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Abstract: Three diaryliodonium dicyanoargentates(l), [MesIAr][Ag(CN),] (Ar = Ph 1,
Mes 2, 4-MeCgH,4 3; Mes = 2,4,6-Me;CgHy), were prepared by anion metathesis. The X-ray
structural analyses for these crystals revealed C-T'"'...N=C halogen bonds (abbreviated
as XB) between I atoms of diaryliodonium cations and N atoms of cyano groups, which
provide different supramolecular organization. The noncovalent nature of these interac-
tions was studied by density functional theory (DFT) calculations and topological analysis
of the electron density distribution in the framework of the quantum theory of atoms in
molecules (QTAIM) at the PBE-D3/jorge-DZP-DKH level of theory both in gas phase and
crystal models. The philicities of partners in these contacts were confirmed by electron
localization function (ELF) projections, electron density/electrostatic potential (ED/ESP)
profiles, and Hirshfeld surfaces analysis. An analysis of the available crystallographic
data from the literature allows us to find other examples of o-hole interactions includ-
ing the dicyanoargentate(I) anion, and the C-X---N=C (X = Br, I, Te) bonding were also
confirmed theoretically.

Keywords: diaryliodonium; dicyanoargentate(I); halogen bonding; crystal engineering

1. Introduction

Halogen bonding [1] (XB) is a type of o-hole interaction [2,3] that has applications in
catalysis [4-6], biochemistry [7-10], the molecular design of luminescent materials [11,12],
the stabilization of explosive compounds [13,14], and supramolecular chemistry [15,16].
The nature of halogen bonds varies from ionic to coordinative [17,18].

Among the typical XB donors, the IUPAC definition [1] also mentions iodonium
cations. Due to the positive charge and two o-holes [19], they tend to form charge-supported
interionic XBs in the solid state, which was realized even with such a low-nucleophilic
counterion as [AuCly]~ [20,21]. Due to the supramolecular organization based on di-
aryliodonium cations, it is possible to form both isolated [20,22-24], most often heterote-
trameric clusters [20,24-27], and more complex polymeric 1D chains [20,25,27-29] and 2D
layers [27,29].

Dicyanoargentate(I) is an actively studied building block in supramolecular chemistry.
It is involved in the formation of supramolecular polymers [30-33], including compounds
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with variable magnetic properties [34-38]. Isolated dicyanoargentate(I) is capable of form-
ing hydrogen [39-43] and argentophilic Ag'---Ag! interactions between the dicyanoar-
gentates(I), themselves providing dimeric [44], trimeric [45], and even polymeric [46,47]
aggregation. Polymer aggregation also occurs during interionic charge-supported argen-
tophilic interactions in [LyAg][Ag(CN);] (L = 1,3-dibutyl-1H-benzo[d]imidazol-2-ylidene),
as well as in cation-anionic heterometallophilic AgI--'AuI in [LoAu][Ag(CN),] (L = 1,3-
dimethyl-1H-benzo[d]imidazol-2-ylidene) [48] and AgImPtH interactions in the structures
of [PtL4][Ag(CN)z]» (Ls = (NH3)s; (HpNCH,CH,;NHy),) [42,43]. Klapotke et al. [49] de-
scribed the structures of [R3Te][Ag(CN),] (R = Me, Ph), which, along with the argentophilic
Agl---Ag! interactions between the anions, exhibit short Te:--N contacts between dicyanoar-
gentate(I) and telluronium cations. The authors characterized these contacts as secondary
interactions, whereas, according to modern concepts and in accordance with their geometric
characteristics, they can be classified as charge-supported chalcogen bonds [50].

Our inspection of CCDC data revealed two structures with possible Br:--N (refcode
SADYAZ) and I---N (YIHDEB) XBs involving a dicyanoargentate anion. For the first
case [51], only the presence of contact has been mentioned, but the nature of the interactions
has not been analyzed in any way. For the I---N contact [52], the authors indicated the linear
geometry of the interaction and also discussed its nature, highlighting all the characteristics
of a halogen bond. However, the interaction was not classified as a halogen bond. Thus, a
systematic study of XBs involving dicyanoargentate(I) has not been conducted, although
for analogous dicyanoaurate(I) the I---N XBs have been described [53].

