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lodide and Triiodide Anion Complexes Involving Anion-nt
Interactions with a Tetrazine-based Receptor

Matteo Savastano,” Carla Bazzicalupi,® Celeste Garcia,b Cristina Gellini,* Maria Dolores Lépez de la
Torre,” Palma Mariani,’ Fabio Pichierri,® Antonio Bianchi,** Manuel Melguizo*®

Protonated forms of the tetrazine ligand L2 (3,6-bis(morpholin-4-ylethyl)-1,2,4,5-tetrazine) interact with iodide in aqueous
solution forming relatively stable complexes (AG® = -11.6(4) kJ/mol for HL2" + | = (HL2)l and AG® = -13.4(2) kJ/mol for
H,L2%" + I' = [(H,L2)I]"). When solutions of [(H,L2)I]" are left in contact with the air, crystals of the oxidation product
(H,L2),(13)31'4H,0 are formed. Unfortunately, the low solubility of Is” complexes prevents the determination of their stability
constants. The crystal structures of H,L21,H,0 (1), H,L2(l3);2H,0 (2) and (H,L2),(13)3I'4H,0 (3) were determined by means
of X-ray diffraction analyses. In all crystal structures, it was found that the interaction between I and 15 with H,L2>" is
dominated by anion interactions with the 1 electron density of the receptor. Only in the case of 1, the iodide anions
involved in close anion-m interactions with the ligand tetrazine ring form an additional H-bond with the protonated
morpholine nitrogen of an adjacent ligand molecule. Conversely, in crystals of 2 and in 3 there are alternated segregated
planes which contain only protonated ligands hydrogen-bonded to cocrystallized water molecules or 15" and I forming
infinite two-dimensional networks established through short interhalogen contacts, making these crystalline products
good candidates to behave as solid conductors. In the solid complexes, the triiodide anion displays both end-on and side-
on interaction modes with the tetrazine ring, in agreement with density functional theory calculations indicating a
preference for the alignment of the I3 molecular axis with the molecular axis of the ligand. Further information about
geometries and structures of triiodide anions in 2 and 3 were acquired by the analysis of their Raman spectra.

Introduction

Anion binding has earned much attention because of the
crucial role played by anionic species in biological and chemical
systems.1 As with all areas of supramolecular chemistry, anion
binding is governed by weak forces, mostly electrostatic
attraction, hydrogen bonding and/or hydrophobic effects.
Nevertheless, also the weak attractive forces exerted between
anions and the m-system of electron-deficient arenes, the so
called gained
consideration in recent yearsz'3 and are now included among

anion-mt  interactions, have increasing
the most appealing forces for the make-up of new functional
materials,4 anion receptors,3a’5 carriers® and catalysts,7 while
their biological relevance®” is increasingly valued.

Within the multifaceted chemistry of anions, the behaviour of
iodide and polyiodides occupies a special position, as a wide
spectrum of structures, ranging from isolated units to
complicated three-dimensional networks, passing through
linear chains and two-dimensional assemblies, can be
generated from three simple building blocks: I,, I and I3". This
kind of structural features are made possible by the ability of
iodine to concatenate via donor-acceptor interactions, the
character of each assembly being regulated by its chemical

environment.® In the solid state, for instance, polyiodides of
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variable structures can be generated by using different
countercations.’

The understanding of such a structural variety is an interesting
challenge, especially when considering that the hypervalency
exhibited by several large polyiodides is not easily justified by
simple covalent bonding models and, accordingly, the nature
of bonding in polyiodide anions has been the object of intense
theoretical consideration.® Furthermore, the particular
electrical conductivity“'13 and redox properties of polyiodide
systems have grown interest toward their application for the
development of dye-sensitized cells™
batteries,"® where they have been incorporated in many
different forms, including aqueous solutions,ls'17
electrolytes,'® gel polymer electrolytes %
state crystalline conductors (refs. 22-25).

