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Graphical Abstract

Metal-involving trifurcated four-center psz-1--+(Cl,Cl,Pt) interaction with iodonium cations, where
the positively charged platinum(ll) center and two adjacent chloride ligands functioning as an

integrated nucleophilic component of the halogen bond.

Abstract

Synthesis and X-ray characterization of four diaryliodonium tetrachloridoplatinates(ll)
[ArArRI[PtCly] (ArYAr? = Ph/Ph 1, 4-Cl-CeHa/2,4,6-(MeO)sCsH2 2, 4-Me-CsHa/2,4,6-
(MeO)3CeH> 3, Ph/2,4,6-(MeQO)sCsH2 4) allowed to reveal several types of unconventional
halogen bonding (HaB) patterns. The first example of metal-involving trifurcated four-center ps-
X-+(X’,X’,M) HaB is represented by the metal-involving I:-Pt HaB (the structure of 4) with
iodonioum cations acting as HaB donors, which is supported by two weak I---Cl HaB contacts.
The structures of 1-3 display the bifurcated three-center p»-1--<(CIl,Cl) HaBs with iodonium

cations. DFT calculations were used to estimate the energetic features of two types of HaB

Molecular electrostatic potential (MEP) surfaces and the noncovalent interaction plot index



(NCIPlot) computational tools were used to evaluate the o-holes and characterize HaB,

respectively, in all structures.
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DFT



1. Introduction

Although halogen bonding (HaB) is a recognized phenomenon since Hassel’s Nobel lecture,’ 2 it
was defined by IUPAC only in 2013% and in the past decade it has been attracting an increasing
attention. This type of noncovalent interaction finds its applications in supramolecular
chemistry,*1% fabrication of functional materials,}"* catalytic transformations and organic
synthesis, 2! polymer chemistry,?> 2 drug discovery.?*?’ Importantly, HaB is involved in
human physiology.?® 2° Several highly cited reviews summarize the theoretical and experimental
approaches allowing for HaB identification and the numerous areas of application of the
interaction,> 7+ 0. 30-37

According to IUPAC definition,® in a HaB the electrophilic region of a halogen atom (c-
hole, abbreviated as ch) attractively interacts with any nucleophilic region; the electrophilic
region is not necessarily electropositive, but it should be less electronegative than the partner.
These nucleophilic centers commonly include nonmetals bearing lone pairs, (e.g., O, N, halogen
etc.%), m-bond(s)® systems (e.g., aromatic rings) and, at last, nucleophilic metal centers.®®
Contacts XM (X = ClI, Br, I; M = any metal) involving neutral HaB donors are known for
metal centers exhibiting rather strong nucleophilicity, namely Rh'3% 40 Nj!l, 4% 42 pg!l 38, 41-45
pt!l 38 41, 44-48 A )0 49-51 and Au'.5? 53 Most of these metal centers are represented by d®-metals
(Rh', Ni", pd" Pt'") bearing a d/?-orbital which interact with ch (empty—e*-orbital{s)} of
appropriate HaB donor. Typically HaB donors are iodine-based species such as 1,°% “® and
REWE) 41 42 Other halogens featuring a less electrophiltic deeper ch, such as CI%® and Br,* %
behave as HaB donors toward metal centers significantly more rarely.

The probability of generation of metal-involving HaB and the strength of the interaction
can be enhanced by increasing the d2-nucleophilicity of the metal center and several ways
enable for that. In related recent report by some of us,*® half-lantern (Pt"), complexes were

employed as metal-based HaB acceptors with increased nucleophilicity. The d;>-nucleophilicity



enhancement was achieved via the convergence of two metal centers, which are linked through
the bridging (thio)azaheterocyclic ligands with rigid geometry. Such convergence of two Pt"
centers stimulate repulsive metal-metal interactions between d/?-orbitals and leads to the
increased nucleophilicity of the outer orbitals, which is translated in the formation of a strong
HaB with iodine centers of perfluoroiodoarenes.*

An alternative approach to the d;?-nucleophilicity enhancement of a metal center can
involve an increase of the electron-donating ability of ligands accompanied by an increase of
negative charge on complex; all these phenomena together should provide the electron density
drift to metal d,%-orbitals. Thus, [PtCls]*", bearing four ,n-donating CI- ligands and exhibiting
the net 2— charge, is a suitable candidate for the search of new metal-involving HaBs. At the
same time, the CI~ ligands themselves can behave as HaB accepting sites, and this increases the
possibility of either two-center po-X---Pt and/or multi-center pn-X---(Pt—Cl) (n = 2, 3, etc.) HaBs.
In this crystal engineering study, we applied diaryliodonium cations as double ch donors having
two oh on the extensions of two I-C covalent bonds,> thereby determining the increased
possibility of forming bi- and trifurcated HaBs.