Previously, we evaluated halogen bonds involving metallates [20,21,23,24,54] with a
particular focus on square-planar tetracyanometallates (Ni, Pd, Pt) [28,55] using diaryliodo-
nium cations as XB donors. As a continuation of these studies, in this contribution, we
synthesized a series of diaryliodonium dicyanoargentates(I) [MesIAr][Ag(CN),] (Ar =Ph 1,
4-MeCgHy 2, Mes 3; Mes = 2,4,6-Me3CgHy). According to the single crystal X-ray structural
analysis and subsequent theoretical calculations, interionic C-1'...N=C-Ag XBs were
identified in these structures, which led to different supramolecular assemblies, depending
on the shape of the cation.

2. Results and Discussion
2.1. Identification of Structure-Directing Noncovalent Interactions

A series of diaryliodonium dicyanoargentates(I) [MesIAr][Ag(CN);] (Ar = Ph 1, Mes 2,
4-MeC¢Hy 3; Mes = 2,4,6-Me3CgHy) was synthesized by metathesis from corresponding
diaryliodonium triflates. In all cases, X-ray diffraction experiments revealed the formation
of the interionic C-I.--N=C-Ag interactions, which can be interpreted as XBs according to
their geometrical parameters (Figures 1-3). Note that only one example of diaryliodonium
argentate(l), [(0-C¢Ha)1]3[Ag(OTH)4] [56], was previously synthesized and analyzed using
single-crystal X-ray diffraction and theoretical calculations.

In 1-3, the I.--N distances are significantly shorter than the Bondi van der Waals
radii [57] sum (d(I---N) = 2.843(3)-3.067(3) A vs. Yyaw(l + N) = 3.53 A), and the C-1.--N
angles (from 168.00(8) to 176.97(9)°) were close to 180°. According to these geometrical
parameters and considering the IUPAC criteria for XB [1], all of the I--N interactions can
be interpreted as XB—the geometric parameters of all XBs are shown in Table 1. In 1, the
formation of the C7-I1---N2A=C2A XB may have caused the distortion of the linear Csp
environment in the corresponding cyanide ligand (£/(N2A=C2A-AglA =173.6(2)°).
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Figure 1. Heterotrimeric fragments in the structures of 1 and 2 (from left to right) illustrating the
C-I"...N=C-Ag XBs and the Ag---C interactions, which are given by dotted lines. Thermal ellipsoids
are at the 50% probability level.

Figure 2. Representation (Olex2-1.5) of infinite chains in the structure of 1 (A) and 2 (B). XBs and
Ag---C interactions are assigned as dotted lines. Color codes: gray, carbon; off-white, hydrogen; blue,
nitrogen; violet, iodine; dark-blue, silver.
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Figure 3. Heterotetrameric aggregation in the structure of 3. The C-TI...N=C-Ag XBs are given by
dotted lines, and thermal ellipsoids are at the 50% probability level.

Table 1. Parameters of the C-I---N XBs.

Structure Contact dd---N), A TvdW Nc* Z(C-I---N), ° Z(C=N---D),°
C1-11---N1A=C1A 2.993(3) 3.53 0.85 168.00(8) 154.00(15)
1 C7-11---N2A=C2A 3.033(2) 3.53 0.86 174.19(8) 100.85(18)
2 C1-11---N1A=C1A 2.843(3) 3.53 0.81 175.13(11) 148.7(3)
C1-I11---N1A=C1A 2.894(3) 3.53 0.82 176.97(9) 165.2(2)
3 C7-11---N2A=C2A 3.067(3) 3.53 0.87 174.24(8) 92.0(2)

* The normalized contact (Nc) is defined as the ratio between the separation observed in the crystal and the sum
of Bondi van der Waals radii of interacting atoms: Nc = d/Zyqw; Zyaw( + N) = 3.53 A

