperature and left to stand for 30 min.
Then the resulting homogeneous brown solution was evapor-
ated at 20-25 °C under reduced pressure (20 mbar) until
dryness to give a brown residue of 3. The yield of 3 is 35 mg,
96%.

Method B. A solution of [CuI(CNXyl);] (190 mg, 0.3 mmol)
was mixed with a saturated solution of I, in CH,Cl, (2 mL) and
the resulting solution was left for slow evaporation at room
temperature to 0.5 mL. The formed brown crystals were separ-
ated by decantation and dried in air at room temperature. The
yield of 3 is 236 mg, 72%.

The obtained compound is rather unstable and it releases
molecular iodine on keeping the sample at room temperature.
HRESI', m/z: 325.0774 (M — I; — CNXyl]', caled 325.0761).
FTIR, vpmayx (KBr)/em™: 2162 s y(C=N). 'H NMR (CDCl;, §):
2.53 (s, 6H, CHs), 7.17 (d, *Juu = 7.5 Hz, 2H, m-H from xylyl),
7.29 (t, Juu = 7.5 Hz, 1H, p-H from xylyl). ">C{'"H} NMR
(CDCly, 8): 19.12 (CH3), 125.65 (t, YJen = 10.0 Hz, ipso-C from
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xylyl), 128.14 (m-C from xylyl), 129.92 (o-C from xylyl), 135.69
(p-C from xylyl), 150.99 (broad, Cisocyanide)-

4.2. Crystal growth

Crystals of 1 were obtained by slow evaporation of its CH,Cl,
solution at RT. Crystals of 2" were obtained by slow evaporation
of a solution of 2 in CH,Cl, at RT. Crystals of 2-%12 were grown
by the dissolution of a mixture of 2" and I, (molar ratio 2:1) in
CH,Cl, at RT followed by the slow evaporation of this solution
at RT. Crystals of 3 were grown by the dissolution of a mixture
of 1 and I, (1:3 molar ratio) in CH,Cl, at RT followed by slow
evaporation of this solution at RT. The crystallization of 1 gives
colorless crystals, while 2, 2-%12, and 3 are brown.

4.3. X-ray diffraction studies

Single-crystal X-ray diffraction experiments were carried out on
“Xcalibur”, Eos (1, 2', and 3) and “SuperNova” (2-1I,) diffract-
ometers with monochromated MoKa radiation. Crystals were
kept at 100(2) K during data collection. Structures have been
solved using ShelXT*” (structure solution program using
Intrinsic Phasing) and refined by means of the ShelXL’®
program incorporated into the OLEX2 program package.’
Crystallographic details are summarized in Table S1.f CCDC
numbers 2211053-2211056 contain the supplementary crystal-
lographic data for this paper.f

4.4. Computational details

Single-point DFT calculations were performed under periodic
boundary conditions using the mixed Gaussian/plane-wave
(GPW)** basis set with a 350 Ry and a 50 Ry relative plane-wave
cut-offs for the auxiliary grid and the PBE**-D3*"** functional
and the DZVP-MOLOPT-SR-GTH basis for the crystal (1 x 1 x 1
cell) model [Cu(l;)(CNXyl);]1I, was performed using the
CP2K-8.1 program.**®*®* The 1.0 x 107°® Hartree convergence
was achieved for the self-consistent field cycle in the I'-point
approximation. This methodology has been previously used
for the study of the related halogen-bonded systems.?' The
gas-phase study for the heterotrimeric cluster ([Cu(l)
(CNXyl)3]),+(I,) was performed at the same PBE-D3 level of
theory in Gaussian-09°° with the def2-TZVP**>*° basis set. One-
electron potential (OEP)*’"*° analysis and the quantum theory
of atoms in molecules (QTAIM) analysis*®”®”" of the electron
density as well as analysis of the electrostatic potential and
electron density gradient fields’> were performed and visual-
ized using Multiwfn 3.8.7° The pseudopotential core areas
were modelled using the inner code of Multiwfn 3.8 using elec-
tron density function (EDF)*® for both OEP and QTAIM ana-
lyses. Wiberg bond indexes in the natural atomic partitioning
scheme were calculated for cluster models using the GENNBO
utility in NBO 7.0”* based on 0.47 files generated in Multiwfn
3.8. Other cluster calculations were performed at the PBE’®-
D3%738/def2-TZVP*"** level of theory using the Gaussian-16
program’® and the X-ray coordinates. The QTAIM/NCIPlot ana-
lysis was performed using the AIMAII program.”’® The MEP cal-
culations were performed at the same level of theory and
plotted using the 0.001 a.u. isosurface.
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