The present study extends our already reported results on metal-involving HaB*? > and
three-center bifurcated HaB.*?> Specifically, in this work we describe the single-crystal X-ray
diffraction (XRD) structures of diaryliodonium tetrachloroplatinates (or tetrachloridoplatinate
according to the recent IUPAC recommendations®) 1-4 and we confirm through theoretical
calculations the stabilizing nature of the unconventional bifurcated three-center po-1--+(CI,Cl)
HaBs and the trifurcated metal-involving ps-I---(CI,Cl,Pt) HaBs observed in the crystal packing
of compounds 1-3 and 4, respectively (Figure 1, A and C). The I'--Pt contact is the first reported

example of metal-involving HaB wherein iodonium cations function as HaB donors.
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Figure 1. Graphical representation of noncovalent binding motifs (dashed lines) observed in
crystalline 1-4. Three-center bifurcated p-1---(CI,Cl) array (A), alternating two-center I---Cl and

I--C HaBs (B), and four-center metal-involving trifurcated ps-1---(Cl,Cl,Pt) array (C).

2. Results and Discussion

2.1. Synthesis of 1-4 and structural motifs of the XRD structures. Crystals of
compounds 1-4, suitable for single-crystal XRD experiment, were obtained by the treatment of
(PhsPCH2Ph)2[PtCls] with [ArtAr?l](CFsCO;) in MeNO: followed by slow evaporation of the
reaction mixtures at room temperature (RT). lodonium derivatives 2 and 3 co-crystallized with
solvent molecules. Compound 2 formed a co-crystal containing two well-defined molecules of
nitromethane, while 3 afforded a co-crystal with disordered MeNO2 molecules which were not
localized in the packing.

The geometric parameters of [PtCls]% in the structures of 1-4 are typical for this
dianion®® 57 and the geometric characteristics of the iodonium cations are comparable to those
found in the XRD structures of [Ph2I][X] (X = ZnCls>,%® CdCls* % Br-,> BF4,% Ts,N~ %) and

2,4,6-(MeO)sCsHa(Ph)I(OAC).£2



In the crystal packing of 14, the [Ar*Ar?l]* cations and the [PtCls]*> anion act as
complementary tectons wherein iodine atoms are involved in two different unconventional
supramolecular synthons. The first one was found in the structure of 4 and consists of four-center
metal-involving trifurcated us-I---(Cl,Cl,Pt) entity (or, in other words, metal-involving and strong
[---Pt linkage supported by two weaker I---Cl interactions), which form neutral trimers (Figures
1-2).

The second synthon was observed in the structures of 1-3 and it consists of three-center
uz-I-+(CI,Cl) interactions, which form heteromeric trimers Ar*tAr?I*—[PtCls > —ArtAr?l* (Figures
1, 3-5). In the case of 2, such trimers are joined into 1D-chains through Cl---C HaBs formed
between the 4-Cl substituent of an iodonium cation and the 3-C atom of the 2,4,6-(MeO)3CsH>
ring from another cation. In the structure of 1, two independent units of [PhzI]* and two halves of
[PtCI4]> integrate to give two different structural motifs: (i) the trimers formed via the three-
center bifurcated contact po-1--+(C1,Cl) considered above; and (ii) an infinite chain assembled via
a more conventional two-center I---Cl HaBs, which alternates along the chain with an I---C HaB
(Figure 1). The latter I---C HaB pairs two iodophenyl rings in an antiparallel geometry.

In the structures of 1-4, independent of the array of observed I--Cl short contacts,
chlorine atoms of the [PtCl4]* anion, which form the short contacts with iodine, are nearly in the
plane formed by iodine and the two covalently bonded carbons. For instance, the distance from
the C-1-C plane of the Cl atom that in 1 forms the two-center I-:CI contact is 0.245 A and the
corresponding distances for the chlorine atoms that in 3 form the three-center po-I---(CI,Cl)
interactions are 0.304 or 0.184, respectively. The structure of 4 shows deviation from this
general scheme. The separation of CI1 and CI2, the two Cl atoms forming the trifurcated ps-
I---(C1,C1,Pt) supramolecular synthon, from the C—I-C plane are 0.307 and 1.880 A, respectively.
The long separation of CI2 is related to the covalent connectivity in the [PtCls]* dianion and is

associated with the longest and weakest HaBs in this four-center system.



The strong electrostatic attraction between the iodonium cation and the
tetrachloroplatinate anion plays, no doubt, a role in the formation of I-:*CI short contacts, but the
coplanarity discussed above clearly proves that also the chs on iodine play an important role in
determining these interactions and their geometry. The observed location of chlorine atoms
interacting with iodine is a likely consequence of their tendency to get close to the iodine chs,
which are approximately in the C—1-C plane® (Figure 9). Indeed, the observed coplanarity can
be considered a fingerprint of the HaB component of these interactions, namely a proof that they
are charge assisted HaB.

In sections 2.2-2.3, we consider the different supramolecular synthons in descending
order of their novelty. The unconventional trifurcated metal-involving ps-I---(CI,CI,Pt) HaB array
is discussed first and more common bifurcated three-center p»-1---(Cl,CI) and two-center I---Cl
HaBs are considered subsequently. The Hirshfeld surface analysis (HSA)%3-% gave indications on

the relative contribution of all the observed noncovalent forces to the crystal packing of 1-4.