Comparable I.--N XBs were previously reported for diaryliodonium salts with
square-planar tetracyanonickelates(II), tetracyanopalladates(II), and tetracyanoplatinates(Il)
(2.768(3)-2.936(2) A) [28,55], and for square-planar tetracyanoaurates(IlI) with fulvalene-
based cations [58,59] (2.83(1)-3.28(1) A). Related I---N XBs were also found in iodopyri-
dinium [60] salts with [M(CN)g]>~ (M = Cr, Fe, Co) with 2.789(7)-3.116(7) A distance range
and with protonated [61] hexacyanoferrates(II) (3.12(4)-3.81(4) A), and between C,1, and
tetracyanonickelates(II) (2.768(3)-2.955(3)A) [62] or hexacyanoferrates(III) (2.710(4)-3.021(8)
A) [63].

Due to the presence of these XBs, two types of supramolecular aggregates (Figure 2)
were formed: infinite chains (in the case of structures 1-2) and a 4-membered heterotetramer
(for structure 3). Such aggregation has been previously described for diaryliodonium salts
with another pseudohalide ligand, i.e., the thiocyanate anion. The formation of 2D chains
was investigated previously [25] in the structure of dibenziodolium thiocyanate. In a
previous article [26], I---N and I---S XBs were described and theoretically confirmed for
acyclic diaryliodonium salts, which lead to heterotetrameric aggregation.
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2.2. Hirshfeld Surface Analysis

To verify the type of noncovalent forces that contributed to crystal packing, we per-
formed Hirshfeld surface analysis (HSA) on the XRD structures of 1-3. The HSA (Figure 4),
as expected, indicated the domination of the contacts involving H and C atoms because
their fraction is large; the major contributions of intermolecular contacts to HSA are shown
in Table S2 (Supplementary Materials). The contribution of I---N intermolecular contacts
to Hirshfeld surfaces was also significant (2.6-2.7%). Since the I.--N XBs are the most
interesting in the context of this work, they are extensively discussed in Section 3.1.

2 3

Figure 4. Hirshfeld surfaces for the XRD structure of 1-3; contacts shorter than the sum of van der
Waals radii are shown in red, longer contacts in blue.

2.3. Theoretical Considerations

To understand the nature of the main structure-directing noncovalent interactions, we
performed DFT calculations (PBE-D3/jorge-DZP-DKH with Douglas—Kroll-Hess 2nd order
scalar relativistic calculations) based on the experimentally determined coordinates for
heterotrimer (from 1 or 2) or heterotetramer (from 3) supramolecular clusters or for crystal
models with periodic boundary conditions (with GAPW method [64]). The existence and
noncovalent nature of the interactions were confirmed by QTAIM topological analysis. The
nucleophilicity of nitrogen centers and electrophilic role of iodine atoms in diaryliodonium
cations in the identified XBs were studied using a set of independent methods, including
ELF projections and ED/ESP profiles.

The QTAIM analysis for both cluster and crystal models demonstrated the presence of
bond critical points (3, —1) (BCPs) between iodine and nitrogen atoms in all cases (Table 2).
The negative and small values of the sign (A;)p on the other BCPs confirmed the attractive
and noncovalent nature of the interactions [65]. They can also be considered as noncovalent
interactions due to their close to zero positive energy density (0.000-0.002 Hartrees/Bohr?)
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 BCPs [66]. Note that all I.--N BCP parameters for
crystal and cluster models were equal.
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Table 2. Parameters in (3, —1) bond critical points (the electron density with sign of A sign(A;)p(r) in
e/Bohr?, Laplacian of electron density V2p(r) in e/Bohr, local electronic energy density Hy, local elec-
tronic potential energy density V(r), and local electronic kinetic energy density G(r) in Hartree/Bohr®)
corresponding to the C-I---N interactions in the 1-3 crystals and (PhIMes*)-(Ag(CN);), (from 1),
(MespI*)-(Ag(CN)y),, (from 2), and (MesI(4-MeCgHy)*)2-(Ag(CN),), (from 3) clusters.

