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The description of supramolecular chemistry as “chemistry beyond the molecule”
(Jean-Marie Lehn, 1987 Nobel Lecture and Gautam R. Desiraju, Nature, 2001, 412, 397)
encompasses the wide variety of weak, non-covalent interactions that are the basis for the
assembly of supramolecular architectures, molecular receptors and molecular recognition,
programed molecular systems, dynamic combinatorial libraries, coordination networks and
functional supramolecular materials. For this issue of Chemistry, the theme of “Supramolec-
ular Chemistry in the 3rd Millennium” attracted eighteen contributions that cover a broad
spectrum of supramolecular assemblies and exemplify the unity of contemporary multi-
disciplinary science, in which organic, inorganic, physical and theoretical chemists work
together with molecular biologists and physicists to develop a systems-level understanding
of molecular interactions.

The issue features two reviews which focus, respectively, on supramolecular metalla-
assemblies combining coordination and hydrogen bonds (Therrien) [1] and uranyl ion
coordination compounds of polycarboxylates (Harrowfield and Thuéry) [2].

Supramolecular interactions are critical to selective binding within receptor molecules
and host-guest chemistry, and several papers illustrate these principles using hydroquinone-
based anion receptors (Gale and coworkers) [3], cucurbit[7]uril (Redshaw and cowork-
ers) [4] and self-assembled n-alkyl-benzoureido-15-crown-5-ethers as selective ion-channels
for K* cations (Barboiu and coworkers) [5]. Dalgarno and coworkers contribute with a
fascinating investigation of cage assembly using p-"Bu-calix[4]arene building blocks [6].
Catalysis carried out within the confines of molecular or supramolecular cages is a topical
area, and Ward and his coauthors describe a beautiful example exploiting a cubic MgLip
coordination cage [7]. The assembly of highly symmetric metal-cyclo-tricatechylene cages
supported within a three-dimensional cubic hydrogen-bonded network is described by
Abrahams and coworkers [8].

The introduction of sulfur atoms into ligands often leads to interesting supramolecular
interactions. For example, close S...S contacts. Carballo, Belén Lago and coworkers illustrate
the different supramolecular interactions that predominate in the structures of the copper(Il)
coordination compounds of two flexible bis-tetrazole organosulfur ligands [9]. Copper(II)
coordination compounds containing Schiff base ligands have been designed by Marques
Netto and coworkers as model systems to realize allosteric behavior by regulating the
equilibrium between monomeric and dimeric species [10].

Supramolecular interactions play a vital role in the assembly of molecular helicates,
and it is therefore fitting that this area of chemistry is represented in this themed issue
— the assembly of enantiopure MyL,4 helicates is described in a study from Turner and
coworkers [11]. Moving from multinuclear helicates to coordination polymers takes us on
to contributions that describe supramolecular assemblies containing trinuclear copper(Il)—-
pyrazolato units (Raptis, Boudalis, Herchel and coworkers) [12] and chloro-substituted
pyrazin-2-aminocopper(l) assemblies featuring hydrogen bond and halogen bond inter-
actions (Mailman, Rissanen and coworkers) [13]. Halogen bonds are a relatively new
addition to the array of supramolecular interactions and also feature in the assembly of
architectures comprising tetrakis(4-(iodoethynyl)phenyl)methane and 1,3,5,7-tetrakis(4-
(iodoethynyl)phenyl)adamantane building blocks (Aakerdy and coworkers) [14]. This
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work nicely illustrates the potential for halogen bonding in the assembly of porous molec-
ular solids. Bourne and coworkers report a series of cobalt- or zinc-based metal organic
frameworks (MOFs) containing pyridylbenzoate linkers [15]. The three-dimensional assem-
blies comprise non-interpenetrated frameworks that retain their structure upon activation
under vacuum, and the study extends to the sorption capacity of the assemblies and their
selectivity for volatile organic compounds (VOCs).

Cocrystallization and polymorphism, respectively, are the topics of articles from Merz
and coworkers [16] and from Baisch, Vella-Zarb and coworker [17]. This latter article
presents an interesting holistic crystallographic study of the antiviral ganciclovir. Baisch
and Vella-Zarb also present the crystal structure of N,N’,N”,N'"'-tetraisopropylpyrophos
phoramide and compare the supramolecular interactions with those found in the solid-state
structures of other pyrophosphoramides [18].

The range of topics in this themed issue of Chemistry illustrates the diverse nature of
the research areas which depend upon supramolecular interactions, and I am grateful to
all the authors who contributed to this issue.

Funding: This research received no external funding.

Conflicts of Interest: The author declares no conflict of interest.
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Abstract: In Nature, metal ions play critical roles at different levels, and they are often found in
proteins. Therefore, metal ions are naturally incorporated in hydrogen-bonded systems. In addition,
the combination of metal coordination and hydrogen bonds have been used extensively to develop
supramolecular materials. However, despite this win-win combination between coordination and
hydrogen bonds in many supramolecular systems, the same combination remains scarce in the field
of coordination-driven self-assemblies. Indeed, as illustrated in this mini-review, only a few discrete
supramolecular metalla-assemblies combining coordination and hydrogen bonds can be found in the
literature, but that figure might change rapidly.

Keywords: coordination chemistry; hydrogen bonds; supramolecular chemistry; metalla-assemblies;
coordination-driven self-assembly; orthogonality; ligands; metal ions

1. Introduction

The preparation and characterization of discrete metal-based assemblies have been the focus
of several research groups. Such metalla-assemblies are obtained by combining metal ions and
multidentate ligands in a pre-designed and controlled manner [1-5]. These supramolecular
metalla-assemblies can be used as sensors [6-8], anticancer agents [9,10], hosts for guest
molecules [11,12], drug carriers [13], mesogens [14,15], or molecular flasks [16,17]. About 40 years ago,
the first coordination-driven metal-based squares (Figure 1), composed of linear diphosphine ligands
and tetracarbonyl metal ions (Cr, Mo, W), were synthesized [18].

)
o W 0
oL -0 kg)
O
A
(CO) P\\O/\P (CO)
o’/
M = Cr, Mo, W

Figure 1. Molecular structure of the first coordination-linked metalla-squares [18].

A few years later, the field really took off with the introduction of 90° square-planar palladium ions,
which are versatile building blocks in supramolecular chemistry [19]. Nowadays, all kind of transition

Chemistry 2020, 2, 565-576; doi:10.3390/chemistry2020034 3 www.mdpi.com/journal/chemistry
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metal ions with different coordination geometries have been introduced in metalla-assemblies, and the
field is flourishing.

Like the field of coordination-driven self-assemblies, hydrogen-bonded self-assembled systems
have received for many years a great deal of attention [20-25]. The directionality, stability, reversibility,
and biological importance of hydrogen bonds have encouraged research groups to use hydrogen-bonded
motifs to construct supramolecular assemblies. An appropriate selection of donor and acceptor groups,
in a pre-organized fashion, can control the strength and geometry of the designed supramolecular
structures, and accordingly, allow the formation of two-dimensional and three-dimensional assemblies.
Nowadays, the degree of sophistication has reached an incredible level, far beyond the simple
DNA helices, and beautiful examples are published at a regular pace with different applications
in mind [20-25].

In the field of materials science, coordination and hydrogen bonds have been joint to generate
polymers, dendrimers, and other supramolecular assemblies [26-32]. An early example of such
materials comes from the group of Reinhoudt, in which a barbituric acid entity was coupled to
palladium-based metallo-dendrons to generate metallo-dendrimers [33]. In these systems, the barbituric
acid residue forms a rosette type structure via hydrogen bonds, while the supramolecular network
is further extended by the dendritic arms: The two functions are linked together by coordination
chemistry. Following this pioneer report, similar combinations have been used to develop coordination
and hydrogen-bonded materials [26-35].

Surprisingly, despite this relative popularity, the combination of coordination and hydrogen
bonds to form discrete supramolecular metalla-assemblies remains scarce. Most examples are limited
to cyclic and planar entities (one and two dimensions), and only recently, systems showing cavities and
cage-like structures (three dimensions) have appeared in the literature. These hybrid self-assembled
systems involving coordination chemistry and hydrogen-bonded interactions to form discrete entities
are presented and discussed in this short review, thus showing the great potential of combining
coordination and hydrogen bonds to develop new supramolecular metalla-assemblies.

2. Planar and Macrocyclic Assemblies Exploiting Coordination and Hydrogen Bonds

In crystal engineering, the combination of metal ions and hydrogen bonds has been extensively
explored [36], and the first examples of discrete coordination and hydrogen-bonded systems were
probably inspired by solid-state chemistry. Joining several metal-based chromophores is needed for
the preparation of light-harvesting systems, however, to better understand the electronic pathway and
metal-metal communications involved in such systems, having a dinuclear compound can be more
appropriate. With that in mind, the groups of Ward and Barigelletti have studied the electronic energy
transfer process between metal-polypyridyl complexes linked by complementary hydrogen-bonded
groups [37,38]. Bispyridyl ligands functionalized with nucleobases were synthesized and used to
connect two metal ions, see Figure 2.

Figure 2. Cationic hydrogen-bonded dinuclear systems showing metal-metal energy transfer [37].
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The relatively high binding constant of the nucleotide base pairs and the nature of the
dinuclear systems have suggested that the energy transfer occurs, even in solution (CH,Cl,), via the
hydrogen-bonded interface.

A similar bis-thodium complex has been synthesized [39], and a single crystal X-ray structure
analysis has confirmed the dimeric nature of the system (Figure 3). Interestingly, upon coordination
to the rhodium pentamethylcyclopentadienyl unit, the hydrogen bond pairing between two
7-diphenylphosphino-1H-quinolin-2-one ligands is not disturbed. Diffusion-ordered NMR spectroscopy
in CD,Cl, shows that the dimeric structure is stable in aprotic solvents.

Figure 3. Dimeric structure of a hydrogen-bonded bis-rhodium complex [39].

Other dinuclear systems have been prepared, in which a combination of coordination and
hydrogen-bonded interactions were used. For instance, a platinum-based dimer has been prepared in
view to synthesize higher nuclearity systems [40]. Unfortunately, the self-complementary quinolone
hydrogen bonds were too weak compared to the 7-stacking interactions of the ligands, thus forming in
solution a coordination macrocycle instead of a hydrogen-bonded tetranuclear system (Scheme 1).

PEty T4+
o)
Co
PEt { NH PEt3
- PEt
NG YeSe g
of Wlsn
PEG '  NH PEt;
PEt. Pt—
Lo NS O N/

Pt—NO PEt
| 3 ‘ - 3
PEt;

PEt 4+
+ 4 ] 3
< ay
- —
Rt—NO; N Yo | OHN_ ) PEt3
PEt; H X PR  NH--C /\ PEt;
. il
i) OHNg@ x
__> PEts < \ 7
PEt N-H-—-C
L))

PEt,

Scheme 1. Self-assembly of a coordination macrocycle (top) over a tetranuclear hydrogen-bonded
system (bottom) [40].

Quinolone-based ligands were also used with octahedral metal center. Indeed, a dinuclear
rhodium-based complex was obtained by reacting [Cp*RhCly], (Cp* = pentamethylcyclopentadienyl)
with 7-diphenylphosphino-1H-quinolin-2-one in a 1:2 stoichiometry [39]. The cationic dinuclear
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complex (Figure 4) is stable in solution (CD,Cl;), and NMR studies suggest that no dynamic behavior
(assembly-disassembly) is occurring at room temperature in aprotic solvent. As emphasized in
Figure 4, strong -7t stacking interactions take place, which increases the stability of the macrocyclic
structure. Analogous dinuclear systems were obtained by reacting [(para-cymene)RuCly], with
1-(4-oxo-6-undecyl-1,4-dihydropyrimidin-2-yl)-3-(pyridine-4-ylethyl)urea (UPy-L) in a 1:2 fashion [41].
The neutral complex (Figure 5) is stable under ESI-MS (electro-spray ionization—mass spectrometry)
conditions. The dinuclear complexes were also incorporated in tetranuclear systems, in which the
UPy-L units were parallel to each other to generate metalla-rectangles [42].

N
&
S
&

Cl

Cl

Figure 5. A dinuclear complex incorporating piano-stool complexes and derived-ligands allowing
hydrogen-bonded assemblies [41].

Two-dimensional assemblies with more than two metal ions have also been synthesized, using
for example square-planar complexes. Tetranuclear and hexanuclear platinum-based metalla-cycles
were prepared by Rendina and his coworkers [43]. The nicotinic acid pair acts as a 120° bridging
ligand, and upon coordination to trans-bis(diphenylphosphine)platinum units, it forms a dinuclear
sub-unit that can be coupled to other bidentate ligands. In combination with a 180° bidentate
spacer (4,4’-biphenyl), a hexanuclear metalla-cycle is obtained (Figure 6A), while in combination
with a 120° bidentate ligand (4,4’-benzophenone), a tetranuclear metalla-cycle is isolated (Figure 6B).
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When iso-nicotinic acid is used instead, oligomeric and polymeric species are formed, demonstrating
the importance of ligands and metal ions geometry for the preparation of discrete metalla-assemblies.

PPh PPh3
|
N F‘>t Pt Ny 0
PPhs PPhy "
PhsR PPh,
L PEL A
[ N PPh, PP N
*0 O, -
\ / () (oge} 0" o
\ _PPh, PRSPt " ; B " ;
PhsP” e, 0,0 ONge}
zZ ] zZ
PPh; PhsR, |

N
NS

Pt
_PPh PhsF’\ PhyP PPh;
PhsP” e _\ PPhg
O w °
—/ O-HC

Figure 6. Hexanuclear (A) and tetranuclear (B) metalla-cycles built from nicotinic acid and square-planar
platinum ions [43].

Hydrogen-bonded dimers of para-pyridyl-substituted 2-ureido-4-1H-pyrimidinone and cis-coordinated
palladium complexes have been combined to afford a tetranuclear metalla-cycle [44]. In solution (CDCl3),
a mixture of a metalla-square (Figure 7) and a metalla-triangle was observed. Atlow concentrations (1 mM),
the triangular assembly is favored, while at higher concentrations, the amount of the square-like structure
is increasing significantly. This study confirms that the nature of metalla-cycles can be controlled by steric
factors, by the solubility of the final entity, and by the geometry of the different building blocks.

R R
Ci1l2s /Pd\ C11H23
— —N N= —
HN =0 o= NH
Q=N AS\:/) Q H N o
Ny N Ny NH
NoOHO N JNH N
H, N— 0 =N H
/N o /N
o= NH HN =0
R N= — — =N
\Pd/ CiHzs CiqHzs \Pd/R
R/ \ Ci1Hz23 Cq1H23 Va \R
N= — — =N
\ / o= NH HN )=0.
H N= O o )=N v 7
H
N H N—{ N HON
F yN o N
d .

C1qHz3 \pC{ Cy1Ha3

Figure 7. Molecular structure of a palladium-based tetranuclear assembly [44].

The same para-pyridyl-substituted 2-ureido-4-1H-pyrimidinone hydrogen-bonded dimer was
used to construct tetranuclear arene ruthenium metalla-rectangles [42]. NMR spectroscopy and
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DFT calculations showed that the formation of the hydrogen-bonded assembly results in an
energy gain of AE = —146.8 k] mol~!, thus confirming the stability in solution of these multiple
hydrogen-bonded assemblies.

The melamine—cyanuric acid (barbituric acid) pairing is among the most studied hydrogen-bonded
system [45-48]. Rosette-type and tapelike structures can be achieved by the controlled functionalization
of the sub-units [49,50]. Steric groups will favored the formation of discrete rosette-type structures,
while small and highly soluble groups will increase tapelike structures. Therefore, in view to obtain
discrete metal-coordinated rosette-type systems, a series of pyridyl-functionalized cyanuric acid [51]
and melamine [52] derivatives were synthesized. Coordination of arene ruthenium complexes to the
pyridyl groups has generated trinuclear (Figure 8A) and hexanuclear (Figure 8B) rosette-type assemblies.
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Figure 8. Examples of trinuclear (A) and hexanuclear (B) rosette-type metalla-assemblies [51,52].

The use of metalated nucleobases has been another approach in supramolecular chemistry that
combines coordination chemistry and hydrogen bonds [53-59]. In such systems, the natural pairing of
nucleic acids is replaced by metal-mediated base pairs, which allows the generation of hybrid DNA
structures. Various applications have been foreseen for these derivatives (sensing, expending the
genetic code, forming nanoclusters or nanowires, DNA technology) and they have been the subject of
many reviews [53-59]. Therefore, this abundant literature will not be covered here, and the readers who
are interested in that particular area are encouraged to refer to these reviews to complete the discussion.

3. Cage-Like Assemblies Exploiting Coordination and Hydrogen Bonds

Several supramolecular capsules built by a combination of two functionalized C; symmetrical
calix[4]arene cavitands have been synthesized by Yamanaka and his coworkers [60-62]. In these
systems, the two capsules are linked by two metal ions and two pairs of hydrogen bonds (Figure 9).
The size of the calix[4]arene and the length of the functional groups (hydrogen-bonded derivatives and
pyridyl groups) dictate the size of the cavity. In some cases, the cavity is filled by an anion, while in
other systems, a guest molecule is trapped. The guest exchange dynamics are linked to the nature of
the anions used, and their ability to generate conformational changes by disrupting the intramolecular
hydrogen-bonded system.
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Figure 9. Hybrid capsules built from two functionalized calix[4]arene cavitands [62].

The conical-shape of calix[4]arene was also used to generate giant uranyl-based cages [63].
In these systems, hydrogen bond interactions are exploited to ensure that the calixarene carboxylate
ligands adopt a stable and symmetrical conformation, which ultimately forces the carboxylate anion
to coordinate to the uranyl cation (UO,2*) in a controlled manner. This strategy has allowed the
formation of several discrete icosahedral cage-like structure (Figure 10), in which the metals are not
located at the corners or edges of the assemblies, and for which the cavity of the large anionic capsule
is relatively well shielded.

The cooperative action of coordination bonds and quadruple hydrogen-bonded interactions has
allowed the synthesis of tetrahedron cage-like structures [64]. The symmetry, size, and nature of the
assembly are linked to the flexibility of the ligands, the choice of the metal ions (Hg?*, Fe?*, Zn?*) and
the conditions used (solvent polarity, concentration, anion, temperature). In the iron(II) derivatives,
the quadruple hydrogen-bonded units are linked to 2,2"-bipyridyl group, to produce a tetrahedron
cage-like structure (Figure 11). Stability studies have showed that protic solvents (DMSO, H,O) initiate
the disassembly of the cage-like structure. However, some derivatives show remarkable stability in
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polar solvents, and even in the presence of coordinating competing agents, thus suggesting that these
capsules can be used as reactors for catalytic reactions.

Figure 10. Molecular structure of a hexameric cage-like structure built from six calix[4]arene carboxylates
and eight uranyl cations [63].
_‘ o

R=H, CH; C3H7, Cq4H23
R = 3,4,5-tridodecylcyclohexylphenyl

Figure 11. Molecular structure of a hydrogen-bonded tetrahedron cage-like system [64].

The nature of the metal ion was also a critical point when dealing with these quadruple
hydrogen-bonded units linked to 2,2"-bipyridyl ligand [64]. Replacing Zn?* or Fe?* with Hg?* not only
modified the stability, but also the overall geometry. The large ionic radius of Hg?* provides a wider
separation of the coordinated 2,2’-bipyridyl ligands, thus allowing the quadruple hydrogen-bonded
units to stack on top of each other and to form a triple decker system (Figure 12). The helicate structure
is less stable than the tetrahedron systems, as the coordination energy of 2,2’-bipyridyl to Hg?* remains
relatively weak compared to Fe2*.

10
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Figure 12. Dinuclear mercury-based hydrogen-bonded helicate [64].

4. Conclusions

As pointed out here, as well as in several reviews and publications [26-35], allowing two or
more non-covalent interactions to take place simultaneously can be quite challenging (orthogonality
concept) [30]. To be successful, a compatibility between the hydrogen-bonded and coordination
interactions is essential, as individually they show different solubility, different flexibility and different
stability. Moreover, to form a discrete supramolecular metalla-assembly, the ligands and the hydrogen
bonded units should not compete for the metal ions, and they should cooperate. Therefore, it is
not so surprising that so far the number of discrete metalla-assemblies combining coordination and
hydrogen bonds remains limited. Nevertheless, we can assume that considering recent progress in the
understanding on how such orthogonal concepts can be applied to supramolecular systems, and how
innovative strategies have recently emerged in the field, that soon, we will see more of these discrete
supramolecular metalla-assemblies.
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Abstract: Consideration of the extensive family of known uranyl ion complexes of polycarboxylate
ligands shows that there are quite numerous examples of crystalline solids containing capsular, closed
oligomeric species with the potential for use as selective heterogeneous photo-oxidation catalysts.
None of them have yet been assessed for this purpose, and some have obvious deficiencies, although
related framework species have been shown to have the necessary luminescence, porosity and, to some
degree, selectivity. Aspects of ligand design and complex composition necessary for the synthesis
of uranyl ion cages with appropriate luminescence and chemical properties for use in selective
photo-oxidation catalysis have been analysed in relation to the characteristics of known capsules.

Keywords: uranium(VI); carboxylates; capsules; structure; luminescence

1. Introduction

Intensive research over the past few decades has been devoted to the synthesis of crystalline
cavity-containing, framework, and coordination polymer species of a porous nature suited to the
storage, immobilisation, sensing, or reaction of a wide variety of substrates of environmental and
economic importance [1-15]. (The references cited here are a somewhat eclectic selection intended
to illustrate the range of chemistry involved, rather than to be comprehensive, which is far from the
case.) This has resulted not only in real advances towards practical objectives in gas storage [1,5,16,17]
but also in unanticipated developments such as that of the “crystalline sponge” method [18,19] of
determining the molecular structures of molecules otherwise difficult to crystallise. While metal ions
clearly have a fundamental role in determining the structure of these materials, of equal importance is
that they endow the solids with functionality specific to the given metal ion. One such function is
that of photoactivity, a property which may have various manifestations [2,8], but which in the case of
uranium(VI) as uranyl ion, UO,%*, derivatives, is anticipated to be that of photo-oxidation catalysis,
long known in their solution chemistry [20-22].

Although photocatalysis by metal-organic framework (MOF) systems in particular could be
described in 2017 as a “largely unexplored field” [23], it has rapidly become a popular area of
study [24]. Investigations of hetereogeneous photocatalysis by uranyl-containing solids [25-35],
however, have remained largely limited to those of oxidative destruction of environmental pollutants or
to basic mechanistic work, although water splitting has been frequently cited as a possible application.
Selectivity of these reactions has not been a major focus and in some early instances [34] would
be expected to have been determined by the nature of the preformed support upon which uranyl
centres were immobilised. Given that the use of a radioactive material would pose problems in any
large-scale application for environmental remediation or water splitting, an alternative, more appealing
prospect is that of selective photochemical synthesis within cavities of a porous uranyl complex crystal,
a prospect which parallels what has already been realised for synthesis in general with other metal
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ion derivatives [2,36-38] and which is rendered worthy of wider investigation by the observation of
selective incorporation of various materials into the cavities of some known uranyl ion coordination
polymers [39-45].

In general, polycarboxylates, often in the company of aza-aromatic species, are the most
important class of ligands giving rise to coordination polymers, metal-organic frameworks, and closed
metallo-clusters [1-14,46]. This is particularly true of uranyl ion containing systems [30,47-51], and it
is for this reason that the present report is focussed upon uranyl polycarboxylates, though this is not to
say that less-investigated species such as, for example, those based on polyphosphonates [52-55] are
not of equal potential interest. We do note, however, that while uranyl ion photocatalysed oxidation of
carboxylic acids is a long known reaction [20,21], it is slow and there is little evidence that the synthesis
of uranyl carboxylates [49] is significantly influenced by it, so that the extraordinary variety of known
carboxylate systems is open to exploration. With the particular objective of defining possibly more
efficient pathways to photoactive closed uranyl-polycarboxylate oligomers, expected to be the most
stringent form of receptor, we present an analysis of both positive and negative aspects of the crystal
structures and composition of currently known system.

2. Discussion

The first closed uranyl polycarboxylate oligomer to be structurally characterised [56]
was that formed by a monoester derivative of the cistrans stereoisomer of
1,3,5-trimethylcyclohexane-1,3,5-tricarboxylic acid in its dianionic form (L27) and with the
composition (HNEt3)g[(UO;)s(L)s(0,)4]-5CHCl3-16H,O-6CH30H (A, CSD refcode GOPVUC).
The box-like, octa-anionic oligomer found in this structure (Figure 1) defines a cavity large enough to
accommodate two triethylammonium cations and (partly) two chloroform molecules, indicating that
small molecule reactions within the cavity could be possible provided the cations could be replaced by
reactive species. It also has features found in many other uranyl complexes in that the carboxylate
groups are bound as k20,0’ chelates and the peroxide ligands act as bridges to produce convergent
U(O7)U units. The adventitious presence of peroxide in the complex is not an unusual observation
in uranyl ion coordination chemistry and detailed studies [57,58] have led to its rationalisation as
a result of photochemical reduction of uranyl ion by water or organic substrates (such as methanol) to
give U(V), which subsequently reacts with atmospheric oxygen to give peroxide. The bent form of
the U(O,)U unit is favourable for the formation of a closed species and this effect is spectacularly
exemplified in the extraordinary family of cages formed by uranyl ion in the presence of peroxide
ion and various co-ligands such as oxide, hydroxide, nitrate, phosphate and other simple oxyanions,
a family known to extend up to a multi-compartmental cage built from 124 uranyl units [59,60].
The presence of bound peroxide on uranyl ion, however, has the unfortunate consequence that
uranyl ion emission, with its characteristic multiple vibronic components [21,61], is quenched, though
ligand-centred emission is observed in some cases [58,62].
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(a) (b) (0

Figure 1. (a) A perspective view of the octa-uranate cage present in the crystal of complex A, showing
the included triethylammonium ions and chloroform molecules but not the ester groups on the ligand;
(b) The complete ligand, with its ester group; (c¢) The bent OgU(O,)UOg unit present in the complex.
H-atoms were not included in the structure. (Colour code: grey = C, blue = N, red = O, green = Cl,
yellow = U.)

Thus, the [(UO,)s(L)g(0y)4]8 cavity must be considered unsuitable for photocatalysed
oxidation reactions involving the excited UO,2* jon. The same conclusion must be drawn
in relation to the octanuclear uranyl cage (Figure 2), found in the complex of composition
(HNEt3)g[(UO,)g(Hpbcat)4(0;)s]-22H,0, (B, CSD refcode QAGCOR) [63], obtained with a bis-catechol
ligand in its doubly deprotonated form (Hybcat?~). The origin of the peroxide ligands is presumably the
same as that of peroxide in complex A, although any loss of uranyl emission (not actually demonstrated)
here could be due to the phenoxide ligands, similar highly coloured but non-emissive complexes being
well known for the calixarenes [64]. (UO;)4(O5)4 units form two bowl-shaped entities that provide
caps to the cage. That the estimated internal volume [63] of the cage in B is less than that of the cavity
in A may explain why only water molecules are found within and the triethylammonium counter
cations are located externally, being involved in H-bonding to peroxo-O atoms.

(b) (©

Figure 2. Perspective views of (a) the octanuclear cage found in the crystal of complex B, showing the
oxygen atoms of the two included water molecules (H-atoms not located) and the external location of
triethylammonium ions; (b) the capping unit of the cage formed by 4 uranyl ions bridged by 4 peroxide
ions and (c) the bis(catecholate) ligand linking the capping units. H-atoms on C are not shown.

The same limitation to its utility must be applied again to the more recently described
cavity-containing complex obtained through reaction of uranyl nitrate with a dicarboxylate derivative
of calix[4]pyrrole (cpdcz’) to give a product of composition [(UO,)4(cpdc)s(O2)21(pyH)s-4dmf, (C,
CSD refcode IDOKIY; dmf = dimethylformamide) (Figure 3) [65]. Interestingly, the capsular form of
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the [(U02)4(cpdc)4(02)2]4‘ anion present cannot here be attributed to the convergent nature of the
U(O)U units, since these are not centred on a common point, and must instead be a consequence of
the convergent array of the carboxylate substituents of cpdc?~. While the dimensions of the cavity
in C are similar to those of that in A, with four small molecules/ions found in each cavity, in C the
occupying species are all neutral, disordered dmf, with the pyridinium counter cations being confined
to the exterior of the cavity by insertion into the calixpyrrole cups. A means of controlling the species
entering an anionic cavity, differing from that seen in complex B, is therefore evident. In this regard,
it should also be noted that the anionic capsules in C form stacks parallel to the a axis so as to define
a narrow channel, a structure which could be regarded as suitable for the insertion through several
capsules of a long molecular chain species or simply as a pathway for small molecule entry into the
cavities. Another significant aspect of the synthesis of complex C is that it appears to form via the
intermediacy of a photoactive [(UOz)z(deC)glz_ anion, also considered likely to be capsular, though
not characterised as such crystallographically. Such a capsule might be too small to be useful as
a molecular flask for photo-oxidation of molecules larger than water (see ahead).

Figure 3. (a) A perspective view of the tetranuclear cage present in complex C (4 disordered dmf
molecules included are not shown) showing the opposed bending of the U(O,)U units; (b) A view down
one column of cages showing the rather constricted channel formed. (Dmf molecules, which do not
block the central region of the channel, are again not shown.); (c) perspective view of the disubstituted
calixpyrrole ligand.

The structure of complex C provides far from the first example of a uranyl ion complex where there
are enclosed channels which might engender porosity in the crystal, a simple early example being that
of the chiral tubes (Figure S1) defined by helical polymer chains in [UO,(dipic)(OHy)] [66] (CSD refcode
PYDCUGQ; dipic = dipicolinate = pyridine-2,6-dicarboxylate), although here it seems that the inner space
of the tube is too small even to include water molecules and it is unoccupied. Many other “nanotubular”
species (not all based on carboxylates) have since been characterised [47,67-76], their significance
lying not only in their possible suitability as reaction vessels for the synthesis or oxidation of long,
linear molecules but also, relating to the focus of the present discussion, as channels which might be
used to link and provide access to capsular reaction vessels. The objective here would be the creation
of uranyl ion-based structures analogous to those of zeolites and mesoporous silicas, an objective,
which despite an early success [77] (discussed ahead), has been attained in but a few instances [42-44].
An intriguing comparative consideration here is that of the relationships between graphite, fullerenes,
and carbon nanotubes, since a common feature of the crystal structures of anionic uranyl ion complexes
of dicarboxylates is the presence of diperiodic honeycomb layers with a hexagonal form similar to that
of graphite [42,47-49,78]. While the appropriate choice of ligand has certainly enabled this tendency
to be overcome, the actual outcome has proved difficult to predict, as is well illustrated by various
investigations of the dianion of camphoric acid as a ligand for uranyl ion [79-82].

(1R,3S)-Camphoric acid (Hpcam) is a readily available, chiral dicarboxylic acid with the desirable
feature that it can provide two carboxylate groups oriented such that although they are too far apart to
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simply chelate a single metal ion, they can be convergently arranged so as to favour closed oligomeric
complex units. Thus, a U(camphorate)U unit can adopt a form equivalent to that of the U(O,)U
unit considered above, although the equivalence is inexact in that the carboxylate groups need not
necessarily adopt k*0,0’ chelation and rotation about the C—CO,~ bonds can occur. In the neutral (1:1
uranyl:dicarboxylate) complex [UO,(cam)(py)2]-py (py = pyridine), (D, CSD refcode PENFIY) [82],
the uranium is 8-coordinate with the pyridine ligands in trans positions and although the cam?-
ligands bind as bis(k>0,0") chelates and have a convergent form, they are only present in sufficient
number to link uranyl centres into chains or rings. Thus, what is found is that the complex is a 1D
zig-zag polymer (Figure 4a) rather than a metallacycle, perhaps as a consequence of the pyridine
ligands forcing the carboxylate units to be as remote as possible in the uranium coordination sphere.
With methanol as the co-ligand rather than pyridine in [UO,(cam)(CH30OH)]-CH30H, (E, CSD refcode
PENFOE), the uranium is now 7-coordinate and the crystal contains diperiodic sheets involving fused
8- and 32-membered metallacyclic units where each cam?~ binds to three uranium centres with one
carboxylate forming a k20,0’ chelate and the other forming a p?-k!0,k! O’ bridge (Figure 4b). Since the
2~ conformation is very similar in both complexes, it is apparent that this cannot be the only factor
controlling the structures. One obvious additional influence is the coordination mode of the carboxylate
units, as well-exemplified in the 1:1 complexes of uranyl ion with cyclobutane-1,1-dicarboxylate,
where both 4- and 6-membered chelate rings form part of a simple binuclear species (CSD refcode
PENFEU) [82], and with (2R,3R 45,55)-tetrahydrofurantetracarboxylate, where 7-membered chelate
rings are found in metallamacrocyclic oligomers possibly of sufficient depth to accommodate small
molecules (CSD refcodes IZOHEK and IZOHIO) [83].

cam

(a) (b) (c)

Figure 4. (a) Section of the monoperiodic chains found in the crystal of complex D; (b) partial view of
the diperiodic sheet found in the crystal of complex E; (c) perspective view of the camphorate ligand
present in both.

When uranyl ion and Hycam are reacted in the presence of 1,4-diazabicyclo[2.2.2]octane (DABCO),
however, the bent arrangement does appear to have the desired effect in that in the crystal of
[(UOy)s{(cam)1,Hg}]-12H,O, (F, CSD refcode MUNKOW), an octanuclear cage species (Figure 5a) with
both carboxylate groups bound in the 4-membered, k20,0’ chelate mode, is found [81]. This chiral
cage has quite large portals and its packing in the crystal results in facing arrays which define channels
indicating it might well have 3-dimensional porosity, although this property has not been established.
As a neutral species, the cage might be expected to be able to encapsulate neutral small molecules but
the resolved water molecules of the structure are found either on the faces of the cages or in between
cages, where H-bond acceptor sites are most abundant. That the cage has significant stability is
indicated by the fact that it can be crystallised in its fully deprotonated form as Ba(II) [81] and K(I) [80]
derivatives (CSD refcodes MUNKUC and LIYRAO), although here the channels are now blocked by
the counter cations. This could mean, nonetheless, that the complexes might be used as ion-exchange
materials but the fact that in the presence of NH;* and CH3PPh3* cations, camphoric acid and uranyl
ion react [79] to give crystals of composition [CH3PPh3]3[NH4]3[(UO;)s(cam)q], (G) (CSD refcode

19



Chemistry 2020, 2

JIVBOI), containing a hexanuclear cage complex (Figure 5b) in which a phosphonium cation occupies
the cage, indicates that any such capacity would be limited. It also must be noted that although
luminescence measurements have not been made on all these complexes, where they have [79,80],
uranyl ion emission appears to be largely, if not completely quenched, indicating a limited potential
for photo-oxidation catalysis. In some instances, while uranyl ion emission is not observed or is
weak, broad-band emission of obscure origin is observed, providing yet another indication that the
photophysics of uranyl ion complexes in the solid state is yet to be fully understood [61,84,85].