Figure 2. Two representations of the trimer present in the crystal of diaryliodonium compound
4. Top: view evidencing the trifurcated metal-involving ps-I---(C1,C1,Pt) supramolecular synthon.
The contacts shorter than the Bondi vdW sum are given by dotted lines. Thermal ellipsoids are
shown with the 50% probability. Bottom: Hirshfeld surface for the [PtCls]* anion in the XRD

structure mapped with dnorm OVer the range —0.2070 (red) to 0.9857 (blue).
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Figure 3. Representations of the two HaB based structural units present in the crystal of
diaryliodonium compound 1. Views evidencing the bifurcated three-center po-I---(CI,Cl) HaB
(A) and the two-center I---C1 HaB (B). The contacts shorter than the Bondi vdW sum are given

by dotted lines. Thermal ellipsoids are shown with the 50% probability.

ci

Figure 4. Representation of the trimer present in the crystal of diaryliodonium compound 2,
evidencing the three-center po-I---(CI,Cl) supramolecular synthon. The contacts shorter the sum

of Bondi vdW radii are given by dotted lines. Thermal ellipsoids are shown with the 50%

probability.
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Figure 5. Representations of the trimer present in the crystal of diaryliodonium compound 3,
evidencing the three-center po-1--+(Cl,Cl) supramolecular synthon. The contacts shorter the Bondi
vdW sum are given by dotted lines. Thermal ellipsoids are shown with the 50% probability.

ClJ*-ani

For all structures, HSA of the [PtCl4]*> anion (Figures S1-S4) indicates the importance
of the contacts involving Cl atoms, such as C—H:--Cl hydrogen bonding and C—I---Cl charge
assisted HaB. Other significant contacts are C—I---Pt and C—H---Pt interactions in 4 and 1-3,
respectively.

2.2. Trifurcated metal-involving us-1---(Cl,CI,Pt) HaB. The four-center trifurcated ps-
I---(CI,CI,Pt) supramolecular synthon is a characteristic feature of the structure of 4. I---Pt and
I---Cl separations are 3.3110(3), 3.4520(11), and 3.6005(12) A long, namely they are shorter than
the corresponding Bondi vdW radii sum (Yvaw(l + CI) = 3.73 and Yvaw(l + Pt) = 3.73 A; Table
1). The geometry of the I---Pt short contact, as indicated by the angles around I and Pt atoms
(Table 1), safely indicates that the interaction is a metal-involving HaB. Indeed, the Z(C1-
I1---Ptl) is close to linearity (168.52(15)°, namely platinum points to one of the two oh on
iodine, while the Z(11---Pt1-CI1) tends to 90° (specifically it is 106.60(3)°), that is to say the I
atom sits approximately on the line through Pt and perpendicular to the [PtCls]*" plane.

Differently, the rationalization of the I---Cl short contacts is less obvious. For the shortest of the

11



two I---Cl contacts, the values of C1-I1---Cll1 and C10-I1--Cll1 angles are 130.88(16) and
133.47(12)°, respectively, the identification of the ch on the iodonium cation that drives the
interaction with chlorine is problematic and the purely electrostatic attraction between the
positive iodine and the anion probably plays the major role in determining the short contact. For
the longest I---CI2 contact, the corresponding angles are 148.00(18) and 90.68(14)°. It may seem
that the geometry of these two I--Cl interactions makes problematic their rationalization as a
HaBs. However, this rationalization appears fully justified considering that the iodine surface
featuring two chs (section 2.4, Figure 9) and they tend to form HaBs with the [PtCls]* anion,
namely to form short and linear contacts preferentially with its regions of most negative
potential. These regions are located along the bisectors of the CI-Pt—Cl angles rather than on the
chlorine atoms (Figure S5) and this causes the noticeable deviation from the linearity of the C—
I--CI angles. In other words, the observed I---Cl contacts are the favored arrangement, i.e., the
most linear HaBs possible within the constraints of the size and geometry of the polyatomic
[PtCIs]> anion and its sites of highest electron density. Analogous reasoning may be used to

justify the rationalization as HaBs of poorly linear interactions observed in the structures of 1-3.

Table 1. Parameters of the trifurcated us-1--+(Cl,CI,Pt) HaB in the crystal of 4. The color coding
for interactions is the same as in Table 4; this facilitates correlation between geometric

parameters from crystallographic analyses and computational data for any given interaction.

CI-X-Y d(1--X), A NC? Z(C1---X),° 2(1--X-Y),°
CL 1Pl CIT | 3.3110(3) 0.89[0.80]  168.52(15) 106.60(3)
Cl-11-CI1-Ptl  3.4520(11) 0.93[0.93]  130.88(16) 66.80(3)
C10-11--CI1-Pt1 133.47(12)

C1-11--CI2-Ptl  3.6005(12) 0.97[0.97]  148.00(18) 63.81(3)
C10-11--Cl2-Pt1 90.68(14)

12



@The Normalized contact (Nc) is defined as the ratio between the separation observed in the crystal and the sum of
Bondi [or Batsanov®’] vdW radii of interacting atoms: Nc = d/Svaw; Zvaw(I+Pt) = 3.73 [4.15] A, Zvaw(1+C1) = 3.73

[3.73] A.