We have recently reported that ligands L1 and L2, constituted
by a tetrazine ring decorated with two morpholine pendants of
different lengths (Fig. 1), are able to form stable anion
complexes in solution. All crystal structures we obtained for
such complexes (PF¢ and CIO, complexes with H,L1** and NO5’
, PFg and ClO, complexes with H2L22+) invariably showed that
interactions with the
tetrazine group, in agreement with the strong m-acid character
of this ring.25 These results encouraged us to further
investigate the anion binding ability of these ligands, and the
iodide/polyiodides system seemed an intriguing medium to
explore new effects of these anion receptors molecules.
Unfortunately, it was not possible to test L1 toward this
anionic system, as it undergoes rapid degradation in the
presence of I', even in slightly acidic media, but as shown in
the following, protonated forms of L2 do interact with I in
aqueous solution, from which the crystalline iodide complex
H,L21,'H,0 (1) can be isolated, and depending on the medium

solar and solar
ionic liquid
or even solid

the anions are involved in anion-it
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conditions, also the mixed iodide/triiodide (H,L2),(I5);I'4H,0
(2) and the triiodide H,L2(l5),2H,0 (3) complexes can be
obtained. In these two later structures, it is remarkable the
segregation of the anion iodine species into distinct layers that
alternate with layers exclusively formed by protonated ligands
and water molecules. All crystal structures of these complexes
show that anion-mtinteractions with the tetrazine ring of L2 are
widespread elements of such crystalline assemblies in which
the anions show different binding modes and aggregation
patterns.

Experimental procedures
Materials

L2 (3,6-bis(morpholin-4-ylethyl)-1,2,4,5-tetrazine)
synthesized as previously described.” Deep pink crystals of
H,L2I,H,O0 were obtained upon evaporation at room
temperature, under nitrogen atmosphere, of an aqueous
solution of L (0.01M) at pH 3 containing a fivefold excess of I'.
When maintained in contact with the mother liquor and
exposed to the air, these crystals slowly re-dissolve while
poorly soluble brownish orange crystals of (H,L2),(l5);1'4H,0
grow. Very insoluble dark brown crystals of H,L2(l3),2H,0
were prepared by slow diffusion, in a H-shaped tube, of
initially separated aqueous solution of L2 and I3” at pH 3. Merck
Suprapur grade Nal the potentiometric
measurement.

was

was used for

Potentiometric Measurements

Potentiometric (pH-metric) titrations employed for the
determination of equilibrium constants were carried out in 0.1
M Me,NCl degassed aqueous solutions at 298.1 + 0.1 K by
using previously described equipment and procedures.26 The
determined ionic product of water was pK, = 13.83(1)
(298.1+0.1 K, 0.1 M MeyNCl). The computer program
HYPERQUAD?’ was used to calculate equilibrium constants
from potentiometric data deriving from three independent
titration experiments. Ligand concentration was 5x10~* M,
while I concentration was 2.5x10° M. The studied pH range

was 4.0-9.

X-ray Structure Analyses

Pink crystals of H,L2I,H,0 (1), dark orange crystals of
H,L2(l3),2H,0 (2) and dark brown crystals of (H,L2),(l3)31'4H,0
(3) were used for X-ray diffraction analysis. A summary of the
crystallographic data is reported in Table 1. The integrated
intensities were corrected for Lorentz and polarization effects
and an empirical absorption correction was applied.28 The
structures were solved by direct methods (SHELXS—86).29
Refinements were performed by means of full-matrix least-
squares using SHELX Version 2014/7 program.g0 All the non-
hydrogen atoms were anisotropically refined. Hydrogen atoms
were usually introduced in calculated position and their
coordinates were refined according to the linked atoms, with
the exception of the cocrystallized water molecules. In some
cases, residual electron density remained at the end of
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refinements close to iodine atoms most likely due to series
truncation errors.

N—N N

athad

(\N N=N
O\) n=1,L1 n=2,L2

Fig. 1 The tetrazine ligands L1 and L2.

Table 1 Crystal data and structure refinement for H,L21,H,0 (1), HyL2(l3),2H,0
(2) and (H,L2),(1)31"4H,0 (3)