(@) (b)

Figure 5. Perspective views of (a) the octanuclear cage found in the crystal of complex F, with the
oxygen atoms of water molecules (H-atoms not located) associated with a cage portal shown as violet
spheres); (b) the hexanuclear cage, with associated [MePPh3]* cations, found in the crystal of complex
G (P atoms in violet; carbon atoms of the included cation are shown in black).

Structural characterisation [86-89] of uranyl ion complexes of dicarboxylate ligands rather closely
related to camphorate, adamantane-1,3-dicarboxylate (adc?~) and adamantane-1,3-diacetate (ada®~) has
further exposed the variety of influences determining their nature in the solid state. Thus, the ligand with
the closer similarity to camphorate, adc?”, reacts with uranyl ion in a 1.5:1 (ligand:metal) ratio to give
not a closed, cage complex but a triperiodic network, of composition [HyNMe;],[(UO;),(adc)3]-1.5H,0,
(H, CSD refcode ZOZCIC), in which channels (Figure S2) are occupied by dimethylammonium cations
(formed by hydrolysis of the dimethylformamide cosolvent), even though the ligand is again bound in
a bis(k>0,0") mode [89]. When Cu(Il) replaces the dimethylammonium cations, a triperiodic network
is again formed but it is one involving diperiodic polymers of [(UO,),(adc)3]?~ units linked by Cu(II)
bridges involving Cu-O(carboxylate) bonding which disrupts the uranyl-carboxylate interactions,
so that the ligands function only as bis(<! O) donors to uranium (CSD refcode ZOZDID). The effects
of other metal ions on uranyl-carboxylate complex structures are so varied as to require separate
analysis but one untoward effect which must be noted here is that it is common to find that the
presence of the hetero-metal ion leads to quenching of uranyl ion emission [61,85,90,91], as in fact
is complete in the present instance probably because of the close proximity of the Cu and U centres.
With ada®~, a complex of similar stoichiometry to H, of composition [H,NMe;],[(UO,),(ada);]-1.5H,0,
(I, CSD refcode IHOGIX) [88], can be isolated in which sheets of rather convoluted diperiodic
polymer (Figure S3) are present, with the conformational freedom resulting from the presence of
the CH,—-CO,— bonds seemingly allowing the carboxylate units of one ligand unit to adopt more
divergent relative orientations than those in the adc?~ units of H, even though the ligand is bound
as a bis(k*0,0’) species. In the complex [HyNMe;][PPhsMe][(UO,),(ada)3]-H,O, (J, CSD refcode
YEXDIR) [87], where methyltriphenylphosphonium has replaced one dimethylammonium cation
of I, one of the 3 inequivalent units adopts a completely divergent arrangement of its carboxylate
groups and diperiodic polymer sheets with a distorted honeycomb topology (Figure S4) are formed,
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all three ligand units still being bound in the bis(k20,0") mode. When the (formal) ion exchange
is complete for the 1:1.5 U:adc system as in [NHy]z[PPhys]2[(UO;)s(ada)s]-HoO, (K, CSD refcode
YEXDA]), and [NHy4]>[PPhzMe],[(UO,)4(ada)s]-HoO, (L, CSD refcode YEXDEN), an essentially identical
tetranuclear, metallatricyclic cage species is now found in both (Figure 6). Of the six ada®~ ligands
in a cage, four have a convergent array of carboxylates and two a divergent array, although all six
behave as bis(Kz0,0’) chelates. While the ammonium ions are H-bonded to the exterior of the cage,
the phosphonium cations and particularly the [PPhsMe]* species partly occupy the interior through
CH--O interactions and it is not evident that the cage could accommodate other molecules or that any
exchange could occur without transformation of the cage. The dependence of the structure of complexes
based on 1:1.5 uranyl:ligand units on the counter cation is further illustrated in the structures [86] of
[PPhy]o[(UO;),(adc)3]-2H,0, (M) (CSD refcode GOTPAJ), and [PPhy]o[(UO;),(ada)3], (N) (CSD refcode
GOTPIR), where very similar 1D, trough-like polymers (Figure S5) are present. The cavities defined by
these troughs are occupied by the counter cations, so that once again, although these complexes are like
other monometallic uranyl complexes of both adc?~ and ada®” in showing uranyl ion luminescence,
they do not offer any obvious prospect of being useful for photo-oxidation catalysis.

(b) (0

Figure 6. The near identical macrotricyclic, tetranuclear cages, along with their nearest phosphonium
cations, found in the crystals of (a) complex K and (b) complex L; (c) one conformation of the adc?~
ligand found in these complexes.

Where conformational restrictions are somewhat diminished compared to camphor or adamantane
derivatives in the cis and trans isomers of 1,2-cyclohexane dicarboxylates ccdc?~ and tcdc?”), tetrahedral
cage species based on UO,(k?>0,0’-carboxylate); apices have been obtained for the trans isomer and
an octanuclear cage for the cis (complexes O and P, Figure 7, CSD refcodes WANKAA and LICNIX,
respectively) [92-94]. Broader investigations [95-97] of the uranyl ion complexes of these ligands
have shown that these particular results are due to the choice of counter cation for the anionic
oligomers, although the range is quite wide for the tetranuclear cages from the trans isomer and it
has been suggested that the cage may be the favoured form for the stoichiometry 1:1.5 U:ligand [92].
These tetranuclear cages are luminescent and uranyl-O atoms, potentially sites for photoreaction [21],
are directed towards the interior, but the internal space of the cage is too small to accommodate any
molecule of real interest. The octanuclear cage derived from the cis isomer has a near-cubic array
of U centres with one oxygen on each directed towards the interior and four involved in H-bonds
to an encapsulated ammonium ion, and could be expected to be suitable for the inclusion of small
molecules, although unfortunately it shows very weak luminescence.
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(b)

Figure 7.  Views (a) of the tetranuclear, tetrahedral cluster found in the structure of
[NH4]4[(UOy)4(tcdc)g], O and (b) the octanuclear, near-cubic cage found in the structure of
[NH4][PPhy][(UO;)s(ccde)g(H20)6]-3H, O, P.

Although the examples given above show that conformational restrictions in dicarboxylate
ligands do have some influence on the structure of their uranyl ion complexes, it is worthy of note
that even conformationally highly flexible aliphatic o,w-dicarboxylates [98,99], which typically give
diperiodic coordination polymers [98], can be induced to form anionic cage oligomers of helical form
(helicates) in the presence of particular counter cations [99]. Thus, in the presence of [Co(bipy)g.]zJr or
[Ni(bipy)g;]2+ (bipy = 2,2’-bipyridine), uranyl ion and 1,7-heptanedicarboxylic acid (H,C9) react to give
isomorphous crystals of composition [M(bipy)3][(UO2)2(C9)3] (M = Co and Ni, CSD refcodes DACGIA
and DACGOG, respectively), while with [Mn(phen)3]** or [Co(phen);]** (phen = 1,10-phenanthroline)
and 1,10-decanedicarboxylic acid (H,C12), isomorphous [M(phen);][(UO;)2(C12)3] crystals result (Q,
CSD refcodes DACGUM and DACHAT for Mn and Co, respectively). The anionic capsules present
(Figure 8) are small, with an internal space partly occupied by the aza-aromatic ligands on the counter
cations and with little space for any guest. As the U--U separations (~7.5 A) in these species are
very close to that in complex C described above, this is taken as an indication that the supposed
[(UOZ)Z(dec)g]z_ precursor to C would also lack the capacity to act as a reaction vessel.

Recognition of the fact that four carboxylate groups disposed on a scaffold such that they are
tetrahedrally oriented provide two orthogonal, bent dicarboxylate entities leads to the expectation
that an appropriate such ligand could be used to provide linked cavities within a triperiodic
framework polymer. This expectation was first realised (fortuitously) in the synthesis of the
uranyl ion complex of the trans,trans,trans isomer of 1,2,3,4-cyclobutanetetracarboxylate (cbtc4‘)
formed from its cis,trans,cis isomer under solvothermal conditions [77]. Thus, the structure of
the complex [H3O0]»[(UO7)s5(cbtc)3(H,0)6], (R, CSD refcode GOJFAN), contains octanuclear boxes
(Figure 9), where each uranyl centre is bound by three k>0,0’ carboxylate units, linked by tetranuclear
metallacycles where each uranyl centre is bound to two k20,0’ carboxylate units and two water
molecules (in trans positions). Neither the luminescence nor porosity of complex R, nor of the more
recently isolated framework complex [HyNMe;4[(UO;)4(cbtc)s] (similar but of a different topological
type, CSD refcode TOJJAG) [100], have yet been studied but certainly the porosity of the uranyl ion
complexes of fetrakis(4-carboxyphenyl)methane, where a single atom is the source of the tetrahedral
orientation, has been demonstrated [42]. It is of course not essential that dicarboxylate units be
orthogonally directed in order to generate triperiodic structures of linked cavities, as is seen in
the formation of such structures with cis,trans,cis-cyclobutanetetracarboxylate [77] and in the more
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recently studied structures of uranyl ion complexes of porphyrin-derived tetracarboxylates [39] (where
photoreactivity is associated with the porphyrin centres).

Figure 8. Perspective view of the binuclear, triple-stranded, anionic helicate and associated cations
found in the crystal of [Mn(phen);][(UO;),(C12)3], one of the isomorphous complexes Q. (Violet =
Mn; C12 = 1,10-dodecanedicarboxylate; H-atoms and partial disorder of the polymethylene chains are
not shown.)

(b)

Figure 9. (a) Perspective view of the box-like unit, defined by the uranium atoms shown in yellow,
and linked to others through tetranuclear metallacyclic units (not shown) involving the uranium atoms
shown in green, found in the crystal of complex R. Water molecule oxygen atoms within the box are
shown in violet; (b) the tetrahedral array produced by the trans,trans,trans conformation of the ligand.

That convergent polycarboxylates can be used as well to generate capsular structures is
beautifully demonstrated by the structures of the complexes formed by calix[4]- and calix[5]-arene
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carboxylates (e.g., structures S, Figure 10, CSD refcodes YANGUR and YANHAY, respectively) [101].
The cavities formed here are large and can accommodate species as big as tetraprotonated cyclen
(1,4,7,10-tetra-azacyclododecane) in the case of the calix[4]arene tetracarboxylate or several pyridinium
and pyridine species in the calix[5]arene pentacarboxylate derivative, where the estimated effective
volume of the cavity is 7000 A®. Luminescence measurements are not available for these complexes
and a concern is that the presence of the calixarene units may lead to quenching (see above). Since the
capsules are anionic, it is unsurprising that they include cations but this may be a barrier to the
inclusion of neutral potential substrate molecules.

(b)

Figure 10. The (a) octanuclear (S1) and (b) icosanuclear (S2) cages formed from complexation of uranyl
ion by calix[4]arene tetracarboxylate and calix[5]arene pentacarboxylate, respectively. (Figures shown
with depth fading of the atoms.).

Just as bent dicarboxylate units can be seen as possible struts to a uranyl ion capsule, tripodal
tricarboxylates can be seen as possible caps and an obvious candidate for this role is the trianion
of Kemp's triacid, cis,cis-1,3,5-trimethyl-1,3,5-cyclohexane tricarboxylic acid (Hzkta) [102], in its
chair conformation where all three carboxylate groups are axially disposed. In the complex
[Ni(bipy)(OH3)4][(UO;)g(kta)s(OHz)s], (T, CSD refcode POGZIW) [103], the kta®~ ligands do indeed
sit upon the six faces of a near-cubic octanuclear anion, bridging four uranium centres as a result of
two carboxylates forming k' O,k O’ bridges and one forming a k*0,0’ chelate. Once again, the internal
volume of the cage is not great and but a single water molecule, H-bonded to uranyl-O appears to
be encapsulated (Figure 11). Luminescence measurements were not reported but the presence of
Ni(II) in the counter cation raises the possibility that uranyl emission would be quenched, as would
be expected in the case of several heterometallic compounds, some involving the same cage as
just described and other larger aggregates (described in detail elsewhere [47]), characterised [104]
in extension of the initial study. In a further extension [105], however, where luminescence (but
not quantum yield) measurements were conducted on some similar heterometallic complexes of
cis,cis-1,3,5-cyclohexanetricarboxylate (ctc?”), quenching there was clearly not complete, although
a factor here may have been an apparent preference for the triequatorial disposition of the carboxylates
leading to the predominant formation of honeycomb-like diperiodic polymer sheets, just as indeed
observed for kta®~ complexes involving counter cations other than [Ni(bipy)(OH2)4]2+ [104,105].
Both ligands have been shown to form tubular species, with all carboxylate groups axial and additional
Ni(II) cations in the case of Kemp’s triacid, and with all carboxylate groups equatorial in the case
of Hctc™, the latter exemplifying the introduction of curvature into a honeycomb sheet precursor
(CSD refcodes POHPE] and RORROH, respectively). The trianion (kta3") is even found in a boat
conformation in M[UO;(kta)] complexes (M = HyNMe, (CSD refcode QUKLAL) or Cs) [106,107],
rendering the synthesis of complexes of its triaxial chair form more a matter of chance rather than
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design. Nonetheless, that a tricarboxylate constrained to a discoidal form with all carboxylates oriented
so as to favour a planar form of their complex does not necessarily generate diperiodic honeycomb
species and in fact gives a triperiodic complex with multiple large, linked cavities is seen in the
remarkable structure of the uranyl ion complex of 1,3,5-trimethyl-2,4,6-tris(4’-carboxyphenyl)benzene
(CSD refcode UNUNEY) [43,44].

(b)

Figure 11. (a) The octanuclear cage (again shown with depth fading) found in the crystal of complex T;
(b) perspective view of the convergent triaxial conformation of the ligand found in the complex.

3. Conclusions

While the lack of complete luminescence and porosity measurements for known capsular oligomers
of uranyl carboxylates creates some uncertainty as to their potential value as photo-oxidation catalysts,
there seems little likelihood that any would be selective due to their capacity to encapsulate substrates
of moderate molecular size. Practical aspects of application, such as stability under reaction conditions
are also completely unexplored. Geometrical analysis analogous to that applied to other metallacapsule
design [108,109] could of course be used along with the “extended ligand” approach [110] to prepare
ligands suited to the formation of larger cavities, although this involves the danger of generating
interpenetration in the structures, already seen in numerous uranyl coordination polymers [111].
Another potential drawback with most known capsules is that they are anionic and thus favour
interaction with cations, so that one objective of continuing efforts of synthesis would be to couple
a neutral bridging ligand, such as a bis(naphthyridine), with two carboxylate units on every uranium.
The focus of this brief review has been on solid materials containing capsular species, in part because
known examples are all solids of low solubility in any solvent and in part because product separation is
more straightforward with heterogeneous catalysis but soluble capsular species would also be of interest.
The attraction of a capsular species as a reaction vessel is that any selectivity depends on the structure
of the capsule itself and not upon the environment in which it is found and capsular species which
align in crystals so as to define channels, as found in various instances described herein, could offer
heterogeneous catalysts of this type. Here, tubular complexes as found with selenates [71,72] and
phosphonates [52-55] as well as with polycarboxylates such as tricarballylate [112], iminodiacetate [69]
and phenylenediacetates [68], would also be of interest, especially if a better understanding of metal
ion quenching of uranyl ion luminescence in solids could be attained, since many tubular systems are
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those involving heterometallic species [47]. As solvothermal synthesis [113,114] is widely applied for
the isolation of crystalline uranyl ion complexes, another need is for more data concerning kinetics
and equilibria of complex formation under conditions of high temperature and pressure, particularly
in mixed solvents. Finally, it is essential to note that the crystal structures of known uranyl ion
complexes are frequently seen [115-118] to be sensitive to a wide range of weak interactions, so that the
supramolecular behaviour of a bound ligand is a crucial aspect of its design but one yet to be mastered.

Supplementary Materials: The following are available online at http://www.mdpi.com/2624-8549/2/1/7/s1,
Figure S1: Perspective view of one helical tube within the crystal of [UO,(dipic)(OHy); Figure S2: Views, down a,
of the triperiodic structure of [HyNMe;]>[(UO;),(adc)3]-1.5H,0; Figure S3: Views of one of the diperiodic
sheets found in the crystal of [HyNMe;],[(UO,),(ada);]-1.5H,0; Figure S4: Views of the diperiodic anionic
polymer sheets (counter cations not shown) in the crystal of [HNMe; [[PPh3Me][(UO,),(ada);]-H,O; Figure S5:
Views of the trough-like anionic monoperiodic polymers and their closest cations found in the crystals of (a)
[PPhy]2[(UOz)2(adc)3]-2H,0 and (b) [PPhy][(UO,)z(ada)s].
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Abstract: A series of chloride receptors has been synthesized containing an amide hydrogen bonding
site and a hydroquinone motif. It was anticipated that oxidation of the hydroquinone unit to quinone
would greatly the diminish chloride binding affinity of these receptors. A conformational switch is
promoted in the quinone form through the formation of an intramolecular hydrogen bond between
the amide and the quinone carbonyl, which blocks the amide binding site. The reversibility of this
oxidation process highlighted the potential of these systems for use as redox-switchable receptors.
'H-NMR binding studies confirmed stronger binding capabilities of the hydroquinone form compared
to the quinone; however, X-ray crystal structures of the free hydroquinone receptors revealed the
presence of an analogous inhibiting intramolecular hydrogen bond in this state of the receptor.
Binding studies also revealed interesting and contrasting trends in chloride affinity when comparing
the two switch states, which is dictated by a secondary interaction in the binding mode between the
amide carbonyl and the hydroquinone/quinone couple. Additionally, the electrochemical properties
of the systems have been explored using cyclic voltammetry and it was observed that the reduction
potential of the system was directly related to the expected strength of the internal hydrogen bond.

Keywords: anion binding; chloride receptor; switchable system; hydroquinone; redox switch

1. Introduction

Considerable effort has been devoted to the development of sophisticated and functional molecular
machine architectures [1-4]. An integral part of this endeavour has focused on constructing simple
molecular switches that mimic elegant examples found in nature [5-7] and expanding the scope of their
functional remit to new applications [8-12]. This includes the field of anion recognition chemistry, with
systems being applied in the detection and extraction of environmentally damaging and biologically
important ions [13-16]. Switchable systems associated with anion recognition have focused mainly
on anion-mediated events, where a coordination event induces a detectable change in the molecule
which can be sensed by a reporter group [17-20]. However, the field is beginning to expand to include
systems where the binding itself can be controlled by external stimuli.

We have previously reported examples of pH-dependent anion receptors which promote chloride
efflux under acidic conditions [21-23]. Switchable transporters may allow the movement of anions
in healthy cells to be regulated, akin to the mechanism found in many transport proteins [7,24], or
find use in targeting cancer cells for efflux induced apoptosis [25,26]. Additionally, a small number
of compounds has been developed in which anion binding can be controlled by a photophysical
input [27,28]. Photoisomerization can be used to alter the shape of the binding cleft, resulting in a
difference in binding affinity between the two states [29,30]. The application of switches governed by
electrochemical stimuli provides another method through which anions can be bound and released,
yet these systems remain underexplored.
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The hydroquinone/quinone redox couple is found extensively throughout biology [31,32], and its
well-defined electrochemical properties highlighted its potential candidacy for use in a switchable
receptor system [33-35]. With this in mind, we designed a simple yet novel receptor scaffold consisting
of a hydroquinone motif with an appended benzamide group. It was envisaged that the convergent
hydrogen bonds of the amide and one of the hydroquinone OH group could create a chloride recognition
site inspired by similar benzenediol receptors [36]. Subsequent oxidation to the corresponding quinone
would induce a rotation around the quinone-benzamide bond due to the favorable formation of an
intramolecular hydrogen bond, which is demonstrated in Figure 1. The oxidation event removes
the OH groups and causes a conformational change in the orientation of the amide NH and would
therefore greatly diminish the chloride affinity of the oxidised form of the receptor.
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Figure 1. Proposed binding mode of the hydroquinone (left) and proposed intramolecular hydrogen
bonded quinone species (right).

A series of hydroquinone-benzamide receptors appended with a variety of electron withdrawing
and donating groups was prepared. Subsequently, these molecules were oxidised to afford their
quinone forms. Chloride binding affinity has been determined, and the results compared to evaluate
the effect of the redox-activated conformational switch on chloride recognition. Additionally, cyclic
voltammetry has been used to study the electrochemical properties of the receptors.

2. Results and Discussions

2.1. Synthesis

Hydroquinones 1-4 were prepared following a literature procedure for the parent compound [37],
which can be followed in Figure 2. Initially, 2,5-dimethoxybenzoic acid was reacted with oxalyl chloride
in dry toluene to afford the acid chloride. Immediate reaction with the respective aniline derivative
under basic conditions resulted in the preparation of dimethoxybenzamide compounds 9-12 in yields
of between 38-69%. Subsequently, the compounds were reacted with boron tribromide at 0 °C to
yield the hydroquinone series. A number of methods were attempted to successfully oxidise the
hydroquinones to their quinone forms. Initially, reactions of the hydroquinone compounds with FeCls
and cerium ammonium nitrate respectively did not lead to the formation of product. This may be due
to the instability of the final product in methanol, which caused conversion back to the hydroquinone
species, and separation problems as a consequence of additional products. Incomplete conversion to
the quinone product in solution led to the formation of a purple compound, identified as a sandwich
quinhydrone-like complex which contains one unit each of hydroquinone and quinone [38].
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Figure 2. Synthetic procedure for the hydroquinone series and subsequent oxidation to the analogous
quinone species.

Conversion was successfully achieved by adding silver oxide to a suspension of the hydroquinone
derivatives in dichloromethane [39]. Only the quinone compound enters the solution, meaning
the formation of quinhydrone can be avoided. The quinone series was successfully isolated
with yields ranging from 52-83%. All new compounds were characterized by "H-NMR and 13C
{'H}-NMR. The dimethoxybenzamide and hydroquinone compounds were characterized using
Electrospray Ionization (ESI) mass spectrometry, and the quinones using Atmospheric-Pressure
Chemical Ionization (APCI) mass spectrometry. Full details and characterization are provided in the
Supplementary Materials.

Crystals of Compound 3 were grown by slow evaporation of an acetonitrile solution of the
receptor and the structure was elucidated by single crystal X-ray diffraction (CCDC 1919631).
The structure (Figure 3a) shows the receptor adopting the expected conformation in the solid state with
an intramolecular hydrogen bond between hydroquinone oxygen O17 and amide oxygen O10 (2.52(4)
A). Crystals of Compound 4 were grown in a similar fashion from a saturated acetonitrile solution
and the structure was elucidated by single crystal X-ray diffraction (CCDC 1919630). In this case, the
compound crystallized as the acetonitrile solvate with the acetonitrile bound via a hydrogen bond to
the hydroquinone oxygen (O2 - N2 2.818(9) A) (Figure 3b). There was an additional intramolecular
hydrogen bond between amide N1 and hydroquinone O2 (N1 - O2 2.645(8) A) stabilizing the solvate
in an alternate conformation to that adopted by Compound 3 in the solid state.
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Figure 3. X-ray crystal structures of free receptors 3 (a) and 4 (b).

2.2. Anion Binding Studies

Binding affinities with chloride were determined for Compounds 1-8 using 'H-NMR spectroscopy
titration techniques, with the results displayed in Table 1. Studies for the quinone receptors 5-8 were
conducted in pure acetonitrile-d3 and for the hydroquinones 1-4 in acetonitrile-d3/1% DMSO-dg to
assist with solubility. The amide hydrogen of the quinone species 5-8 was followed and fitted to a 1:1
binding model using Bindfit [40]. For titrations with the hydroquinone species, the change in chemical
shift of both the hydroxyl and amide hydrogens were followed where possible. The resultant binding
for these compounds proved complex and the data could not be fitted adequately to a 1:1 model.
However, fitting to a 2:1 binding model provided a greater than 10 times increase in the quality of fit
(covgy, see supporting information), which is evidence in support of the formation of a 2:1 complex in
the presence of small amounts of chloride. It is likely that a 1:1 complex is favored as the concentration
of chloride in solution is increased following the equilibrium:

2H & 1,6 £ 2[HG) )

The interaction parameter, x, was calculated for the series 1-4 and was found to have a value of
a > 14 in all cases. Values of « > 1 describe positive cooperative binding [41], and this can be taken as
further evidence for the initial favorable formation of a 2:1 complex at low chloride equivalents.

Compound 5 was also titrated with TBACl in acetonitrile-d3/1% DMSO-d,, the solvent mixture
used in the hydroquinone receptor experiments. The more complex 2:1 binding exhibited by receptor 1
means direct comparison is difficult, however both Ky; and Kj; for 1 are larger than the association
constant for equivalent quinone Compound 5 with chloride. Interestingly, the hydroquinone series do
not follow the expected trend where increasing the electron-withdrawing power of the motif appended
to the amide increases the binding affinities, because a more polarized N-H bond should result in
stronger hydrogen bond formation.

Receptor 4 possesses the most strongly electron-withdrawing substituents and the X-ray crystal
structure of the free receptor revealed the presence of a surprising alternate conformation, which can
be seen in Figure 3b. In this case, a stronger amide hydrogen bond results in a premature switch in
the molecule due to the formation of an intramolecular hydrogen bond between the amide proton
and the hydroxyl oxygen. This competing interaction blocks the availability of the binding site,
adversely affecting chloride affinity with increasing magnitude for receptors with the highest degree of
electron-withdrawing substitution. The chloride binding event reverts the conformation back to the
anticipated binding mode, which is evidenced by the downfield shift of both hydroxyl protons during
the titration experiments. One hydroxyl group is involved in convergent chloride binding with the
amide, while the other shifts due to the formation of another intramolecular hydrogen bond with the
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amide carbonyl upon altering conformation. The second hydroxyl peak shift would not be expected to
be as significant if due only to inductive effects of chloride binding. This secondary hydrogen bond can
also be considered to play a part in the reduction in chloride affinity as stronger electron-withdrawing
groups are appended. Removing electron density from the amide carbonyl will deplete the strength of
this stabilizing secondary hydrogen bond and hence diminish the favorability of the binding mode.

Table 1. Overview of the 2:1 association constants for the complexation of hydroquinone receptors 1-4
and CI~ (as TBA salt) in CD3CN/1% DMSO-dg, their interaction parameters (c), and the 1:1 association
constants for the complexation of quinone Compounds 5-9 with Cl1~ in pure CD3CN. The 1:1 association
constant for 5 and CI~ in CD3CN/1% DMSO-d;, is also reported.

Hydroquinone Receptor Ky ? K12 b Quinone Receptor K,?
1°¢ 679.5 112.96 24.06 5¢ 12.57

5d 1.2

2¢ 665.6 191.36 13.91 64 11.39

3¢ 517.76 30.76 67.33 7d 19.64

4¢ 336.49 54.44 24.72 gd 67.72

a

2 All errors < 12%. ® The interaction parameter («) is calculated by multiplying Ky by 4 and dividing by Kj.
Titrations performed in CD3CN/1% DMSO-d at 298K. d Titrations performed in pure CD3CN at 298K.

In comparison, the quinones 5-8 have a stronger chloride affinity with increasingly
electron-withdrawing appendages. Repulsion between the quinone carbonyls and the approaching
chloride anion inhibits binding, and repulsion is reduced when electron density is pulled away from the
quinone system. The anticipated intramolecular hydrogen bond between the amide and hydroquinone
carbonyl is still expected to interfere with binding, however in this case the chloride binding event
is not enhanced by the formation of a new intramolecular hydrogen bond with the amide carbonyl.
Instead, it is hindered by additional repulsion between the amide and quinone carbonyls, which is
diminished in the presence of more potent electron-withdrawing groups.

The converse trends in binding strengths between the reduced and oxidised forms of the
receptors highlight the importance of the relationship between the hydroquinone/quinone couple
and the amide carbonyl in dictating chloride affinity. 'H-NMR titrations were also performed for the
dimethoxybenzamide Compounds 9-12 with TBACl and fitted to a 1:1 binding model. The association
constants were all found to be greater than 7 M~!, highlighting the importance of the hydroquinone
hydroxyl proton in creating a convergent anion binding site. Full titration data and fitting for these
species can be found in the Supplementary Materials. The likely presence of an amide intramolecular
hydrogen bond in the lowest energy conformers of both the hydroquinone and quinone forms of the
receptors suggest that this singular contribution cannot result in the differences in binding affinity
reported. A combination of the relative strengths of this intramolecular bond, the convergent nature
of the hydroquinone binding cleft and the influence of the amide carbonyl over the stability of
the binding mode all must be factored in when considering the stronger binding exhibited by the
hydroquinone species.

2.3. Electrochemical Studies

Cyclic voltammetry (CV) experiments were employed to assess the electrochemical properties
and reversibility of the quinone/hydroquinone couples. The compounds were dissolved ina 0.1 M
TBAPFs/CH;CN solution and the potential was swept at a rate of 100 mVs ™! between a range of 800 to
—1000 mV. Ferrocene was also added to the solution and used to reference the reduction potentials
acquired for each couple, which are displayed in Table 2.
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Table 2. Reduction potentials for the quinone species 4-8 obtained using cyclic voltammetry.

Compound Eq; (mV) ?
5 —544
6 —552
7 -539
8 —449

@ Reduction potentials obtained at 100 mVs~! over the range 560 to —1000 mV. Potentials were referenced vs a
Fc/Ec* couple.

The results indicate a direct correlation between the electron-withdrawing power of the functional
group and how readily the quinone motif is reduced. The effect of an intramolecular amide hydrogen
bond on the quinone reduction potential has been previously reported [34,42], and the trend observed
for quinones 5-8 suggests that a similar interaction is in effect. The internal hydrogen bond pulls
electron density away from the quinone group, allowing electrons to be accepted more easily by the
system. A stronger hydrogen bond will withdraw a greater amount of electron density as evidenced
by the reduction potentials of quinones 5 and 8. The presence of strongly withdrawing bis-CF3 groups
in Compound 8 results in an almost 100 mV difference in reduction potential.

The reversibility of the quinone/hydroquinone couple was evaluated by conducting a series of
cyclic voltammetry experiments with varying scan rates. The compounds were dissolved in the same
solvent mixture used in the previous experiments, and voltammograms were collected between a
range of 800 to —1000 mV for a range of scan rates from 20-300 mVs™!, of which an example can be
viewed in Figure 4. The Randles-Sevcik equation states that for an electrochemically reversible process,
a plot of I, (peak current) against o2 (root of scan rate) should return a linear relationship which
passes through the origin [43]. Data were plotted for each of the quinone systems (see Supporting
Information) and a linear correlation was observed for quinones 5-7. Compound 8 however did not
follow a linear trend and AE,, (the separation of the cathodic and anodic peaks) grew larger with
increasing scan rate. This indicates that this redox couple is quasireversible, and that the stability of
the hydrogen bond may be affecting the kinetics of the electron transfer process.

300 mvs’

T . T s T & T y T b T b T s 1
400 200 0 200 —400 ~600 -800  -1000
Potential (mV)

Figure 4. Overlay of cyclic voltammograms of Compound 7 recorded with increasing scan rate from
20 mVs~! to 300 mVs~!. The current response increases with scan rate.
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3. Conclusions

We have demonstrated that the hydroquinone/quinone redox couple can be employed in the
creation of a redox-switchable chloride receptor. It was discovered that the intramolecular bond
initially expected to only be present in the quinone form of the molecule was also present in the
hydroquinone receptor, and it is likely this competing interaction led to a reduction in binding capability.
Converging trends in binding affinity due to effects dictated by the amide carbonyl resulted in the
receptor couples for Compounds 1 and 2 having the greatest difference in binding ability between
the two forms of the switch. CV studies highlighted the effect on reduction potential of increasing
electron-withdrawing groups, and the results for Compound 8 suggested a loss in reversibility. This can
be taken as further evidence of the inhibitory effect of benzamide-appended electron-withdrawing
groups on the effectiveness of this class of receptor. Overall, this work has verified the ability of
hydroquinone oxidation as a method of reducing anion binding affinity. We are currently exploring
the properties of other receptors containing quinoid systems.

Supplementary Materials: The following are available online at http://www.mdpi.com/2624-8549/1/1/7/s1.
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Abstract: The interaction between cucurbit[7]uril (Q[7]) and a series of 4-pyrrolidinopyridinium
salts bearing aliphatic substituents at the pyridinium nitrogen, namely 4-(C4HgN)CsH5NRBr, where

R = H (C0), Et (C2), n-butyl (C4), n-hexyl (C6), has been studied in aqueous solution by TH NMR
spectroscopy, electronic absorption spectroscopy, and mass spectrometry.
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1. Introduction

The behavior of a host toward a guest is typically controlled by non-covalent interactions, and this
canimpact greatly on the properties exhibited by the guest [1-3]. Given this, supramolecular approaches
have been used extensively to construct functional materials, and these have seen applications
in a number of areas, for example, in molecular electronics, drug-delivery, optical sensors, and for
molecular machines [4-8]. In recent years, new host-guest systems have been reported that employ
hosts comprising calix[n]arenes, crown ethers, pillararenes, cyclodextrins, or cucurbit[n]urils [9-14].
Indeed, during the last two decades, the host-guest chemistry of the cucurbit[n]uril (n = 5-8, 10) family
has started to flourish [15,16], and this is now impacting on exciting new applications in the fields of
materials, biomedicine, sensors, and catalysis [17-20].