The structure of 4 represents the first example of metal-involving HaB I--Pt with
iodonium cations functioning as HaB donors. REVCI---M contacts involving neutral HaB donors
are known, although unusual, and they have been reported for nucleophilic metal centers, namely
Rh!39 Nijll 41 42 pgll 38, 41-44 pyll 38, 41, 46-48 A0 4951 and Au',%2 but the I---Pt short contact observed
in 4 is the first reported example of metal-involving HaB wherein the HaB donor is an iodonium
cation. Previous examples of C-I--Pt"" noncovalent interactions were found in an Fe-Pt
coordination polymer,** the complex [Pt(n-CsFsl-3)(Me)(cod)],*®® co-crystals of trans-
[PtX2(NCNR2)2] (X = CI, Br) with CHI3,*® [Pt(acac)2]-2(1,3,5-1sCsF3),*” and the co-crystals of
the half-lantern complexes [{Pt(C"N)(u-S™N)}2] (C™N cyclometalated 2-Ph-benzothiazole; S™N
2-SH-substituted N-heterocycles) with 1,4-1,CsFs and 1,1’-1-CeF4-CeFs (Table S1).8 A
comparison of I---Pt separations reveals that the I---Pt contact found in 4 is one of the shortest
ever observed and, possibly, one of the strongest, probably due to strong electrostatic interaction
between the positive iodonium cation and the negative tetrachloroplatinate. Stronger contacts
were observed by some of us*® only in the co-crystals formed with HaB donors by half-lantern
Pt''; complexes, where metal centers exhibit an increased d,?-nucleophilicity (see Introduction).

The trifurcate binding pattern is a characteristic feature of the us-I1--+(C1,CI,Pt) contact.
This type of contacts is observed for the first time. Closely relevant known three-center po-
X-++(C1,Pt) contacts comprise only co-crystals of platinum(l1) halide with neutral HaB donors, for
instance, trans-[PtCI,{NCN(CH2)s}2]-2CHI3,*® trans-[PtClo(NCNMey).]-CHCls-CBrs,* and
trans-[PtCI2{NCNEt;},]-2CBr4.*® The ps-I--(CI,C,Pt) bonding observed in 4 adds to our
previous finding® showing that the metal-involving trifurcated HaB can be expected when both
the metal center and the ligand lone pairs exhibit substantial nucleophilicity, and the two centers

are located in closely adjacent positions and function as a single integrated nucleophilic center.
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2.3. Bifurcated three-center pe-1---(X,X) HaBs. 2.3.1. Bifurcated three-center so-
I---(CI,Cl) and two-center |---Cl HaBs in the crystals of 1-3. Separations between interacting
atoms in all charge assisted I---Cl HaBs 1-3 are less than the corresponding Y vaw (Table 2).

The structure of 1 contains two independent types of [Ph2I]* and of [PtCl4]?>" which afford
two different HaB-based supramolecular synthons. They are the three-center bifurcated .-
11---(CI1,CI7) HaBs and the more conventional two-center 11A---CI1A HaB (Figure 3, Table 2).
In addition, 11A forms another weak contact with the m-system of a neighboring [Phal]*
(ILA--C1A 3.496(5) and 11A--C5A 3.507(5) A). 1 allowed the accurate comparison of po-
I---(CI,Cl) and two-center I---Cl HaBs observed in one structure. In the two-center HaB, the I---Cl
distance is shorter than any of the I---Cl distances of the po-11--+(CI1,CI7) contact, and the
corresponding angle is closer to 180° for the two-center HaB than for the three-center bifurcated
w2 contacts (Table 1, Figure 6).

The structures of 2 and 3 display a p»-1---(CI,Cl) pattern similar to that observed in 1: the
four chloride ligands of the tetrachloroplatinate anion form two pairs of HaBs with the iodine
atoms of two cations and give rise to a neutral supramolecular trimer (Figures 4-5, Table 2). In
the structures of 1-3, each of the p»-1--+(ClI,CI) contacts is composed by two inequivalent HaBs
(shorter and longer distances are in the range 3.0795(2)-3.1636(11) and 3.3520(3)-3.43021(15)
A, respectively). The strongest bifurcated contact, showing the smallest values for both I--Cl
distances, was formed by the [2,4,6-(MeO)sCeHa(CeHs-Cl-4)I]* cation in 2 (Table 1). The
largest difference between the two distances was observed in the structure of 3 (0.335 A, Table
2), while the smallest difference (0.249 A) was found for 1, where the iodonium cation bears two
phenyls. The values of the C—I---Cl angles confirm that | atom interacts with two CI ligands via

its two ch.
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Table 2. Geometrical parameters of C-I---CI-Pt HaBs. The color scheme is the same as in Table
4; this facilitates correlation between geometric parameters from crystallographic analyses and

computational data for any given interaction.

Nos  C-I---CI-Pt d(--Cl), A 2(CI-Cl),°> £(I-CI-Pt),°
1 C1-I1---Cl1-Pt1 3.1636(13) 167.66(10) 106.21(4)
C7-11---ClI2-Pt1 3.4129(10) 146.15(13) 99.26(3)
CIA-I1A---CIIA-PtIA  3.1082(10) 175.37(13) 95.12(3)
_ 3.0795(12) 176.00(13) 85.45(4)
_ 3.3520(12) 146.47(14) 79.29(3)
—_ 3.0957(11) 175.90(12) 86.83(3)
3.4303(11) 148.45(10) 79.13 (3)
Reference value? 180 90

aSum of Bondi vdW radii of interacting atoms (Rvaw(Cl) + Rww(l)) and angles typical for HaB.