*Rl= X || Fol - |Fc|| /= |Fo| ; wR2 = [ £ w(Fo?- Fc?) 2/ £ wFo*)%

(1) (2) 3)
Empirical formula C14H25|2N503 C14H25|5N504 C14H25|5N504
Formula weight 580.21 1103.81 976.91
Temperature (K) 150 100 100
space group P-1 P-1 P2i/c
a(A) 7.7303(6) 7.5053(6) 14.3403(3)
b (A) 7.7864(6) 13.5410(7) 14.3161(2)
c(A) 22.022(2) 14.5928(9) 13.8619(3)
a(?) 86.949(7) 99.590(5) 90
B () 87.158(7) 102.045(6) 106.228(2)
v (%) 60.575(8) 94.974(5) 90
Volume (A%) 1152.5(2) 1418.74(16) 2732.42(9)
z 2 2 4
Independent
reflections / R(int) 3664 / 0.0450 4334 /0.0986 5256/0.1171
w(mm™) 2.751/ (Mo-ka) 6'59%;'\"0 5'72%;'\"0
R indices [I>2c(1)]* R1=0.0517 R1=0.1013 R1 =0.0660
wR2 =0.0628 wR2=0.2418 wR2=0.1706
R1=0.0857 R1=0.1201 R1=0.0927
R indices (all data)*
wR2 =0.0793 wR2 =0.2694 wR2 =0.2053

Raman spectroscopy

The Raman spectra of 2 and 3 were recorded with a Bruker
MultiRAM FT-Raman spectrometer equipped with a Nd-YAG
laser emitting at 1064 nm as excitation source. The spectra
were recorded on the pure compounds pressed in solid pellets
with 4 cm™ slits, 100 mW power and acquiring for 1000 scans.
Lower slit width gave only a worse signal-to-noise ratio
without increasing the resolutions.

Computational chemistry

Density functional theory (DFT) calculations were performed
with the Gaussian09 quantum chemistry package31 using the
dispersion-corrected ®B97X-D functional of Chai and Gordon®”
in combination with the all-electron DGDZVP basis set (ref. 33,
34). Geometry optimizations were carried out with the integral
equation formalism—polarization continuum model (IEF-PCM)
of Tomasi and coworkers®® to simulate an implicit water
environment surrounding the tetrazine-anion complexes.
Binding energies (Be) for the tetrazine-anion complexes were
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corrected for the basis-set superposition error (BSSE) using the
counterpoise method of Boys and Bernardi.’® Atom charges
were obtained with a natural population analysis37 of the
solvated complexes. The topological analyses of the electronic
charge densities of the complexes were carried out with the
aid of the AIMAII software®® which implements the theoretical
concepts of Bader’s quantum theory of atoms in molecules
(QTAIM®®).

Results and discussion

In a previous paper we showed that the protonated HL2" and
H2L22+ forms and, in some cases, even the uncharged (not
protonated) L2 ligand are able to bind anions, such as F, NOj3,
PFg, ClO,, and 5042', forming 1:1 anion-to-ligand complexes in
aqueous solution.” Thermodynamic data obtained for these
binding equilibria, in particular those concerning the formation
of anion complexes with the uncharged ligand, suggested that
anion-Tt interactions afford a prominent contributions to the
interplay of weak forces stabilizing these complexes in
solution, while crystallographic data exhibited the relevance of
anion-ttinteractions in defining the relative position of the two
interacting partners in the crystalline complexes. Also I' forms
1:1 complexes with both HL2* and H,L2** but fails to interact,
at least within the detection limits of the potentiometric
measurements, with the neutral ligand. Similar results were
obtained for the interaction with F,* although this anion
forms complexes of slightly lower stability than I" (Table 2).
These results might seem rather surprising, since F has a
greater charge density and a greater propensity to form
hydrogen bonds than I, but they actually are in line with
previous evidences that electrostatic attraction and hydrogen
bonding are not the principal forces pushing together the
partners of the anion complexes formed by this Iigand,25
although such forces appear to be of upmost importance in
promoting the formation of anion complexes with most of
ammonium receptors.40 Accordingly, also in the case of I,
complex stability is poorly correlated with ligand charge, the
binding free energy increasing by only 1.8 kJ/mol from HL" to
H,L>* (Table 2). It was previously inferred that solvation
effects, principally involving the ligand, afford a significant
contribution to the stability of such anion complexes.25 Anion
solvation, on the other side, could make the difference in
determining the binding energy of different anions. In the
particular case of I’ and F' complexes with L2, the considerably
lower hydration free energy of the former is expected to make
an important contribution to the greater stability of its
complexes.

This journal is © The Royal Society of Chemistry 20xx

Table 2 Equilibrium constants and relevant -AG° values for anion complex

formation determined at 298.1+0.1 K in 0.1 M Me4NCl aqueous solution.

log K -AG° (kJ/mol)
HL2®+ 1 = (HL2)I 2.03(7)° 11.6(4)
Hal2% + 1 = [(HaL2)1])" 2.35(4) 13.4(2)
HL2 +F = (HL2)F 1.58(8)° 9.0(5)°
H,L2% + F = [(H,L2)F)" 1.97(3)° 11.2(2)°

? Values in parentheses are standard deviation on the last significant figure. b
Taken from ref. 25.