In 1983, Mock et al.,, were the first to study the complexation of alkylammonium and
alkyldiammonium ions with Q[6] in aqueous formic acid and to determine their binding affinities [21].
However, there have been few applications of Q[6] in host-guest chemistry due to its small cavity
diameter and poor aqueous solubility. In contrast, Q[7] not only has a cavity size amenable to
the encapsulation of sizable guest molecules, but also has a much greater aqueous solubility relative to
other members of the Q[n] family. For example, Q[7] exhibits a water solubility of 30 mM compared
to 0.01 mM for Q[8] or Q[10] [18]. This greater solubility, coupled with the larger cavity volume,
has resulted in a variety of specific applications of Q[7] systems in aqueous solution [22].

In our previous research, for a series of guests with the same ’central motif’, but with different
alkyl chain substituents, we found that the length of the alkyl chain determined the mode of interaction
with the Q[n] [23,24]. Therefore, for the same type of Q[n], we can establish different host-guest
interaction modes simply by adjusting the length of the alkyl chain, thereby obtaining host-guest
materials with different properties. In the case of Q[8], for a series of 4-pyrrolidinopyridinium guests
bearing aliphatic substituents at the pyridinium nitrogen, studies in aqueous solution revealed that
the alkyl chain at the pyridinium nitrogen can either reside in the Q[8] cavity along with the rest of
the guest (as observed for R = n-hexyl, n-octyl, n-dodecyl), can be found outside the Q[8] with the rest
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of the guest inside (as seen for R = Et), or that the two species can exist in equilibrium for which either
the chain or the rest of the guest is encapsulated by the Q[8]. In the solid-state, the structures are
somewhat different (in the case of Q[8]@g2, two Q[8] molecules are filled with a centro-symmetric pair
of guest molecules) with the cyclic amine encapsulated, and the molecule enters at a rather shallow
angle. Interestingly for Q[8]@g3, the two Q[8] molecules behave in different ways. In particular, for
one Q[8], the cyclic amine of the guest enters the ring at a rather shallow angle, but for the other Q[8],
it is the alkyl chain of the guest that enters the ring with the four carbon atoms of the alkyl chain
almost perpendicular to the cavity opening and almost completely encapsulated by the Q[8]). It is well
known that the portal diameter and cavity volume of Q[7](7.3 A, 279 A3) are less than Q[8](8.8 A,
479A3) [6,25]. Herein, we examined the interaction of the same family of guests with Q[7] (see Scheme 1)
and compared the behavior with that observed for Q[8]. Given that 4-pyrrolidinopyridines have seen
widespread use as catalysts in acyl transfer reactions, [26-28] information about their bonding actions
can provide insight into their behavior and may inform such catalytic research.

=™ )
CN—@N-R Br

COR=H C2R=CH,CH; = C4 R=(CH,);CH;
C6 R=(CH,)sCH,

Scheme 1. The guests and Q[7] used in this study.
2. Materials and Methods

To analyze the host-guest complexation between Q[7] and C0/C2/C4/C6, 2.0-2.5 x 103 mmol
solutions of Q[7] in 0.5-0.7 mL D,O with Q[7]:C0/C2/C4/C6 ratios ranging between 0 and 2 were
prepared. All 'H NMR spectra including those for the titration experiments were recorded at 298.15 K
on a JEOL JNM-ECZ400S 400 MHz NMR spectrometer (JEOL, Akishima, Japan) in D,O. D,O was used
as a field-frequency lock, and the observed chemical shifts were reported in parts per million (ppm).

All UV-Visible spectra were recorded from samples in 1 cm quartz cells on an Agilent 8453
spectrophotometer, equipped with a thermostat bath (Hewlett Packard, CA, USA). The host and guests
were dissolved in distilled water. UV-Visible spectra were obtained at 25 °C at a concentration of
2.00 x 107" mol-L~1 Ci (i = 0, 2, 4, 6) and different Q[7] concentrations for the Q[7]@Ci (i = 0, 2, 4, 6)
system. The MALDI-TOF mass spectra were recorded on a Bruker BIFLEX III mass spectrometer with
a-cyano-4-hydrox-ycinnamic acid as the matrix.

3. Results and Discussion

3.1. NMR Spectroscopy

The binding interactions between each of the pyrrolidinopyridinium guests and Q[7] can be
conveniently monitored using "H NMR spectroscopic data recorded in neutral D,O solution.

In the case of C0, Figure 1 shows the changes observed in the '"H NMR spectrum of CO as
progressively larger amounts of Q[7] were added to the D,O solution at 25 °C. Spectrum A was
obtained in the absence of Q[7], B with Q[7] at 0.326 (B), C with 0.487 equivalents with progressive
increasing amounts up to spectrum I with 1.939 equivalents of Q[7] in D,O (D) at 20 °C. The peaks
associated with protons a—d all experienced upfield shifts as increasing amounts of Q[7] was added
(for specific shift changes, see Table A1, ESI). This is consistent with the complete encapsulation of CO
as depicted in the image shown top right, Figure 1. For the COSY NMR spectrum of this system with
1.939 equivalents of CO, see Figure A1, ESL
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Figure 1. Interaction of C0O and Q[7] (25 °C): "H NMR spectra (400 MHz, D,0) of CO (ca. 0.5 mM)
in the absence (A), 0.191 equiv. (B), 0.326 equiv. Q[7] (C), 0.487 equiv. (D), 0.663 equiv. Q[7] (E),
0.838 equiv. (F), 0.930 equiv. (G), 1.570 equiv. (H), and 1.939 equiv. of Q[7] (I).

In the case of C2, similar analysis (Figure 2) of the system involving Q[7] and C2 revealed that
the peaks associated with the ethyl chain, particularly the methyl group (f), did not undergo any
significant changes. However, the remaining peaks associated with the protons of the pyridine and
pyrrole rings did undergo an upfield shift (for specific shift changes, see Table A2). This situation,
whereby the pyridine and pyrrole rings are accommodated within the cavity of Q[7] is reminiscent of
that observed for Q[8] [23] and the same guest. There may be slight differences with regard to how
much the alkyl chain protrudes out of the cavity for Q[7] versus Q[8], but the 'H NMR spectra suggest
the difference is small (the change of chemical shifts between these two systems is not obvious).
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Figure 2. Interaction of C2 and Q[7] (25 °C): 'H NMR spectra (400 MHz, D,0) of C2 (ca. 0.5 mM)
in the absence (A), 0.133 equiv. (B), 0.273 equiv. Q[7] (C), 0.453 equiv. (D), 0.595 equiv. Q[7] (E),
0.755 equiv. (F), 0.926 equiv. (G), 1.415 equiv. (H), and 1.733 equiv. of Q[7] (I).

In the case of C4, the "TH NMR titration spectra of C4/Q[7] in D,O are presented in Figure 3. There
was a clear upfield shift of the signals of all protons in the pyridine ring, whilst the pyrrole ring and alkyl
chain protons were also shifted upfield, though to a lesser degree (for specific shift changes, see Table A3,
ESI). This indicates that the pyridine ring, pyrrole ring, and the alkyl chain are all accommodated
within the cavity of Q[7], and that the Q[7] is capable of shuttling on the guest C4 in a state of dynamic
equilibrium. For the COSY NMR spectrum of this system with 1.939 equivalents of C4, see Figure A2,
ESI. This shuttling situation is reminiscent of that observed for Q[8] and the same guest.
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Figure 3. Interaction of C4 and Q[7] (25 °C): 'H NMR spectra (400 MHz, D,0) of C4 (ca. 0.5 mM)
in the absence (A), 0.116 equiv. (B), 0.173 equiv. Q[7] (C), 0.331 equiv. (D), 0.474 equiv. Q[7] (E),
0.641 equiv. (F), 0.750 equiv. (G), 1.164 equiv. (H), and 1.653 equiv. of Q[7] (I).

In the case of C6, Figure 4 depicts the 'H NMR titration spectra of the C6/Q[7] in D,O. All the protons
of the guest experienced upfield shifts to varying degrees (for specific shift changes, see Table A4,
ESI). There was little change on increasing the Q[7] concentration beyond the addition of 0.997
equivalents. The situation is consistent with the pyridine ring, pyrrole ring, and the alkyl chain all
being accommodated within the cavity of Q[7], and with the Q[7] shuttling on the guest C6 in a state of
dynamic equilibrium. This contrasts with the situation observed for the same guest and Q[8], in which
the pyridine ring, the alkyl chain, and the N part of the pyrrole were accommodated within the cavity
of Q[8], and the another part of pyrrole was at its portal; the alkyl chain was buried in the cavity of
Q8] in a twisted form. The reason for the different inclusion modes involving C6 is likely to be related
to the smaller cavity size of Q7 versus Q8, which prevents the alkyl chain from bending in the cavity

of Q7.
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Figure 4. Interaction of C6 and Q[7] (25 °C): 'H NMR spectra (400 MHz, D,0) of C6 (ca. 0.5 mM)
in the absence (A), 0.110 equiv. (B), 0.223 equiv. Q[7] (C), 0.363 equiv. (D), 0.461 equiv. Q7] (E),
0.646 equiv. (F), 0.739 equiv. (G), 0.997 equiv. (H), and 1.494 equiv. of Q[7] (I).

3.2. Ultraviolet (UV) Spectroscopy

To further understand the binding of these 4-pyrrolidinopyridinium salts to Q[7], we also
investigated the systems by UV-Vis spectroscopy. The UV spectra were obtained using aqueous
solutions containing a fixed concentration of guests CO—C6 and variable concentrations of Q[7]
(Figures 5 and A3, Figures A4 and A5). All systems of action showed similar phenomena, and here,
only the interactions between Q[7] and guest C2 are described as an example. On gradually increasing
the Q[7] concentration in the C2 solution, the absorption band of the guest exhibited a progressively
higher absorbance due to the formation of the host—guest complex Q[7]@C2. The absorbance vs.
ratio of n(Q[7])/n(C2) data can be fitted to a 1:1 binding model. The pyrrolidinopyridinium part
of the guest was encapsulated into the cavity of the Q[7] host, whilst the alkyl moiety remained
outside. This generated a 1:1 host-guest inclusion complex. The encapsulation by Q[7] of this guest is
presumably due to the favorable ion-dipole interactions between the positively charged guest and
the portal oxygen atoms of Q[7] in addition to hydrophobic effects. Moreover, the association constant
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(K) is calculated from the UV-vis spectroscopy data according to the modified Benesi-Hildebrand
(B-H) equation. For these systems, the binding constants have determined as Ka(Q[7]@C0) = 8.0 x 100,
Ka(Q[7]@C2) = 5.7 x 10°, Ka(Q[7]@C4) = 3.6 x 107 and Ka(Q[7]@C6) = 2.5 x 10°.
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Figure 5. (Color online) (A) Electronic absorption of C2 (2 x 107> mol L™!) upon addition of increasing
amounts (0, 0.2, 0.4-++--2.6, 2.8, 3.0 equiv.) of Q[7]; (B) the concentrations and absorbance vs. Ng7}/Nc2
plots; (C) the corresponding AA-Ngqy7)/(Nqj7] + Nc2) curves.

3.3. Mass Spectrometry

The nature of the inclusion complexes between Q[7] and the 4-pyrrolidinopyridinium guests
was also established by the use of MALTI-TOF mass spectra, as shown in Figure 6. Intense signals
were found at 1311.080, 1339.624, 1367.817, 1395.699, 1423.788, and 1479.762, which corresponded to
[(Q[7]@CO0)-CI7]* (calculated as 1312.196), [(Q[7]@C2)-Br~]* (calculated as 1340.250), [(Q[7]@C4)-Br~]*
(calculated as 1368.304) and [(Q[7]@C6)-Br |* (calculated as 1396.358), respectively, thereby providing
support for the formation of 1:1 host-guest inclusion complexes.
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Figure 6. MALDI-TOF mass spectrometry of Q[7]@C0 (A), Q[7]@C2 (B), Q[7]@C4 (C), and Q[7]@C6 (D).
4. Conclusions

In summary, we investigated the binding interactions of Q[7] with a series of
4-pyrrolidinopyridinium guests (namely C0, C2, C4, C6) bearing aliphatic substituents at the pyridinium
nitrogen by using 'H NMR and UV spectroscopy and mass spectrometry. The results herein revealed
that for CO, the entire CO molecule is encapsulated in the cavity of Q7. For C2, the pyridine and
pyrrole rings are accommodated within the cavity of Q[7] and this is reminiscent of the situation
observed for Q[8] and the same guest, but the difference between Q[7] and Q[8] is whether the alkyl
chain is completely at its portal. For C4, this shuttling situation is reminiscent of that observed for
Q[8] and the same guest. For C6, the shuttling situation herein is in contrast with that observed
previously for Q[8], where the alkyl chain was twisted and buried in the Q[8] cavity; only part of
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pyrrole ring protruded from the portal. Based on this work and the previous results for the same guests
with Q[8], we found that, for larger guests in particular, the size of the cavity of the cucuribit[n]uril
dictates the interaction between the cucuribit[n]uril and guest. This is illustrated herein for C6, where
there is insufficient space in the Q[7] system to allow for the bending of the alkyl chain previously
observed for the Q[8] system. Among the Q[n]-based rotaxane/pseudorotaxane systems, most of
the axle molecules have been built from ammonium, pyridinium ions, and viologen derivatives [17-20].
In comparison with previously reported cucurbit[7]uril-based host-guest systems (such as pyridinium
ions, viologen derivatives), the interaction mode is similar [6,25]. This provides more insight into
the possible applications of systems such as switchable mechanically pseudorotaxane molecules, for
instance, in the area of supramolecular materials science.
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Figure Al. The COSY spectrum of CO with 1.939 equivalent of Q[7] in D,0O (400 MHz).

Table Al. Data from the 'H NMR spectra for the interaction of C0 and different proportions of Q[7].

Hd Hec Hb Ha

Co 780 658 335 191
0191Q[7]  7.75 \ \ 1.86
0326Q[7]  7.72 \ \ 1.83
0487Q[7]  7.68 \ \ 1.79
0663Q[7]  7.64 \ \ 1.75
0838Q[7]  7.61 \ 2.60 1.70
0930Q[7]  7.58 \ 2,51 1.67
1570Q[7] 758 545 250 1.67
1939Q[7] 758 545 250 1.67
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Table A2. Data from the "H NMR spectra for the interaction of C2 and different proportions of Q[7].

Hd Hc He Hb Ha Hf

C2 7.81 6.57 3.97 3.34 1.90 1.28
0.133 Q[7] 7.78 \ 3.95 3.31 1.88 1.28
0.273 Q[7] \ \ 3.93 \ 1.86 1.28
0.453 Q[7] \ \ 3.90 \ 1.83 1.28
0.595 Q[7] \ \ 3.87 \ 1.81 1.28
0.755 Q[7] 7.32 \ 3.85 2.69 1.79 1.28
0.926 Q[7] 7.30 5.43 3.84 2.66 1.77 1.28
1.415 Q[7] 7.30 \ 3.84 2.66 1.77 1.28
1.733 Q[7] 7.30 \ 3.84 2.66 1.77 1.28
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Figure A2. The COSY spectrum of C4 with 1.653 equivalent of Q[7] in D,O (400 MHz).

Table A3. Data from the "H NMR spectra for the interaction of C4 and different proportions of Q[7].

Hd Hc He Hb Ha Hf Hg Hh
C4 7.79 6.57 3.94 3.33 1.90 1.65 1.13 0.75

0.116 Q[7] 7.73 \ 3.90 3.28 1.89 1.63 1.13 0.72
0.173 Q[7] 7.65 3.86 3.22 1.87 1.62 1.14 0.69
0.331 Q[7] 7.56 3.83 3.14 1.86 1.60 1.14 0.67
0.474 Q[7] 7.46 3.78 3.06 1.85 1.58 1.14 0.64

0641Q[7] 736
0750Q[7]  7.27
1.164Q[7]  7.16
1.653Q[7] 716 5.

3.74 2.98 1.83 1.57 1.14 0.60
3.71 291 1.82 1.55 1.15 0.58
3.64 2.82 1.80 1.53 1.15 0.54
5 3.64 2.82 1.80 1.53 1.15 0.54

w|l—|—|—|—|—|—
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Table A4. Data from the "H NMR spectra for the interaction of C6 and different proportions of Q[7].

Hd Hc He Hb Ha Hf Hg-i Hj

Co 7.79 6.56 3.93 3.33 1.90 1.67 112 0.68
0.110Q[7]  7.76 6.54 391 3.30 1.89 1.65 111 0.66
0.223 Q[7] 7.72 \ 3.87 3.26 1.87 1.63 1.11 0.65
0363Q[7]  7.68 \ 3.82 3.19 1.85 1.60 1.10 0.63
0461Q[7]  7.64 \ 3.77 3.04 1.84 1.57 1.09 0.62
0646 Q[7]  7.59 \ 3.72 2.95 1.82 1.55 1.08 0.60
0739Q[7]  7.56 5.86 3.68 2.89 1.80 1.52 1.08 0.58
0.997Q[7] 752 5.81 3.64 2.84 1.78 1.49 1.07 0.56
1.494Q[7] 752 5.81 3.64 2.84 1.78 1.49 1.07 0.56
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Figure A3. (Color online) (A) Electronic absorption of C0 (2 x 10~ mol L71) upon addition of increasing
amounts (0, 0.2, 0.4----2.6, 2.8, 3.0 equiv.) of Q[7]; (B) the concentrations and absorbance vs. Ngj71/Nco
plots; (C) the corresponding AA-Nqy7)/(Nq[7] + Nco) curves.
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Figure A4. (Color online) (A) Electronic absorption of C4 (2 x 107> mol L™1) upon addition of increasing
amounts (0, 0.2, 0.4----2.6, 2.8, 3.0 equiv.) of Q[7]; (B) the concentrations and absorbance vs. Ngj7}/Nca
plots; (C) the corresponding AA-Nqy7)/(Nq[7] + Ncg4) curves.
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Figure A5. (Color online) (A) Electronic absorption of C6 (2 x 107> mol L™!) upon addition of increasing
amounts (0, 0.2, 0.4-+--2.6, 2.8, 3.0 equiv.) of Q[7]; (B) the concentrations and absorbance vs. Ngj7}/Ncs
plots; (C) the corresponding AA-Ngqy7)/(Ngj7] + Nce) curves.

Guests C0, C2, C4, C6 were synthesized by previously reported methods. [23].
Synthesis of guest C0: 4-pyrrolidinopyridine (296 mg, 0.002 mol) and HCI (10 mL) were stirred
under an inert nitrogen atmosphere and heated to 80 °C and refluxed for 12 h. The resulting solution
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was filtered and then the white precipitate was washed with diethyl ether and dried in vacuum to give
C0 (331 mg, 90%). 'H NMR (D,0, 400 MHz) &: 7.79 (d, ] = 7.5 Hz, 2H), 6.58 (d, ] = 7.5 Hz, 2H), 3.35
(t,] = 6.8 Hz, 4H), 1.94-1.89 (m, 4H). 13C NMR (101 MHz) &: 154.65, 137.82, 107.26, 48.09, 24.65. Anal.
Caled. for CoHy3N,Cl: C, 58.54; H, 7.10; N, 15.17; found C, 57.92; H, 7.18; N, 15.93. The '"H NMR (top)
(400 MHz) and 3C NMR (below) (100 MHz) spectra of CO in D,O are presented in Figure A6.

Synthesis of guest C2: 4-pyrrolidinopyridine (296 mg, 0.002 mol) and bromoethane (1.308 g,
0.012 mol) were dissolved in acetonitrile (40 mL). The solution was stirred under an inert nitrogen
atmosphere and heated to 80 °C and refluxed for 12 h. The resulting solution was filtered and then
the yellow precipitate was washed with diethyl ether and then dried in vacuum to give C2 (437 mg,
85%). 'H NMR (D,0, 400 MHz) &: 7.78 (d, ] = 7.6 Hz, 2H), 6.54 (d, ] = 7.5 Hz, 2H), 3.94 (q,] = 7.3 Hz,
2H), 3.30 (m, ] = 8.0 Hz, 4H), 1.90-1.84 (m, 4H), 1.25 (t, ] = 7.3 Hz, 3H). 3C NMR (101 MHz) § 153.50,
140.95, 108.23, 52.98, 48.15, 24.82, 15.42. Anal. Calcd. for C11H;yN,Br: C, 51.37; H, 6.66; N, 10.89; found
C,51.29; H, 6.71; N, 10.92. The "H NMR (top) (400 MHz) and *C NMR (below) (100 MHz) spectra of
C2 in D,O are presented in Figure A7.

Synthesis of guest C4: The same method as for C2 was employed, but using 4-pyrrolidinopyridine
(296 mg, 0.002 mol) and bromobutane (1.644 g, 0.012 mol) to give C4 (496 mg, 87%). 'H NMR
(D50, 400 MHz) §: 7.79 (d, ] = 7.6 Hz, 2H), 6.57 (d, ] = 7.5 Hz, 2H), 3.94 (t, ] = 7.1 Hz, 2H), 3.34 (t, ] = 6.7
Hz, 4H), 1.93-1.88 (m, 4H), 1.66 (m, ] = 14.8 Hz, 2H), 1.14 (m, ] = 14.8 Hz, 2H), 0.75 (t, ] = 7.4 Hz,
3H). 3C NMR (D,0, 101 MHz) &: 153.52, 141.23, 107.82, 57.46, 48.24, 32.12, 24.78, 18.73, 12.69. Anal.
Calcd. for C13HpNyBr: C, 54.74; H, 7.42; N, 9.82; found C, 54.82; H, 7.47; N, 9.75. The '"H NMR (top)
(400 MHz) and 3C NMR (below) (100 MHz) spectra of C4 in D,0O are as presented in Figure AS8.

Synthesis of guest C6: The same method as for C2 was employed, but using 4-pyrrolidinopyridine
(296 mg, 0.002 mol) and bromohexane (1.981 g, 0.012 mol) to give C6 (551 mg, 88%). TH NMR
(DO, 400 MHz) 5: 7.79 (d, ] = 7.0 Hz, 2H), 6.57 (d, ] = 7.1 Hz, 2H), 3.94 (q, ] = 7.0 Hz, 2H), 3.35
(d,] = 6.1 Hz, 4H), 1.91 (m, 4H), 1.68 (m, J = 6.6 Hz, 2H), 1.12 (m, 6H), 0.69 (t, ] = 6.4 Hz, 3H). 13C NMR
(400 MHz) 5: 153.52, 141.23, 108.22, 57.42, 48.24, 30.42, 29.94, 24.90, 24.77, 21.80, 13.21. Anal. Calcd. for
C15H5N,Br: C, 57.51; H, 8.04; N, 8.94; found C, 57.48; H, 8.11; N, 8.99. The "H NMR (top) (400 MHz)
and 13C NMR (below) (100 MHz) spectra of C6 in D,O are as presented in Figure A9.
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Figure A6. "H NMR (top) (400 MHz) and '*C NMR (below) (100 MHz) spectra of C0 in D,O.
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Abstract: Synthetic K*-binding macrocycles have potential as therapeutic agents for diseases
associated with KesA K* channel dysfunction. We recently discovered that artificial self-assembled
n-alkyl-benzoureido-15-crown-5-ether form selective ion-channels for K* cations, which are highly
preferred to Na* cations. Here, we describe an impressive selective activation of the K* transport via
electrogenic macrocycles, stimulated by the addition of the carbonyl cyanide-4-(trifluoromethoxy)
phenylhydrazone (FCCP) proton carrier. The transport performances show that both the position of
branching or the size of appended alkyl arms favor high transport activity and selectivity Sx*/na*
up to 48.8, one of the best values reported up to now. Our study demonstrates that high K*/Na*
selectivity obtained with natural KesA K* channels is achievable using simpler artificial macrocycles
displaying constitutional functions.

Keywords: ion-channels; crown-ethers; bilayer membranes; self-assembly; supramolecular chemistry

1. Introduction

Facilitated transmembrane transport by molecular carriers that selectively recognize and transport
ionic species is an important and complex physiological process [1]. Nature has evolved millions of
years to generate highly selective cation carriers, for which the transport mechanisms are controlled
via a membrane potential (i.e., electrogenic valinomycin) or pH gradient (i.e., neutral monensin) [2].
Most of the previously reported artificial systems cannot achieve this type of stable potential, due to
their poor selectivity. Macrocyclic crown-ethers have already proven to be efficient cation channels [2,3].
Whether these macrocycles are covalently connected [3-7] or self-assembled via H-bonding [8-19], they
form ion-channels, performing effective transport of ions across lipid bilayers. The structural variation
between closely related synthetic carriers or channels could lead to a huge difference in activities [8-14].

Artificial ion-channels presenting high K*/Na* selectivity are rare. = We unexpectedly
discovered that benzo-15-crown-5-ethers are showing far superior selectivity for K* cation when
compared with benzo-18-crown-6 congeners [15-19]. So far, research efforts have mainly focused
on the electrogenic polarization across the membrane, related to a net transfer of charge via
neutral alkyl-benzoureido-15-crown-5-ether channels [15]. Moreover, we also demonstrated that
cholesteric or squalene moieties appended to cation binding benzo-15-crown-5-ether show the most
efficient transport among similar structures to a certain extent [16]. Under the same conditions,
squalene-benzoamido-15-crown-5-ether has the highest selectivity for K* over Na™, Sxi/Nna+ = 58.3, [17]
while hexylbenzo-ureido-15-crown-5-ether has lower Sk /Na+ = 17 [15].

We know from previous studies [20-24] that the transport activity has an optimal relationship
with lipophilicity of carriers, while the disposition of the alkyl groups on the carrier backbone
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proved to be important too. The self-assembly behaviors of the functional transporting system
are directly determining the structural dynamics that control the self-organized superstructures
along cation recognition and transport pathways. The transport mechanism is determined by
the optimal coordination rather than classical dimensional compatibility between crown-ether and
cation, and systematic changes of the structure lead to adaptive selection in cation-transport activity [25].

As far as we know the alkyl skeleton isomerism was rarely considered to be a determinant
factor to influence the transport activity. The structural variability of the alkyl tails of the macrocyclic
superstructures at the interface within the membrane have been not specifically studied in our previous
work. Herein, we continue our exploration and we serendipitously found that simple small variations
on the structure of the linear or branched octyl tails in octyl-benzoureido-15-crown-5-ethers 1, r2, s2,
and racemic 3 (Figure 1, Scheme S1) are strongly influencing the transport activities of monovalent
cations. Together with this result, we confirmed another unexpected phenomenon; the carrier-induced
electrogenic influx of K* cations is considerably boosted when coupled with proton transporter like
carbonyl cyanide-4-(trifluoromethoxy) phenylhydrazone (FCCP) [25].
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Figure 1. Crown-ether compounds 1, r2, s2, 3 and the H* transporter carbonyl cyanide-4-
(trifluoromethoxy)phenylhydrazone (FCCP) reported in this article.

Simultaneous addition of 1, r2, s2, 3 and FCCP leads to the induction of K*/H* antiport via
the formation of an electrical potentials across the membrane. This coupling of K* and H* fluxes can
proceed without a potential via non-electrogenic K*/H* exchanges across the membrane. We observe
an unprecedented increase in the selectivity [15,16] from Sk4/Na+ = 3.6 to 48.8 in the best case.

2. Materials and Methods

2.1. Materials

Octyl isocyanate, (R)-(—)-2-octyl isocyanate, (S)-(+)-2-octyl isocyanate, 2-ethylhexyl isocyanate,
and FCCP were purchased from Sigma Aldrich, Paris, France. 8-hydroxypyrene-1,3,6-trisulfonic acid
trisodium salt (HPTS) was purchased from Fluka, Paris, France. 4’-Aminobenzo-15-crown-5 was
purchased from TCI Europe, Zwijndrecht, Belgium. r-a-Phosphatidylcholine EYPC was purchased
from Avanti Polar Lipids, Alabaster, AL, USA and used as received.

2.2. Methods

'H NMR spectra were recorded on an ARX 300 MHz Bruker Spectrometer (Bruker Daltonics,
Billerica, MA, USA). Chemical shifts are reported as 0 values (ppm) with corresponding deuterated
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solvent peak as an internal standard. Mass spectrometric analysis was performed in the positive ion
mode using a quadrupole mass spectrometer (Micromass, Platform II spectrometer). Fluorescence
spectra were recorded in Perkin Elmer LS-55 spectrometer (Perkin Elmer Inc., Waltham, MA, USA).

2.3. General Synthetic Procedure

All compounds have been synthesized as follows: 0.2 mmol 4’-aminobenzo-15-crown-5 are mixed
with the corresponding 1.1 equiv. isocyanate in 10 mL of chloroform. The solution was stirred under
reflux overnight. Solution was concentrated under rotary evaporator. Hexane was introduced to
precipitate the product, after filtration, the filter cake was dried in the air and yields as final product,
yields are around 65%.

1-(Benzo-15-crown-5-15-yl)-3-octylurea (1), '"H NMR (DMSO-dg, 300 MHz, 298 K) § 8.19 (s, 1H), 7.13
(d, ] =2.1Hz, 1H), 6.77 (dt, ] = 8.6, 5.4 Hz, 2H), 6.00 (t, ] = 5.6 Hz, 1H), 3.98 (dd, | = 8.6, 4.1 Hz, 4H),
3.74 (dd, J = 10.7, 6.0 Hz, 4H), 3.60 (s, 8H), 3.04 (dd, ] = 12.6, 6.6 Hz, 2H), 1.40 (s, 2H), 1.26 (s, 10H), 0.86
(t, ] = 6.6 Hz, 3H). 13C NMR (75 MHz, CDCl;, 298 K) § 156.89, 149.56, 145.71, 132.33, 114.99, 114.49,
108.70, 70.89, 70.79, 70.42, 70.26, 69.61, 69.38, 68.55, 40.43, 31.81, 30.12, 29.31, 29.25, 26.93, 22.64, 14.09.
ESI-MS Calcd. for Cp3H39N2Og (M + H*) 439.28, Found 439.38; Caled. for Co3H3gNoOgNa (M + Na™)
461.55, Found 461.35. IR (cm™1): 3297, 2924, 2855, 1627, 1559, 1516, 1457, 1417, 1269, 1233, 1135, 985,
937,847, 628. HR-MS (ESI+) caled. for Co3H39N»Og 439.2808 found m/z 439.2814.

(R)-(Benzo-15-crown-5-15-yl)-3-(octan-2-yl)urea (r2), 'H NMR (300 MHz, 298 K, DMSO-dg) & 8.08 (s, 1H),
7.14 (d, ] =23 Hz, 1H), 6.81 (d, ] = 8.7 Hz, 1H), 6.73 (dd, ] = 8.6, 2.3 Hz, 1H), 5.83 (d, ] = 8.1 Hz, 1H),
3.98 (dd, ] = 8.9, 4.5 Hz, 4H), 3.75 (dd, | = 10.8, 6.1 Hz, 4H), 3.60 (s, 9H), 1.31 (d, ] = 29.3 Hz, 10H), 1.05
(d, ] = 6.5 Hz, 3H), 0.86 (t, ] = 6.6 Hz, 3H). 13C NMR (75 MHz, 298 K, CDCl3) & 156.19, 149.77, 145.87,
132.69, 115.25, 114.69, 108.97, 71.09, 71.00, 70.62, 70.45, 69.79, 69.54, 68.77, 46.29, 37.46, 31.94, 29.36,
26.22,22.74, 21.60, 14.22. ESI-MS Calcd. for Cp3H39N,O¢ (M + H) 439.3, Found 439.3; Caled. for
Cp3H3gN,0¢Na (M + Na't) 461.3, Found 461.3; Caled for Co3H3gN>OgK (M + K) 477.2, Found 477.3.
HR-MS (ESI+) caled. for Cp3H39N,Og 439.2808 found my/z 439.2813.

(S)-(Benzo-15-crown-5-15-yl)-3-(octan-2-yl)urea (s2), TH NMR (300 MHz, 298 K, DMSO-d;) & 8.09 (s, 1H),
7.14 (s, 1H), 6.81 (d, ] = 8.7 Hz, 1H), 6.73 (d, | = 8.5 Hz, 1H), 5.84 (d, ] = 8.1 Hz, 1H), 3.97 (s, 4H),
3.75 (s, 4H), 3.60 (s, 9H), 1.30 (d, ] = 29.2 Hz, 10H), 1.05 (d, ] = 6.5 Hz, 3H), 0.86 (t, ] = 6.3 Hz, 3H).
13C NMR (75 MHz, 298 K, CDCl3) 6 156.09, 149.73, 145.63, 133.07, 115.34, 114.42, 108.74, 71.04, 70.94,
70.59, 70.41, 69.86, 69.78, 69.52, 68.74, 46.19, 37.49, 31.95, 29.38, 26.23, 22.74, 21.62, 14.22. ESI-MS Calcd.
for Cp3H39N>Og (M + HY) 439.3, Found 439.4; Caled. for Cp3H3sN,OgK (M + K*) 477.2, Found 477.3.
HR-MS (ESI+) caled. for Co3Hz9NoOg 439.2808 found my/z 439.2810.

1-(2-Ethylhexyl)-3-(benzo-15-crown-5-15-yl)urea (3), TH NMR (300 MHz, 298 K, DMSO-d;) & 8.18 (s, 1H),
7.13(d, ] =2.1Hz, 1H), 6.80 (d, ] = 8.6 Hz, 1H), 6.74 (dd, ] = 8.6, 2.1 Hz, 1H), 5.98 (t, ] = 5.5 Hz, 1H),
4.07 - 3.93 (m, 4H), 3.74 (dd, ] = 10.6, 5.9 Hz, 4H), 3.60 (s, 8H), 3.01 (d, ] = 3.2 Hz, 2H), 1.40 - 1.13
(m, 9H), 0.86 (q, ] = 7.0 Hz, 6H). 13C NMR (75 MHz, 298 K, CDCl3) 6§ 156.81, 149.72, 145.73, 132.87,
115.18, 114.47, 108.78, 71.06, 70.95, 70.61, 70.43, 69.78, 69.53, 68.72, 43.28, 39.77, 31.07, 29.00, 24.28, 23.18,
14.21,10.99. ESI-MS Calcd. for C23H39N205 (M + H+) 439.3, Found 439.3; Calcd for C23H38N206Na
(M + Na™) 461.3, Found 461.3; Calcd. for Co3H3sN,OgK (M + K*) 477.2, Found 477.2. HR-MS (ESI+)
caled. for Co3H39N,Og 439.2808 found my/z 439.2809.