Cl Cl, Ph
oy PR \ A\
\\\‘“‘ o 1750
Cl/ \C|‘ 167 / Clmmlimim|———pPh
146° by,
D E

Figure 6. Two HaB based supramolecular synthons involving the | atom of the iodonium cations

and the chloride ligands of [PtCls]*"in the structure of 1.

2.3.2. Literature data for bifurcated three-center so-I---(X,X) involving hypervalent
iodine(l1). Solid-state structures, where hypervalent iodine(l11) functions as a double ch donor

toward two-center nucleophiles, are known and include, e.g., the biaxial coordination to

iodonium cations of some bidentate O,0-nucleophiles (diesters and diamides) with 5-atoms (or
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higher) spacer between the two HaB accepting centers (Figure 7, F).%° This binding pattern was
formed also by various adducts given by 18-crown-6 with [RR?I](BF4) (Figure 7, G).”%72
Interestingly, in these structures the biaxial coordination, namely the formation of short contacts,
was involving two O atoms separated by the 5-atom of the (CH.CH2OCH2CH3) spacer while the
O atom of the spacer affords a more lousy, namely longer, interaction to the area between two ch

of the | center.

o 2
Ar
2
Ar k/o\)
F G

Figure 7. Types of known examples of biaxial HaB coordination to hypervalent iodine(l1l).

The closest analogs of our systems are chelate-like contacts I---(X,X) between iodonium
cations and cis-Xz[M] fragments of the halobismuthates [Phal]s[Bi2X10] (X = Br, 1).” In this
system the two I---X interactions and the two C-I covalent bonds affords a nearly square-planar
arrangement. We searched and analyzed the Cambridge Structural Database (CSD) for the
systems bearing two contacts between the iodine atom of [R'R?I]* and cis-X2[A] (A = any atom)
moieties and found 67 structures that fulfill these search criteria. Most of them exhibit short
contacts between [RR?I]* cation and a corresponding anion (for instance, BF4~, PFs~, CF3CO2",
CF3SOz7, p-tolSOs7). In these cases, the distance between two nucleophilic centers in the
counter-anions (e.g., F-F in BFs: 1.95-2.37 A) is rather small and the proximity of these
centers favors the formation of the observed interaction pattern.”® The bite X---1---X angle in these
adducts is in the range 34.3-46.1°, which correspond to the binding of two nucleophilic centers

X to one out of two oh of the iodonium cation (Figure 8, pattern H). Only a few structures

feature larger bite angles Z(X---I---X) in the range 54.9-77.6°; the linkages can be interpreted as
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biaxial binding of cis-X2-A to both ch of the iodonium cation or as an intermediate case between
one ch- and two ch binding (Figure 8, patterns I and J). In both cases it can be anticipated that
the electrostatic cation-anion attraction is playing a major role in the short contacts formation.
Parameters for these structures and also those for compounds 1-3 are summarized in
Table S2. Appropriate analysis of contact parameters allowed the attribution of the I---(X,X)
contacts to the biaxial binding mode with two ch in iodonium halobismuthates (CSD codes:
HAYYIS and HAYZIT) and platinates (1-3) (Figure 8, pattern 1). The structure of
(diketonate)Eu"! (CSD code: PUGKIL) features I-+-(X,X) contacts involving one ch of the iodine
(Figure 8, pattern H) and this geometry is presumably determined by the packing effect and by
the steric hindrance of the anion. Similar I---(X,X) contacts involving one ch were identified in
iodonium haloaurates (Figure 8, pattern H); in these salts the other ch of the iodonium cation
provides interaction with one more [AuCls]". The structures of iodonium salts of
dithiocarbamates (CSD codes: FIFBIF and VATRAJ) can be viewed as an intermediate case,
where one nucleophilic center is directed strictly to only one ch of the | center and another
nucleophilic center occupies intermediate position between two chs at one | center (Figure 8,
pattern J). All these results additionally confirm our previous finding that upon interaction with
two nucleophilic centers, diaryliodonium cation can exhibit a great variability in values of C—
I---X interaction angle,’* as either contacts with two chs, one ch, or intermediate geometries can
be observed. It is nevertheless useful to observe that consistent with the anisotropic distribution
of the electron density on the iodine, namely consistent with the HaB component to the [---X

short contacts, the more linear the C—I---X interaction angle is, the smaller the I:--X separation is.
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Figure 8. Types of po-1---(X,X) contacts in cocrystals of iodonium cations with cis-Xz[A]

moieties.

2.4. Theoretical calculations. In order to rationalize the geometric features of the charge
assisted HaBs considered above, we carried out a theoretical density functional theory (DFT)
study. The molecular electrostatic potential (MEP) surfaces of the cationic parts of salts 1-4 are
shown in Figure 9 and the MEP values at the locations labelled as a, b, and c are given in Table
3. In all iodonium derivatives two chs are found on iodine approximately at the extension of the
two C-I bonds and the respective electrostatic potentials are different from each other. In
compound 1, both chs (sites labelled as “a” and “b”) present very similar MEP values and they
are more positive than in compounds 2—4. The energy differences at the iodine chs in these latter
derivatives is larger than in 1 and this is mainly due to the fact that the electrostatic potential at
the ch opposite to the 4-Cl/Me/H-Ce¢H4 ring in 2—4 is reduced by the overlap of the antibonding
C-I o* orbital with the high electron density associated with the nearby 2,4,6-(MeQO)3-CeH2 m-
system (the C—I bond appending the 4-Cl/Me/H-CsHa4 ring to iodine is nearly perpendicular to
the 2,4,6-(Me0)s3CsH: ring plane, Figure 9, bottom panel). It is interesting to observe that due to
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the cationic nature of these moieties, the MEP on iodine is positive at any point, even at the
location of the two free lone pairs on iodine. The MEP values in between the two chs (site
labeled as “c” in Figure 9) are also large, thus accounting for a smaller directionality of HaBs in

the iodonium cations compared to neutral HaB donors.