Crystals of (H,L2)I,’H,O (1) suitable for single crystal X-ray
analysis were obtained by slow evaporation of an aqueous
solution containing L and I’ at pH 3, in an anaerobic
atmosphere at room temperature. Microcrystalline samples of
the same compound can be obtained even under aerobic
conditions provided that crystallization occurs in a few hours,
otherwise complex (H,L2),(l3)31'4H,0 (3) is obtained. The
crystal packing of 1 is built up by alternate planes of two sets
of symmetry independent H,L2l, adducts developing in the
(001) and the (002) crystallographic planes, respectively. In
each H,L2l, adduct (Fig. 2 and 3), the ligand is placed around
an inversion centre, giving rise to anion-mt interactions with
two iodide anions placed one above and one below its
tetrazine ring (I---ring centroid /offset distances 3.70 /0.32 A —
(001) plane— and 3.67/0.27 A —(002) plane—). Moreover, each
iodide is H-bonded to two adjacent ligand molecules, through
the protonated morpholine nitrogen on one side and a CH
hydrogen bond on the other one (N--I 3.451(8) A and C--I
4.010(8) A —(001) plane, Fig. 2b— and N--1 3.485(6) A and C--|
4.046(3) A —(002) plane Fig. 3b—). In the (001) plane, the NH--|
contacts are directed along the b axis, while, in the (002)
plane, the analogous contacts point in the [100] direction.
Actually, both ligand conformations and relative
anion/receptor spatial dispositions are very similar, and the
major reason for the lack of additional crystallographic
symmetries is the presence of a co-crystallized water molecule
which joins the two H,L2l, systems, forming stronger
interactions with the one developing in the (002) plane
(OW1---C9 3.68(1) A, Fig. S11).

In both planes, the conformation assumed by the ligand can be
considered intermediate between the planar and the chair
conformations previously observed in the crystal structures of
H2L22+ complexes with ClO,, PFg and NOj3 anions.”
Interestingly, in most of these complexes, as well as in all
crystal structures solved up to now for the anion complexes
with L1, anion and receptor almost exclusively form anion-mt
contacts, without the contribution of additional H-bonds from
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Fig. 2 Crystal structure of (H,L2)I,H,0 (1): ligand conformation and anion--t contacts (a) in H,L2l, adduct developing in the (001) crystallographic plane (b). Distances are in A.

”

1
| 3.70

o --

Fig. 3 Crystal structure of (H,L2)I,H,0 (1): ligand conformation and anion---1t contacts (a) in H,L2l, adduct developing in the (002) crystallographic plane (b). Distances are in A.

4| J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins



Please do not adjust margins

Journal Name

the protonated nitrogen atoms, which, instead, are very often
in contact with water solvent molecules.

In analogy with the behaviour seen in these structures, we can
hypothesize that, even in H,L2l,, the anion-t interaction
strongly contributes to stabilize the complex. As a matter of
fact, the anion is very well placed above the ring centroid, and
the anion---centroid distance (3.67 and 3.70 A) is significantly
short with respect to the iodide ionic radius (2.20 A).

When crystals of 1 are left in contact with the mother liquor
and exposed to the air, they slowly re-dissolve while crystals of
(H,L2)5(13)31'4H,0 (3) are formed as a consequence of the
spontaneous air oxidation of I to I, (I3). Crystals of 3 are also
the product of slow evaporation of acidic solutions of L2, not
protected from the air, in the presence of I'. No further air
oxidation of this compound was observed over several
months. The very insoluble H,L2(l5),2H,0 (2) complex was
obtained from the components by using a diffusion method
(see the experimental section).