2.4. Lipid Bilayer Transport Experiments

2.4.1. LUV Preparation for HPTS Experiments

The large unilamellar vesicles (LUVs) were formed using egg yolk L-a-phosphatidylcholine
(EYPC chloroform solution, 800 uL, 20 mg). To this solution was added 800 uL of methanol MeOH
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and the solvent was slowly removed by evaporation under vacuum at room temperature and dried
overnight under high vacuum. The resulting thin film was hydrated with 400 uL of buffer (10 mM
sodium phosphate, pH 6.4, 100 mM NaCl) containing 10 uM HPTS. During hydration, the suspension
was submitted to seven freeze-thaw cycles (liquid nitrogen, water at room temperature). The obtained
white suspension was extruded 21 times through a 0.1 um polycarbonate membrane in order to
transform the large multilamellar liposome suspension (LMVs) into LUVs with an average diameter of
100 nm. The LUVs suspension was separated from extra-vesicular HPTS dye by using size exclusion
chromatography (SEC, stationary phase Sephadex G-50, mobile phase: phosphate buffer with 100 mM
NaCl) and diluted with mobile phase to give 2.8 mL of 11mM lipid stock solution (considering
all the lipids have been incorporated) [15].

2.4.2. Cation Transport Experiments

The fast filter method was used for data collection. 100 puL of stock vesicle solution was suspended
in 1.85 mL of the corresponding buffer (10 mM PBS pH 6.4 containing 100 mM of the analyzed
cation) and placed into a quartz fluorimetric cell. The emission of HPTS at 510 nm was monitored
at two excitation wavelengths (403 and 460 nm) simultaneously. 0.464 mM lipid was used in each
experiment. The final concentration of the compound is 0.06 mM for 12.9 mol% of compound/lipid ratio.
This concentration is high enough for crown ethers to assemble as channels in lipid bilayers, assuming
the insertion is complete. At 20 s, 29 uL of aqueous NaOH (0.5 M) was added, and macrocyclic
compound added at 50 s, detergent was added after 340 s, and the measurement lasted another
50 s. For experiments involving FCCP, the compound was added at 40 s, and the tested macrocyclic
compound was added at 60 s. The lysis started at 350 s for 50 s to finish the measurements this time.
Experiments without FCCP (from 50 s to 340 s) are compared to experiments with FCCP (from 60 s
to 350 s). The extent of transport was monitored using the ratio of the emission intensities of HPTS
at 460 and 403 nm (I460 and I403). We calculated the first-order initial rate constant from the slopes
of the plot of In ([H*];, — [H* Jout) versus time, where [H*|;, and [H*]oyt are the intravesicular and
the extravesicular proton concentrations, respectively. The [H*]out was assumed to remain constant
during the experiment (pH 7.4), while [H*];;, values were calculated for each point from HPTS emission
intensity using the equation pH = 1.1684 x log(leo/Is03) + 6.9807. The initial and final pH are pH
att = 0s and at the end of the experiment, respectively. In the picture, I refer to the intensity at 460 nm,
and I refers to intensity at 403 nm. To calculate ECs5y and Hill coefficient 11, we used the fractional
activity Y. Y was calculated for each curve using the normalized value of I450/I403 (just before lysis of
the vesicles). We expressed Y as a function of time, and we performed fittings using a 2-parameter
equation, which is, Hill equation: Y = Ypjank + (Ymax = Yblank)/(1 + (ECs50/[C])"), from which Ypjank is
the fractional activity from the experiment of blank and Ymay is the largest fractional activity from
the same series of experiments.

3. Results

Three octyl-benzoureido-15-crown-5-ethers have been prepared for the studies described here.
The octyl-isocyanate (R)-(—)-2-octyl isocyanate, (5)-(+)-2-octyl isocyanate, 2-ethylhexyl isocyanate were
treated with the corresponding 4-aminobenzo-15-crown-5-ether (CHCl3, 65 °C, overnight) to afford after
precipitation from hexane 1, r2, s2 and 3, respectively, as powders (Scheme S1). 1H-, 13C-NMR, ESI-MS,
and HR-MS spectroscopic data are in accord with proposed structures (see Supplementary Materials
for details, Figures S1-58).

The generation of functional transporting superstructures of 1, 12, s2 and 3 is based on three
encoded features: (1) they contain macrocyclic cation-binding moieties [3-8]; (2) the supramolecular
guiding interaction is the urea head-to-tail H-bond association, reminiscent with the amide H-bonding
moiety in protein [9-15]; (3) the alkyl tails control the H-bonding self-assembly and induce variable
hydrophobic stabilization at the interface with the bilayer membrane.
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'H NMR dilutions experiments on solutions in CDCl3 of 1, 2, s2, 3 show a variable downfield shift
of both NH protons upon increasing the concentration, which is indicative of self-association through
intermolecular H-bonding (Figure 2, Figures 59-511). To quantify the degree of the aggregation, the NH
shifts at different concentrations were fitted to the NMR CoEK aggregation model (Nelder-Mead
method) using Bindfit [9]. The determined values of the aggregation constants, as well as
the cooperativity factors, are given in Table 1. There is encouraging strong cooperative H-bonding
effect. The most associated compound 1 contains the linear n-octyl sidearm while the formation of
aggregates is hindered when crowded supplementary residues block the H-bonding and slightly
deactivate (~25% decrease) the self-association in r2, s2 and 3.
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Figure 2. The difference in chemical shifts of the urea-type Ha protons relative to chemical shifts &
at 0.01 M plotted against the concentration of intermolecular H-bonded oligomers 1, r2, and 3, in CDCl3
at 25 °C.

Table 1. Association Constants Ke for Numerical Fits a Monomer/Dimer/Aggregate model, obtained
from NMR dilution experiments in CDClj at 25 °C [9,13].

Compound 1 2 3
Ke 193 153 146
p? 023 010 0.20

Ke error (%) 264 389 230

2 The factor p = Ky/Ke highlight the cooperativity of aggregation with p < 1 positive cooperativity, p = 1,
no cooperativity and p > 1 negative cooperativity for K. aggregation vs. Ky dimerization.

The ion-transport activities were evaluated by the HPTS assay [24,25]. 1-a-phosphatidylcholine,
EYPC liposomes (Large Unilamellar Vesicles-LUV, 100 nm) were filled with a pH-sensitive dye,
HPTS and 100 mM NaCl in a phosphate buffer (10 mM, pH 6.4). The liposomes were then suspended
in an external phosphate buffer (10 mM, pH 6.4) containing 100 mM of MCl, M* = Na*, K*. Then, after
addition of 1, r2, s2, 3 in the bilayer membrane via injection of 20 uL of compound aliquots from
stock 10 mM Dimethylsulfoxide (DMSO) solutions, see the final concentration values (% mol of
the compound/mol of lipid) in hill plot analyses in Figures 512-525), an external pH gradient was
created by addition of NaOH. The internal pH change inside the liposome was monitored by the change
in the fluorescence of HPTS (Figure 3a,b) [26].
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Figure 3. Schematic representation of the translocation mechanism in the presence of macrocycles
(a) without or (b) with FCCP proton transporter. (c¢) Normalized Ie0/1s03 (I/Ip) versus time profiles for
the transport of K* or Na* across the bilayer membrane promoted by 12 or s2 (32.3 mol%).

Compounds1, r2,s2, and 3 are presenting subtle variations on the transport activities of monovalent
K* and Na* cations, depending the structure of isomeric octyl substituents of ureido-benzo-15-crown-5
macrocycle. We note that enantiomers s2 and 12 have rather same activity for translocation of K*
and Na* at the same concentration (Figure 3c). Under the same conditions, compounds 1, 12, s2 and
3 (12.9 mol%) present one order of magnitude higher initial transport rate for K* cations than for

Na*, with kinetic selectivity of Sg/Na+ = 3 to 6.6, depending on the compound (Tables S1 and S2 and
Figure 4a).
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Figure 4. Bar graphs showing (a) the pseudo-first-order rate constants k (s~!) for the transport of K*
and Na* cations and (b) rate enhancement and K*/Na* selectivity, for the macrocyclic carriers 1, s2, 3,
(12.9 mol%) in presence or absence of protogenic FCCP carrier.

Hill analysis [27] (Table 2, Figures S12-525) revealed all macrocycles present K* over Na* selectivity,
which is consistent with previous results. [8,15] Compound 1 is the most active, as it has the lowest
ECs for both Na* (10.6 mol%), and K* (4.1 mol%), much lower than its isomers following the transport
activity sequence of 1 > s2 > 3 within the uM concentration range. Compared with Valinomicin
(ECsox+ = 5 pM) they are several orders of magnitude for K* activity. All the Hill coefficients are
above 2, indicative of a formation of self-assembled aggregates containing more than two molecules of
macrocycles, which transport cooperatively the cations, contrarily to Valinomycin acting as a carrier
with a Hill number =1 [27].
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Table 2. Hill analysis results of K and Na* transport with crown ethers 1, 12, s2, 3, in the presence or
absence of FCCP. ECj5 values expressed as mol% (% molar of compound/lipid needed to obtain 50%
ion transport activity) and 7 is the Hill coefficient.

K* K*/FCCP Na*t Na*/FCCP

ECso ? b ECso ? ECso ECso
(mol%) " (mol%) " mol%) " (mol%) "
1 41 24 19 22 109 53 7.1 38
2 / / 3.0 32 / / 107 41
s2 6.4 33 3.0 29 149 34 112 46
3 83 36 1.8 29 152 51 101 38

2 ECs) was determined by the Hill plot, using the fractional activities at 340 s-290 s after the addition of the compound;
b Hill coefficient.

According to our previous results, the addition of alkyl-benzoureido-15-crown-5-ether channels
in the membrane generate a quite stable transmembrane potential, following a K* > H* electrogenic
antiport through the lipid bilayer [15]. We also know that the simultaneous addition of macrocycles
and FCCP leads to the electrical coupling of fluxes and the transport can proceed without a potential
across the membrane via a non-electrogenic exchange [28,29].

As can be seen from Figure 4, the electrogenic component of the macrocyclic compound-mediated
cation influx is stimulated by the addition of 0.1 mol% FCCP proton carrier as well, which overcome
the proton transport rate-limiting barrier with a special emphasis for the transport of K* cations for
which the transport rate show a 12 to 27 fold increase. This result is valid for all studied macrocycles
1, 12, s2, 3, for which the fractional activities Y for K* cations are also higher. This is also obvious
from the ECsy values, which are strongly improving for K* but not for Na*. FCCP improves transport
efficiency, but more impressively, we observe an increase of Sk * /N, * selectivity from 6.6 to 45.5 in the case
of 2 and from 3.6 to 48.8 in the case of 3.

For all compounds, FCCP did improve transport activity towards Na™, although not as much
as K*, and the rate of transport follows the sequence: K* > Na* > H*. As far as we know, simple
artificial systems presenting so high K*/Na™ selectivity are rare. It can be explained by several
reasons: (i) The fact that these macrocycles can achieve this type of stable ionic potential, suited to
drive protonic gradients, is simply due to their high selectivity for K*. We know from our previous
studies that similar compounds are selective for the transport of K* cations, even in the presence
of Na* cations. [15] (ii) the formation of complexes is highly controlled via the formation of carrier
dimers (benzo-15-crown-5-ether,K*) or higher oligomeric channels (benzo-15-crown-5-ether,K*). [13]
Log P = 3.63-3.66 values, which are often used for evaluating the lipophilicity of the compound,
are quite similar for all studied compounds 1, r2, s2, 3, thus, their partitions within the membrane
might be similar (Table 3). Within this context, the branched alkyl chains might have a negative
impact on the formation of the aggregates inside the lipid bilayer. Branched alkyl tails may favor
the presence of low dimensional self-assembles species of 12, s2, or 3. They show lower permeability
than 1 (Figure 4a), but they lead to an increased Sx*/Na* selectivity via proton-mediated electrogenic
conductance across the membrane (Figure 4b).
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Table 3. Calculated logP (cLogP) values were obtained using VCC labs online calculator ALOGPS 2.1
to assess the lipophilicity of the compounds [30].

Compounds logP

1 3.66
r2 3.64
s2 3.64
3 3.63

4. Conclusions

In conclusion, we demonstrated that macrocycles containing benzoureido-15-crown-5-ether
cation-binding head and bearing linear or branched alkyl side-chains with almost identical lipophilicity,
present completely different transport activities for translocations of cations across the lipid bilayer.
The isomeric octyl-benzoureido-15-crown-5-ethers 1, r2, s2, 3 described here, are very intriguing
electrogenic macrocycles presenting K* over Na* kinetic selectivity of Sk /Na+ = 3 to 6.6. Specifically,
we have demonstrated that simple structural variation from linear to branched octyl chains are strongly
influencing the transport activities of K* cations when compared with Na* cations. The electrogenic
macrocyclic compound-mediated K* influx is highly increased up to 27 fold by the addition of FCCP
proton carrier with a special emphasis for the transport of K* cations, for which the Sx* /N, * selectivity,
is increasing from 6.6 to 45.5 in the case of s2 and from 3.6 to 48.8 in the case of 3. This is a significant
step forward toward the development of electrogenic macrocycles with high K*/Na™ selectivity.

Supplementary Materials: The following are available online at http://www.mdpi.com/2624-8549/2/1/3/s1,
Scheme S1: Synthesis of compounds 1, 1, s2, 3, Figure S1: TH NMR spectrum of 1 (300 MHz, 298K, DMSO-d6),
Figure S2: 13C NMR spectrum of 1 (75 MHz, 298K DMSO-d6), Figure S3 'H NMR spectrum of r2 (300 MHz,
298 K, DMSO-d6), Figure S4 1>C NMR spectrum of r2 (75 MHz, 298 K, CDCI3), Figure S5 "H NMR spectrum
of s2 (300 MHz, 298 K, DMSO-de), Figure S6 1*C NMR spectrum of s2 (75 MHz, 298 K, CDCly), Figure S7 'H
NMR spectrum of 3 (300 MHz, 298 K, DMSO-dg), Figure S8 13C NMR spectrum of 3 (75 MHz, 298 K, CDCls),
Figure S9 TH NMR dilution experiments in CDCl3 of 1 (0.01 to 0.16 M, from top to bottom), Figure S10 TH NMR
dilution experiments in CDCl3 of 12 (0.01 to 0.16 M, from top to bottom), Figure S11 "H NMR dilution experiments
in CDCl; of 3 (0.01 to 0.16 M, from top to bottom), Figure S12. Normalized Iy40/1403 for transporting K* across
the bilayer membrane facilitated by different amount of 1 and hill plot analysis of K*/H* antiport, Figure S13.
Normalized I440/1403 for transporting Na* across the bilayer membrane facilitated by different amount of 1 and hill
plot analysis of Na*/H* antiport, Figure S14 Normalized I440/1403 for transporting K* across the bilayer membrane
facilitated by different amount of 1 coupled with FCCP (0.1 mol%) and hill plot analysis of K*/H* antiport,
Figure 515 Normalized I440/I403 for transporting Na* across the bilayer membrane facilitated by different amount
of 1 coupled with FCCP (0.1 mol%) and hill plot analysis of Na*/H* antiport, Figure S16 Normalized I440/I403 for
transporting K* across the bilayer membrane facilitated by different amount of s2 and Hill plot analysis of K*/H*
antiport, Figure 517 Normalized I340/1493 for transporting Na* across the bilayer membrane facilitated by different
amount of s2 and hill plot analysis of Na*/H* antiport, Figure S18 Normalized Iy¢0/1493 for transporting K* across
the bilayer membrane facilitated by different amount of s2 coupled with FCCP (0.1 mol%) and hill plot analysis of
K*/H* antiport, Figure 519 Normalized I4/L303 for transporting Na* across the bilayer membrane facilitated
by different amount of s2 coupled with FCCP (0.1 mol%) and hill plot analysis of Na*/H* antiport, Figure S20
Normalized I460/I403 for transporting K* across the bilayer membrane facilitated by different amount of r2 coupled
with FCCP (0.1 mol%) and hill plot analysis of K*/H* antiport, Figure 521 Normalized I440/l43 for transporting
Na* across the bilayer membrane facilitated by different amount of r2 coupled with FCCP (0.1 mol%) and hill plot
analysis of Na*/H" antiport, Figure S22 Normalized Iy¢0/l403 for transporting K* across the bilayer membrane
facilitated by different amount of 3 and hill plot analysis of K*/H* antiport, Figure 523 Normalized I44/l303 for
transporting Na* across the bilayer membrane facilitated by different amount of 3 and hill plot analysis of Na*/H*
antiport, Figure 524 Normalized I60/Is03 for transporting K* across the bilayer membrane facilitated by different
amount of 3 coupled with FCCP (0.1 mol%) and hill plot analysis of K*/H" antiport, Figure 525 Normalized
T460/1403 for transporting Na* across the bilayer membrane facilitated by different amount of 3 coupled with FCCP
(0.1 mol%) and hill plot analysis of Na*/H* antiport, Figure S26. HR-MS spectra of compounds 1, r2, s2, 3, Table S1
Pseudo first-order rate constants k (s™1) for the transport of K*/H* through LUVs at different concentrations of
the compounds to lipid without or with proton transporter FCCP, Table S2 Pseudo first-order rate constants k (s ™)
for the transport of Na*/H* through LUVs at different concentrations of the compounds to lipid without or with
proton transporter FCCP. The initial rate for the blank has already been subtracted from all the rates.
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Abstract: p-'Bu-calix[4]arene (H4TBC[4]) has proven to be an incredibly versatile ligand for the
synthesis of 3d- and 3d/4f- clusters, in particular those containing mixed-valent Mn ions. These are of
interest to the magnetochemist for the diversity of magnetic behaviours that can be shown, along with
a huge variety of nuclearities and topologies accessible, which allow one to outline magneto-structural
correlations and a quantitative understanding of their properties. This contribution reports the
synthesis, analysis and magnetic properties of a Brucite-like Mn-oxo/hydroxo octanuclear fragment
encapsulated within/capped by four [Mn-TBC[4]]~ moieties. A diol coligand in the reaction mixture
plays a seemingly important role in determining the outcome, though it is not incorporated in the
final structure.

Keywords: calixarenes; coordination clusters; manganese; molecular magnetism

1. Introduction

Manganese continues to play a prominent role in the chemistry of 3d transition metals, owing to
its significance across a breadth of research areas, including bioinorganic [1] and biomedicinal
chemistry [2], catalysis [3], nanomaterials [4], spectroscopy [5], and molecular magnetism [6]. In the
latter category, the ability of the Min ion to exist in a variety of stable oxidation states (II-IV) allows for the
construction of polymetallic cluster compounds exhibiting a variety of interesting magnetic behaviours,
including the stabilization of large spin ground states [7], the slow relaxation of magnetization [8],
spin frustration [9], vibrational coherences [10], and enhanced magnetocaloric effects [11]. A key
component in understanding the physical properties of all Mn-based molecular magnets is the
construction of large families of related compounds so that structure-magnetism relationships can be
quantitatively rationalised, and this requires the careful design and exploitation of specific organic
bridging ligands.

We have been exploring the coordination chemistry of calix[n]arenes (C[n]s) with Mn (as well as
other metals), as these molecules hold the potential to isolate coordination clusters in the solid state in
various different ways, for example, by exploiting the wedge shape of p-‘Bu-calix[4]arene (H,TBC[4]).
As can be seen from the acetonitrile (CH3CN) solvate of HyTBC[4] (Figure 1a) [12], the shape of
the building block exerts strong influence over assembly and typically results in antiparallel bilayer
formation in the solid state. The hydrophobic cavities are offset in this case and are occupied by
acetonitrile of crystallization, though the same phenomenon is also observed for other solvates such
as dmf [13]. With respect to cluster formation, p-'Bu-calix[4]arene (H4TBC[4]) has proven to be a
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particularly versatile platform for the synthesis of a wide range of different topologies, with nuclearities
reaching up to fourteen [13-16]. A recurring structural theme we have noticed in this work is that
the [Mn'TBC[4]]~ moieties act as bridges to metal ions within the cluster through their phenolate
groups (Figure 1b), but also as polyhedral capping units (Figure 1c) [17]. The latter suggests that these
can be used to encapsulate small metal-oxo-hyroxo fragments growing in 2- or 3-dimensions. Thia,
sulfonyl and sulfinyl calix[4]arenes have also been employed in this way, though they give access
to markedly different topologies due to the presence of donor atoms at the bridge positions [18-23].
In all cases, new species isolated with methylene- or heteroatom-bridged calix[4]arenes would be of
particular interest to magnetochemists researching topological spin frustration [24]. Herein, we discuss
the synthesis, structure and magnetic behaviour of a mixed-valent [MngMnll, ] species built with
TBCJ[4], the core metallic skeleton of which is related to the hydroxide-based mineral Brucite.

f%z/?%

(@ (b)

Figure 1. (a) Section of the extended structure found in the CH3CN solvate of HyTBC[4], showing the
antiparallel bi-layer assembly and offset head-to-head arrangement of the host cavities [12]. (b) Partial
single crystal X-ray structure of a mixed-valence TBC[4]-supported manganese cluster containing a
butterfly-like [Mn!", Mn!l,(OH),] core [13]. Mn!"! ions occupy the tetraphenolato pocket of the TBC[4]
and act as capping units (shown as larger spheres in the inset diagram). (c) Partial single crystal X-ray
structure of a C[4]-supported 3d-4f cluster topology that can be isolated with a range of lanthanides [14].

Analogous capping behaviour to that found in (b) is also observed here and is represented by the larger
i} 11l

spheres in the inset diagram. Colour code: Mn""—purple; Ln""'—green; O—red; C—grey; N—blue;

ligated solvent—orange. 'Bu groups, hydrogen atoms, and solvent of crystallization omitted for clarity.

2. Results and Discussion

2.1. Synthesis and Structural Studies

Reaction of H,TBC[4] with MnCl,-6H,O, Hybd (1,4-butanediol), [NH4]ClO4, and NEt;
in a mixture of CH3CN and dmf, followed by vapour diffusion of diethyl ether into
the mother liquor, afforded single crystals suitable for X-ray diffraction of formula
[Mn™gMn!y (114-0) (13-OH)(1-OH) 4 (11-Cl)o (TBC[4])4 (dmf)g(H,0)4(CH3CN), |- 2dmf-6CH3CN (1,
Figure 2, please also see Appendix A). The crystals were found to be in a triclinic cell, and structure
solution was carried out in the space group P-1, with the asymmetric unit (ASU) comprising
half of the cluster (Mn1-Mn6, Figure 3). Before moving to the structural description of 1, it is
interesting to note that inspection of Figure 2 shows that 1,4-butanediol is not incorporated in the
prevailing structure. Our original intention was to form a heteroleptic TBC[4]-diol cage, and although
1,4-butanediol is not incorporated, its presence in the reaction mixture is required for 1 to form.
Indeed, analogous experiments in the absence of diol result in the formation of the well-known
TBC[4]-supported IMn,Mn!,] cluster topology shown in Figure 1B; this particular cluster can be
isolated quantitatively in under 1 h, further indicating that the diol plays a crucial role in the formation
of 1.
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Figure 2. Partial single crystal X-ray structure of 1. Colour code: Mn"—purple; Mn"—pale blue;
O—red; C—grey; Cl—green; ligated dmf—orange sphere. 'Bu groups, hydrogen atoms, solvent of
crystallization and atoms other than oxygen of ligated dmf are omitted for clarity.

Figure 3. Partial single crystal X-ray structure of 1 showing the asymmetric unit with selected labels
shown. Colour code: MnHI—purple; MnH—pale blue; O—red; C—grey; Cl—green; dmf—orange. fBu
groups, hydrogen atoms, and solvent of crystallization omitted for clarity. Two s.e. atoms (012" and
013’) are included in order to show the octahedral coordination sphere around Mn4.

The central metal-oxygen core of 1 describes a near-planar, mixed-valent
[MnTgMn (114-0) (113-OH) (1-OH)4 (Cl),] sheet-like structure (Figures 2 and 4). The Mn!!
ions in 1 (Mnl, Mn2, Mn4, and symmetry equivalent, s.e.) are easily distinguished through the
presence of coparallel Jahn-Teller (JT) axes, oriented approximately 40° from the plane of the metal
ions. The two Cl ions (Cl1 and s.e.) bridge between neighbouring Mn!! ions (Mn3-Cl-Mn5 and s.e.,
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86.21°). Mn1 (and s.e.) is bound in a TBC[4] lower-rim tetraphenolato pocket (Mn1-O1-4, with bond
distances in the range of 1.882(2)-1.973(2) A), with its distorted octahedral geometry completed
by a ligated dmf molecule residing within the TBC[4] cavity (Mn1-O18, 2.271(3) A), and a pz-OH
(Mn1-09, 2.216(2) A) that also bridges Mn2 and Mn3 (Mn2-09, 1.931(2) A and Mn3-09, 2.209(3) A).
The remaining Mn! ion (Mn6 and s.e.) is also bound within a TBC[4] lower-rim tetraphenolato pocket
(Mn6-O5-8, with bond distances in the range of 1.930(2)-1.948(2) A) sitting above/below the [Mny]
plane (Figure 2), bonded to Mn2 and Mn4 (and s.e.) through a py-O% ion (Mn6-O13, 2.144(2) A).
Each of these O-atoms is H-bonded to a bridging hydroxide in the [Mno] plane (O--O, 2.643-2.870 A).

Figure 4. The near-planar, mixed-valent [Mn!'sMn!!; (114-O), (113-OH)s (1-OH) 4 (Cl), ] sheet-like structure

111

at the core of complex 1. Colour code: Mn'—purple; Mn"—pale blue; O - red; Cl—green; dmf—orange.

Carbon, nitrogen and hydrogen atoms, as well as solvent of crystallization omitted for clarity.

Interestingly, Mn6 (and s.e.) is formally five-coordinate and in square-pyramidal geometry
(Figure 3), with the CH3CN molecule occupying the TBC[4] cavity and interacting with the Ph
rings through CH---7 interactions. We have observed such behaviour in other TBC[4]-supported Mn
cages [25], and this is also reminiscent of the host-guest chemistry found in the CH3CN solvate of
TBC[4] (Figure 1a) [12]. The preference of the TBC[4] ligands to host Mn" ions over Mn!! ions in 1 is
entirely consistent with our previously published empirical binding rules for this ligand [17].

One of the goals behind our use of C[n]s in cluster synthesis is to isolate or ‘dilute” these species in
the solid state. This has been achieved efficiently in the formation of 1, with TBC[4]s protecting the
cluster core (Figure 5). The closest intermolecular interactions found between s.e. of 1 in the extended
structure occur between Cl ions at a Cl---Cl distance of ~3.3 A, and between dmf molecules at an N---O
distance of ~3.6 A, directing chains of [Mnj;] cages along the a-axis of the cell. Inspection of Figure 5
and comparison with Figure 1A shows similar assembly behaviours despite the fact that the overall
shape of 1 is markedly different to that of the parent HyTBC[4]. The ‘coating’ of 1 with [Mn'TBC[4]]~
capping moieties results in head-to-head packing dominated by the calixarenes. This is another
common structural trend that is emerging as this work progresses, another example being that trigonal
planar enneanuclear [Cu'ly] clusters adapt to display similar packing behaviour in sheets, even though
the clusters are unable to form the typical bi-layers. Interestingly, the metal-oxygen core present in 1
(Figure 4) is reminiscent of a portion of the Brucite ((Mg(OH),]) lattice, and is similar to that observed in
[Mng_12] “rods” built with the tripodal alcohol ligands Hzthme (1,1,1-tris(hydroxymethyl)ethane) and
Hstmp (1,1,1-tris(hydroxymethyl)propane) [26], and to the [Mn™¢Mn'l;] “planar discs” built with the
ligands 2-amino-2-methyl-1,3-propanediol (ampH,) and 2-amino-2-ethyl-1,3-propanediol (aepHy) [27].
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Figure 5. Extended structure of 1 looking down the a-axis. Packing of neighbouring clusters is
dominated by TBC[4]s, which mimic head-to-head dimer assembly akin to that shown for the CH3CN
solvate of HyTBC[4] in Figure la [12]. Colour code: Mn"—purple polyhedra; Mn!'—pale blue
polyhedra; O—red; C—grey; hydrogen atoms, solvent of crystallization and ligated solvent omitted
for clarity.

2.2. Magnetic Behaviour

Magnetic susceptibility (xy1) data were measured on a powdered, restrained crystalline sample
of 1 under a 0.1 T dc field in the T = 5-300 K temperature range. The temperature dependence of
the xmT product is shown in Figure 6. At room temperature, the xT value of 40.82 em® K mol ™ is
close to the Curie constant expected for eight Mn'!!
(41.5 cm® K mol™). The xT value remains approximately constant as the temperature is decreased
until ~150 K, where it starts to decrease, reaching a minimum value of 13.27 cm?® K mol™? at 5 K.

and four Mn!! ions, assuming a g-value of 2.00

This behaviour is indicative of the presence of predominantly weak antiferromagnetic interactions
between the constituent metal ions. A fit of the 1/x) versus T data to the Curie-Weiss law afforded
the Weiss constant, 6 = —~10 K. Magnetization measurements, performed in fields between 0.5-7 T
(Figure 7), are in agreement with this observation, showing M increasing in a near linear like fashion
with H, indicative of the field-induced population of low-lying excited states with larger magnetic
moments. Previous magneto-structural correlations in alkoxide-bridged Mn'" dimers in which the JT
axes are coparallel, as seen in the central [Mny] planar core (Figure 4), predict borderline and weak
ferro- or antiferromagnetic exchange interactions, as observed [28]. No signals were observed in ac
susceptibility measurements for data collected in the T = 1.8-10 K temperature range in frequencies up
to 1500 Hz.
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Figure 6. Plot of xjyT vs T (0) and 1/xy vs T (O) in the range T = 5-300 K in an applied field of 0.1 T.
The red line is a fit of the Curie-Weiss law. See text for details.
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Figure 7. Field dependence of the magnetization (M) measured in the range T =2-7 Kand H=0.5-7.0 T.

3. Conclusions

The reaction between MnCl,-6H,O, H,TBC[4], Hybd, [NH4][CIO4] and
NEt3; in CH3CN / dmf affords the dodecametallic, mixed-valent  cluster
IMn™sMn (114-0); (13-OH)(u-OH) 4 (u-Cl)o (TBC[4])4(dmf)g(H20)4(CH3CN),].  The  structure
describes a central, near-planer Mn-oxo-hydroxo moiety, reminiscent of the Brucite lattice,
encapsulated by [Mn-TBC[4]]~ moieties. Magnetic susceptibility and magnetization measurements
reveal dominant and weak antiferromagnetic exchange interactions between the metal centres.

Somewhat surprisingly, 1,4-butanediol is a crucial component required for the formation of 1
despite the fact that it is not incorporated in the resulting cluster. Absence of this key reactant affords
the previously reported mixed-valence TBC[4]-supported Mn-butterfly cluster, suggesting that this
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chelate plays a crucial role in (possibly hindering) cluster formation and producing a significantly
higher nuclearity species in the process; the TBC[4]-supported Mn-butterfly cluster (Figure 1b) can be
formed rapidly in approximately 15 min, and quantitatively precipitates from solution within an hour.
The development reported here suggests that the use of other potential coligands with similar chemical
make-up may offer the possibility to access/isolate other large, discrete high-nuclearity species. Results
from this study will be reported in due course and will ideally shed additional light on the important
role of such non-innocent reactants.
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Appendix A

MnCl,-4H,0 (99 mg, 0.5 mmol, Sigma Aldrich, UK), HyTBC[4] (97 mg, 0.15 mmol, Sigma Aldrich,
UK) and NH4CIOy4 (140 mg, 1.2 mmol, Sigma Aldrich, UK) were dissolved in a mixture of dmf
(10 mL, Fisher Scientific, UK) and CH3CN (10 mL, Fisher Scientific, UK). 1,4 butanediol (90 mg,
1 mmol, Sigma Aldrich, UK) was then added with stirring. After five minutes, NEt3 (0.42 mL, 3 mmol,
Sigma Aldrich, UK) was added dropwise and the reaction mixture stirred for two hours. X-ray quality
crystals were obtained after 3 days in ~20% yield following filtration of the mother liquor with
subsequent diffusion of diethyl ether (or hexane) into the resulting solution. Elemental analysis:
found (calc. %) for CapHazpClaMn pN1gO040: C 57.61 (57.43), H 6.94 (6.95), N 5.35 (5.43). Crystal
Data (CCDC 1993320): Cp4HgsCloMn1oN19Oy49 (M =4250.61 g/mol): triclinic, space group P-1 (no.
2),a=16.144(16) A, b =19.437(19) A, ¢ = 22.33(2) A, a = 110.119(15)°, B = 104.06(2)°, y = 90.752(15)°,
V =6347(11) A3, Z =1, T = 100(2) K, p(MoK«) = 0.656 mm~!, Deale = 1.112 g/em?, 98657 reflections
measured (3.342° < 20 < 52.744°), 25871 unique (Rint = 0.0328, Ryjgma = 0.0396), which were used in all
calculations. The final Ry was 0.0564 (I > 20(I)) and wR; was 0.1810 (all data). Magnetic properties
were determined using a MPMS-XL SQUID magnetometer (Quantum Design Inc., San Diego, CA,
USA) for direct current (dc) and alternating current (ac) measurements. The powdered microcrystalline
sample was immobilised in eicosane. Experimental dc data were recorded at 0.1 T in the temperature
range 5.0-300 K and at 2.0-7.0 K in the field range 0.5-7.0 T. Experimental ac data were collected in the
temperature range 1.8-10 K and frequency range 0-1500 Hz using an amplitude of B, = 3 G. All data
were corrected for the sample holder contributions and intrinsic diamagnetic contributions that were
determined from Pascal’s constants.
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Abstract: The aldol condensation of indane-1,3-dione (ID) to give ‘bindone’ in water is catalysed by
an ML, cubic coordination cage (HY). The absolute rate of reaction is slow under weakly acidic
conditions (pH 3—4), but in the absence of a catalyst it is undetectable. In water, the binding constant of
ID in the cavity of H is ca. 2.4 (+1.2) X 10> M, giving a AG for the binding of —19.3 (+1.2) k] mol .
The crystal structure of the complex revealed the presence of two molecules of the guest ID stacked
inside the cavity, giving a packing coefficient of 74% as well as another molecule hydrogen-bonded to
the cage’s exterior surface. We suggest that the catalysis occurs due to the stabilisation of the enolate
anion of ID by the 16+ surface of the cage, which also attracts molecules of neutral ID to the surface
because of its hydrophobicity. The cage, therefore, brings together neutral ID and its enolate anion via
two different interactions to catalyse the reaction, which—as the control experiments show—occurs
at the exterior surface of the cage and not inside the cage cavity.