Structure Bond Model sign(A;) p(r) V2p(r) G(r) V() H,

C1_I1..-N1A crystal —0.020 0.059 0.014 —0.013 0.001

1 cluster —0.020 0.059 0.014 —0.013 0.001
CT-11-N2A crystal —0.017 0.054 0.012 —0.011 0.001

cluster —0.017 0.054 0.012 —0.011 0.001

1 —0.027 .07 .01 —0.01 .

) C1I1.--N1A crysta 0.0 0.073 0.019 0.019 0.000
cluster —0.027 0.073 0.019 —0.019 0.000

ClI1..-N1A crystal —0.024 0.069 0.017 —0.017 0.000

3 cluster —0.024 0.069 0.017 —0.017 0.000
C7-I1.-N2A crystal —0.016 0.054 0.012 —0.010 0.002

cluster —0.016 0.054 0.012 —0.010 0.002

2.3.1. Electron Localization Function (ELF) Projections

To confirm that the observed I---N contacts belonged to the XB, we performed the
electron localization function (ELF) [67-69] projections in combination with QTAIM analysis
for the crystal models of 1-3 (Figure 5).

ELF

Figure 5. Visualization of ELF, BCPs, and bond paths for C-I---N XBs in the crystals of 1-3. BCPs
(3, —1) are shown in blue; nuclear critical points (3, —3) are shown in pale brown; ring critical points
(3, +1) are shown in orange; bond paths are shown as white lines.

The I---N bond paths pass through the areas between lone and shared pairs of iodine
atoms, which confirms the electrophilic nature of iodine atoms toward nitrogen atoms in
these interactions. However, in the cases of the C=N--'I angles around 90°, bond paths
pass outside the orange N lone pair areas and the nitrogen nucleophilicity provided by
m-C=N electrons. This leads to weaker and longer XBs (Figure 5, Table 1) with lower p
values in BCPs (0.016-0.017 vs. 0.020-0.027 e/Bohr? in other cases).

2.3.2. ED/ESP Profiles

Additional information about the nature of interacting atoms in noncovalent inter-
actions can be obtained by the analysis of the order of the ED (electron density) and ESP
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(electrostatic potential) minima in their 1D profiles along the bond path [70-75]. According
to the analyses, the ESP minimum should shift toward the nucleophilic atom, while the
ED minimum is closer to the electrophilic atom. The ED/ESP profiles along the I---N
bond paths in (PhIMes™)-(Ag(CN)3),, (from 1), (Mes,I")-(Ag(CN)z)2, (from 2) and (MesI(4-
MeCgHy))z-(Ag(CN)2)2 (from 3) clusters indicated (Figure 6) that the ESP minima shifted to
the N p-basin. In all considered cases, this shift could be interpreted as the nucleophilicity
of the nitrogen center toward the iodine atom.

ED ED ED
ESP ESP ESP
a.u. a.u. a.u.
05 - 05 - 05 -
I I N I N
0.0 . 0.0 . 500 . y
1 1 2 3 4 1 2 3 4

Figure 6. The ED (black) and ESP (red) 1D profiles along the I.--N bond paths for the
(PhIMes*)-(Ag(CN)y); (from 1, left panel), (MesI*)-(Ag(CN),),, (from 2, center panel), and (MesI(4-
MeCgHy))z-(Ag(CN)y)2 (from 3, right panel) clusters.

In addition, using this method, we studied the Ag:--C interaction between silver(I)
atoms of dicyanoargentate(I) anion and m-system of diaryliodonium cation, which was
confirmed by QTAIM analysis. Parameters in the corresponding BCP (sign(A;)p(r) = —0.007
e/Bohr®, V2p(r) = 0.021 e/Bohr®, G(r) = 0.004 Hartree/Bohr?, V(r) = —0.003 Hartree/Bohr?)
showed the purely noncovalent nature of the interaction [65,66]. As shown in Figure 7, the
ED and ESP minimums almost coincide which makes it possible to interpret this interaction
as quasi-metallophilic [76].