The crystal structures of 2 and 3 show close analogies, despite
crystals of these complexes belong to different space groups
and crystal systems (Table 1). In the case of 2, the asymmetric
unit contains two half ligand molecules, each interacting with
triiodide through the tetrazine ring. In particular, as shown in
Fig. 4a,b, both end-on (a) and side-on (b) binding modes are
found. In the case of triiodide (a), the I---'ring centroid distance
is 3.60 A with an offset of 0.45 A. This triiodide is almost
symmetric and linear (I-1 2.94(2) and 2.91(2) A, I-I-I angle
178.28(6)°). Instead, the anion (b) is strongly asymmetric, bent
(1-1 2.796(2) and 3.098(2) A, I-I-I angle 174.25(6)°) and almost

2142) 2.94(2)

(a)
178.28(6)° 1
1 3.60

: £°2.90(2)
73(2):
j 27502) e 27402

ARTICLE

aligned along the C-C axis. The central iodine atom is almost
perfectly placed above a tetrazine nitrogen. The I---N distance
is only 3.64(2) A, significantly shorter than the sum of the van
der Waals radii (3.7 A) and, together with the overall
asymmetry of the anion and its remarkable deviation from
linearity, could be a consequence of charge-transfer or
coulombic interactions taking place within the crystal.

In the structure of 3, the three symmetry independent
triiodide anions lie on crystallographic inversion centres. Two
of them are in contact with the ligand tetrazine ring, both
giving side-on interaction (Fig. 5a). Nevertheless, while one of
them is very well placed above the ring centroid (I---ring
centroid/offset distances 3.57/0.30 A), the other one is more
displaced toward the ring periphery (l---ring centroid/offset
distances 3.61/0.80 A). Interestingly, this second triiodide
places its central iodine just above a C-N aromatic bond, so
giving an nz—type binding. Differently from what found in the
structure 2, the crystallographic symmetry imposes both
linearity and equal I-1 bond distances to all anions (I-I bond
distances in the three triiodides are 2.930, 2.933 and 2.937 /:\).
The anion---ring centroid distances in these adducts are very
similar to those found in the crystal structures reported by
Rissanen  for I3  anion complex  with a
pentafluorobenzylammonium and a N-
(pentafluorobenzyl)pyridinium receptors.ga Nevertheless, in
the structures by Rissanen, the I3 anions are trapped in
cavities, completely surrounded by the aromatic groups of the
receptors, while in 2 and in 3 there are segregate planes which
contain only protonated ligands hydrogen-bonded to
cocrystallized water molecules or only triiodide anions.

in

174.25(6)°

(b)

3.098(2) " 2.796(2)

1 3
13.64(2)

16

B,

Fig. 4 Crystal structure of H,L2(l3),2H,0 (2): end-on (a) and side-on (b) I3t contacts; honeycomb-like network given by protonated ligands and co-crystallized water molecules

and zig-zag chains of triiodide anions (c). Distances are in A.

This journal is © The Royal Society of Chemistry 20xx
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2.930‘25‘\.
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Fig. 5 Crystal structure of (H,L2),(13)31'4H,0 (3): ligand conformation and I5--t contact (a); honeycomb-like network given by protonated ligands and co-crystallized water molecules

and T-shaped pattern of triiodide anions (c). Distances are in A.

Regarding the analogies of structures 2 and 3, in both
crystalline structures, the ligand assumes almost the same
conformation, the protonated nitrogen atoms of the
morpholine rings pointing toward opposite directions and
establishing water assisted contacts with the oxygen atoms of
adjacent ligands (Fig. 4c and 5b). Protonated ligands and
cocrystallized water molecules define honeycomb-like
networks developing parallel to the (100) planes both in 2 and
3. The similarity between these two structures goes even
further, since the tridimensional arrangement attained by the
ligand molecules is practically the same in both of them, as
evidenced by the graphical superimposition of the ligand
components of the crystalline structure (Fig. S2t). Thus, the
prime differences between structures 2 and 3 are the number

This journal is © The Royal Society of Chemistry 20xx

of iodine atoms and their arrangement into discrete anions,
leading to different interhalogen contact networks in the
anionic planar layers sandwiched between two successive
planes of protonated ligands. Some contacts of the iodine
anions with the aliphatic hydrogen atoms (H-:l distances in the
range 3.0-3.21 A) contribute to stabilize the interplanar
interaction. In particular, in 2, parallel zig-zag chains are
formed by the head-to-tail disposition of the anions (Fig. 4c).
Interestingly, the I--:1 contacts in these chains (12:-:16 3.530(2)
and 14---15 3.578(2) A) can be regarded as secondary bonds,
being the van der Waals contacts about 3.8-3.9 A% In the
mixed I/l; system 2, iodide and triiodide anions alternate
giving the T-shaped pattern shown in Fig. 5b. This structure

J. Name., 2013, 00, 1-3 | 6
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features longer I--:I contacts
4.3413(9) A.