Keywords: host-guest chemistry; coordination cage; catalysis; crystal structure; supramolecular chemistry

1. Introduction

The use of self-assembled molecular containers such as coordination cages as catalysts for reactions
that occur in the central cavity has provided some remarkable examples of synthetic hosts providing
enzyme-like levels of the rate acceleration of reactions. The range of reactions that has been shown to
be catalysed is now extensive [1-10].

Many examples of cage-based catalysis rely on the steric properties of the cavity to provide the
catalytic effect. Thus, the early examples of the acceleration of Diels—Alder reactions occurred on the
basis that co-location of the two components in the same cavity provided a high local concentration
of the two reacting partners [11-14]. Unimolecular pericyclic reactions can be accelerated because
the folding of the guest allows it to bind in the cage cavity, resulting in a conformation that is close
to the transition state [15-19]. Catalytic effects based on the electronic properties of the cage have
also emerged, with photoinduced electron transfer between components of the cage walls and a
bound guest, triggering useful reactions [20-23]; and an improved artificial ‘Diels-Alderase” has been
demonstrated, based on the electronic activation of the dienophile component by hydrogen-bonding
interactions between the cage and guest, showing substantial rate enhancements without the need
for the diene to be co-located in the cavity [24]. Possibilities for cage-based catalysis have been
extended by the encapsulation of small-molecule catalysts, from mononuclear organometallic species
to polyoxometallates, inside cage cavities [25-27]: in these cases, the cage itself is not the catalyst, but it
modifies the behaviour of the bound catalyst that operates inside a constricted environment quite
different from that in the bulk solution.
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We have recently demonstrated examples of catalysis using an octanuclear, approximately cubic,
M;gLi, coordination cage host denoted H or HY, depending on external substituents (Figure 1) [10,28-30],
which in water binds a wide range of hydrophobic guests in the central cavity, driven principally by
the hydrophobic effect [31-33]. We note that a diverse range of octanuclear cages with the capacity to
bind guests in the cavity is known [34-37]. The basis of guest binding in our hosts H/H" in solution
is well understood to the extent that we have developed a reliable predictive model for quantifying
the guest binding free energies [38,39]. In addition to binding guests in the central cavity, the high
positive charge [+16, arising from eight Co(II) ions] results in the accumulation of anions around the
cage surface, resulting in a high local concentration of anions surrounding the guest, which is the basis
for the catalysis [29,30]. We also showed that the binding of anions to the cage surface depends on how
readily the anion can be desolvated, with chloride ions displacing hydroxide, and in turn, phenolate
anions displacing chloride ions [30], allowing the nature of the anionic reaction partner surrounding a
guest to be controlled. Thus, the cage offers the possibility to co-locate (i) a substrate that binds via the
hydrophobic effect, with (ii) a high concentration of anions that accumulate around it via ion-pairing,
two orthogonal interactions that, in combination, could promote a wide range of catalysed reactions
between organic substrates and anions in water. We note that this accumulation of counter-ions around
charged cages that can participate in catalytic reactions has also been exploited by Raymond et al.
in the opposite sense: they used highly anionic cages to stabilise protonated forms of cavity-bound
substrates, even at high pH values [18,40-42].

Figure 1. The octanuclear [CogL15](BF4)16 cages used in this work (H, R = H, [28]; HY, R = CH,OH, [31]).
(a) A sketch showing the approximate arrangement of metal ions and the structural formula of the
bridging ligands, which span every edge of the cubic array of Co(II) ions; (b) view of the cationic cage
cavity with each ligand coloured separately (from [28]).

We report here that our cage system can catalyse an aldol reaction: the conversion of
indane-1,3-dione to bindone (Scheme 1) [43-46]. This was discovered by accident when we were
evaluating the binding constants of a range of possible guests using spectroscopic titrations in solution;
the addition of indane-1,3-dione (abbreviated hereafter as ID) to an aqueous solution of HY resulted in
the gradual appearance of a purple colour, which interfered with the titration experiment, but signalled
the formation of the condensation product bindone. This did not occur in the absence of the cage
under the same conditions. The facile aldol condensation of ID to give not just bindone, but also
higher oligomers by multiple aldol-type reactions, has been known for over a century [45,46] and
was recently re-studied in detail [43,44]. As ID has a pKa of close to 7, the reaction can occur under
very mild conditions and can even be catalysed by the surface of laboratory glassware, meaning that
spectroscopic studies need to be prepared and performed in either plastic or quartz vessels.
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Scheme 1. Aldol condensation of indane-1,3-dione (ID) to bindone.
2. Materials and Methods

The Co(II)-based cage H" was prepared as its fluoroborate salt through a previously-published
method [28]. Indane-1,3-dione was purchased from Sigma-Aldrich; it reacts slowly with atmospheric
moisture, so was dried under high vacuum, and stored in a desiccator. The instrumentation used for
routine spectroscopic measurements was as follows: ' H-NMR spectroscopy, a Bruker Avance 300 MHz
instrument; UV/Vis absorption spectra, an IMPLEN NanoPhotometer C40 cuvette reader, or BMG
CLARIOstar plate-reader. Solution pH measurements were performed with a Hamilton Spintrode pH
combination electrode calibrated with standards at pH 4.01 and 7.00.

Measurement of the binding constant of ID in HY was performed as follows. A series of 13 NMR
tubes was prepared containing 0.6 mL of a D,O solution containing 0.2 mM HY at pD = 3.8, with the
ID concentration varying from 0 to 1 mM (i.e., 0 to 5 equivalents) across the series. Spectra were
recorded at 298 K and signals where free and bound H" could be seen separately were deconvoluted
and integrated to allow the calculation of K (see main text).

Catalysis experiments were performed at 298 K using aqueous solutions containing H" (0.09 mM)
and ID (0.9 mM) at pH 3.4 in a 1 cm path-length quartz cuvette. Progress was monitored on a UV/Vis
spectrophotometer by growth in the absorbance of the product bindone at 550 nm (see main text).

The X-ray crystallographic data for the H¥/ID complex were collected in Experiment Hutch
1 of beamline I-19 at the UK Diamond Light Source synchrotron facility [47]. Full details of the
instrumentation, methods used for data collection, and for the solution and refinement of the structure,
are as recently published [48]. Crystallographic, data collection, and refinement parameters are
collected in Table 1. CCDC deposition number: 1979819.

Table 1. Summary of crystallographic, data collection, and refinement parameters for He(ID)3

Empirical formula C398.15H435.65B16CogF6aN74.85039 35
Formula weight 8759.54
T/K 100(1)
Crystal system Monoclinic
Space group C2/c
Crystal size/mm? 0.04 x 0.04 x 0.04
alA 32.77108(17)
b/A 30.00687(16)
/A 40.3365(2)
B/degrees 96.1279(5)
V/A3 39,438.6(3)
Z 4
Peal/g cm ™3 1.475
p/mm~! 0.405
Radiation Synchrotron (A = 0.6889)
Reflections collected 337,794
Data/restraints/parameters 62,798/5962/2330
Final R indexes [I > 20(I)] Ry = 0.0651, wR, = 0.2094
Final R indexes (all data) Ry =0.1117, wR, = 0.2292
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3. Results

To probe the cage-based catalysis of this reaction, we first examined the pH profile of the
uncatalysed ‘background’ reaction, looking for conditions where this was as slow as possible to allow
the effects of any catalysis to be most apparent. Monitoring the formation of bindone by UV/Vis
spectroscopy (it has a strong absorption maximum at 510 nm in water) [44] at a range of different
pH values showed that the reaction proceeds quickest in the pH range 6-7 where, based on the pKa
of the starting material, there will be substantial amounts of both nucleophilic enolate anions and
electrophilic neutral ID present; the reaction becomes slower at greater extremes of high or low pH.
To facilitate the analysis of the reaction by UV/Vis spectroscopy, we therefore performed our subsequent
experiments in the range of pH 34, reasoning that—as with the Kemp elimination reactions we
examined earlier [29,30]—the high positive charge of the cage should stabilise the anionic enolate form
of ID, even under relatively acidic conditions. Furthermore, at this pH, the intense yellow colour of the
enolate anion, which would make the observation of the emerging colour of bindone more challenging,
was not present.

We measured the binding constant of ID in the cage cavity with a 'H NMR titration, adding several
equivalents of ID in small aliquots to a D,O solution of HY at pD 3.8 (when the uncatalysed aldol
reaction is extremely slow). The evolution of the 'H NMR spectra is shown in Figure 2. It is clear
that ID binds in the cage cavity in slow exchange with free guest in solution, as separate signals for
free cage HY, and the complex H"eID could be observed with the former progressively reducing
in intensity and the latter increasing during the titration. The occurrence of a single signal for each
host proton in the complex H"eID implies rapid motion of the ID guest in the cavity, such that the
symmetry of the cage is preserved on the NMR timescale when the guest binds [49].
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Figure 2. Evolution of paramagnetic THNMR spectra during additions of ID (0-5 equivalents, indicated
for each spectrum on the right) to a solution of HY in D,0O (298 K). Signals associated with empty
HY (bottom spectrum) are replaced by new signals for the H" eID complex as the titration proceeds.
Regions where this is particularly clear, and separate signals for the free and bound cage can be
deconvoluted and integrated, are shown by the black diamonds.

Estimates of the binding constant K could be obtained by deconvoluting and integrating the
separate (but closely spaced) HY and HVeID signals at several different points across the 'H NMR
spectrum for known concentrations of cage and added guest. In this case, the close overlap of signals
for the free and bound cage, coupled with uncertainties associated with deconvoluting and integrating
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broad signals from a paramagnetic compound, resulted in a high uncertainty: the average value of K
obtained from several such measurements was 2.4(+1.2) x 103 M~!, where the e.s.d. quoted is double
the standard deviation obtained from averaging multiple measurements. We note that our algorithm
for estimating binding constants using molecular docking software with a customised scoring function
suggested a binding constant of 1200 M~! [38,39], which is in good agreement with our estimate, and
many structurally similar guests have binding constants in the 103-10* M~! range [31,38].

A crystal structure of the cage/guest H/ID complex could be obtained using the crystalline sponge
method that we have used in previous work by preparing crystals of the free host cage H by a
solvothermal synthesis, followed by slow cooling [28], and immersing them in a concentrated solution
of ID in MeOH for several hours, which resulted in guest uptake without loss of crystallinity [48].
Details of the structure are shown in Figures 3-5.

Figure 3. Two views of the crystal structure of the complex of host H with ID, showing the presence of
a stacked pair of ID guests (which are shown in space-filling mode) in the cavity (host cage shown in
wireframe) lying astride an inversion centre (N atoms, blue; O atoms, red; Co atoms, orange; C atoms, grey).

Figure 4. Partial view of the structure of the H/ID complex showing how each ID guest molecule
forms a network of CH--O contacts (shown by green dotted lines) with a convergent set of CH groups
associated with the cage interior surface around the two fac tris-chelate metal complex vertices of H.

Rather than the expected one molecule of guest, which we have often observed in previous
work, we found a pair of guests stacked across an inversion centre in the cage cavity (Figure 3).
This is not a 50:50 disorder as each guest molecule (the two are crystallographically equivalent)
refines with unit site occupancy, and the distance between them is typical of mt-stacking (3.48 A).
The combined volume of two ID guests (74%) significantly exceeded the value of 55 + 9% of the
host cavity volume (409 A3), which Rebek showed a while ago afforded optimal guest binding in
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solution [50,51]. However, a crystalline sponge experiment was performed under highly forcing
and non-equilibrium conditions using a large excess of the guest; we [48] and others [52-54] have
observed packing coefficients for guests inside supramolecular host cavities of >80% when favourable
interactions such as 7-stacking between multiple guests and favourable interactions between guests
and the cage interior surface result in a particularly compact guest array. In dilute solution—the
conditions under which guest binding is normally evaluated—we can imagine that for this reason, the
second binding constant K, would be substantially smaller than the first binding constant K;, in which
case, the single-guest binding would dominate the solution speciation behaviour [48].

Figure 5. A view of the crystal structure of the complex of host H with ID, emphasising how the host
cage brings together molecules at binding sites inside the cage cavity (cf. Figure 3) and around the
exterior cage surface. It is not possible to tell whether the external guests are neutral ID or are the
enolate anions stabilised by the high positive charge of the cage surface.

The (crystallographically equivalent) guests interact with the cage interior surface through
multiple CH---O hydrogen bonds between the ketone O atoms, which are weak hydrogen-bond
acceptors, and inwardly-directed C-H bonds from the ligand set, whose ability to act as weak H-bond
donors is improved by the high positive charge of the assembly (Figure 4) [49,55]. One of the O
atoms [O(14G)] lies in an H-bond donor pocket close to a fac tris-chelate metal ion, which contains
several convergent CH groups (from methylene CH; and naphthyl CH protons) whose combined
H-bond donor effect is comparable to a phenol group in terms of its overall hydrogen-bond donor
strength [49,55]. The penetration of one of the C=0 groups of the ID guest into this pocket results
in non-bonded H---O distances associated with these CH--O interactions in the range of 2.5-3 A. The
other carbonyl O atom [O(15G)] likewise forms CH---O interactions with inwardly-directed naphthyl
and pyrazolyl CH protons from the cage surface, with O--H distances of 2.8-2.9 A.

There is an additional molecule of ID in each asymmetric unit (which contains half of a complete
cage unit). This was refined with a site occupancy of 0.42; it lies in the space between cage molecules,
and interacts with the cage exterior surface (Figure 5) through a similar set of CH---O hydrogen-bonds,
as we saw for the interior guests, with O--H distances in the range 2.5-2.7 A [thus the overall
formulation, ignoring solvent molecules, is He(ID)2,84]. We have assumed, for the purposes of the
crystallographic refinement, that this is a neutral ID molecule incorporating a CH; fragment between
the two ketones. However, the possibility exists that this could be the enolate anion of ID, stabilised by
the highly cationic cage surface. For a structure of this type (a large supramolecular assembly with
weak scattering due to solvent/anion disorder), there is no way to ascertain this crystallographically.
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Marginal differences in the C-C and C-O distances between the neutral and enolate forms of ID
are not meaningful, given the extensive use of geometric restraints in the refinement (see CIF for
details, Supplementary Materials), and charge balance considerations are not helpful either due to the
solvent/anion disorder that required the use of SQUEEZE [56] to eliminate diffuse electron density
from the refinement. We note, however, that the CH---O H-bonding interactions between the carbonyl
oxygen atoms of the external ID molecule and the CH groups of the cage surface are shorter, on
average, than those of the cavity-bound guest, consistent with the ‘external” guest being in its anionic
form. Whether the ‘external’ ID molecules in the crystal structure are in the neutral form or are actually
the enolate anions, this structure provides a nice illustration of how the cage host can simultaneously
co-locate a hydrophobic guest (in the cavity) and additional reaction partners around the exterior
surface [30].

Catalysis experiments were performed with an aqueous solution of H" (0.09 mM) and up to
10 equivalents of ID at pH 3.4 (Figure 6). Under these conditions, in the absence of the cage, no
measurable conversion of ID to bindone was seen over prolonged periods (days), presumably due
to the absence of any significant amount of the enolate anion of ID. Metal fluoroborate salts on their
own, likewise had no catalytic effect. However, in the presence of cage HY, steady growth in the
absorbance associated with bindone was seen. This has a maximum at 510 nm, but it was monitored
at 550 nm to avoid any possible competition from absorbance associated with the enolate anions,
which is significant at 510 nm. The virtually straight-line growth of bindone over this period of time
means that the reaction progress cannot meaningfully be fitted to a specific kinetic model; leaving
the reaction for longer to let more bindone form results in solutions becoming cloudy as the product
has poor water solubility. We can say, however, that after 12 h, around 3% of the ID was converted
to bindone, increasing to 10% after 36 h, corresponding to approximately one turnover per catalyst
molecule over 36 h. Although the absolute rate of the formation of bindone catalysed by the cage is
therefore extremely low, compared to the undetectable formation of bindone in the absence of catalyst
at this pH, the catalysis of the reaction under these conditions is clear.
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Figure 6. Cage-catalysed conversion of ID to bindone (0.9 mM ID at start; 298 K, pH 3.4), performed
in a UV/Vis cuvette and monitored by measuring the increase in optical density at 550 nm arising
from product formation. Green circles represent the background reaction (no significant reaction in
the absence of cage HY). Red circles represent the progress of the reaction in the presence of 0.09 mM
HY (i.e., the catalysed reaction). Blue circles represent catalysis under the same conditions as the red
circles, but with 1.8 mM cycloundecanone added to block the cage cavity, showing that blocking the
host cavity does not inhibit the catalysis, which must therefore occur at the external surface of the cage
(see main text).
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Control experiments suggested that the reaction does not actually occur inside the cage cavity,
but at the external surface, which is a possibility that has very recently emerged from related studies on
catalysis with this cage system [57]. In the confined space of the cavity, any successful reaction would
require an ideal configuration of the cavity-bound and surface-bound reacting partners, and when this
happens, it can lead to very large rate enhancements [10,29]. However, hydrophobic substrates that
do not bind in the cavity, or that cannot react for geometric reasons whilst inside the cavity, can also
interact with the cage exterior surface, which is just as hydrophobic as the interior surface and has a
greater area: these substrates can thereby be brought into the region around the cationic surface where
anions have accumulated because of ion-pairing effects [57]. The key control experiment here is to
perform the reaction in the presence of an excess of cycloundecanone. This binds strongly in the cage
cavity (>10° M~1) [32] and therefore prevents the substrate ID from binding, however, it has no effect
on the rate at which bindone is formed. This clearly indicates that cavity-based binding of ID is not
necessary for the catalysis to occur, therefore it follows that the catalysed reaction occurs at the external
surface of the cage where enolate anions of ID accumulate [57].

4. Discussion

Clearly the aldol condensation of two molecules of ID to bindone is catalysed by the presence of
the cage. A plausible mechanism is that the hydrophobic, but cationic surface of the cage stabilises the
enolate anion of ID, effectively reducing its pK,, so that when close to the cage, it can be deprotonated
even at pH 3.4 when the expected pK, is 7. We emphasise that ‘soft” anions such as phenolates have
already been shown to have a higher affinity for the cage surface than more highly solvated anions
such as hydroxide or chloride [9]. It is also significant that Raymond and co-workers observed that the
basicity of an amine could be increased by >4 pK, units when the amine is bound inside a cage host
with a charge of —12 [42]: the charge of +16 on H" implies that a comparable increase in the acidity of
ID (i.e., stabilisation of the enolate anion) is plausible if the anion is interacting with the cage surface.
As the cage can also bind neutral ID inside the cavity through the hydrophobic effect (cf. the crystal
structure), we can see how the cage plays the role of bringing together a neutral substrate and an anion
with which it can react through two orthogonal interactions, but this time resulting in a C-C bond
forming reaction.

This particular reaction is an old one [45,46] and in itself not of the highest importance. The catalysis
we observed is very slow in absolute terms; and looking at the reaction in more detail is made difficult
by the poor solubility of bindone in water. The importance of these results, however, is that they open
the possibility of using the cage to stabilise enolate anions and accumulate them around substrates
attracted to the cage via the hydrophobic effect. Whether the reaction occurs inside the cavity or
outside, this opens up the general possibility of using the cationic/hydrophobic surface of this cage
and others like it as a general catalyst for aldol-type reactions, which would have substantial synthetic
utility. We note that Mukherjee et al. have recently reported the condensation reactions of relatively
acidic ketones with hydrophobic aldehydes using a trigonal prismatic [Pd?*]s coordination cage as a
catalyst, which allows the reactions to proceed under much milder conditions than in the absence of
a catalyst [58]. This can be attributed in part to the hydrophobicity of the cavity that increased the
thermodynamic driving force for the elimination of water, and its expulsion into the bulk solvent,
but the role of the positive charge of the cage in stabilising anionic intermediates has also been
suggested [58], which is exactly in agreement with what we propose.

Supplementary Materials: The following are available online at http://www.mdpi.com/2624-8549/2/1/4/s1.
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Abstract: A serendipitous discovery has led to the generation of a family of four compounds in
which six components combine to form symmetric metal-cyclotricatechylene (Hgctc) cages. The four
compounds, which have the compositions, [Cs((CH3),CO)e][Ks(Hgcte)s(Ho0)s]1[Cs4(HO)61(POy )3,
[Rb((CH3)2CO)6][Rba Ko (Hecte)s (H20)6][Rby (H20)61(POy)3, [Cs((CH;3)2CO)s][Ky(Heete)s(HaO)sl-
[Cs(H20)91(SO4)3 and  [Rb((CH3)2CO)s][Rb2 K (Hgete)s(H20)6][Rb(H20)9](SO4)3 possess cubic
symmetry that arises from the complementary interactions that govern the assembly of the components.
The cage cavities contain water molecules and either one or four large alkali metal ions (either Rb*
or Cs*) which interact with the internal aromatic surfaces of the cage. Each cage is linked to six
tetrahedral anions (PO,3~ or SO,27) through 24 equivalent hydrogen bonds and each anion bridges a
pair of cages through eight such hydrogen bonds. An unusual octahedral complex M((CHj3),CO)s™*
(M =Rb or Cs), in which the M-C=0 link is linear, appears to be a key structural component. A feature
of this family of crystalline compounds is the presence of a range of complementary interactions
which combine to generate materials that exhibit high crystallographic symmetry.

Keywords: complementarity; hydrogen bonding; crystal engineering; cyclotricatechylene

1. Introduction

The emergence of the field of supramolecular chemistry was recognised with the award of
the 1987 Nobel Prize in Chemistry to Cram, Lehn and Pedersen “for their development and use of
molecules with structure-specific interactions of high selectivity” [1]. In their work, each of these
researchers developed molecular systems that exhibited selectivity in binding to alkali metal ions [2-8].
In the following decades, the field of metallosupramolecular chemistry proved to be a rich and fertile
area with researchers such as Fujita producing a stunning array of cage-type compounds in which
metal-centres are linked by bridging ligands [9,10]. In addition to metal-ligand assemblies, expansion
of the field of supramolecular chemistry included the area of crystal engineering. Gautum Desiraju’s
pioneering work encouraged researchers to consider the crystal as a supramolecular entity in which a
variety of complementary interactions control the arrangement of molecules [11,12]. In this context,
Ward exploited complementary hydrogen bonding interactions between anionic sulphonates and
guanidinium cations to generate an impressive series of network materials that represent an outstanding
example of true crystal engineering [13,14]. All of the above examples rely upon different types of
complementary interactions between components to yield supramolecular assemblies. In this current
work, the serendipitous formation of a novel series of crystalline, supramolecular compounds is
described, in which the tris (catechol) molecule, cyclotricatechylene (Hgctc, I, Scheme 1), participates
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in all of the types of associations indicated in the examples listed above i.e., alkali metal binding,
cage formation and hydrogen bonding within a highly symmetric extended network. The resulting
compounds represent remarkable examples of high symmetry multi-component supramolecular
assemblies in which a synergy exists between the different types of complementary interactions that
govern their formation.

HOHO HO OH OH OH Me&/leo MeQ OMe OMeOMe
1 11

Scheme 1. Cyclotricatechylene (I) and cyclotriveratrylene (II).

Cyclotricatechylene possesses 3-fold symmetry and commonly adopts abowl-shaped conformation
with hydroxylic groups located on the rim of the bowl. The compound is closely related to its hexamethyl
counterpart, cyclotriveratrylene (II, Scheme 1), which has received considerable attention with respect
to its ability to host guest molecules within the bowl-shaped cavity [15,16]. In the last 12 years,
interest in the supramolecular chemistry of cyclotricatechylene has grown and a variety of metal-based
derivatives have been synthesised and structurally characterised. The structures of these assemblies
depend upon the manner in which the metal ion interacts with the tris (catechol) ligand. For example,
transition metal ions (M) such as VIV (in the form of vanadyl) [17] and Cu!' [18] combine with ctc®~
to produce Mgctey anionic tetrahedral cages in which ctc hexaanions are located at the vertices of a
tetrahedron. The catecholate arms extend along the tetrahedron edges and are linked by metal centres,
each of which is linked to a pair of catecholate groups as indicated in Figure 1la. Recent work has
demonstrated that 5-coordinate Si centres can fulfil the role of the metal centre to generate robust
covalent cages [19,20].

(@ (b)

Figure 1. Metallosupramolecular assemblies involving cyclotricatechylene, (a) the anionic cage
[Cug(ctc)4]'?~; C black, O red, Cu blue and (b) the anionic clam [Cs(Hsctc)(Hyctc)]?~; C black, O red,
Cs green, black and white striped connections represent hydrogen bonds, hydrogen atoms omitted
for clarity.

In addition to the cages of the type described above, Hectc, in various stages of deprotonation,
is able to form fascinating clam-like structures when it is combined with large alkali metal ions,
in particular, Rb* and Cs* [21]. In these structures, pairs of partially deprotonated Hyctc©™-
units assemble through complementary hydrogen bonding interactions between hydroxyl groups
which results in a rim-to-rim arrangement as shown in Figure 1b. A Rb* or Cs* ion occupies the
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internal cavity of the assembly and interacts only with the aromatic surfaces of the Hyctc® ™™~ units.
A computational investigation of the stability of these clam-like structures, under different levels of
protonation, was recently reported [22]. The affinity of ctc units for alkali metal ions is also apparent in
the metal-like assemblies of the type depicted in Figure 1a with the large alkali metal cations associating
with the internal aromatic surfaces of the cage.

In this current work, we report further investigations into supramolecular assemblies formed from
the combination of alkali metal cations with Hectc, this time in the presence of the tetrahedral oxyanions,
sulphate and phosphate. The original intention of the study was to investigate the interaction of large
alkali metal cations (Rb* or Cs*) with the internal aromatic surfaces of cyclotricatechylene, in various
states of deprotonation, and determine how simple anions such as phosphate and sulphate impact upon
the nature of the assembly. The high symmetry products obtained from this synthetic investigation
were completely unexpected and display a remarkable level of complementarity involving the six
components from which each of the compounds is assembled.

2. Materials and Methods

2.1. Synthetic Methods

All starting materials were obtained from commercial sources and were used without further
purification. Cyclotricatechylene was prepared as previously described [23].

[Cs((CH3)>,CO)6][Kyq(Hpcte)s(H20)s][Cs4(H20)61(PO4)3 (IIT) was prepared by dissolving 24 mg
(0.065 mmol) of Hecte in 3 mL of acetone and adding 14.8 mg (0.065 mmol) of K,HPO, in 1 mL of
water followed by 9.7 mg (0.065 mmol) of CsOH in 2 mL of water. Multi-faceted crystals formed and
were collected by filtration; yield 30.5 mg (51%). Analysis: Found (%): C 39.6, H 4.5; calculated (%): C
39.8,4.5.

[Rb((CH3)2,CO)6][Rby Ky (Hpete)s(H20)61[Rbs (H2O)1(PO4)3 (IV) was prepared by dissolving
24 mg (0.065 mmol) of Hyctc in 3 mL of acetone and adding 14.8 mg (0.065 mmol) of KHPOy in
1 mL of water followed by 6.7 mg (0.065 mmol) of RbOH in 2 mL of water. Multi-faceted crystals
formed, which appeared, by visual inspection, to be homogenous in the mother liquor however the
solid product underwent considerable deterioration during the attempted filtration of the crystals.

[Cs((CH3)2CO)61[Ka(Hpcte)s(H20)3][Cs(H20)9](SO4)3 (V) was prepared by dissolving 24 mg
(0.065 mmol) of Hgcte in 3 mL of acetone and adding 8.9 mg (0.065 mmol) of KHSOy in 1 mL of water
followed by 9.7 mg (0.065 mmol) of CsOH in 2 mL of water. Multi-faceted crystals formed and were
collected by filtration; yield 19.0 mg (41%). Analysis: Found (%): C 45.4, H 4.5; calculated (%): C
44.8,5.2.

[Rb((CH3)2CO)6[[Rby Ky (Hgcte) 4 (HoO)6 I[Rb(H20)9](SO4)3 (VI) was prepared by dissolving 24 mg
(0.065 mmol) of Hgctc in 3 mL of acetone and adding 8.9 mg (0.065 mmol) of KHSO4 in 1 mL of
water followed by 6.7 mg (0.065 mmol) of RbOH in 2 mL of water. Multi-faceted crystals formed,
however upon filtration significant deterioration of the solid was noted. A solid yield of 17 mg was
recorded but analysis indicated the product was inconsistent with the single crystal X-ray analysis.

2.2. Crystal Structure Determinations

Single crystal X-ray analyses were undertaken on crystals transferred directly from the mother
liquor to a protective oil before being mounted on the diffractometer in a stream of cooled N, gas.
All data were collected on a Rigaku Oxford Diffraction XtaLAB Synergy dual source diffractometer.
Data measurement and reduction was performed using CrysalisPro software [24]. The structure was
solved using SHELXT [25] and refined using a full-matrix least squares method based on F2 [26].
Crystallographic and refinement data are presented in Table 1. Twinning was apparent for compound
VI and this resulted in elevated agreement values.
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Table 1. Crystallographic and refinement data for compounds ITI-VI.

Compound

il

v

\%

VI

Formula

Ci02Hi136Cs5K4056P3

Ci02H132K2054P3Rby

Ci02H142Cs2K4 05053

Ci02H138K2057Rb4 S5

Crystal size (mm)

0.12 x 0.10 x 0.05

0.26 X 0.22 x 0.14

0.14 x 0.11 x 0.10

0.34 x0.28 x 0.21

Crystal system Cubic Cubic Cubic Cubic
Space group P-43m P-43m P-43m P-43m
a(A) 14.2581 (2) 14.2376 (2) 14.3955 (17) 14.39549 (3)
v (A3) 2898.58 (12) 2886.09 (12) 2983.2 (11) 2983.18 (2)
T (K) 100.0 (1) 100.0 (1) 100.0 (1) 100.0 (1)
Z 1 1 1 1
Deae (g cm™) 1.817 1.721 1.576 1.554

A (A) 0.71073 (Mo-K) 0.71073 (Mo-Ko) 1.54184 (Cu-Ko) 1.54184 (Cu-Ko)
1t (mm-1) 1.843 3.154 7.365 4.006

F (000) 1592 1518 1460 1440

6 range (°) 2.5-30.8 2.5-33.4 3.1-78.2 3.1-77.8
Reflections collected 7781 8768 64422 64233
Unique reflections 1481 1725 1261 1257
gkf‘;’(‘l’g reflections 1399 1457 1256 1257
Parameters/restraints 82/18 85/17 85/20 84/29
Goodness of fit 1.112 1.089 1.051 1.056
Final R [I > 20(I)] 0.0356 0.0609 0.0674 0.0853
gﬂi}:‘f’gz 0.0900 0.1740 0.1608 0.2107
Minimum, maximum

electron density 1.01,-1.24 1.25,-2.59 2.04, -0.90 1.48, -1.81
(eA™®)

cCDX Deposition 2000019 2000020 2000021 2000022

3. Results and Discussion

The combination of Hgcte with CsOH and K,HPO,4 in aqueous acetone results in the

overnight formation of large colourless crystals of composition, [Cs((CH3)>CO)][Ka(Hecte)s(H20)g]-
[Cs4(H20)6](POy4)3 (III). The crystals possess cubic symmetry and adopt the space group P-43m. A key
feature of this structure is the complementary interactions that exist between the various cationic,
anionic and neutral species.

Within each unit cell there is a single [Ky(Hgctc)y(H,O)s]** cage (Figure 2a) which is topologically
different from the Mg(ctc)s anionic cages described in the introduction. All K* ions are symmetry
related and exist in an 8-coordinate, slightly distorted hexagonal bipyramidal environment formed
from six symmetry related co-planar catechol oxygen atoms and two trans water molecules. Each K*
ion is located just above the plane of the six bound catechol oxygen atoms. The cage possesses the
topology of a cube with four K* ions and four Hgctc molecules units serving as the eight 3-connecting
nodes and the catechol groups running along the cube edges. The topological relationship between the
cube and the cage is apparent from inspection of Figure 2b. The formation of the cube rather than the
tetrahedron, of the type depicted in Figure 1a, reflects the ability of K* ions to adopt an 8-coordinate
hexagonal bipyramidal geometry.
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(©)

Figure 2. The structure of III showing (a) the [Ky(Hgcte)s(HoO)g]** cage (b) the [Ky(Hgete)y(H,0)g]**
cage indicating the topological relationship with a cube; each blue sphere represents a point on the
3-fold axis that passes through each of the Hgctc molecules and (c) the [Ky(Hgcte)s(HoO)g]** cage
showing the inclusion of the four internal Cs* ions and six water molecules; C black, O red, K purple,
Cs green.

In addition to the four water molecules that extend towards the centre of the cubic cage from the K*
ions, there are four Cs™ ions that associate with the internal aromatic surfaces of the [Ky(Hgctc)y (H,O)g]**
cage. Each of the Cs* ions is located on a 3-fold axis that passes through one of the K* ions, its two trans
water molecules and along the central axis of a Hgctc molecule with which it is in contact (Figure 2c).
The location of the Cs™* cation within the Hgctc bowl is similar to the arrangement of Cs* ions found in
the tetrahedral cages, [(VO)s(ctc)4]'2~ and [(PhSi)s(ctc)4]°~. As with the tetrahedral cages, the closest
contact is made with the aromatic C atoms bound to the methylene groups of the Hgctc. As well as
interacting with the internal surface of the Hectc, each Cs™ ion is bound to a trio of symmetry-related
water molecules each of which bridges a pair of Cs* ions. The result is a [Cs4(Hy0)g]** cationic
assembly located inside each cage. From a structural perspective, this cationic unit resembles an
adamantane-type skeleton which is apparent in molecules such as P4Og.