ED ;
ESP :
a.u. ]
[}
0.5 X
[]
[]
L}
]
]
A : C
00 -2 . — : .
1 2 3 dA

Figure 7. The ED (black) and ESP (red) 1D profiles along the Ag---C bond paths for the
(PhIMes*)-(Ag(CN);), (from 1) cluster.

2.4. Dicyanoargetates(I) in Other o-Hole Interactions

As mentioned in the Introduction, [Ag(CN),]~ can also form Te:--N chalcogen
bonds (ChB) together with argentophillic interactions Ag:--Ag in the crystal structure
of [Ph;3Te][Ag(CN),] (Figure 8, CSD refcode: HUHCES) [49]. However, the authors of the
article only mentioned the Te---N interactions and labeled them secondary. Theoretical
calculations confirming the nature of these contacts were also not carried out.
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Agl

Ag2

Agl

Figure 8. Heterotetrameric fragment from structure of [PhsTe][Ag(CN),] (CSD refcode: HUHCES).

In addition, we found two structures in which the [Ag(CN);]~ anion was in-
volved in the formation of XBs. In the structure of [IEDT],[Ag(CN),] (IEDT = iodo-
ethylenedithiotetrathiafulvalene and -fulvalenium) (CSD refcode: YIHDEB), strong in-
terionic I---N interactions were described where they are formed between a nitrogen atom
of dicyanoargentate(I) anion and an iodine atom of the corresponding cation (Figure 9) [52].

1 p . © j °"--.., c8
? N

Figure 9. The I---N interaction in the structure of [IEDT];[Ag(CN),] (CSD refcode: YIHDEB).

Mallah and coworkers [51] observed Br---N short contacts in the structure of
(C11Hp0BrN2)[Ag(CN),)] (CSD refcode: SADYAZ) (Figure 10). But the nature of both
of these contacts was not discussed in corresponding articles, and they were not attributed
to XBs.

Brl

(Pporvovces

N12

Figure 10. The Br:---N interaction in the structure of (Cy;HyoBrN,)[Ag(CN);)] (CSD refcode:
SADYAZ).

Since the nature of these interactions was not studied by the authors of the rele-
vant articles, we carried out theoretical calculations for all the presented structures with
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periodic boundary conditions in the PBE-D3/jorge-DZP-DKH level of theory with Douglas—
Kroll-Hess 2nd order scalar relativistic calculations in the GAPW method. The results
of the QTAIM topological analysis can be found in Table 3. The calculated BCP values
of sign(A;)p(r) were found to be small and negative, indicating that the nature of the
corresponding interactions was attractive and noncovalent.

Table 3. Parameters in (3, —1) bond critical points (the electron density with sign of A, sign(A;)p(r)
in e/Bohr?, Laplacian of electron density V?p(r) in e/Bohr>, local electronic energy density Hy,,
local electronic potential energy density V(r), and local electronic kinetic energy density G(r) in
Hartree/Bohr?®) corresponding to the C-I---N and Ag---Ag interactions in the YIHDEB, SADYAZ,
and HUHCES crystals.

System Bond dX---Y), A sign(Az) p(r) Vzp(r) G() V() H,,
YIHDEB C3-11---N1 2.876(5) —0.023 0.070 0.017 —-0.017 0.000
SADYAZ C1-Brl---N12 2.959(8) —0.014 0.054 0.011 —0.008 0.003

C12-Te---N1 3.162(5) —0.013 0.042 0.009 —0.008 0.001
C11-Te---N1 3.346(5) —0.009 0.031 0.006 —0.005 0.001
HUHCES
C13-Te---N2 3.501(5) —0.008 0.025 0.005 —0.004 0.001
Ag---Ag 2.98470(6) —0.026 0.031 0.013 —-0.019 —0.006

We established the attractive nature and the nucleophilic character of the nitrogen
atom in [Ag(CN),]~ by appropriate theoretical calculations. In the case of Te---N contacts
in the structure of HUHCES, bond paths passed between the Te lone pair areas and
through the lone pair areas of the N atoms or through the m-bonding areas of cyanide of
the dicyanoargentate(I) on their ELF projections (Figure 11). Thus, there is evidence of
electrophilicity of the tellurium atom toward the cyanide ligand.