In view of the mechanisms currently accepted to interpret the
conductivity showed by polyiodidesu'13 and the precedents of
conductive crystalline containing such
species,na’m’41 it was reasoned that structure 2 and 3 are good
candidates to show electrical conductivity by virtue of the
segregation of the iodine anions in separate layers and their
interconnections into infinite networks through I--:1 short
contacts, thus the conductivity of the polyiodide complexes 2
and 3 are currently under evaluation.

Further information about geometries and structures of the
different triiodide anions of 2 and 3 were acquired by the
analysis of their Raman spectra (Fig. 6) in the frequency region
below 250 cm™ which is characterized by vibrations involving
the I3 units. In complex 3, a single prominent band is observed
at110 em™ (Fig. 6a), although, as shown by the inset in Fig. 6a,
a lower intensity structure is present with weak shoulders at
60, 75 and a broad one at 154 cm'l, respectively, and an
additional very weak band at 221 em™. Crystals of 2 show a
more structured spectrum, where the main band centred at
112 c¢cm™ is surrounded by few medium intensity peaks,
indicating that I3 anions have lower symmetry than in the case
of 3.

ranging from 4.0230(9) to

structures

110
75
60 | 154
\ /
2>
‘@
o
L 221
£
c
g 0 50 100 150 200 250
S Wavenumber (cm™)
a
0 100 200 300
Wavenumber (cm™)
112
P
‘©
c
Q
E
c 136
£ |
g 85
64\7fl 1?0
220 b
T T T .
0 100 200 300

Wavenumber (cm™)

Fig. 6 Raman spectra of (H2L2)2(13)31.4H20 (a) and H2L2(I3)2.2H20 (b).

This journal is © The Royal Society of Chemistry 20xx

In crystals of 3 ((H,L2),(l5)3I'4H,0, Fig. 5), three kinds of I3
anions were identified, displaying linear and symmetric
structures but with slightly different I-I bond lengths. For each
anion, three vibrational modes are expected (one twofold),
among which only the symmetric stretching is Raman active.
Therefore, the intense band at 110 cm ™ can be assigned to this
vibration (v,). The presence of the very weak band at 221 cm™,
assigned as 2v;, supports the linear structure of the jons.*?
However, small deviations from linearity, when randomly
occurring, can be compatible with an observed overall
centrosymmetric lattice. In such a case, bending and
asymmetric stretching would become Raman active, even
though with very weak intensities. Most likely, the shoulders at
about 75 cm™ and 154 cm™ have a similar origin and can be
related to the bending (v,) and asymmetric stretching (vs),
respectively.loj’43 The latter has been previously observed
around 140-145 cm*.%81%%34 The difference with the present
data may be ascribed to the difficulty in accurately locating the
maximum position because of the convolution with the very
intense v;.

The 60 cm™ shoulder can be attributed considering that, at
room temperature, excited low frequency vibrational modes
may be populated, hence also v(1-2) vibrational transitions
other than the fundamental v(0-1) can be observed. For this
reason, the 60 em™ s probably a hot band transition of the
bending vibration v,. Alternatively, it could be considered a
lattice vibration (i.e. I3~ with respect to the Iigand),lc’j’“’45 but in
our opinion 60 cm™is a too high value for lattice modes.

As shown before, crystals of 2 (H,L2(l3),2H,0, Fig. 4) contain
two differently conformed I3 anions, (a) and (b), featuring end-
on and side-on interaction modes, respectively, with the
tetrazine ring. Both are non-linear, the bending angle of (b)
being larger than that of (a). Moreover, the I-I distances are
not symmetric with respect to the central atom and this is
more evident in (b) than in (a), the latter being more similar to
the symmetric I3 anions of complex 3. Due to the loss of
symmetry of (a) and (b), all three vibrational modes become
Raman active accounting for the higher number of bands in
the spectrum and for their increased intensities (Fig. 6, Table
3). Furthermore, the deviation from linearity of these anions
causes a lowering of the force constant of bending vibrations,
justifying, in the (a) case, the frequency shift toward lower
energies (75/70 cm™’; 145-140/136 cm™) observed for the
relevant bands.