T OME
1 2 MeO Q

G*
40 BT kealmol I 115 ‘ \ OMeg

Figure 9. MEP surfaces (isosurface 0.001 a.u.) of the iodonium cations in compounds 1 (a), 2

(b), 3 (c) and 4 (d). See Table 5 for the MEP values at points labelled a—c.

Table 3. MEP values (kcal/mol) at points labelled a-c in compounds 1-4 (Figure 9).

Compounds A B c

1 115.5 112.9 102.9
2 109.2 102.9 95.4
3 102.3 96.0 87.9
4 108.6 99.1 91.6

The MEP surface of tetrachloroplatinate anion, the common HaB acceptor of compounds
1-4, is shown in Figure S5. Its dianionic nature anticipates very large and negative MEP values
at any point of the surface. The most electronegative regions are located along the bisectors of
the CI-Pt-Cl angles. The MEP is also large and negative over the center of the Pt—Cl bonds and

also over the Pt atom (-190 kcal/mol). In general, the energy differences are small (apart from
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that at the extension of the Pt—Cl bonds), thus explaining the variety of geometries observed for
the HaB in the structures of 1-4.

We also computed the binding energies of both HaB dimers observed in the crystal
structure of 1 (bifurcated three center and two center motifs in Figure 10) and performed a
QTAIM analysis of critical points (CPs) and bond paths and the NClplot isosurface. Both dimers
exhibit large and similar interaction energies because they are dominated by the electrostatic

attraction between the counterions.

HaBs-** 7 The charge density (p) and its Laplacian (V?p) values associated to structurally

relevant HaBs and hydrogen bonds in crystals 1-4 are given in Table 4 and the corresponding
bond CPs are labeled in Figures 10-11. For compound 1, the QTAIM and NClplot analyses
showed that each HaB in the aggregate formed by the bifurcated three-center po-I--+(Cl1,Cl)
moiety is characterized by one bond CP and bond path interconnecting the | and CI atoms
(Figure 10, top). The positive I-atom is located approximately in the plane bisecting the CI-Pt-
Cl bond and perpendicular to the [PtCls%> plane, in good agreement with the MEP surface
analysis shown in Figure 10. The two HaBs have different geometries and strengths; as

expected, the stronger HaB (blue NClplot isosurface) is also the more directional. Fhe

Interestingly, a bond CP and a bond path was observed also for another I---Cl contact, (CP

labelled as “d”) that is characterized by a green (ca, weak) NClplot isosurface, consistent with
the substantial length of this contact (3.765 A vs 3.73 vdW sum) and also the smaller values of p
and V?p at this bond CP compared to CPs labelled “a” and “b” (Table 4). This van der Waals
contact can hardly be interpreted as an HaB due to its non-linear geometry (£(C-I---Cl) 119.83°),

long distance and small dissociation energy. This assembly also presents an ancillary hydrogen
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bonding that is characterized by a bond CP and bond path connecting the ortho C—H bond to one
Cl-atom of the anion. —which-presents—a-Eqi~ef22keatmel This combination of interactions
partially explains the greater dimerization energy of this aggregate (—157.0 kcal/mol) with
respect to the adduct bonded via the bifurcated three-center po-1-+(C1,Cl) moiety (-152.4

kcal/mol).

—157.0 kcal/mol

sign(A2)p

-003jf_o  [+o.03
Figure 10. Superposition of QTAIM critical points (CPs) and bond paths with the NClplot
surface for the two different halogen bonded adducts present in 1: HaBs of the bifurcated three-
center po-I---(C1,Cl) moiety (a) and the aggregate formed via the two-center HaB (b). Geometries
extracted from the X-ray coordinates. Intermolecular bond CPs are represented using red
spheres. The color scale for the NClIplot is —0.03 (blue) < sign(A2)p < 0.03 (red). Reduce density
gradient (RDG) isosurface 0.4. Cut-off for noncovalent contact p = 0.04 a.u. Dimerization

energies are also indicated.

The HaB dimers analyzed for compounds 2—4 are reported in Figure 11. The QTAIM
analysis shows that here too each HaB is characterized by the corresponding bond CP and bond

path interconnecting the | with the CI or Pt atoms. The analysis also shows the existence of two
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ancillary hydrogen bonds in the dimer of compound 4 (Figure 11, right). Although no hydrogen
bonds are revealed by the QTAIM analysis in the dimers of 2 and 3, the NClplot shows the
existence of a green isosurface between one aromatic C—H bond and one CI atom of the dianion,
thus suggesting some kind of weak and attractive vdW force. For all compounds, the interaction
energies are large and negative, being slightly smaller (in absolute value) in compound 3, which
is the one that presents the smaller MEP values at both ch (Figure 9) of the series. Remarkably,
the strongest and more directional HaB occurs opposite to the 2,4,6-(MeQ)sCsH2—1* bond in very
good agreement with the MEP analysis (more positive ch). The binding energy obtained for the
dimer of compound 4, where the C—I bond points directly to the Pt atom, is comparable to those
obtained for the dimers of 2 and 3.