The [K4(Hgcte)s(HpO)g 4+ cage has six windows corresponding to the faces of a cube. As indicated
in Figure 3a, two oxygen atoms of a phosphate ion are involved in forming four equivalent hydrogen
bonds with phenolic groups of the cage (O--O, 2.59 A); the phosphorus atom sits above the mid-point
of each window. The highly complementary nature of this interaction is apparent in the space-filling
representation (Figure 3b) in which the phosphate ion neatly plugs each cage window. In addition to
the four hydrogen bonds in a single window, each phosphate forms a quartet of hydrogen bonds to
the phenolic hydrogen atoms lying in a window of a neighbouring cage. Thus, each phosphate anion
participates, as an acceptor, in eight equivalent hydrogen bonds as shown in Figure 3c. Through the
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bridging phosphate ions, each [K4(Hgcte)s(HoO)g 14+ cage is linked to six equivalent cages each located
in a neighbouring, face sharing, unit cell. The result is a three-dimensional primitive cubic network.

()

(b)

Figure 3. Cont.
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Figure 3. Hydrogen bonding interactions between the phosphate anions and the [K4(H6ctc)4(HZO)S]‘Pr
cage (coordinated water molecules omitted for clarity) in III; (a) a single cage linked to six phosphate
anions through 24 equivalent hydrogen bonds (H atoms bound to C atoms omitted for clarity) H pale
pink, C black, O red, P pink, K purple; (b) a space filling representation; H pale pink, C black, O (Hgctc)
red, O (PO43) yellow; P pink, K purple and (c) part of the 3D hydrogen bonding network with each
phosphate forming eight equivalent hydrogen bonds.

The hydrogen bonded network carries a net negative charge with the phosphate ions located in
each face of the unit cell contributing 9- per unit cell whilst the [K4(Hgcte)(HpyO)g]** cage, along with
the four internal Cs* ions, has a net charge of 8+. Charge balance is achieved by the incorporation of a
metal complex in which a Cs* ion is coordinated by six symmetry related acetone molecules that lie
along the unit cell axes (see Figure 4a). Although examples of alkali metal ions coordinated by six
acetone molecules are known, they are part of aggregates involving more than one alkali metal ion
e.g., cationic clusters such as [Naz((CH3),CO)q]** [27]. A search of the Cambridge Crystallographic
Database reveals only three discrete M[(CHj3),CO]J¢"* complexes, [Mg((CH3)2CO)6]2+ which serves
as a counter cation for bis((u2-iodo)-iodo-copper(I)) [28], [Ni[(CH3),CO]J¢]?+ which accompanies a
Ni-Cu carbide carbonyl cluster [29] and [Fe((CH3),CO)s]** which is the countercation for [FeCl,]™ [30].
In each of these hexaacetone complexes there is a bend at the carbonyl oxygen atom whereas in III the
Cs™-O=C angle is 180° with the carbonyl oxygen group aligned along the unit cell axes. As indicated
in Figure 4a the thermal ellipsoid of the carbonyl oxygen is somewhat elongated in a direction
perpendicular to the Cs-O bond, however, attempts to model the oxygen atom over two symmetry
related sites were unsuccessful.

A Cs[(CH3)2COJs* complex is located at each corner of the cubic unit cell as depicted in Figure 4b.
The methyl hydrogen atoms make relatively close contact along the edges of the unit cell to create a
cubic framework. The mean planes of the two acetone molecules that approach each other along each
cell edge are rotated by 90° relative to each other.
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(b)

Figure 4. The Cs[(CH3),CO]s* complex in III; (a) a single complex with thermal ellipsoids shown at
the 50% level, (b) eight Cs[(CH3),COls* complexes located at the vertices of the cubic unit cell; H pale
pink, C black, O red, Cs pink.

From a crystallographic perspective one of the most appealing aspects of the structure is the
high level of symmetry that arises from the assembly of the components. Figure 5 shows the relative
positions of the Cs[(CHj3),COJ¢* complex, the [Ky(Hgcte)s (H,O)s]** cage and the phosphate anions
within a unit cell of III. The centre of the unit cell corresponds to the midpoint of the cage and is
on a site of —43 m symmetry as is the Cs* ion of the Cs[(CH3),CO]Js* complex. The phosphate ion,
located in the middle of each face, is situated on a site of —42 m symmetry. The body diagonals of the
unit cell are co-linear with 3-fold axes and pass through the K* ions and coordinated water molecules
of the cage, the internal Cs* ion, the 9-membered ring of a Hyctc in addition to the Cs* ion of the
Cs[(CH3),COJg* complex.
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Figure 5. The unit cell of III showing the Cs[(CHj3),CO]J¢* complexes at the unit cell vertices,
the [Ky(Hgetc)s(HoO)g]** cage and the phosphate anions located in the middle of each face;
[K4(Hgcte)g(HyO)g 4+ cage gold connections; Cs[(CH3),COlg* complexes green connections; phosphate
red connections.

In investigations of the clam type structure of the type depicted in Figure 1b it was
found that the clam would form both with Cs™ and Rb* and it would thus appear that
both ions are of an appropriate size to interact with the internal aromatic surfaces of the
cyclotricatechylene. On this basis we attempted to synthesise compound III but with Rb* in place of
Cs*. Unfortunately, it was not possible to obtain a homogenous bulk product but we were successful
in transferring a crystal from the mother liquor and into a protective oil for structure determination.
The combination of Hectc with K,HPO, and RbOH in aqueous acetone yields crystals of composition
[Rb((CH3)2,CO)61[KaRby (Hecte)s(Ho0)6[[Rba (H2O)1(PO4)3 (IV). Apart from the inclusion of Rb* in
place of Cs*, the metal ions that form the [M4(Hgete), ] cages are an equal mixture of disordered
K* and Rb* ions. Another difference relates to the occupation of the cage cavity by water molecules.
There are only two coordinated water molecules inside the cage which are disordered over four
symmetry related sites. In addition, the non-coordinated water molecules are now disordered over
two sites. Presumably the smaller radius of the Rb* ion results in the water molecules being unable to
symmetrically bridge the internal Rb* ions. The crystalline product in this case initially appeared to
be homogeneous but crystallinity of the material was lost when the crystals were removed from the
mother liquor.

The successful generation of the cubic compounds described above, prompted an investigation
to determine whether other tetrahedral oxyanions employed in place of phosphate would yield
similar structures. The combination of Hectc, KHSO4 and CsOH in aqueous acetone yields the
compound [Cs((CH3),CO)¢][Ky(Hgctc)s(HoO)s][Cs(H20)91(SO4)3 (V). The structure closely resembles
the phosphate analogue (III), except in regards to the contents of the [Ky(Hgctc);(HoO)g]** cage.
Instead of four Cs* ions inside the cage, only one Cs* anion is present which is disordered over the
four Hgctc bowl sites. The decrease in the number of internal cations is required to maintain charge
balance following the inclusion of sulphate in place of phosphate. In the crystallographic refinement of
the structure, the best modelling of the disorder corresponded to refinement of the bowl sites with 25%
occupancy by Cs* and 75% occupancy by the oxygen atom of a water molecule. The remaining six
water molecules in the cage were each found to be disordered over a pair of sites.
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The final compound considered in this series is [Rb((CHj3),CO)s][RbyK;(Hgcte)s(H2O)s]
[Rb(H20)9](SO4)3 (VI) which is formed from the reaction of Hgctc with KHSO4 and RbOH, again in
aqueous acetone. The internal contents of the cage are similar to that found in (V) but with Rb* in
place of Cs* and only two coordinated water molecules instead of four. The cage itself is formed from
a combination of Hgctc with Rb* ions and K* ions as found for (IV).

A summary of the components from which compounds III-VI are formed is presented in Table 2.

Table 2. Summary of the components in compounds III-VIL.

Compound My(Hgctc)y Cage, M* =  Internal Cage Cation/s  M((CH;3),CO), M+ = Anion
11 4xK* 4% Cs* Cs* PO,3~
v 2 xK*, 2 x Rb* 4 x Rb* Rb* PO,3~
A% 4xK* 1xCs* Cs* S0,
VI 2xK*, 2 x Rb* 1 x Rb* Rb* S0,2~

The concept of complementarity, in which certain specific favourable interactions lead to the
self-assembly of components into larger structures, is a key theme in both supramolecular chemistry and
crystal engineering. In the examples considered in this current work, the complementary interactions
involve three neutral molecules (cyclotricatechylene, acetone and water), two cations (K* and either
Rb* or Cs*) and an anion (either phosphate or sulphate) that participate in a variety of primary and
secondary bonding interactions. Quite remarkably the six species combine to generate a series of
crystalline materials exhibiting particularly high symmetry. It should be noted that whilst the initial
formation of cubic crystals was serendipitous, the subsequent generation of related compounds was
achieved through a recognition that some of the key interactions between components may persist
upon the substitution of some components for structurally similar units.

Whilst prediction of the initial structure would seem most unlikely, the types of interactions
between components are similar to those commonly encountered in the assembly of supramolecular
species e.g., hydrogen bonding and metal coordination. Each of the compounds III-VI represents
an additional example of the clear affinity of the larger alkali metal ions for the aromatic surfaces of
cyclotricatechylene, although in contrast to previous examples the tris (catechol) is fully protonated.

Perhaps the most surprising aspect of the structures is the presence of the octahedral
M[(CH3),COJ¢* (M = Rb, Cs) complexes in each structure. At first inspection it would seem
quite remarkable that such a species, with linear M-C=0 links, would be generated particularly
given that the solvent from which the crystals were obtained contains water, which would normally
be expected to have a much greater affinity for the alkali metal ions than acetone. One can only
speculate about the reason for the presence of the unusual M[(CH3),COJs* octahedral complexes but
it would seem likely that its size and shape neatly matches inter-cage spaces that are generated by the
anionic hydrogen bonded network formed from the combination of the cages with the tetrahedral
anions (PO~ or SO47). As is apparent from inspection of Figure 6, the van der Waals contact
between coordinated acetone molecules half-way along each edge of the unit cell leads to a M--M
separation equal to the unit cell edge length. This distance matches the separation between the centres
of oxyanions on opposite faces of the cubic unit cell which form hydrogen bonds with the cage at the
centre of the unit cell. Close inspection of each of the structures reveals complementary interactions
between the My(H,0)s(Hgcte)s*+ cages and the surrounding M[(CH3),COJ¢* octahedral complexes.
Trios of acetone molecules orthogonal (fac) to one another in the octahedral Cs[(CH3),CO]J¢* complex
are arranged in one of two ways. As is apparent from Figure 6, in one arrangement, the methyl
hydrogen atoms are pointing towards catechol oxygen atoms which are bound to a single K* centre.
The oxygen atom of the externally coordinated water molecule sits in the middle of a trio of methyl
groups. The second case provides a contrast with three acetone molecules forming a concave cavity
which acts as a bowl] for a Hgctc unit. In this arrangement, the mean plane of the acetone molecule
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is close to parallel with the aromatic surface to which it makes close contact. Through these two
types of interaction each cage associates with eight Cs[(CH3),CO]J¢* complexes and each complex is
surrounded by eight cages.

Inspection of Table 1 reveals that the sulphate containing compounds, V and VI have longer unit
cell lengths than III and IV. This would appear to be a consequence of the difference in the hydrogen
bond distances. In the case of the SO4>~ structures the O---O separation between the sulphate oxygen
atom and the oxygen atom of the Hgctc is 2.73 A for V and 2.72 A for VI. This is significantly longer
than the separation of 2.59 A found in III and IV and perhaps reflects a stronger interaction between
the Hgctc and the anion when the charge on the anion is 3-.

Figure 6. A representation of complementary interactions between the Cs[(CH3),CO]s* complex, the
[K4(Hgcte)s(HyO)g 14+ cage and Cs[(CH3),COl¢* complexes; H pale pink, C black, O red, K purple,
Cs pink.

4. Concluding Remarks

Complementary interactions provide a foundation for generating a wide range of discrete
supramolecular assemblies or extended structures within crystals. In this work, we discovered an
unexpected example of extreme complementarity in which six components are brought together in
order to produce an aesthetically pleasing, highly symmetrical network structure. Through recognition
of the nature of the complementary interactions that underpin this system, it was found that the same
structural type could be replicated with different alkali metal ions and anions. It is clear that the
reported system is amenable to at least some degree of structural tinkering. The insights provided
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by this work offer opportunities to generate further members of this family which may include the
incorporation of a wider range of tetrahedral anions and the employment of other metal ions.

Whilst the relatively simple cations, anions and solvent molecules from which the crystals have
been formed have all participated in the generation of the four supramolecular crystalline materials
described above, the cyclotricatechylene has played the key structural role in this system. In its
fully protonated neutral form, it has been able to coordinate to a trio of K* or Rb* ions through
hydroxyl oxygen atoms to form the cage. In addition, each Hyctc also serves as a hydrogen bond donor
and forms six identical hydrogen bonds to three different anions by employing the same hydroxyl
groups. Furthermore, its ability to interact with large alkali metal cations i.e., Rb* and Cs* through
m-interactions allows the cage to accommodate the requisite number of alkali cations needed for
charge balance. It is interesting to note that both cations and anions prefer to form bonds (hydrogen
bonds or coordinate bonds) with the neutral Hgctc molecule rather each other. Clearly, the symmetry
of cyclotricatechylene (C3, in its most symmetrical conformation) and versatility in being able to
participate in a variety of different interactions makes it a particularly useful molecular building block
for supramolecular assemblies and there would appear to be great scope for expanding the type of
assemblies that may be formed in its combination with cations, anion and neutral species.
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Abstract: The present work assesses the ability of two flexible bis-tetrazole organosulfur
ligands to build up different metallosupramolecular compounds based on the analysis of
the different supramolecular interactions. The reaction of copper(Il) chloride dihydrate with
the N,N’-donor dithioether ligands bis(1-methyl-1H-tetrazole-5-ylthio)methane (BMTTM) and
1,2-bis(1-methyl-1H-tetrazole-5-ylthio)ethane (BMTTE) was investigated using different synthetic
methods. Four compounds have been obtained as single crystals: two pseudopolymorphic 1D
Cu(II) coordination polymers with the ligand BMTTM, a 2D Cu(ll) coordination polymer and a
discrete Cu(I) tetramer with the BMTTE ligand. The effects of the weak interactions on the crystal
packing and the Hirshfeld surfaces of the structures were analyzed to clarify the nature of the
intermolecular interactions.

Keywords: copper chloride complexes; H-bonding pattern; tetrazole ligands; X-ray diffraction;
Hirshfeld surfaces

1. Introduction

Structurally well-defined supramolecular architectures produced by the formation of ordered
crystalline materials have attracted considerable attention in recent years due to their different novel
chemical properties and their possible new applications. Coordination chemistry has played a central
role in the blossoming of this fast-evolving field. In this way, metallosupramolecular chemistry,
which concerns non-covalent interactions between discrete or polymeric coordination compounds,
has become an interdisciplinary research area that has provided insights into and spurred developments
across biology, chemistry, nanotechnology, materials science and physics [1].

Amongst the metallosupramolecular compounds, supramolecular metal-organic frameworks
(SMOFs) are materials that can be considered as analogs to metal-organic frameworks (MOFs) in the
sense that some coordination bonds are replaced by hydrogen bonds as directional interactions to build
the final crystal. In SMOFs, the coordination bonds are released from guiding the crystal structure and
supramolecular interactions play this role instead. The strategy for the preparation of SMOFs is based
on the synthesis of coordination compounds, with the choice of metal center made on the basis of its
coordinative preferences and the ligand or a combination of ligands with the ability to coordinate the
metal cation and also facilitate several weak interactions between the diverse rigid molecular units [2].

The final goal of supramolecular chemistry is to understand the inherent complexities of the
association mechanisms of molecular and ionic building blocks organized through multiple noncovalent
interactions [3,4]. The relatively greater strength of ligand—metal coordination bonds when compared
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with other noncovalent interactions allows the stabilization of a range of different structures, whereas the
weak and reversible forces are key to understanding these self-assembling systems. In terms of the
weak intermolecular noncovalent interactions, the analysis of C-H--- X (X = Cl, S, N) hydrogen bonds
in metallosupramolecular systems has received less attention despite its proven participation in several
biological systems [5,6]. In this way, the hydrogen bond acceptor capability of halogens has attracted
attention on a number of fronts. In the context of metallosupramolecular chemistry, halide ligands
(M-X) have been used to drive the self-assembly of coordination compounds due to their directionality
and versatility [7,8].

In order to facilitate the hydrogen bond acceptor role of a halide, such as chloride in a SMOEF,
copper(Il) chloride is used as the metal source and, although the Cu(II) cation is stable under ambient
conditions, Cu(II)-to-Cu(l) transformations at room temperature can be produced by reaction conditions
such as temperature, pH value, solvents and pressure due to the low standard electrode potential
between Cu(Il) and Cu(l).

The tetrazole organosulfur derivatives and their transition metal complexes are important
in medicinal chemistry and drug design [9] and also as industrial materials [10]. In the field of
metallosupramolecular chemistry, these compounds are particularly interesting since the tetrazole
moiety contains several nitrogen atoms that can facilitate simultaneously the coordination to one or
more metal centers and the formation of hydrogen bonds acting as acceptors.

With the aim of studying the role of C-H:--X (X = Cl, S, N) hydrogen bonds in the
crystalline supramolecular networks based on copper(Il/I) chloride/bis-tetrazole organosulfur systems,
we report here the crystal structures of four compounds resulting from reactions under different
synthetic conditions between the ligands bis(1-methyl-1H-tetrazole-5-ylthio)methane (BMTTM) and
1,2-bis(1-methyl-1H-tetrazole-5-ylthio)ethane (BMTTE) and copper(Il) chloride. These ligands have
attractive features, such as the multiple heteroatomic potential coordination sites, six N donors
and two S atoms, which also contribute to the flexibility of the ligands. In both ligands, there are
three adjacent N donors in each methyl-tetrazole group, and these may promote the construction of
multinuclear clusters.

In the literature there is structural information on several compounds based on copper(Il/I)
polyoxometalates (POMs = HzMOgOZGZ_, PM0120403_, SiW120403_, PW120403_, SiM0120404_,
SiW1,040%", HSiM01,040%") and these two ligands [11-14]. These compounds are 1D, 2D or 3D
coordination polymers in which the ligands are able to coordinate two, three or four copper cations by
chelating and/or bridging coordination modes. However, a study of the weak interactions responsible
for the supramolecular organization has not been undertaken for any of these compounds.

2. Results and Discussion

2.1. Synthesis of the Complexes

The study of the reactivity in the CuCly/BMTTM or BMTTE system was performed using
different stoichiometric ratios and four synthetic methods: stirring at room temperature, diffusion,
reflux under microwave irradiation and hydro/solvothermal techniques. Conventional synthesis at
room temperature afforded the compounds in good yields. However, hydrothermal and microwave
methods, providing the same compounds in lower yields, were used to synthesized compounds as
pure materials and as single crystals. Acetonitrile was used as the solvent for the reactions due to the
better solubility of the ligands in this solvent. The synthetic conditions allowed the preparation of the
crystalline complexes 1, 1-solv, 2 and 3 (Scheme 1).

In the reactions of copper(Il) chloride with BMTTM, compound 1 was obtained in good yield with a
1:1 metal/ligand ratio by diffusion and by stirring at room temperature. However, when the reaction was
performed under microwave irradiation, in addition to 1, some crystals of the pseudopolymorph 1-solv
(4CH3CN) were also obtained. The hydro/solvothermal methods tested at different metal/BMTTM
ligand ratios at different temperatures between 70 and 160 °C in all cases yielded the copper(I) 2D
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coordination polymer Cu(mtS) (mtS = 1-methyl-1H-tetrazole-5-thiolato) [15], which indicates that
cleavage of the BMTTM ligand had taken place under these synthetic conditions.

Reactions with BMTTE were conditioned by its low solubility in all of the solvents tested and,
as a consequence, a copper complex could not be isolated by diffusion due to the rapid crystallization
of BMTTE [16,17]. Copper(ll) compound 3 was obtained as an orange crystalline powder upon
stirring at room temperature using a 1:1 molar ratio, and as orange single crystals by reaction under
microwave irradiation using a 4:1 metal/ligand molar ratio. The copper(I) complex 2 was obtained
under hydrothermal conditions at 160 °C with a 3:1 metal/ligand ratio. This hydrothermal reduction
of copper(Il) to copper(I) was previously observed in the preparation of copper polyoxometalates of
BMTTM and BMTTE from copper(Il) acetate, although the authors indicated that metal/ligand ratios
greater than 10:1 are required for this reduction to occur [11-14].

CuCl,2H,0 +

WA ey

BMTTM BMTTE
CH4CN; 1:1 >
Dif?usion CHyCN; 1:1 Hydrothermal CH5CN
MW 4:1: 160°C MW; 4:1
MW = i i g
Stirring RT; 1:1
Stirring RT

1Cu;Clg(H,0),(BMTTM), | .1CuCls(H,0),(BMTTM),-4CH,CN  [Cu,CL(BMTTE)],  ..2Cu,Cls(BMTTE)
1 1-solv 2 3

Hydro/Solvothermal
70-160°C

2Cu(mtS)

Scheme 1. Summary of the synthetic routes for the complexes and the Cu(II):L stoichiometric ratios,
temperature and solvent used where relevant (RT: room temperature; MW: microwave).

2.2. Structural Studies: General Features

All of the compounds described here were isolated as single crystals and their structures were
elucidated by X-ray diffraction. The combination of the flexible polydentate ligands with different
chlorocuprate clusters resulted in the formation of 1D coordination polymer chains (1 and 1-solv)
or a 2D coordination layer (3). Moreover, the reduction of copper(Il) to copper(I) produced a stable
discrete tetrameric Cu(I) coordination compound (2). The main structural features for each compound
are provided in Table 1. The structures can be deconstructed into two components: trinuclear units
{CuzClgNgO,} in 1 and 1-solv, tetranuclear units {CuyClyNg} in 2, and dinuclear units {Cu,CIl4N} in
3 as inorganic chlorocuprate building clusters, and the corresponding flexible BMTTM and BMTTE
tetrazole bridging ligands.

The two methyl tetrazole groups in BMTTM and BMTTE are separated by a flexible organosulfur
spacer that allows rotation around the C-S and C—C bonds to adjust the direction of the coordination
nitrogen atoms. It is therefore apparent that the rigid and geometrically well-defined structures of
the inorganic units with the flexibility and the potential N-hexacoordination ligands are essential to
achieve the structural diversity observed in these systems.

Compounds 1, 1-solv and 3 are polymeric coordination compounds. The layers of 3 are formed
by chloride-bridged Cu(p-Cl), chains and bridging N-donor ligands in a second dimension that act as
cross-linking ligands. The copper-chloride chain is based on the repetition of the dinuclear Cu,Cl,
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unit, as shown in Table 1. The polymeric chains of 1 and 1-solv incorporate trinuclear CuzClg units
and organic subunits in an alternate manner.

Table 1. Main structural features.

Compound Coordination Mode of Inorganic Coordination
Dimensionality Ligand Units Geometry
0! Cu3Cle(Hy0),(BMTTM), 3
®
1D
0 CuzClg(H,0) (BMTTM),-4CH3CN a
(1-solv)
1D 3-1kN3:21cN4:31cN4’
{CusClsNeOz}

[Cu,Cl,(BMTTE)], y v |
)
0D, tetramer 9]

p-112N4,N4"2kN3

PPt P

{CusClsN¢}
] 2
02Cu,Cly(BMTTE)
3) ¥
2D
p-ikN2 {Cu2CLN}

Compound 2 is a discrete tetrameric compound based on a stair-step CuyCly cluster coordinated
by two BMTTE ligands in an octahedral {CuyCl4Ng} motif, which has been less widely studied than
other copper halide clusters such as cubane organizations. In this octahedral motif, a tetranuclear
copper core defines the basal plane of an octahedron with two capping us-chloride atoms in the apical
positions and bridging 1-chloride and nitrogen BMTTE atoms along the meridian positions [18].

2.3. Crystal Structures of 1 and 1-solv

Complex 1 and the solvate 1-solv crystallize in the monoclinic P2;/1 and triclinic P-1 space groups,
respectively, and they could be considered pseudopolymorphs [19] since they have the same crystalline
form, although 1-solv crystallizes with acetonitrile molecules trapped within the crystal network.
Significant structural parameters for compounds 1-1.solv are listed in Table 2 and crystal structure
and refinement data are listed in Table S1. Both structures are 1D chains based on a {Cu3Clg} cluster
and the BMTTM ligand, as shown in Figure 1. The three copper atoms in the {CuzCle} unit are aligned
with a Cul-Cu2-Cul angle of 180° [20]. The conformation of the outer two coppers is identical.
The Cul--- Cu2 distance is 3.903 A in 1 and slightly shorter (3.842 A) in 1-solv.
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Table 2. Selected bond lengths/A and angles/°.

Atoms 1 1-solv Atoms 1 1-solv
Cul-Cl1 2.5477(12) 2.5119(4) N4-Cul-N8#1  171.83(15) 174.19(4)
Cul-CI2 2.2895(11) 2.2660(4) N8#1-Cul-Cl1  93.88(11) 93.94(3)
Cul-CI3 2.2744(12) 2.2927(3) N8#1-Cul-Cl12  90.83(11) 90.23(3)
Cu2-N3 2.561(4) 2.4137(11) N8#1-Cul-CI3  90.22(11) 87.76(3)
Cul-N4 2.038(4) 2.0500(11)  Cl1#2-Cu2-CI1  180.00(5) 180.000(14)
Cul-N8#1 2.052(4) 2.0346(11) Cl1-Cu2-N3 83.54(9) 85.98(3)
Cu2-Cl1 2.2981(10) 2.2716(3) Cl1-Cu2-N3#2 96.46(9) 94.02(3)
Cu2-Cl1#2 2.2980(10) 2.2716(3) N3#2-Cu2-N3 180.0 180.0
Cu2-01 1.959(3) 2.0140(9) 0O1-Cu2-Cl1 90.18(10) 88.06(3)

Cl2-Cul-Cl1 97.16(4) 102.660(12) O1-Cu2-Cl1#2 89.82(10) 91.94(3)
CI3-Cul-Cl1 105.98(4) 100.253(12) 0O1-Cu2-N3 89.96(14) 93.80(4)
CI3-Cul-CI2 156.72(4) 157.082(13) O1#2-Cu2-N3 90.03(13) 86.20(4)
N4-Cul-Cl1 94.23(11) 91.57(3) 01-Cu2-01#2 180.0 180.00(5)
N4-Cul-CI2 87.23(11) 90.35(3) Cu2-Cl1-Cul 107.19(4) 106.772(12)
N4-Cul-CI3 88.45(11) 89.45(3)

Symmetry code: (1) #1 —x +2, -y + 1, -z + 1;#2 —x+1, -y +2, -z + 1, (I'solv) #1 —x + 1, -y + 1, -z + 2; #2 —x + 1,

—y+2,-z+2.

The two bridges of chloride and N-N tetrazole atoms between the Cul and Cu2 lead to the
formation of an unusual planar {CuzClgNgO,} cluster. These units are connected by two BMTTM
ligands to form infinite tapes, as shown in Figure 1.

SOLVATE CHAIN

Figure 1. Coordination environments and polymeric chains of 1 and 1-solv.

The Cul center is pentacoordinated and the value of the Addison parameter [21] T of 0.25 (0.28 in
1-solv) indicates a square pyramidal coordination geometry around this copper atom, with the two
nitrogen atoms and the two terminal chloride atoms in the trans positions of the pyramid base and a
chloride atom acting as a bridge between Cul and Cu2 at the apex position. The Cu—-Cl bond lengths
with the chloride terminal groups are in the range 2.27-2.29 A and the bridging chloride atom in the
apical position is located at a longer distance, with Cu-Cl distances of 2.5477(12) A in 1 and 2.5119(4) A
in 1-solv.

The Cu2 atom is in an elongated octahedral environment and it exhibits the expected Jahn-Teller
distortion, with four short metal-ligand bonds (Cu-Ow and Cu—Cl) and two long bonds with nitrogen
atoms of BMTTM bridging ligands [Cu2-N distances of 2.561(4) and 2.4137(11) A'in 1 and 1-solv,
respectively]. Here, it is worth highlighting the equatorial coordination position of the water molecule,
which contrasts with the typical axial position in similar systems.
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The BMTTM ligand uses three nitrogen atoms of the two tetrazole rings to coordinate three metal
centers, as shown in Table 2, with a bridging role that results in the formation of a tape, as shown
in Figure 1, with 16-membered macrocycles (Cu;NyS4Cg). This macrocyclic motif has previously
been observed in complexes with other thioether N-donor ligands [22]. This coordination mode
(u3-1kN3:2kN4:3kN4’) of BMTTM was not observed in the copper-POM complexes, in which the
ligand had a bidentate chelating coordination mode with one, two or three copper cations [12,14].
The intermetallic distances through the BMTTM-bridge are 6.97 A for compound 1 and 6.69 A for
1-solv. Moreover, the intramolecular N--- N distance is shorter in 1-solv (6.48 ;\) than in 1 (6.70 A).
On comparing the two structures, it is evident that BMTTM acts as a semirigid ligand, which shrinks
due to the presence of the guest molecules in 1-solv but retains the same connectivity and geometric
environment in both cases. In accordance with this situation, the value of the C-5-C-S torsion angles
are 81.78° and 83.20° in 1 and 77.14° and 84.45° in 1-solv. The chains are achiral and incorporate
molecules of BMTTM with opposite helicity in each macrocycle unit.

2.4. Crystal Structure of 2

The Cu(I) compound 2 crystallizes in the P2;/n space group with an inversion center located
between the Cu2 central atoms. Significant structural parameters are listed in Table 3, and crystal
structure and refinement data are listed in Table S1. Four Cu(I) atoms and four chloride atoms form
a stair-like [CuyCly] cluster core with each of the two BMTTE ligands anchored at each end of the
stair through two Cu(l) centers, as shown in Figure 2 [23,24]. In the cluster, the Cu2-: - - Cu2 distance
of 2.7651(5) A is slightly shorter than the sum of the van der Waals radii of two Cu atoms (2.80 A),
thus indicating attractive Cu- - - Cu interactions, but the Cul- - - Cu2 distance of 2.9556(3) A suggests
that copper—copper interactions are not present [25].

Table 3. Selected bond lengths/A and angles/°.

Atoms 2 3 Atoms 2
Cul-Cu2#1 2.9556(3) N4-Cul-Cu2#1 124.81(4)
Cul-Cl1 2.4039(4) 2.3132(4) N4-Cul-Cl1 106.22(4)
Cul-Cl1#2 2.3163(4) N4-Cul-CI2#1 96.70(4)
Cul-CI2 2.2987(4) N4-Cul-N8 137.74(6)
Cul-Cl2#1 2.4794(4) 2.2979(4) N8-Cul-Cu2#1 96.92(4)
Cul-N2 2.3981(13) N8-Cul-Cl1 100.74(4)
Cul-N4 2.0097(14) N8-Cul-CI2#1 108.89(4)
Cul-N8 2.0268(14) Cu2#1-Cu2-Cul#l 72.140(10)
Cu2-Cu2#1 2.7651(5) Cl1-Cu2-Cul#1l 111.431(14)
Cu2-Cl1 2.3556(5) Cl1-Cu2- Cl1#1 113.629(13)
Cu2-Cl1#1 2.6728(5) Cl1#1-Cu2- Cl1#1 50.261(10)
Cu2-C12 2.2330(4) Cl1#1-Cu2-Cu2#1 51.302(12)
Cu2-N7 2.0013(14) Cl1-Cu2-Cu2#1 62.326(13)
Cl1-Cul-Cu2#1 58.759(12) CI2-Cu2-Cul#l 54.982(12)
CI2#1-Cul-Cu2#1 47.525(11) ClI2-Cu2-Cu2#1 121.487(16)
Cl1-Cul-Cl1#2 176.292(10)  Cl2-Cu2-Cl1 113.376(17)
CI2-Cul-Cl1 93.746(16) CI2-Cu2-Cl1#1 100.991(16)
CI2#1-Cul-Cl1 102.006(16) 85.599(15) N7-Cu2-Cul#l 137.43(4)
CI2#1-Cul-Cl1#2 94.895(15) N7-Cu2-Cu2#1 99.24(4)
CI2-Cul-Cl1#2 85.511(15) N7-Cu2-CI2 135.88(4)
CI2#1-Cul-CI2 176.067(11) N7-Cu2-Cl1 99.50(4)
Cl1-Cul-N2 96.33(3) N7-Cu2-Cl1#1 91.18(4)
Cl1#2-Cul-N2 87.29(3) Cu2-C12-Cul#1l 77.492(15)
CI2-Cul-N2 88.39(3) Cul-Cl1-Cu2#1 70.981(13)
CI2#1-Cul-N2 95.53(3) Cu2-Cl1-Cul 90.204(15)
Cul#2-Cul-N2 90.896(14) Cu2-Cl1-Cu2#1 66.371(14)
Cul-Cl1-Cul#1 90.072(14)

Symmetry code: (2) #1 —x+ 1, -y +2,-z+ 1; Q) #1 —x + 1/2, y + 1/2, =z + 3/2; #2 —x + 1/2, y = 1/2, =z + 3/2.
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Hydrophobic contour

Figure 2. Molecular structure of 2 showing the hydrophobic contour of the tetrameric unit.

The chloride ligands display p3-Cl1 and p-CI2 bridging modes. Each Cu(l) center is tetrahedrally
coordinated—Cul by two BMTTE nitrogen atoms and CI1 and CI2 atoms, and Cu2 by one BMTTE
nitrogen atom, two p3-Cl1 and one p-CI2 atoms, so the values of the 14 parameters [26] of 0.80 for
Cul and 0.77 for Cu2 indicate a fairly regular tetrahedral geometry. Cl2, which is bonded to adjacent
copper atoms with Cu—Cl distances of 2.4794(4) A and 2.2330(4) A, resides 0.813 A above and below
the planar copper core. The triply bonded chloride ligand connects Cul and Cu2 atoms with variable
distances [2.4039(4) A, 2.3556(5) A and 2.6728(5) A].