Table 3 Observed Raman frequencies of crystalline H,L2(l3),2H,0 [(a) and (b)] and
(H,L2)5(15)31"4H,0 (3) complexes

2(a) 2(b) 3 assignment
64 mw 60 vw bending v, u(1-2)
70w 75 vw bending v, u(0-1)
112s 110vs symmetric stretch v,
136 ms 154 bs asymmetric stretch vs
220w 221 vw A
85m stretching l-+I’
160 m stretching I-1---I"
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Fig. 7 DFT-optimized geometries of four tetrazine-anion complexes. Distances are in A.
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In (b), the I-1 bond distances from the central iodine atom,
although still below the limit reported for intramolecular
distances in polyiodide systems (3.3 A),8'46 are rather different,
giving this triiodide anion some similarity with a
system.gg"”'48 This may help in the assignment of the 160 em™
and 85 cm™ bands. Actually, the band at 160 cm™® can be
assigned to an I-I stretching “perturbed” by the presence of a
close I ion, as already reported for systems with I-I distances
comparable to (b),gg'49 while the I,--:I' stretching should be
found at lower frequency because of its longer bond distance
(3.098 A vs 2.796 A, Fig. 4). The 85 cm™ band can be attributed
to this vibration. The bending is not observed, being likely
hidden under this low frequency spectral feature.

In order to compare the relative strength of interaction of
iodide and triiodide anions with the tetrazine moiety of L2, we
investigated the four complexes shown in Fig. 7. Complex | is
characterized by a binding energy (B.) of 6.7 ki/mol which
results from the anion-m interaction

established between iodide and tetrazine with a I'---centroid
distance of 3.884 A. Regarding the triiodide anion, three high-
symmetry orientations above the molecular plane of tetrazine
were conceived: one where I3 is oriented normal to the plane
(complex Il), a second one (complex Ill) where |5 is oriented
parallel to the plane and aligned along the C-C axis, and a third
one (complex 1IV) where the bond axis of I3 bisects the N-N
bonds of tetrazine. Interestingly, complex Il possesses both
the lowest total electronic energy and the highest value of B,
(15.1 kJ/mol) among the triiodide complexes shown in Fig. 7. A
rotation of the I3 anion about the (central I)-centroid axis by

lyeeel
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90.0° yields complex IV which, in spite of having the same I-
centroid distance of 3.742 A of complex IlI, is characterized by
a slightly lower B, value (13.1 kJ/mol) with respect to the
former. The most disfavoured orientation is the vertical one
corresponding to complex Il which is characterized by a B,
value (6.7 kl/mol) that is same as that of the complex with
iodide anion.

As far as the possibility of a charge transfer process is
concerned, the results of our natural population analysis
indicate that almost no charge is transferred from the anion to
tetrazine. For instance, q(I') = -0.99e in complex | while similar
net charges were calculated for the complexes with triiodide
Interestingly, however, the charge
accumulates on the terminal iodine

anion. negative
atoms of I3 while the charge of the central atom is close to
zero. This results suggests that the terminal iodine atoms of |3
are likely favoured to interact electrostatically with the
counter-cations both in solution and in the crystals.
Nevertheless, it is to be underlined that the contacts found in
our models are longer than the sum of the van der Waals radii
and always significantly longer than those found at the solid
state.

To unravel the nature of the intermolecular interactions that
are operative within the I3 complexes both in the solid-state
and in water, we have performed a topological analysis of the
computed electronic charge density of the trimeric (H2L22+)(I3'
), complex displayed in Fig. 4b. The molecular graph obtained
for the geometry corresponding to the crystal structure is
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Fig. 8 Molecular graphs for (a) the H,L2(l3), complex in the molecular crystal and (b) the
same complex after geometry optimization in a continuum water environment. The
values of the charge density at selected BCP(3,-1) are reported (in a.u.) whereas RCPs
and CCPs are not shown. (c) The same complex with two explicit water molecules.
Distances are in A.

concerned with C-H--:I interactions and the fifth one with an
N---l interaction. The latter is likely associated to an anion-m
interaction rather than to halogen bonding interaction since it
occurs in the direction normal to the tetrazine plane which is
populated by m-electrons. The values of the electronic charge
densities at the BCP(3,-1) indicates that the complex in the
crystal is C; symmetric. The binding energy associated to the
interaction of two I3 anions with the dicationic ligand
corresponds to 65.2 kl/mol. Hence, half of this energy (32.6
kJ/mol) corresponds to the interaction of one I3 anion with the
ligand. Upon replacement of both morpholinic arms with
hydrogen atoms, the binding energy associated to the
interaction of one I3 anion to the ligand becomes 10.2 kJ/mol,
which approximately double the mean contribution from the
four CH--:I contacts. This value is slightly lower than those