The QTAIM parameters are-erergtes-associated to the bond CPs labeled in Figure 11 are
given in Table 4 and Table S3. The strong HaBs (characterized by dark blue NCIPIot
isosurfaces) present larger values of p and its Laplacian (V?p) compared to less directional I---Cl
contacts. Moreover, the slightly larger values of all QTAIM parameters (p, V?p and Vr and Hr

energy densities) obtained for the directional I---Cl1 HaBs in compounds 2 and 3 compared to the

I:--Pt HaB in 4, suggests that the I---Cl HaBs are stronger than the I---Pt HaB. Fae-energies-efthe

- In complex 4,
the NClplot index analysis shows the existence of two weak I---Cl contacts as revealed by the
green isosurfaces located between the | and two Cl atoms of the tetrachloroplatinate (Figure

11c).

“b” on-Figure-10a). The total energy density values (Hr) given in Table S3 measured at the

bond CPs that characterize the I---Cl HaBs are either positive or very small and negative
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revealing the mostly noncovalent nature of the interaction, in line with the positive values of the

V2p observed in all bond CPs.

(a)

. TPt
-151.1 keal/mol ~ 2 4
(b) < e

—1562.8 kcal/mol ¢

sign(A2)p

Figure 11. Superposition of QTAIM critical points (CPs) and bond paths with the NClplot
surface for compounds 2—4. Geometries extracted from the X-ray coordinates. Intermolecular
bond CPs are represented using red spheres. The color scale for the NCliplot is —0.03 (blue) <
sign(A2)p < 0.03 (red). Reduce density gradient (RDG) isosurface 0.4. Cut-off for noncovalent

contact p = 0.04 a.u. Dimerization energies are also indicated.
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Table 4. QTAIM Parameters (p, and V?p in a.u.) at the bond CP of I---Cl and I---Pt HaBs and
H---Cl hydrogen bonds in compounds 1-4. See Figures 10-11 for CP labelling. The color
scheme is the same for Tables 1 and 2 ; this facilitates correlation between geometric parameters

from crystallographic analyses and computational data for any given interaction.

Compound CP p Vp
1 a 0.0229 0.0458
b 0.0140 0.0346
_ 0.0252 0.0489
d 0.0079 0.0214
e 0.0087 0.0264
2 0.0257 0.0537
0.0151 0.0395
3 0.0247 0.0521
0.0130 0.0350
4 0.0223 0.0357

0.0083 0.0269

I 0.0071 0.0239
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3. Concluding Remarks

The results from this combined structural and theoretical study can be considered from
the following perspectives. In the structure of 4, we observed the first example of metal-
involving trifurcated four-center us-X--+(X’,X’,M) HaB. The metal-involving multi-center HaBs,
in which metal center(s) and the adjacent coordinated nonmetal atoms function as an integrated
HaB acceptor, are quite uncommon. Up to date, a few examples of computationally proven
metal-involving bifurcated three-center po-X--+(X’,M) HaBs are represented by p»-X---(CI,Pt) (X
= Br, 1)*® % and po-1-+(C,Pt)* contacts (Figure 12, K; M = Pt", X = CI) and one example of
metal-involving tetrafurcated five-center ps-1--(CI,Rh,CI,Rh) HaB (M; M = Rh'!, X = CI) has
recently been reported by some of us.*’ The five-center HaB (M) is transformed to bifurcated
three-center pp-I---(Rh,Rh) HaB (N; M = Rh!, X = CI, Br) when two p-X halide ligands deviate
from the plane of the {Rh2X>} core. Our finding of the trifurcated four-center us-1--+(Cl,Cl,Pt)
HaB (L; M = Pt"", X = CI) fills the gap in the sequence K-to-M of the known metal-involving

multi-center HaBs.

R R
&, =,
NV — \X
K L
R

Figure 12. Metal-involving multi-center HaBs.

In the structures of 1-3, the bifurcated three-center po-I---(CI,Cl) HaBs with iodonium

cations were identified. Previously it was demonstrated that iodine(lll) centers can form three-
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center bifurcated HaB with anionic halometallates with Au' ™ and our work provides another
example of such contacts. The existence of different HaBs in the structures of 1-3 has been
confirmed by QTAIM analysis, which shows different bond CPs connecting the | to the Cl
atoms. In 2-4, the strongest and directional HaB involves the largest ch that is located opposite

to the electron rich n-system due to the electron donation from the n-system to the ch generated

This work also demonstrates the potential of [PtCls]* as a square-planar tecton for a

supramolecular assembly employing HaBs. The [PtCl4]?>" anion can provide four potential HaB-
accepting Cl ligands and one potential HaB-accepting Pt centers. The existence of several HaB-
accepting centers leads to different types of [PtCls]?>-based synthons. In the structures of
diaryliodonium tetrachloroplatinates(l1), we observed at least three types of HaB-based synthons,
e.g trifurcated four-center ps-I---(CI,Cl,Pt), which involve the I---Pt contact with metal, bifurcated
three-center p»-1--+(CI,Cl), and two-center I--C1 HaB.