In compound 2, each BMTTE molecule provides three N atoms to coordinate two copper ions,
as shown in Figure 2. Thus, BMTTE acts as a bis-monodentate bridging ligand to link Cul and
Cu2 through the tetrazole fragment and also as a bidentate chelating ligand with Cul to give a
nine-membered ring (CulN;5,Cy). This coordination mode of BMTTE has also been observed in a
copper-POM 1D coordination polymer [13]. The S-C—C-S torsion angle is 168.93° and the two ligands
in the tetramer have opposite axial chirality.

2.5. Crystal Structure of 3

The Cu(II) polymeric compound 3 crystallizes in the C2/c space group with one crystallographically
independent copper atom. Significant structural parameters are listed in Table 3, and crystal structure
and refinement data are listed in Table S1. A dimeric Cu,Cly motif with two metal cations linked
by two bridging chloride atoms leads to the formation of CuyCls-based inorganic chains along the b
axis, as shown in Figure 3. The nonbonding Cu- - - Cu distance through the halide bridge is 3.276 A.
These chains are bridged by bis-monodentate BMTTE ligands to yield the final 2D coordination
compound. The 2D structure contains 32-membered macrometallocycles formed by (CuzCly) inorganic
units and two BMTTE ligands, as shown in Figure 3, with the methyl groups of each ligand molecule
orientated to opposite sides.

The copper(Il) cation is pentacoordinated, as shown in Figure 3, and the value of the Addison
parameter T [21] of 0.04 indicates that the coordination sphere is almost an ideal square pyramid,
with four chloride atoms in basal positions (Cu—Cl distances between 2.313 and 2.298 A) and a
nitrogen atom belonging to a BMTTE molecule at the apex (Cu—N2 = 2.3981(13) A). At a longer
distance (2.854 A) in the sixth coordination position is a nitrogen atom (N3) of an opposite ligand
molecule, so that each tetrazole group coordinates a metal center and establishes a weak contact with a
neighboring metal center.
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Figure 3. Top; 2D structure of 3 showing in detail the macrometallocycle. Bottom; supramolecular
arrangement of the layers.

The BMTTE acts as a bis-monodentate bridging (u-«N2) ligand. This coordination mode is
different to the bis-monodentate bridging mode observed in some copper-POM complexes, where the
nitrogen atom involved in coordination is N3 [11,12] and not N2. The S-C—C-S torsion angle is 180°
and each metallocycle contains two ligands of opposite chirality to yield an achiral layer. The distance
between two neighboring copper(Il) ions through the BMTTE ligand is 14.585 A and the intramolecular
N---N distance is 9.794 A.

2.6. Supramolecular Arrangements

The strategic use of supramolecular synthons to control crystal structure allows the design of
new solids with interesting physicochemical properties. However, to achieve this objective, it is
necessary to understand the intermolecular interactions in the context of crystal packing. In the
current systems, common structural and compositional characteristics allow a deeper study of this
aspect. In this sense, chloride ligands have shown through crystallographic data analysis that the weak
C-H- - - CI-M interactions exhibit the characteristics of conventional hydrogen bonds and hence are
very significant in molecular recognition and crystal engineering. Another interesting feature in these
structures is the presence of coordinatively unsaturated metal centers (UMCs), which can interact at
longer distances with other atoms. Besides, it should be noted in these compounds that not all of the
nitrogen atoms of each tetrazole take part in coordination, so free N-atoms are still available to act as
hydrogen acceptors in different interactions, thus playing a significant role in the final supramolecular
arrangements. Moreover, the flexible organosulfur chains between the tetrazole groups offer the
possibility of establishing noncovalent interactions involving the sulfur atom as an acceptor or the
organic fragment as a donor. In addition, the methyl substituent in the tetrazole moiety increases the
hydrophobicity and the stability of the molecules, but the most remarkable feature observed in these
structures is its role as a donor in multiple interactions.

In this way, chains of 1 are organized into a supramolecular 2D network along the ab plane by
means of O-H: - - Cl hydrogen bonds that involve coordinated water molecules and chloride atoms of
neighboring chains. Nonpolar hydrophobic methyl groups are oriented out of the layers and establish
C-H- - - Cl interactions with other chains to give the final 3D supramolecular array, as shown in Figure 4.
An interchain Cl- - - 7t interaction [CI2- - - centroid of N1/N2/N3/N4/C1; d(Cl- - - centroid = 3.355 A;1-x,
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2 —y,1-z)] and CHye' - -N and CHyye- - - S interactions, as shown in Table 4, also participate in the
formation of the crystal network, which has a Kitaigorodskii packing index [27] of 75%.
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Figure 4. Supramolecular arrangement in the crystal structure of 1.

The supramolecular arrangement in 1-solv is mainly due to C-H- - - X interactions (X = Cl and N)
but, as observed in similar compounds [28], solvent molecules are involved in different C-H---X
(X =Cl, O, N; Table 4) interactions with the metal-organic framework, so the polymeric chains are
extended along the b axis and arranged in a sinusoidal manner, with solvent molecules hosted between
them, as shown in Figure 5. These hydrogen-bonding interactions are established between the methyl
groups of tetrazole or acetonitrile as donors with the available nitrogen atoms of both fragments
as acceptors. The metallorganic chains are linked through solvent molecules that act as a bridge in
the ac plane, as shown in Figure 5 (top, left), to give a shifted parallel arrangement. Furthermore,
several weak intra- and inter-molecular C-H- - - S interactions reinforce the zig-zag disposition of the
chains. The solvent volume makes up 30% of the unit cell volume, as calculated using Mercury [29],
and the Kitaigorodskii packing index [27] of 75% is slightly lower than that in 1.

In the crystal packing of 2, the nonpolar methyl -CH3 and methylene —CH,— spacer groups,
which are oriented outwards from the tetrameric molecule to define a hydrophobic contour, as shown
in Figure 2, play an important role as H-donors towards the chloride atoms to establish several
intermolecular C-H- - - Cl interactions with C---Cl distances in the range 3.32-3.47 A, as shown in
Table 4 and Figure 6. This kind of interaction is also established with the nitrogen atoms of tetrazole units.
Furthermore, a 7- - - 7 interaction between the tetrazole groups N1/N2/N3/N4/C1 and N5/N6/N7/N8/C4
(intermolecular centroid—centroid distance of 3.6976 A and interplanar dihedral angle of 33.40°;
symmetry code: 1 —x, 1 -y, 1 - z) contributes to the crystal packing, with a Kitaigorodskii index [27]
of 70%.

The metallorganic layer of 3 has a stair-step disposition along the ab plane, as shown in Figure 3,
and each layer stacks with adjacent ones through CHpethylene' - - Cl interactions, as shown in Table 4,
to give a 3D supramolecular array reinforced by the contribution of an S- - - 7t interaction with the
tetrazole ring (S- - - centroid distance = 3.357 A; symmetry: 1 —x, y, 1.5 — z). The resulting Kitaigorodskii
packing index [27] is 77%.
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Figure 5. Supramolecular arrangement in the crystal structure of 1-solv.

Table 4. Main hydrogen bonds (A,°).

Structure D-H---A d(D-H) d(H---A) d(D---A)  «(DHA)

O1-HA ... CI3#1  084(2)  2.82(6) 3.250(4) 114(5)
O1-HA ... Cll#1  084(2)  2.934) 3.685(3) 152(6)

1 C12-H12C ... Cl2#4 0.98 2.49 3.418(5) 158.6
C12-H12B ... N7#3 0.98 2.86 3.207(6) 102.0
C12-HI12A ... N6#2 0.98 2.68 3.327(6) 124.0
C12-H12A ... S2#1 0.98 2.90 3.717(5) 141.2
O1-H1C... Cli#6 0.89 2.99 3.6713(10) 135.4
O1-HIC... Cl2#6 0.89 2.72 3.4096(10) 135.1
C12-H12C ... N41#7 0.98 2.95 3.221(2) 96.9
C12-H12B ... N31#4 0.98 2.68 3.650(2) 170.0
C22-H22C ... CI3#5 0.98 2.95 3.5901(15) 123.9

1-solv C1-H1B... CI2#3 0.99 2.95 3.5478(13) 119.9
C1-H1B... S2#2 0.99 2.95 3.5065(13) 116.3

C31-H31A ... N6#5 0.98 2.64 3.559(2) 156.5

C31-H31B ... N7#1 0.98 2.59 3.473(2) 150.1
C31-H31C... O147 0.98 2.71 3.536(2) 141.7

C41-H12A ... Cl1#6 0.98 2.98 3.3693(15) 104.8

C2-H2B ... CI2#1 0.99 2.89 3.3201(17) 107.2

C1-H1B... CI2#1 0.99 2.84 3.4698(17) 1221

2 C12-H12C ... CI2#3 0.98 2.87 3.4037(19) 115.0
C22-H22C ... Cl1#4 0.98 3.05 3.4498(17) 106.1
C12-H12B... S2#2 0.98 2.95 3.7522(18) 139.5

3 C1-H1A.--CI2#1 0.99 2.78 3.6987(16) 153.7

Symmetry code: (1) #1 x =1,y, z; #2 =x + 1/2,y + 1/2, -z + 1/2; #3 =x + 3/2, y + 1/2, =z + 1/2; #4 x = 1/2, =y + 3/2,
z—=1/2; (I-solv) #1 —x +1, -y +1,-z+2;#2 —x+1,-y +2,-z+ 2;#3x+ 1,y zz#dx,y -1, z+ L, # —x+ 2, -y + 1,
—Z+2#6 =X, -y +2,-z+2;#71-x,1-y,3-2 (2)#1 x+1/2, -y +3/2,z + 1/2; #2 —x + 3/2,y = 1/2, =z + 3/2; #3 x
=1/2, -y +3/2,z+1/2;#4 1+ x,y, 2, B) #1 —x + 1,y, =z + 3/2.
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Figure 6. Supramolecular organization in the crystal structure of 2.

2.7. Hirshfeld Surface Study

A Hirshfeld surface study was carried out to gain a fuller appreciation of the nature and quantitative
contributions of intermolecular interactions to the supramolecular assembly of complexes 1, 2 and
3. The decomposition of contributions from different interaction types, which overlap in the full
fingerprint, proved to be helpful to highlight graphically the surface regions that are involved in a
specific type of intermolecular contact. The contributions to the Hirshfeld surface area from the various
close intermolecular contacts are presented in the histogram in Figure 7.
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Figure 7. Contributions to the Hirshfeld surface area from the various close intermolecular contacts.

The analysis shows that in compounds 1 and 3, the CI- - - H interactions have the highest priority
(the highest contribution to the Hirshfeld surface) and the N- - - H interactions have the highest priority
in 2.

In this approach to assess and visualize the contribution of polar and non-polar interactions to the
crystal packing forces, the two-dimensional fingerprint plots for 1, 2 and 3 were delineated for different
types of contacts, suchas H---H, Cl---H, N---Hand S- - - H, as shown in Figure 8. The decomposition of
contributions from different interaction types proved to be helpful to highlight graphically the surface
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regions that are involved in a specific type of intermolecular contact. The visual analysis of the different
fingerprint plots show that the molecular environments are clearly different in each compound.
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Figure 8. Fingerprint plots for H---H, CI---H/H---Cl, H---N/N---H and H---S/S---H contacts.
The outline of the full fingerprint is shown in gray.

Despite the different crystal packing arrangements, in general the Hirshfeld analysis revealed that
50%-60% of the total surface areas can be identified with CI/H, N/H and S/H contacts, which correspond
to CH---Cl, CH---N or CH: - - S hydrogen bonds.

The proportion of Cl---H/H---Cl interactions is almost the same in all structures and they
contribute around 24% of the Hirshfeld surfaces for each compound. Furthermore, in all structures
H--- N contacts are present; with the highest amount in 2 (24.9%) and decreasing gradually in 1 (22.7%)
and 3 (15.1%).

The H/H contacts, which are less directed than H-bonds, are present on 2D fingerprint plots
as bulk central areas. These contributions correspond to the van der Waals interactions and they
represent less than 20% of the Hirshfeld surfaces (barely 6.5% in 1), thus showing that these lattices are
mostly stabilized by H-bonds rather than dispersion forces. The high percentage of other interactions,
as shown in Figure 7, is consistent with the number of non-classical 7- - - 7, Cl- - - or S- - - 7t interactions
present in the structures. These interactions are associated with C---N, N---N, Cl---C/N and S-- - C/N
contacts and show that tetrazole units enhance the stacking interactions in the structures. Thus,
as expected, another common feature in all of the structures is the relatively low area associated with
C-.--Cinteractions.

114



Chemistry 2020, 2

The presence of other interactions is particularly significant in the structures of 1and 3. The presence
of water oxygen atoms in 1 produces O/H contacts that represent around 5% of the surface in this
structure. Furthermore, the unsaturated coordination environment of the copper metal center in 3 gives
rise to weak Cu- - - Cl interactions that represent around 10.2% of the total surface. These contacts are
almost negligible in the other structures due to their more saturated copper coordination environments.

2.8. Thermal Analysis

The thermal stability of compounds 1, 2 and 3 was evaluated by TGA experiments performed from
room temperature to 900 °C. All of the complexes showed good thermal stability, and this indicated the
strength of their corresponding networks. The least thermally stable compound was the 1D polymer 1,
which lost its coordinated water molecules (exp. 3.02%, calcd. 3.88%) at 110 °C. From 190 to 650 °C,
the consecutive loss of the organic ligand and the anion occurred. Despite their different covalent
dimensionality, compounds 2 and 3 were stable up to 180 °C and then began to decompose in a process
that ended at 650 °C, as in compound 1.

3. Conclusions

In the copper/chloride compounds described here, the flexible bis-tetrazole organosulfur ligands
BMTTM and BMTTE have proven to be able to adopt different coordinative modes to produce different
coordination geometries (tetrahedral, octahedral and square-pyramidal) around the copper ions and
different covalent dimensionality (from 0D to 2D) in the resulting crystalline solids. With BMTTM, all of
the synthetic methods used (except the hydro/solvothermal method) led to the same 1D coordination
polymer. However, with BMTTE, the softest methods led to a 2D coordination polymer and the reaction
under hydrothermal conditions led to the reduction of copper(Il) to copper(I) and the crystallization of
a discrete tetramer.

The supramolecular organizations in these thermally stable compounds are mainly determined
by C-H---X (X = Cl, N) interactions, with a significant role of the coordinated chloride and the
uncoordinated nitrogen atom of the tretrazole as acceptors and of the methyl and methylene groups
of ligands as donors. Other, less common interactions, such as Cl---7 (1), r--- 7 (2) and S--- 7 (3)
contribute to the stabilization of the corresponding supramolecular networks, which achieve a very
efficient packing. The Hirshfeld surface analysis corroborated the main geometrical observations about
the crystal packing and highlight the importance of the methyl groups in establishing C-H--- X (X = Cl,
N or S) interactions.

4. Experimental

4.1. Materials and Physical Measurements

Solvents and reagents were obtained commercially and were used as supplied. BMTTM [30]
and BMTTE [16,17] ligands were synthesized by ourselves. Elemental organic analysis (C, H, N) was
carried out on a Carlo Erba 1108/Chromatographic combustion elemental analyzer. FT-IR spectra in
the 4000-400 cm™! region were recorded on a Jasco FT/IR-6100 spectrophotometer. Thermogravimetric
analysis (TGA) and Differential Scanning Calorimetry analysis (DSC) profiles were obtained with a
TGA-ATD/DSC, SETSYS Evolution 1750 (Setaram) thermal analyzer.

4.2. Synthesis and Crystallization of the Complexes

4.2.1. 0 CusCly(HyO)o(BMTTM), (1) and o CuzClg(H0),(BMTTM),-4CH5CN (1:-s0lv)

The pseudopolymorphs 1 and 1-solv were obtained as crystalline materials using different
synthetic methodologies:
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Method 1: Diffusion

To a solution of CuCl,-2H,0 (0.25 mmol) in CH3CN (10 mL) in a test-tube was slowly added a
solution of ligand (0.25 mmol) in CH3CN (10 mL). Blue single crystals of 1 mixed with some colorless
crystals of ligand were obtained after two days. Yield: 84%.

Method 2: Microwave Irradiation

To a solution of CuCly-2H,0 (0.9 mmol) in CH3CN (10 mL) was slowly added a solution of ligand
(0.9 mmol) in CH3CN (10 mL). This mixture was irradiated for 10 min in a modified conventional
microwave oven [31]. After slow evaporation at room temperature, we first isolated a few prismatic
blue single crystals of 1-solv and then blue plate single crystals of 1. Yield: 69%.

Method 3: Stirring at Room Temperature

To a solution of CuCl,-2H,0O (0.9 mmol) in CH3CN (10 mL) was slowly added a solution of
ligand (0.9 mmol) in CH3CN (10 mL). The mixture was stirred for 24 h at room temperature. The blue
crystalline powder of 1 was filtered off and dried over CaCl,. Yield: 87%.

Data for 1: MP: 170-175 °C. Anal. Calc. for C10H20C16N160284Cu3: N 24.1%, C 13.00/0, H 2.20/0;
Found: N 24.1%, C 13.2%, H 2.4%. IR (cm™): 1480m, 1414m, 1393m, 1365m, v(ring); 1177m, 5(CH);
1087m, 1039m, 1003m, 5(ring); 708s, v(C-S).

422, [CuyCly(BMTTE)], (2) and «2CuyClLy(BMTTE) (3)

Synthesis of [CupyCl,(BMTTE)]; (2)

A mixture of CuCl,-2H,0O (2.7 mmol) and BMTTE (0.9 mmol) in H,O (5-15 mL) was sealed in a
20-mL Teflon-lined autoclave and heated to 160 °C over 100 min. The autoclave was kept at 160 °C for
3 days and then slowly cooled to room temperature at a rate of 10 °C/h. Yellow single crystals of 2
were obtained.

Data for 2: Yield: 32%. MP: 200-202 °C. Anal. calc. for C1oHyoCl4N1S4Cuy N 24.7%, C 15.9%,
H 2.2%; Found: N 24.3%, C 15.7%, H 2.1%. IR (cm™): 1467m, 1406m, 1382m, v(ring); 1296m
w(CH,CHy); 1173m §(CH); 1147w, 1097w, 1078w, &(ring); 728m, y(CH); 704vs v(C-S).

Synthesis of «2Cu,Cly(BMTTE) (3)
Method 1: Microwave Radiation.

To a suspension of CuCl,-2H,0 (3.56 mmol) in CH3CN (10 mL) was slowly added a solution of
ligand (0.89 mmol) in CH3CN (10 mL). The mixture was irradiated for 10 min in a modified conventional
microwave oven. After cooling (30 min), orange single crystals of 3 were obtained. Yield: 35%.

Method 2: Stirring at Room Temperature.

To a solution of CuCly-2H,0 (0.9 mmol) in CH3CN (10 mL) was slowly added a solution of ligand
(0.9 mmol) in CH3CN (10 mL). After stirring at room temperature for 24 h, an orange crystalline
powder was filtered off under vacuum and dried. Yield: 47%.

Data for 3: Yield: 35%. MP: 225-230 °C. Anal. calc. for C¢H1(Cly4NgS,Cuy N 20.40%, C 13.75%,
H 1.92%; Found: N 20.80%, C 13.70%, H 1.91%. IR (cm™): 1473m, 1403m, 1384m, v(ring); 1240m
w(CH,CHy); 1183m §(CH); 1137w, 1090w, 1052w, §(ring); 739m, y(CH); 708vs v(C-S).

4.3. X-ray Structure Determination

Crystallographic data were collected at 293 K on a Bruker Smart 1000 CCD diffractometer using
graphite-monochromated Mo-Ka radiation (A = 0.71073 A). The software SMART [32] was used to
collect frames of data, index reflections, and determine lattice parameters. SAINT [33] was used
for integration of intensity of reflections and SADABS [34] for scaling and empirical absorption
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correction. The structure was solved by a dual-space algorithm using the program SHELXT [35].
All non-hydrogen atoms were refined with anisotropic thermal parameters by full-matrix least-squares
calculations on F? using the program SHELXL [35] with OLEX2 [36]. Hydrogen atoms were inserted at
calculated positions and constrained with isotropic thermal parameters. Drawings were produced
with Mercury [28]. Special computations for the crystal structure discussions were carried out with
PLATON [37]. Crystal data and structure refinement parameters are reported in Table S1.

X-ray powder diffraction (XRPD) was performed using a Siemens D-5000 diffractometer with
Cu-Ka radiation (A = 1.5418 A) over the range 5.0-60.0° in steps of 0.20° (20) with a count time per
step of 5.0 s. The program FULLPROF [38] was used to perform profile matching between powder
diffraction data and that calculated from the single-crystal structures.

4.4. Hirshfeld Surface Study

Hirshfeld surfaces and their respective 2D fingerprint plots for all complexes were calculated with
CRYSTALEXPLORER 3.1 software [39]. The dnorm surface and the breakdown of two-dimensional
fingerprint plots were used to analyze intermolecular interactions in the different crystal lattices.
The sizes and shapes of the fingerprints illustrate the significant differences between the intermolecular
interaction patterns.

Supplementary Materials: The following are available online at http://www.mdpi.com/2624-8549/2/1/5/s1,
Figure S1: Infrared Spectra, Figure S2: Thermogravimetric analysis, Figure S3: Powder X-Ray Diffraction
patterns, Table S1: Crystal data and structure refinement. CCDC 1971817-1971820 contains the supplementary
crystallographic data for 1, 1.solv, 2 and 3.

Author Contributions: Conceptualization, R.C. and A.B.L.; methodology, R.C. and O.G.-P,; synthesis, characterization,
thermal analysis, O.G.-P,; formal analysis, R.C. and O.G.-P; investigation, O.G.-P; resources, R.C. and O.G.-P.;
writing—original draft preparation, R.C. and A.B.L.; writing—review and editing, R.C., A.B.L. and EM.V.-L.;
visualization, R.C. and A.B.L.; supervision, EM.V.-L.; project administration, R.C. and EM.V.-L.; funding
acquisition, R.C. and E.M.V.-L. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by ERDF (EU), MEC (Spain) and Xunta de Galicia (Spain) (research projects
CTQ2015-71211-REDT, CTQ2015-7091-R and ED431D 2017/01).

Acknowledgments: SC-XDR measurements were performed at the Unidade de Difracciéon de Raios X de
Monocristal (CACTI-Universidade de Vigo), Spain. O.G.P. thanks the Xunta de Galicia for a predoctoral contract.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results.

References

1. Hirao, T.; Kim, D.S.; Chi, X.; Lynch, V.M.; Ohara, K,; Park, J.S.; Yamaguchi, K.; Sessler, J.L. Control over
multiple molecular states with directional changes driven by molecular recognition. Nat. Commun. 2018,
9, 823. [CrossRef]

2. Thomas-Gipson, J.; Pérez-Aguirre, R.; Beobide, G.; Castillo, O.; Luque, A.; Pérez-Yafiez, S.; Romén, P.
Unravelling the Growth of Supramolecular Metal-Organic Frameworks Based on Metal-Nucleobase Entities.
Cryst. Growth Des. 2015, 15, 975-983. [CrossRef]

3. Steed, J.W.; Atwood, J.L. Supramolecular Chemistry; John Wiley & Sons: London, UK, 2013.

4. Lehn, J.-M. Supramolecular Chemistry; VCH: Weinheim, Germany, 1995.

5. Taylor, R.;; Kennard, O. Crystallographic Evidence for the Existence of C—=H:--O, C-H:---N, and C-H---Cl
Hydrogen Bonds. J. Am. Chem. Soc. 1982, 104, 5063-5070. [CrossRef]

6.  Desiraju, G.R.; Steinter, T. The Weak Hydrogen Bond in Structural Chemistry and Biology; Oxford University
Press: Oxford, UK, 1999.

7. Brammer, L.; Bruton, E.A.; Sherwood, P. Understanding the Behavior of Halogens as Hydrogen Bond
Acceptors. Cryst. Growth Des. 2001, 1, 277-290. [CrossRef]

8.  Thallapally, PK.; Nangia, A. A Cambridge Structural Database analysis of the C-H---Cl interaction:
C-H---CI” and C-H- - - CI-M often behave as hydrogen bonds but C-H- - - CI-C is generally a van der Waals
interaction. CrystEngComm 2001, 3, 114-119. [CrossRef]



Chemistry 2020, 2

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Popova, E.A.; Trifonov, R.E.; Ostrovskii, R.A. Tetrazoles for biomedicine. Russ. Chem. Rev. 2019, 88, 644-676.
[CrossRef]

Neochoritis, C.G.; Zhao, T.; Domling, A. Tetrazoles via Multicomponent Reactions. Chem. Rev. 2019,
119, 1970-2042. [CrossRef]

Wang, X.L.; Hu, H.L.; Tian, A.X. Influence of Transition Metal Coordination Nature on the Assembly of
Multinuclear Subunits in Polyoxometalates-Based Compounds. Cryst. Growth Des. 2010, 10, 4786—-4794.
[CrossRef]

Wang, X.; Hu, H.; Tian, A.; Lin, H.; Li, J. Application of Tetrazole-Functionalized Thioethers with Different
Spacer Lengths in the Self-Assembly of Polyoxometalate-Based Hybrid Compounds. Inorg. Chem. 2010,
49, 10299-10306. [CrossRef]

Wang, X.; Wang, Y.; Liu, G.; Hu, H.; Tian, A. Polyoxometalates-Directed Assembly of Inorganic-Organic
Hybrid Compounds with Copper Multinuclear Nano-Cluster Based on Flexible Double Tetrazole-Based
Thioether. J. Clust. Sci. 2011, 22, 211-223. [CrossRef]

Wang, X.; Gao, Q.; Tian, A.; Hu, H.; Liu, G. Assembly of a Series of Keggin-Based Multi- and Mono-Nuclear
Structures by Tuning the Bis (Tetrazole)-Functionalized Thioether Ligands. Inorg. Chim. Acta 2012, 384, 62-68.
[CrossRef]

Liu, G.; Zhang, S.Z. Crystal structure of poly[(u-1-methyl-1Htetrazole-5-thiolato-k>S:5:N:N”) copper(I)],
CpH3CuNyS. Kristallogr. NCS 2016, 231, 791-792.

Li, C.-R; Chen, T.; Xia, Z.-Q. Bis[(1-methyl-1H-tetrazol-5-yl)sulfanyl]-ethane. Acta Crystallogr. 2011, E67, 0769.
[CrossRef]

Argibay-Otero, S.; Gomez-Paz, O.; Carballo, R. A Monoclinic Polymorph of 1,2-Bis[(1-Methyl-1H
-Tetrazol-5-yl)Sulfanyl]ethane (BMTTE). Acta Crystallog. 2017, E73, 1523-1525. [CrossRef]

Chen, K; Shearer, ].; Catalano, V.J. Subtle Modulation of CuyX4L, Phosphine Cluster Cores Leads to Changes
in Luminescence. Inorg. Chem. 2015, 54, 6245-6256. [CrossRef] [PubMed]

Robin, A.Y.; Fromm, K.M. Coordination polymer networks with O- and N-donors: What they are, why and
how they are made. Coord. Chem. Rev. 2006, 250, 2127-2157. [CrossRef]

Xue, K.; Chai, W.X,; Wu, Y.W,; Ling, C.; Song, L. Syntheses, Structures and Properties of Two Coordination
Polymers Built Upon Copper(l, II) Halide Clusters and a New Thiodiazole Ligand. ]. Clust. Sci. 2014,
25,1005-1017. [CrossRef]

Addison, A.W.; Rao, T.N.; Reedjj, J.; van Rijn, J.; Verschoor, G.C. Synthesis, structure, and spectroscopic
properties of copper(Il) compounds containing nitrogen—sulphur donor ligands; the crystal and molecular
structure of aqua [1,7-bis(N-methylbenzimidazol-2"yl)-2,6-dithiaheptane] copper(Il) perchlorate. J. Chem.
Soc. Dalton Trans. 1984, 7, 1349-1356. [CrossRef]

Amoedo, A.; Carballo, R; Garcia-Martinez, E.; Lago, A.B.; Vazquez Lopez, E.M. Molecular
metallocycles, acyclic metallodimers and 2D coordination polymers containing the twisted ligand
bis(pyrimidin-2-ylthio)methane. Dalton Trans. 2010, 39, 2385-2394. [CrossRef]

Li, L.; Li, H.; Ren, Z,; Lang, ]. Unique Deca- and Tetranuclear Halocuprate(I) Clusters of a Clamplike Ligand:
Isolation, Structure, and Luminescence Properties. Eur. J. Inorg. Chem. 2014, 5, 824-830. [CrossRef]

Kwon, H.; Lee, E. Static and dynamic coordination behaviours of copper(I) ions in hexa(2-pyridyl)benzene
ligand systems. Dalton Trans. 2018, 47, 8448-8455. [CrossRef] [PubMed]

Mehrotra, PK.; Hoffmann, R. Copper(I)-copper(]) interactions. Bonding relationships in d'°-d'? systems.
Inorg. Chem. 1978, 17, 2187-2189. [CrossRef]

Yang, L.; Powell, D.R.; Houser, R.P. Structural Variation in Copper(I) Complexes with Pyridylmethylamide
Ligands: Structural Analysis with a New Four-Coordinate Geometry Index, ©(4). Dalton Trans. 2007, 955-964.
[CrossRef] [PubMed]

Kitaigorodskii, A.I. Molecular Crystals and Molecules; Academic Press: New York, NY, USA, 1973.

Lago, AB,; Carballo, R, Rodriguez-Hermida, S.; Véazquez-Lopez, E.M. Copper(Il)
Acetate/Bis(4-pyridylthio)methane System: Synthesis, Structural Diversity, and Single-Crystal to
Single-Crystal Transformation. Cryst. Growth Des. 2014, 14, 3096-3109. [CrossRef]

Macrae, C.E; Edgington, P.R.; McCabe, P; Pidcock, E.; Shields, G.P.; Taylor, R.; Towler, M.; van de Streek, J.
Mercury: Visualization and analysis of crystal structures. |. Appl. Cryst. 2006, 39, 453—-457. [CrossRef]

Wei, W.; Xia, Z.-Q.; Chen, A.-P.; Gao, S.-L. Bis[(1-methyl-1H-tetrazol-5-yl)sulfanyl]-methane. Acta Crystallogr.
2011, E67, 0999. [CrossRef]

118



Chemistry 2020, 2

31.

32.
33.
34.

35.
36.

37.
38.

39.

Ardon, M.; Hayes, P.D.; Hogarth, G. Microwave-Assisted Reflux in Organometallic Chemistry:
Synthesis and Structural Determination of Molybdenum Carbonyl Complexes. An Intermediate-Level
Organometallic-Inorganic Experiment. J. Chem. Educ. 2002, 79, 1249-1251. [CrossRef]

SMART, Version 5.054; Bruker AXS: Madison, WI, USA, 1997.

SAINT, Version 8.38A; Bruker AXS: Madison, W1, USA, 2017.

Sheldrick, G.M. SADABS, Version 2016/2; Program for Absorption Corrections; Gottingen University:
Gottingen, Germany, 1996.

Sheldrick, G.M. Crystal Structure Refinement with SHELXL. Acta Crystallogr. 2015, C71, 3.

Dolomanov, O.V.; Bourhis, L.].; Gildea, R.J.; Howard, ].A.K.; Puschmann, H. OLEX2: A complete structure
solution, refinement and analysis program. J. Appl. Cryst. 2009, 42, 339-341. [CrossRef]

Spek, A.L. Structure validation in chemical crystallography. Acta Crystallogr. 2009, D65, 148-155. [CrossRef]
Rodriguez-Carvajal, J. Fullprof: A Program for Rietveld Refinement and Pattern Matching Analysis.
In Proceedings of the Satellite Meeting on Powder Diffraction of the XV Congress of the IUCr, Toulouse,
France, 19-28 July 1990; p. 127.

Wolff, S.K.; Grimwood, D.J.; McKinnon, J.J.; Turner, M.J.; Jayatilaka, D.; Spackman, M.A. CrystalExplorer,
Version 3.1; University of Western Australia: Crawley, Australia, 2012.

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution
BY

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

119






chemistry ﬁw\b\w

Article
Solvent Effect on the Regulation of Urea Hydrolysis
Reactions by Copper Complexes

Caio B. Castro !, Rafael G. Silveira 2, Felippe M. Colombari 3, André Farias de Moura ¢,
Otaciro R. Nascimento ° and Caterina G. C. Marques Netto 1*

1 Laboratério de Metaloenzimas e Biomiméticos, Departamento de Quimica, Universidade Federal de Sao

Carlos (UFSCar), Rod. Washington Luiz, km 235, Sao Carlos, Sao Paulo 13565-905, Brazil;
caiobezerradecastro@gmail.com

2 Instituto Federal Goiano, Rod. GO, km 154, s/n 03, Ceres, Goids 76300-000, Brazil;

rafael silveira@ifgoiano.edu.br

Laboratorio Nacional de Nanotecnologia, Rua Giuseppe Maximo Scolfaro, 10.000, Polo II de Alta Tecnologia

de Campinas, Campinas, SP 13083-100, Brazil; colombarifm@hotmail.com

Laboratério de Quimica Tedrica, Departamento de Quimica, Universidade Federal de Sao Carlos (UFSCar),

Rod. Washington Luiz, km 235, Sao Carlos, Sao Paulo 13565-905, Brazil; moura@ufscar.br

5 Instituto de Fisica de Sao Carlos, Universidade de Sao Paulo (USP), Av. Joao Dagnone, 1100, Jardim Santa
Angelina, Sao Carlos, Sdo Paulo 13563-120, Brazil; ciro@ifsc.usp.br

*  Correspondence: caterina@ufscar.br; Tel.: +55-16-3306-6653

Received: 14 February 2020; Accepted: 20 May 2020; Published: 2 June 2020

Abstract: Abiotic allosterism is most commonly observed in hetero-bimetallic supramolecular
complexes and less frequently in homo-bimetallic complexes. The use of hemilabile ligands with high
synthetic complexity enables the catalytic center by the addition or removal of allosteric effectors
and simplicity is unusually seen in these systems. Here we describe a simpler approach to achieve
kinetic regulation by the use of dimeric Schiff base copper complexes connected by a chlorido ligand
bridge. The chlorido ligand acts as a weak link between monomers, generating homo-bimetallic
self-aggregating supramolecular complexes that generate monomeric species in different reaction rates
depending on the solvent and on the radical moiety of the ligand. The ligand exchange was observed
by electron paramagnetic resonance (EPR) and conductivity measurements, indicating that complexes
with ligands bearing methoxyl (Cu"L2) and ethoxyl (Cu"L5) radicals were more prone to form
dimeric complexes in comparison to ligands bearing hydrogen (Cu"L1), methyl (Cu''L3), or t-butyl
(Cu''L4) radicals. The equilibrium between dimer and monomer afforded different reactivities of the
complexes in acetonitrile/water and methanol/water mixtures toward urea hydrolysis as a model
reaction. It was evident that the dimeric species were inactive and that by increasing the water
concentration in the reaction medium, the dimeric structures dissociated to form the active monomeric
structures. This behavior was more pronounced when methanol/water mixtures were employed
due to a slower displacement of the chlorido bridge in this medium than in the acetonitrile/water
mixtures, enabling the reaction kinetics to be evaluated. This effect was attributed to the preferential
solvation shell by the organic solvents and in essence, an upregulation behavior was observed due to
the intrinsic nature of the complexes to form dimeric structures in solution that could be dismantled
in the presence of water, indicating their possible use as water-sensors in organic solvents.