This journal is © The Royal Society of Chemistry 20xx

shown in Fig. 8a. Each I3 anion interacts with the
deprotonated ligand via five bond paths, four of which are
calculated for complexes Il and IV in Fig. 7. Hence, this result
indicates that the parallel orientation of the I3 anion with
respect to the tetrazine plane is still favoured over the vertical
orientation (complex Il) even when the triiodide anion is
translated away from its centroid.

As above noted, we were not able to get information about I3
complexes in aqueous solution because they are poorly
soluble. To remedy this lack of information, details of the
possible geometry of the complex in water were obtained by
optimization at the IEF-PCM(H,0)-®B97X-D/DGDZVP level of
theory of the trimeric (H2L22+)(I3')2 complex and of the same
system solvated by two explicit water molecules. Both
calculations were followed by QTAIM analysis of the electronic
charge densities. The molecular graph of the DFT-optimized
not solvated complex is shown in Fig. 8b. Each I3” anion is now
characterized by six bond path connecting it to the
diprotonated ligand. The new bond path topology results from
the translation of the I3 anions in opposite directions, toward
the positive ligand charges, nearly oriented along the C-C axis
of the tetrazine ring. In addition to four C-H--:l bond paths,
each I3 anion is now characterized by two I--:C bond paths
connecting the central and one terminal iodine atoms of I3
with the carbon atoms of the tetrazine ring. The increased
number of bonding interactions in this model is in line with the
enhancement of the computed binding energy, by ~10
kcal/mol, from 15.58 kcal/mol to 25.25 kcal/mol. However, it is
noteworthy that, in the solvated system (Fig. 8c), the charge
assisted NH--I hydrogen bonds are lost and replaced by water
bridged bonds, while the I---t and CH--:| interactions still have a
role in stabilizing the adduct.

Conclusions

The conclusions section should come in this section at the end
of the article, before the acknowledgements. Protonated
forms of the tetrazine-based ligand L2 are able to form I, I3, as
well as mixed I'/l;7 anion complexes in the solid state. X-ray
structures of these complexes showed that the anions are
invariably located over the positive electrostatic potential of
the ligand’s tetrazine ring forming anion-mt interactions. In the
I” complex, further noncovalent forces contribute to hold the
anions in place, while in the case of I3 solid complexes,
constituted by alternated segregated planes containing only
protonated ligands and cocrystalized water molecules or only
iodide and triiodide anions forming halogen-halogen contacts,
forces other that anion-mt interactions appears to make a
modest contribution to the anion-ligand association. In the
solid complexes, the triiodide anion displays both end-on and
side-on interaction modes with the tetrazine moieties, the I3
axis being aligned parallel to the ligand axis. DFT calculations
substantiated that the side-on arrangement of I3 over the
tetrazine ring corresponds to the most stable interaction mode
among those computationally explored. Furthermore,
calculations evidenced that, even when the ligand is deprived
of the two morpholinium residues and in the presence of a
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simulated implicit water environment, the tetrazine ring is still
able to promote the association with I and I3, the side-on
orientation of I3, relative to the aromatic ring, remaining the
most stable conformation. The infinite two-dimensional
networks established between I3 and I5/I" anions through I
short contacts makes theses crystalline structures good
candidates to behave as solid conductors. While |I3” complexes
are of very low solubility, the |I' ones are soluble enough to
allow the interaction of I with mono-and di-protonated forms
of L2 to be studied. The stability of the complexes formed with
HL2" and H2L22+ are very similar, the free energy change of
association (-AG°) being in the range 12-13 kJ/mol, in
agreement with previous data® showing that anion
association with L2 in aqueous solution is almost independent
of ligand charge, suggesting that anion-m interactions prevails
over electrostatic attraction. In the case of I3, the formation of
solution complexes was simulated by means of computational
methods that showed the anion lying at short distance over
the tetrazine ring and shifted toward a protonated morpholine
nitrogen to form, this time, a salt-bridge interaction.
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