Figure 11. Visualization of ELF, BCPs, and bond paths for C-Te---N (left pannel) ChBs in the crystal
of HUHCES. BCPs (3, —1) are shown in blue; nuclear critical points (3, —3) are shown in pale brown;
ring critical points (3, +1) are shown in orange; bond paths are shown as white lines.

In the structures of YIHDEB and SADYAZ, the X---N (X = I, Br) bond path passes
through the areas with high ELF values on the N atom and thoroughly depleted ELF
regions on the X atoms. This gives evidence favoring the nucleophilicity of nitrogen atoms
in these interactions (Figure 12). Thus, both the I---N and Br---N contacts can be interpreted
as XBs.
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Figure 12. Visualization of ELF, BCPs, and bond paths for C-I---N (left panel) and C-Br---N (right
panel) XBs in the crystals of YIHDEB and SADYAZ, respectively. BCPs (3, —1) are shown in blue;
nuclear critical points (3, —3) are shown in pale brown; ring critical points (3, +1) are shown in orange;
bond paths are shown as white lines.

3. Materials and Methods

3.1. General Information

Solvents and K[Ag(CN);] (Sigma Aldrich (Merck, Darmstadt, Germany)) were ob-
tained from commercial sources and used as received. The diaryliodonium triflates were
prepared by the known method [77].

The NMR spectra were recorded on Bruker AVANCE III 400 and Bruker AVANCE
500 spectrometers (Billerica, MA, USA) at ambient temperature in acetone-d6 or CDCl3
(at 500 or 400, 126 or 101 MHz for 'H, 1*C{'H}, respectively) (Figures S10-S15). IR spectra
(Figures S7-59) were recorded on a Bruker (Billerica, MA, USA) TENSOR 27 FT-IR spec-
trometer (4000-400 cm !, KBr pellets). The HRESI-MS data (Figures S4-56) were obtained
on a “MaXis”, Bruker Daltonik GmbH (Billerica, MA, USA), and Shimadzu Nexera X2
LCMS-9030 (Shimadzu Corp., Japan, Kyoto) spectrometers equipped with an electrospray
ionization (ESI) source; CH,Cl, was used as a solvent.

3.2. Synthesis and Characterization of Diaryliodonium Dicyanoargentates(I)

Diaryliodonium dicyanoargentates 1-3 were prepared in good yields (64-84%) via lig-
and metathesis. A concentrated aqueous solution of K[Ag(CN),] was added to methanolic
solution of the corresponding diaryliodonium triflate [77] in a 1:5 molar ratio. The resulting
white precipitate was washed with water (3 x 10 mL) and hexane (3 x 10 mL), followed
by centrifugation. The final products were dried in the air. In 1-3, both types of cations
were identified by high-resolution ESI-MS and additionally characterized by 'H and 3C
{'H} NMR and IR spectroscopies. Single-crystal X-ray diffraction (SC XRD) studies were
performed for all three compounds (Figures 1-3).

Crystals of 1-3 were obtained by the crystallization of the synthetized complexes either
from CH,Cl, /Et;O (1) or MeOH (2, 3) solutions, with full details as follows:

Mesityl(phenyl)iodonium dicyanoargentate (1). Yield: 78% (23.9 mg), mp: 147-148 °C
(dec.). HRESI*-MS (MeOH, m/z): 323.0288 (IM — Ag(CN),]*, caled 323.0291; HRESI~-MS
(MeOH, m/z): 158.9114 ([M — Cy15H34I], calcd 158.9118. IR (KBr, selected bonds, cm™1):
2924 v(C-H), 2123 v(C=N), 1563 (s) v(Car—Car), 1443 5(C-H), 743 6(C4—H), 450 (s) v(C-I).
I'H NMR (500 MHz, Chloroform-d) § 7.67 (m, 2H), 7.57 (m, 1H), 7.44 (m, 2H), 7.14 (s,
2H), 2.64 (s, 6H), 2.39 (s, 3H). 13C {{H} NMR (126 MHz, Chloroform-d) 5 146.72, 145.28,
142.44, 133.40, 132.85, 132.43, 131.16, 27.70, 21.63. The crystals suitable for XRD study were
obtained by slow evaporation of CH,Cl, /Et,;O solution at RT in air.