In summary, this combined crystallographic and computational study proves that while
the energetics of the examined systems is largely determined by the cation-anion attraction, the
geometric features of the crystals are strongly affected by the HaBs, consistent with the fact that

the directionality is a distinctive feature of this interaction.®

4. Experimental Section

4.1. Materials and instrumentation. The aryliodonium salts [ArtAr?[](CFsCO2)"" "® and the
complex (PhsPCH,Ph):[PtCls]"® were synthesized accordingly to the published procedures.
Other reagents and solvents were obtained from commercial sources and used as received. The

HRMS-ESI* data were obtained on a Bruker micrOTOF spectrometer equipped with
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electrospray ionization source; MeOH was used as a solvent. The instrument was operated at
positive ion mode using m/z range of 50-3000. The capillary voltage of the ion source was set at
—4500 V and the capillary exit at (70-150) V. The nebulizer gas pressure was 0.4 bar and drying
gas flow 4.0 L/min. Infrared spectra were recorded using a Bruker FTIR TENSOR 27 instrument
in KB pellets.

4.2. Crystallization of [ArtAr?1]2[PtCl4]. A solution of (PhsPCH2Ph)2[PtCl4] (5 mg, 4.79 mmol)
in MeNO; (1 mL) was added to a solution of [Ar*Ar?[](CFsCO3) (5.58 mmol) in MeNO; (1 mL)
and the resulting homogeneous solution was left to stand at RT for slow evaporation for several
days. The identity of the crystallized from MeNO: samples and crystals, studied by single-crystal
XRD, is confirmed by the comparison with the powder XRD data (Figures S13-S14).
Alternatively, 1-4 can be obtained from H>O solutions with almost quantitative yields. For
characterization of 1-4 see the ESI.

4.3. X-ray structure determinations. SC-XRD experiments were carried out using Oxford
Diffraction “Xcalibur” and Rigaku “XtaLAB Synergy” diffractometers with monochromated
MoKa and CuKo radiation, respectively. The crystals were thermostated at 100 K throughout the
all-experiment time. The structures were solved by ShelXT® and Superflip® structure solution
programs using Intrinsic Phasing and Charge Flipping methods, respectively, and refined using
ShelXL® minimization program incorporated in Olex2% program package. The structure 3
contains strongly disordered nitromethane molecule, which was cut out by PLATON®® Squeeze
algorithm. Empirical absorption correction was accounted by CrysAlisPro (Agilent
Technologies, 2013) using spherical harmonics, implemented in SCALE3 ABSPACK scaling
algorithm. The crystallographic data were deposited in the Cambridge Crystallographic Data
Centre under the deposition codes CCDC 2046672—-2046675 and can be obtained free of charge
via Internet, URL http://www.ccdc.cam.ac.uk/structures/.

4.4. X-ray powder diffraction. The powder diffraction experiments were carried out using

Rigaku “R-AXIS RAPID II” diffractometer with monochromated CoKa radiation at room
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temperature in Gandolfi camera mode. Two-dimensional powder diffraction frames were
reduced into standard profiles using osc2xrd® program and matched with SC-XRD data using
TOPAS 5 (Bruker).

4.5. Computational details. The calculations of the monomers and dimers shown in Figures
10—-11 were performed at the DFT level theory using the PBE0®°-D3% method, and the def2-
TZVP basis set,®” with the help of the Turbomole 7.0 software.® The topological analysis of the
electron density distribution was examined using the quantum theory of atoms in molecules
(QTAIM) method developed by Bader®® and the noncovalent interaction plot (NCIPlot)%® 9!

using the AIMAII program.®

the-PBEO-functional The MEP surfaces were computed at the same level of theory by means of

the Gaussian-16 program.®®

4.6. Details of the Hirshfeld surface analysis. HSA was carried out using the CrystalExplorer
program.®®% The contact distances (di, de, and dnorm),>* based on Bondi vdW radii,®> *® were
mapped on the Hirshfeld surface. In the color scale, the negative values of dnorm Were visualized
by red color indicating the contacts shorter than Zvgw. The values represented in white denote the
intermolecular distances close to the vdW contacts with dnorm €qual to zero. In turn, the contacts
longer than ZRvaw with positive dnorm Values were colored in blue.

4.7. Processing of CSD. Processing of the Cambridge Structure Database (v 5.40) was
performed using the ConQuest module (v 2.0.4) and restricted to single crystal structures with
determined 3D coordinates and an R-factor < 0.1. The analysis for the intra- and intermolecular
I---(X,X) interactions was based on two parameters, namely (i) distances I---X* (d1) and I---X?
(d2), which were restricted by Ywaw® (Figure 13); (ii) X was restricted to any halogen,
chalcogen, and N atoms, Y was any atom, while the [R'R?I]* moiety was positively charged and

| atom has only two C-substituents (R* and R?).
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Figure 13. Parameters taken for processing of CSD data.
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