Inorganics 2025, 13, 157

11 of 17

Dimesityliodonium dicyanoargentate (2). Yield: 64% (32.4 mg), mp: 169-170 °C (dec.).
HRESI*-MS (MeOH, m/z): 365.0767 (IM — Ag(CN),]*, caled 365.0761; HRESI~-MS (MeOH,
m/z): 158.9115 (M — CyigHpI]~, caled 158.9118. IR (KBr, selected bonds, cm™1): 2924
v(C-H), 2139 v(C=N), 1589 (s) V(Car—Car), 1456 6(C-H), 756 5(Car—H), 542 (s) v(C-I). 'H
NMR (400 MHz, Acetone-d6) § 7.26 (s, 4H), 2.60 (s, 12H), 2.36 (s, 6H). 13C {{H} NMR (101
MHz, Acetone-d6)  144.87, 143.33, 142.63, 131.71, 118.74, 26.22, 20.84. Compound 2 was
crystallized from methanol at RT in air.

Mesityl(p-tolyl)iodonium dicyanoargentate (3). Yield: 84% (27.5 mg), mp: 146-147 °C
(dec.). HRESI*-MS (MeOH, m/z): 337.0450 (M — Ag(CN),]*, calcd 337.0448); HRESI~-MS
(MeOH, m/z): 158.9115 ([M — C16HisI]~, caled 158.9118). IR (KBr, selected bonds, cm™1):
2924 v(C-H), 2126 v(C=N), 1455 (5) V(Car—Car), 1378 5(C=H), 797 §(Car—H), 479 (s) v(C-I).
1H NMR (500 MHz, Chloroform-d) 6 7.57 (d, ] = 8.4 Hz, 2H), 7.23 (d, ] = 8.4 Hz, 2H), 7.12 (s,
2H), 2.64 (s, 6H), 2.39 (s, 3H), 2.38 (s, 3H). >C {'H} NMR (126 MHz, Chloroform-d) 5 146.24,
144.85, 143.34, 142.04, 133.43, 133.40, 130.85, 122.08, 108.94, 27.42, 21.49, 21.34. Compound 3
was crystallized from methanol at RT in air.

3.3. X-Ray Structure Determinations

For single-crystal XRD experiments, crystals of 1-3 were fixed on a micro mount
and placed on SuperNova, Dual, Cu at home/near, Atlas and SuperNova diffractometers
(Agilent Technologies, Santa Clara, CA, USA), Single source at offset/far, and HyPix3000
(Rigaku Holdings Corporation, Tokyo, Japan) diffractometers, respectively, and measured
at 100 K using MoKa monochromated radiation. The structures were solved by the
Superflip [78-80] and the ShelXT [81] structure solution programs using Charge Flipping
and Intrinsic Phasing and refined by means of the ShelXL program [81] incorporated in the
OLEX2 program package [82]. H atoms in all structures were placed in ideal calculated
positions according to neutron diffraction statistical data [83] and refined as colliding
atoms with parameters of relative isotropic displacement. The crystal data and structures
refinements are collected in Table S1. CCDC 2428066, 2428070, and 2428069 contain the
supplementary crystallographic data for this paper.

3.4. Computational Details

Before calculations, structures YIHDEB, SADYAZ, and HUHCES were equipped with
H atoms placed in ideal calculated positions accordingly to neutron diffraction statistical
data [83] using the OLEX2 program package [82].

Single-point DFT calculations under periodic boundary conditions (crystal models)
for all studied crystals (1 x 1 x 2 cell for YIHDEB or 1 x 1 x 1 cell for all other cases)
were conducted in the CP2K-8.1 program [84-90], with 350 plane wave, 50 Ry relative
plane wave cutoffs for the auxiliary grid using the PBE-D3 [91-93] level of theory and the
Gaussian/augmented plane wave (GAPW) method [64] with a full-electron jorge-DZP-
DKH [94-97] atomic-centered basis set with the Douglas-Kroll-Hess 2nd-order scalar
relativistic calculations with requested relativistic core Hamiltonian [98,99]. The 1.0 x 10
Hartree convergence was achieved for the self-consistent field cycle in the I'-point approxi-
mation. The starting fractional coordinates were shifted along one (along ¢ for HUHBUH)
or two (along a and b for 1 x 1 x 2 cell for YIHDEB) of the translation vectors by 0.5 to
move the atoms participating in interactions under consideration to the center of the cell.
Multiplicity was set to 2 for YIHDEB and to 1 for all other cases.

Single-point calculations for the (PhIMes*)-(Ag(CN),),, (from 1), (MesyI")-(Ag(CN)2),,
(from 2), and (MesI(4-MeCgHy))2-(Ag(CN),); (from 3) clusters were performed based on their
experimental X-ray geometries at the DFT level of theory using the PBE-D3 [91-93]/jorge-
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DZP-DKH [94-97] with Douglas—Kroll-Hess 2nd order scalar relativistic calculations [98]
with the help of Gaussian-09 [100] program package.

The topological analysis of the electron density distribution, with the help of the
quantum theory of atoms in molecules (QTAIM) method developed by Bader [101], ELF [67]
projection analysis, and ED/ESP profile analysis [75] were performed using the Multiwfn
program (version 3.8) [102].

The Hirshfeld surface analysis was carried out using the CrystalExplorer program [103-105].
The contact distances (dnorm), based on Ryqw [57], were mapped on the Hirshfeld surfaces.
In the color scale, the negative values of dnorm Were visualized in red, indicating contacts
shorter than X, 4w. The values represented in white denoted the intermolecular distances
close to the contacts with dnorm equal to zero. The contacts longer than X, 4w with positive
dnorm values were colored in blue.

4. Conclusions

This study systematically demonstrated the critical role of halogen bonding (XB) in
directing the supramolecular assembly of diaryliodonium dicyanoargentates(I). Theoretical
analyses, including QTAIM, ELF projections, ED/ESP profiles, and Hirshfeld surfaces,
confirmed the noncovalent nature of these interactions and the role of partners in these
contacts. The studied XBs led to the formation of supramolecular architectures, resulting
in the formation of infinite chains (1-2) or heterotetramers (3) depending on the steric
effects of the cation. The coexistence of XBs and quasi-metallophilic Ag---C interactions
highlighted the multifunctional potential of these systems in designing materials with
tunable optoelectronic or catalytic properties.

This work increases the understanding of halogen bonding in metallate frameworks
and shows the potential for exploiting o-hole interactions, particularly the dicyanoargen-
tate(I) anion, in supramolecular design.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/inorganics13050157/s1, Table S1: Crystal data and structure
refinement for 1-3; Table S2: Results of HSA for the cationic parts in the X-ray structures of 1-3
obtained at 100(2) K; Figure S1: HRESI*-MS of 1; Figure S2: HRESI~-MS of 1; Figure S3: HRESI*-MS
of 2; Figure S4: HRESI™-MS of 2; Figure S5: HRESI*-MS of 3; Figure S6: HRESI~-MS of 3; Figure S7:
IR spectrum of 1; Figure S8: IR spectrum of 2; Figure S9: IR spectrum of 3; Figure S10: 'H NMR
spectrum of 1; Figure S11: 13C NMR spectrum of 1; Figure S12: I'H NMR spectrum of 2; Figure S13:
13C NMR spectrum of 2; Figure S14: 'H NMR spectrum of 3; Figure S15: 1*C NMR spectrum of 3;
Figure S16: No Ag---Ag short contacts were found in all cases.
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