Keywords: copper complexes; chlorido ligand displacement; catalysis regulation; Schiff base ligands;
urea hydrolysis; supramolecular chemistry

1. Introduction

Allosterism is commonly observed in proteins that suffer conformational changes induced by
ligand binding to an orthosteric site, producing an activation, inhibition, or regulation of the enzymatic

Chemistry 2020, 2, 525-544; doi:10.3390/chemistry2020032 121 www.mdpi.com/journal/chemistry



Chemistry 2020, 2

activity [1]. Allosteric enzymes optimize the interactions between the ligand and host to tune the
populations of active and inactive states for a specific metabolic function [2]. Therefore, allosterism
control leads to a high specificity of these enzymes [3,4], which can inspire the design and development
of supramolecular devices with high selectivity toward a substrate or analyte. Therein, abiotic allosteric
catalysts have shown that metal ions can induce the control of conformation and reactivity of dinuclear
catalytic sites [5-7]. The use of redox switching [8] and anion binding affinity [9-11] has also been
explored in allosteric coordination chemistry, in which the weak-link approach (WLA) is afforded by
the employment of hemilabile ligands to obtain systems that are stimuli-responsive [10].

The WLA approach allows for reversibility in enzyme mimics, leading to allosteric responses [12]
as well as to the development of small-molecule sensors such as enzyme-linked immunosorbent
assays (ELISA) [13,14] and polymerase chain reaction (PCR) [15]. In the WLA approach, systems
with ditopic ligands are commonly used since they enable the interaction of the complex with other
molecular species such as anions and cations, causing the change in the overall conformation of the
complex [16]. This change in conformation induces an alteration in the properties of one of the metal
centers. Classical examples of systems employing WLA in an allosteric conformational manner can be
found in the literature, in which the molecular structure [17], binding specificity [18], and catalytic
activity [19,20] are modulated upon the interaction with a regulator.

Ligands based on Schiff bases are common moieties in complexes bearing allosteric
behaviors [12,21,22] and homo-bimetallic complexes have been shown to be effective in several
catalytic reactions [23-26], with special attention to the supramolecular assemblies forming dimeric
structures that exhibit significant rate acceleration when compared to the corresponding monomeric
catalyst [27,28]. However, these systems are based on coordination compounds with rather sophisticated
structures and it would be valuable to find simpler structural complexes bearing abiotic allosterism or
catalytic regulation. In this aspect, dimeric or polymeric structures can be easily achieved with chlorido
bridges [29-33], which can suffer ligand substitution reactions to form monomeric species in solution,
enabling an easy approach to obtain different reactivities of the complex in an allosteric manner.

In this work, a simple coordination system was designed to achieve allosteric behavior by the
regulation of the equilibrium between monomeric and dimeric species. For this purpose, Schiff
base ligands based on L-proline were designed and coordinated to Cu'l, as shown in Figure 1.
The equilibrium between monomeric and dimeric species was dependent on the solvent mixture used
in the reaction, enabling their use in a model reaction. As a proof-of-concept, urea hydrolysis was
performed by these complexes, and water was shown to act as an allosteric regulator, since it induced
the formation of active monomeric structures. Hence, we demonstrate that coordination systems with
less complexity can also be used in regulatory reactions, serving as an inspiration to the development
of cheaper sensors.

Cﬁf NZ LIR=H
Ph_ Ph Ph_ Ph N—Cu\O L2 R = OMe
N I
X

L3R =Me

\ Ph L4 R=1tBu
i L5R = OEt
R A Ph R @i\c’:u-{N

z N@ X = Cl- or *ClOy4

Figure 1. Synthesis of Cu''L1-L5(X) complexes. * Note: The perchlorate anion was used only for
ligand L2.

2. Materials and Instruments

The reagents were of analytical grade and were used without prior purification. Thionylchloride
(SOCly(p)) used in the esterification of L-proline, as described in the literature, was previously distilled
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under argon. The solvents used in the synthesis and experiments were previously distilled. High
Resolution Mass Spectra (HRMS) were obtained with a MICROTOF-Bruker Daltonics (Billerica, MA,
USA) in the positive mode. Nebulizer: 0.3 bar, Dry gas: 4 mL/min, temperature: 180 °C, High
Voltage: 4500 V. Nuclear Magnetic Resonance (NMR) spectra were recorded on a BRUKER DRX
400 MHz using CDClj as the solvent. X-ray diffraction data were obtained on a Rigaku XtaLAB
Mini diffractometer (Rigaku, Tokio, Japan) with an X-ray generator operating at 50 kV and 12 mA
with a graphite monochromatic Mo-K (A = 0.71073 A) using the Olex2 program (version Olex2 v1.3©
OlexSys Ltd. 2004-2020, Chemistry Department, Durkham University, Durkham, UK). EPR spectra
were obtained on a Varian E109 EPR X-Band (Varian, Palo Alto, CA, USA) using the rectangular cavity
field modulation at 100 kMz. Parameters: microwave power of 20 mW, modulation amplitude of
0.4 mT peak to peak, gain adjustable for each sample, field scan of 160 mT, time constant of 0.064 s,
scan time of 3 min. For the measurements of liquid, N, was used in the Dewar immersion method.
An EPR standard was used to calibrate the magnetic field (MgO crystal: Cr'! g = 1.9797) and the
resonance frequency was measured with a microwave frequency meter. FTIR spectra were recorded
on a Bomen-Michelson FT model MB-102 spectrometer (ABB BOMEM, Quebec, QC, Canada) in the
4000-200 cm™! region. In situ FTIR were recorded on a Nicolet 6700 FTIR spectrometer equipped
with a Mercury-Cadmium-Telluride (MCT) detector using p-polarized light and employed a 60 CaF,
prism located in the bottom of a gas cell in the configuration described. Each spectrum consisted
of 32 interferograms, recorded with a spectral resolution of 4 cm~!. UV-Vis spectra were recorded
on a HP-Hewlett Packard 8452 A spectrophotometer (Hewlett Packard, Palo Alto, CA, USA) in the
190-800 nm range.

2.1. Synthesis of Ligands (L1-L5)

The ligands were synthesized starting from L-proline. Five synthetic steps are necessary, according
to the method reported in the literature [34-36] for the synthesis of L1. Some minor modifications were
performed. Essentially, 205 mg (0.60 mmol) of ((S)-1-benzylpirrolidin-2-yl)diphenylmethanamine (6)
was added in a reaction flask containing 2.0 mL anhydrous methanol. Then, 1.05 eq of the
salicylaldehyde derivative was added (63.94 pL (0.63 mmol) of 2-hydroxybenzaldehyde (L1),
96.00 mg (0.63 mmol) of 2-hydroxy-3-methoxybenzaldehyde (L2), 76.58 puL (0.63 mmol) of
2-hydroxy-3-methylbenzaldehyde (L3), 107.60 uL (0.63 mmol) of 3-tert-butyl-2-hydroxybenzaldehyde
(L4), and 105.00 mg (0.63 mmol) of 3-ethoxy-2-hydroxybenzaldehyde (L5)), in addition to 20.00 mg
(0.23 eq) of anhydrous NaySOy(s). The reactions were left under stirring at 40 °C and followed by
thin layer chromatography until no change in reagent consumption was observed. L1, L2, and L3
were filtered after 20 h of reaction and washed extensively with methanol to obtain yellowish solids.
The solids were dissolved in dichloromethane and methanol was added to obtain yellowish crystals
by slow evaporation for 24 h. L4 and L5 were left in reaction for 48 and 10 h, respectively, with the
formation of a viscous yellowish solid. The solid was purified by column chromatography on silica gel
with ethyl acetate/hexane (5:95) and (20:80) mixture as the eluent, respectively, for ligands L4 and L5.

(E)-2-((((1-benzylpyrrolidin-2-yl)diphenylmethyl)imino)methyl)phenol (L1). Yield: 75%. THNMR
(400 MHz, CDCl3, 298 K): 8 14.71 (s, 1H), 7.97 (d, 2H), 7.33-7.20 (m, 7H), 7.18-7.01 (m, 8H), 6.96
(d, 1H), 6.75 (t, 1H), 3.96 (dd, 1H), 3.34 (d, 1H), 3.10 (d, 1H), 2.75-2.63 (m, 1H), 2.18-2.02 (m, 2H),
1.72-1.62 (m, 1H), 1.43-1.32 (m, 1H), 0.84-0.72 (m, 1H) ppm. '3C NMR (400 MHz, CDCl3, 298 K):
5 164.55, 162.06, 144.55, 142.85, 140.44, 132.60, 132.09, 130.19, 129.10, 128.48, 128.12, 127.98, 127.83,
127.18, 126.86, 126.44, 118.87, 118.22, 117.51, 77.76, 71.96, 62.03, 55.10, 30.72, 24.00 ppm. HRMS (ESI*,
CH30H) m/z calculated for C31Hz1 N,O 447.2436 [M+H]*; found 447.2413. IR (KBr): 3347 (v OH), 3056
(v CspyH), 2969 (v CspsH), 2818 (v CspsH), 1620 (v C=N), 1490 (v C=C), 1280 (v C-O) cm~l. UV-Vis
e(Lmol! em™!) in CH,Cly: 240 (8104), 260 (9513), 320 (3729), and 414 (540) nm.

(E)-2-((((1-benzylpyrrolidin-2-yl)diphenylmethyl)imino)methyl)-6-methoxyphenol (L2) Yield:
69%. 'HNMR (400 MHz, CDClg, 298 K): § 15.23 (s, 1H), 7.91 (s, 1H), 7.45-7.40 (m, 2H), 7.32-7.20
(m, 6H), 7.17-7.00 (m, 7H), 6.82 (dd, 1H), 6.65-6.58 (m, 2H), 3.96 (dd, 1H), 3.31 (d, 1H), 3.08 (d, 1H),
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2.76-2.69 (m, 1H), 2.18-2.06 (m, 2H), 1.72-1.63 (m, 1H), 1.39 (dd, 1H), 1.09 (dd, 1H) ppm. 3C NMR
(400 MHz, CDCl3, 298 K): 5 164.31, 155.95, 149.95, 144.01, 142.30, 139.91, 130.05, 128.87, 128.58, 128.30,
128.00, 127.95, 127.43, 127.00, 126.53, 123.74, 117.63, 116.63, 113.61, 77.22, 71.75, 62.00, 55.05, 30.70, 24.03
ppm. HRMS (ESI*, CH30H) m/z calculated 477.2542 [M+H]*; found 477.2518. IR (KBr): 3417 (v OH),
3020 (v CsppH), 2966 (v CspsH), 2805 (v CspsH), 1623 (v C=N), 1491 (v C=C), 1253 (v C-O) cm~L.
UV-Vis (L mol~! em™") in CH,Cly: 232 (27,271), 266 (15,775), 324 (3046), and 432 (872) nm.

(E)-2-((((1-benzylpyrrolidin-2-yl)diphenylmethyl)imino)methyl)-6-methylphenol (L3). Yield: 72%.
TH NMR (400 MHz, CDCl3, 298 K): & 14.63 (s, 1H), 7.95 (s, 1H), 7.44 (dt, 2H), 7.32-7.02 (m, 14H),
6.87 (dd, 1H), 6.65 (t, 1H), 3.98 (dd, 1H), 3.49 (d, 1H), 3.15 (d, 1H), 2.64 (m, 1H), 2.26 (s, 3H), 2.15 (m,
1H), 2.07 (m, 1H), 1.72 (m, 1H), 1.35 (m, 1H), 0.97 (m, TH) ppm. ¥C NMR (400 MHz, CDCl3, 298 K):
5 165.42, 160.18, 144.30, 143.29, 140.51, 133.45, 130.11, 129.78, 129.38, 128.57, 128.01, 127.73, 127.05,
126.79,126.41, 126.28, 118.16, 117.74, 77.64, 72.13, 62.08, 54.98, 30.61, 23.89, 15.66 ppm. HRMS (ESI*,
CH30H) m/z calculated for C3pH33N,0461.2592 [M+H]"; found 461.2569. IR (KBr): 3412 (v OH), 3052
(v CspyH), 2976 (v CspsH), 2813 (v CspsH), 1619 (v C=N), 1491 (v C=C), 1264 (v C-O) cm~!. UV-Vis
e(L mol~! em™) in CH,Cly: 232 (24,009), 262 (18,426), 326 (5085), and 420 (358) nm.

(E)-2-((((1-benzylpyrrolidin-2-yl)diphenylmethyl)imino)methyl)-6-(tert-butyl)phenol (L4). Yield:
45%. 'H NMR (400 MHz, CDCl3, 298 K): & 15.13 (s, 1H), 7.96 (s, 1H), 7.43 (dd, 2H), 7.35-7.06 (m, 14H),
6.88 (dd, 1H), 6.67 (dd, 1H), 3.96 (dd, 1H), 3.49 (d, 1H), 3.16 (d, 1H), 2.65 (ddd, 1H), 2.16-2.03 (m, 2H),
1.75-1.66 (m, 1H), 1.39 (s, 9H), 0.92-0.85 (m, 2H) ppm. 3C NMR (400 MHz, CDCl3, 298 K): § 165.45,
161.15, 144.44, 143.08, 140.63, 137.75, 130.28, 130.23, 129.40, 128.47, 127.89, 127.77, 126.99, 126.81, 126.33,
118.80, 117.30, 77.66, 72.23, 62.04, 54.97, 34.93, 30.64, 29.33, 23.81 ppm. HRMS (ESI*, CH30H) m/z
calculated for C35H39N,0 503.3062 [M+H]*; found 503.3035. IR (KBr): 3413 (v OH), 3058 (v Csp,H),
2954 (v Csp3H), 1619 (vC=N), 1264 (v C-O) cm~!. UV-Vis ¢(L mol~' em™!) in CH,Cl,: 232 (22,025),
264 (16,192), 330 (5320), and 400 (269) nm.

(E)-2-((((1-benzylpyrrolidin-2-yl)diphenylmethyl)imino)methyl)-6 ethoxy phenol (L5). Yield: 38%.
TH NMR (400 MHz, CDClz, 298 K): § 14.92 (s, 1H), 7.93 (s, 1H), 7.44 (dd, 2H), 7.32-7.05 (m, 13H), 7.01
(dd, 2H), 6.84 (t, 1H), 6.63 (d, 2H), 4.08 (q, 2H), 3.99 (dd, 1H), 3.42 (d, 1H), 3.12 (d, 1H), 2.66 (m, 1H), 2.10
(m, 2H), 1.70 (m, 1H), 1.45 (t, 3H), 1.35 (m, 1H), 1.03 (m, 1H) ppm. 3C NMR (400 MHz, CDCl3, 298 K):
5 165.11, 154.02, 148.19, 144.16, 143.05, 140.33, 132.44, 130.08, 130.00, 129.19, 128.59, 128.15, 127.96,
127.79,127.18, 126.85, 126.45, 123.76, 118.48, 117.15, 115.08, 77.50, 71.86, 64.38, 62.06, 54.99, 30.63, 23.95,
14.88 ppm. HRMS (ESI*, CH30H) m/z calculated for C3;H33N, O, 477.2537 [M+H]*; found 477.2503.
IR (KBr): 3421 (v OH), 3055 (vCsp,H), 2965 (v CspsH), 1621 (v C=N), 1492 (v C=C), 1272 (v C-O) cm™L,
UV-Vis ¢ (L mol™! em™) in CH,Cl,: 232 (15,984), 264 (9288), 332 (2716), and 430 (622) nm.

2.2. General Procedure of Synthesis of Cu'l Chlorido Complexes

In a reaction flask, 50.00 mg of CuCl, (0.37 mmol, 1.1 eq) wasadded to 3.0 mL of anhydrous
methanol. The methanolic solution was heated at reflux temperature for 10 min, followed by the
addition of 1.0 eq of the ligands (150.00 mg (0.33 mmol) of HL1, 157.00 mg (0.33 mmol) of HL2,
152.00 mg (0.33 mmol) of HL3, 166.00 mg (0.33 mmol) of HL4 and 162.00 mg (0.33 mmol) of HL5).
After 4 h, the reaction mixture was cooled to room temperature and filtered. The filtrate was evaporated
to dryness and suspended in dichloromethane. The mixture was centrifuged and the supernatant
was removed. The complexes were obtained after removal of the solvents by rotatory evaporation
under vacuum.

Spectroscopic data of Cu"L1. Dark green powder, yield 75%. HRMS (ESI*, CH,Cl,/CH3CN)
m/z 566.1162 calculated for [M+Na]*, found 566.1122; IR (KBr): 3546, 3472, 3412 (v OH), 3080, 3057
(v Csp,H), 3026 (v N=Csp,H), 2959, 2922, 2851 (v CspsH), 1654, 1637, 1617(v C=N), 1598, 1580 (v C=C),
1455, 1445 (5 CH2), 1317, 1276, 1261 (v C-0), 1089, 1074, 1028 (v C-N), 760, 704 (y Csp,H), 638 (v Cu-0),
474 (v Cu-N) em ™. UV-Vis Vis ¢ L mol™" em™! (CH,Cl,): 248 (18,246), 276 (16,002), 380 (4383), 636
(265) nm. C31'5H30'5C11'5CLIN201‘25[Cu(Ll)Cl]-(0.25CH3OH)'(0.25CH2C12) calculated C, 65.93; H, 5.36;
N, 4.88. Found: C, 65.95; H, 5.23; N, 4.95.
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Spectroscopic data of Cul'L2. Dark brown powder, yield 91%. HRMS (EST*, CH,Cl,/CH3CN)
m/z calculated for [M-Cl]* 538.1676, found 538.1669; HRMS (ESI*, CH,Cl,/CH30H) m/z calculated
1169.2638 for [2M + Na*]*, found m/z 1169.2410; IR (KBr): 3458, 3410 (v OH), 3055 (v Csp,H), 3026 (v
N=Csp,H), 2959, 2926 (v Csp3H), 1619 (v C=N), 1577, 1544 (v C=C), 1469, 1444 (5 CH2), 1316, 1276
(v C-0), 1245, 1218 (v C-0-C), 1081, 1004 (v C-N), 748, 704 (y Csp,H), 638 (v Cu-0), 557 (v C-N)
em~!. UV-Vis Vis e(L mol™! em™) in CH,Cl,: 234 (15,660), 284 (13,953), 362 (2479), ~600 (-) nm.
C3p.6H32Cly ,CuN, O, [Cu(L2)Cl1]-(0.66CH,Cly) calculated C, 62.16; H, 5.16; N, 4.44. Found: C, 62.14;
H,4.82; N, 4.71

Spectroscopic data of Cu'L3. Green brownish powder, yield 91%. HRMS (ESI*, CH,Cl,/CH30H)
m/z calculated for [M-HCI]* 522.1727, found 522.1691. IR (KBr): 3549, 3450, 3410 (v OH), 3082, 3057
(v CspyH), 3026 (v N=Csp,H), 2949, 2920 (v CspsH), 1654, 1615 (v C=N), 1600, 1577, 1544 (v C=C),
1467, 1446, 1421 (5 CH2), 1317, 1276 (v C-0), 1087, 1028 (v C-N), 748, 704 (y Cssz), 638 (v Cu-0), 567
(vCu-N) em~1. UV-Vis Vis e(L mol™! em™1) in CH,Cl,:252 (19,765), 280 (12,308), 378 (3053), 600-700
(—) nm. C33H34C12CUN201'5 [Cu(L3)Cl](05CH30H)(05CH2C12) calculated C, 64.23; H, 5.55; N, 4.54.
Found: C, 64.00; H, 5.78; N, 4.48.

Spectroscopic data of CullL4. Dark green, yield 72%. HRMS (ESI*, CH,Cl,/CH30H) m/z
calculated for [M-HCI]* 564.2196, found 564.2168. IR (KBr): 3545, 3472, 3412 (vOH), 3084, 3054
(v Csp?H), 3026 (v N:Cssz), 2949, 2920 (v Csp3H), 1654, 1615 (v C=N), 1596, 1534, 1492 (v C=C),
1465, 1443, 1415 (5 CH,), 1336, 1326 (v C-0), 1143, 1085 (v C-N), 748, 702 (y Csp?H), 567 (v Cu-N)
em™t. UV-Vis Vis ¢(L mol~! em™!) in CH,Cl1,:250 (18,922), 278 (12,694), 332 (3959), 388 (4499) e 650
(294) nm. C36H398C122CHN2014[CU(L4)CH(04CH3OH)(O6CH2C12) calculated C, 6507, H, 604, N,
4.22. Found: C, 64.84; H,5.97; N, 4.71.

Spectroscopic data of Cu'L5. Dark brown, yield 96%. HRMS (ESI*, CH,Cl,/CH3;0H) m/z
calculated for [M-HCI]* 552.1833, found 552.1784; [M-CH,4-HCI]* 536.1519, found 536.1691. IR (KBr):
3458, 3414(v OH), 3080, 3057 (v Cssz), 3026 (v N=Csp2H), 2974, 2924, 2853 (v Csp3H), 1654, 1615
(v C=N), 1602, 1577, 1560 (v C=C), 1465, 1448 (6 CH,), 1317, 1278 (v C-0), 1245, 1216 (v C-O-C), 1073,
1028 (v C-N), 763, 740, 704 (y Csp?H), 638 (v Cu-O) cm™!. UV-Vis Vis ¢(L mol~' em™1) in CH,Cl,: 236
(10,803), 252 (15,770) 356 (2348), ~600 (l’ld) nm. C34'1H35‘7C12‘7CUN202'25 [2Cu(L5)C1]'(1.6CH2Clz)
calculated C, 61.57; H, 5.21; N, 4.31. Found: C, 61.64; H, 4.87; N, 4.44.

2.3. Synthesis of Cul 'Perchlorate Complex

The perchlorate complex was synthesized similarly to the chlorido complex, but using the
precursor Cu(ClOy)-6H,O. After 4 h of reaction, cold distilled water was added and the obtained solid
was centrifuged, filtered, and washed with cold distilled water. The solid was left in a desiccator at
high vacuum. Dark green. Yield: 89%. HRMS (ESI*, CH,Cl,/CH30H) m/z calculated for [2M-ClO4~]*
1175.2848, found 1175.2834. IR (KBr): 3530, 3446, 3317 (v OH), 3060 (v Csp?H), 3033 (v N=Csp*H),
2967, 2841 (v Csp3H), 1655, 1623 (v C=N), 1606, 1577, 1545 (v C=C), 1493, 1470, 1440 (6 CH,), 1319,
1279 (v C-0), 1246, 1220 (v C-0O-C), 1120, 1108, 1087 (v3 ClO4 ™), 1005 (v C-N), 943, 921 (v4 ClO47)
748,706 (y Csp?H), 638, 624 (v Cu-0), 556, 522 (v Cu-N)em . UV-Vis (CH,Cl,): 244, 286, 392, 592
nm. C6543H6646C12,6CUZN4013 [2CLIHL2C104-(CH3OH)](0.3CH2C12) calculated C, 58.76; H, 5.03; N, 4.20.
Found: C, 58.87; H, 5.15; N, 4.16. Conductivity: 13 uS cm~! in dichloromethane.

2.4. Catalysis Protocol

For the catalytic assays, fresh solutions of urea (60 mM in water) and of the complexes (1.6 mM in
dichloromethane (DCM)) were prepared.

The catalytic assays were performed by diluting 50 uL of the solution containing the complex
into 850 puL of the reaction solvent (methanol, acetonitrile, and dimethylsulfoxide, tetrahydrofuran,
and ethanol). The reaction typically started by the addition of the urea solution (100 uL). Vigorous
stirring was maintained over the course of the reaction. Aliquots of 100 uL of the reaction were taken
after 5, 10, 20, 30, 40, 60, 120, 240 and 480 s of reaction. These aliquots were analyzed by the Berthelot

125



Chemistry 2020, 2

method to quantify the ammonia content. The reaction temperature was kept at 36 °C. All reactions
were performed in triplicate.

For each of the catalytic protocols, a control experiment was also performed without the complexes
and the blank was subtracted from the catalytic measurements.

The amount of water in the medium, when increasing amount of urea concentrations were
employed, were 10, 20, 30 and 40%, respectively, to the urea concentrations of 5.2, 10.4, 15.6 and
20.4 mM (except in acetonitrile, in which urea 20.4 mM was also employed).

2.5. Ammonia Quantification

Fresh solutions of sodium hypochlorite (2.5% in water), sodium citrate (0.38 mM in 0.46 mM
aqueous solution of NaOH), and sodium salicylate (2.75 mM in water containing 9.39 umol of sodium
nitroprussiate) were prepared prior to the ammonia quantification. To a microtube containing 250 uL of
the hypochlorite solution and 250 pL of citrate/NaOH solution, the 100 pL aliquot from the reaction was
added, followed by the addition of 300 puL of the sodium salicylate solution. After mixing, the reaction
was allowed to proceed for 15 min at room temperature. The reaction was analyzed by UV-Vis
spectroscopy at 654 nm. Quantification of ammonia was performed by using a calibration curve with
seven measurements and R2 = (.99, using ammonium chloride as standard.

2.6. Computer Simulations

Geometries for the Cu'L1 monomer and the dimer were optimized at the semi-empirical GFN1-xTB
level in vacuum using the xtb software [37-39], with convergence criteria for the self-consistent charge
(SCQ) iterations of 2:10~7 Ep,for the energy change and 4-107° for the charge change between cycles
and for the geometry optimization of 1-10~¢ Ey, for the energy change between steps and a maximum
gradient of 8:107* Ep/«. All calculations were performed with an electronic temperature of 500 K to
allow some degree of Fermi smearing of nearly-degenerate energy levels and to take static correlation
into account. All model systems were considered neutral with each Cu(II) cation in the Ar[3d°]
configuration, yielding a doublet state for the monomer. Regarding the dimer, both singlet and triplet
states were considered for the sake of completeness. The same protocols were applied to acetonitrile,
water, and methanol molecules in vacuum. After full geometry optimization of the monomer and
the two spin states of the dimer, further geometric relaxation was performed by means of 10 ps-long
molecular dynamics simulations performed in the canonical, constant-NVT ensemble (meaning amount
of substance (N), volume (V) and temperature (T) are conserved), using the Berendsen weak-coupling
scheme to control the temperature around 300 K. Equations of motion were integrated using a 0.5 fs
time step, and recording structures and energies each of 0.5 ps. The last structure for each system
was subjected to further geometry optimization and these optimized structures were considered as
the lowest lying reference states for the thermochemical analyses. The next step of the modeling
consisted of searching the thermodynamically most probable position and relative orientation of each
solvent around each complex, as described in detail in the Supplementary Materials. This systematic
search amounted toca. 1 million quantum chemical calculations and the most probable solvent-Cu'L.1
structures were subjected to further geometry optimization as described above.

3. Results and Discussion

3.1. Probing Copper Coordination

Amine 6 was obtained after a series of reactions starting from L-proline (Figure 2). The reaction
between amine 6 with the corresponding aldehyde afforded ligands L1-L5. After purification,
these compounds were characterized by TH NMR, 13C NMR, 2D NMR, mass spectrometry, infrared
spectroscopy, and X-ray diffractometry (see support information). The coordination of L1-L5 to
CuCl, in methanol resulted in the formation of complexes Cul'L1-L5 in high yields (71-91%). All
complexes were characterized by proper microanalysis, EPR, infrared spectroscopy, mass spectrometry,
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cyclic voltammetry, and electronic spectroscopy at the UV-Vis region (Supplementary Materials).
Some features of the characterization of the complexes deserve to be described since they indicate
the coordination mode and the extent of dimerization. For instance, through FTIR spectroscopy
(Figures 525-529), it was evident that the coordination occurred via the nitrogen of azomethine [40,41],
since the v C=N vibration mode was red shifted by 4-7 cm~!. An increase of the vC-O energy indicated
that the coordination was also occurring via a phenolate [34]. Hence, the presence of a band in the
640-470 cm~! range corroborated that coordination occurred through oxygen and nitrogen, consistent
with the v M-O and M-N modes [42].

L1=H

(@) 0 C% "
—_— NHy, —— N L2 = OMe
N N L3 =Me
O L4 =1Bu
Ph R L5 = OEt

Figure 2. Synthesis of L1-L5 ligands from L-proline. Reaction conditions: (a) SOCl,(l), CH30H;
(b) BrCH,(Ph), K,COs(s), CH3CN; (c) MgBr(Ph), THF; (d) NaN3(s), HySO4 70%, CHCl3; (e) LiAIH4(s),
THE; (f) salicylaldehyde and derivatives, NaySO4(s), CH3OH.

Corroborating to the FTIR spectroscopy, a bathocromic shift was observed for the m—7* bands of
azomethine in the electronic spectroscopy, characterizing the coordination through this moiety [43].
In addition, the disappearance of the n—* azomethine transition indicated that the Cu'! coordination
occurred on that position of the Schiff base [40]. Moreover, a broadband in the 550-770 nm region was
consistent with the d—d transition of the metal center [43-45] of complexes Cu'"L1 and Cu'"L4 (636 and
650 nm, respectively). However, the other complexes exhibited a less evident d—d band, possibly due
to a higher planar geometry in comparison to Cu'L1 and Cu"L4 (Figures S30-S33) [46].

In the cyclic voltammetry, for all ligands, the oxidation of phenol to quinone and the formation of
radical cations was observed. These observations are in agreement with the redox behavior of other
Schiff bases [47,48]. After coordination, these redox processes were displaced to higher potentials as an
effect of electron depletion upon coordination by the metal [49].

The possibility of the formation of monomeric and dimeric structures was first inspected by high
resolution mass spectrometry (HRMS) in which, for example, a peak corresponding to the monomer
was present at 71/z 538.1669, whereas the dimer was observed at m/z 1169.2410 for the Cu''L2 complex
(Figure S58). However, since dimers can be formed in the gas phase depending on the solution
concentration [50], we performed EPR analysis in solid and in solution. With these analyses, we
evaluated the existence of equilibrium between monomers and dimers in solution that could be
controlled by ligand substitution reactions.

3.2. Ligand Substitution and Electron Paramagnetic Resonance Measurements

First, ligand substitution was followed by conductivity measurements to give us insights on the
natural dissociation of the complexes. In dichloromethane (DCM) at 298 K, the conductivities were
consistent with neutral compounds (values in the 2.00-6.00 uS cm™! range). However, in acetonitrile
(ACN) at 298 K, the conductivity was shown to constantly increase over time, somewhat reaching
a plateau after half an hour (Figure 3A). The quasi-stabilized values for complexes Cu''L.2, CulIL3,
and Cul'L4 were 63, 43, and 23 usS cm™1, respectively. These values indicate that the labilization of
the chlorido ligand by acetonitrile was more pronounced for Cul'L2. The solvolysis of the chlorido
ligand was facilitated when water was present in solution, as shown in Figure 3B, which shows
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that in 2 min, the conductivity was already stabilized in limiting values of the 1:1 electrolyte range
(55.0-90.0 uS cm™1) [51]. Interestingly, the conductivity of these complexes was more stable both in
methanol and the methanol/water mixture (80/20 v/v), revealing a slower rate of ligand substitution in
these solvents (Figures S53-555). The observed values ranged from 45.0 to 53.0 uS cm™" and 47.0 to
50.0 uS cm~! in methanol and the methanol/water mixture, respectively, which were lower than that
expected for the 1:1 electrolyte in methanol. The lower values might indicate the presence of a mixture
of charged and neutral species in solution. The displaced chloride could be detected by the addition of
silver nitrate solution as a white precipitate of AgCL
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Figure 3. Influence of the time in conductivity measurements of the complexes in (A) acetonitrile and
(B) acetonitrile/water (80/20) mixture. Conductivity of Cu''L2 is shown as black squares, Cu"'L3 is
shown as red circles, and Cu'L4 is shown as blue triangles.

Considering the existence of a mixture of species in solution, EPR measurements were performed
in the same solvents of the conductivity analyses to enable a better structural comprehension (Figure 4).
In dichloromethane, all complexes presented values of g, higher than gy and gy (Table 1 and Table S7),
suggestive of an axial symmetry [52-54], due to the presence of an unpaired electron in the dx?>-y? orbital.
The axial symmetry supports the proposal of a square planar geometry of the complexes [42,55,56].
However, as shown in Table 1, the differences between the values of gx and gy are indicative of a
distortion of the plane. In addition, the highest observed g, for Cu'L4 could mean that this complex
has a tetrahedral distortion. In contrast, the A, is smaller for the Cul'L5 complex as a result of a greater
distortion, indicating that aside from the difference between substituents in the ligands, another factor
might be affecting the tetrahedral distortion of complexes Cul'L4 and Cu''L5.

Table 1. Electron Paramagnetic Resonance parameters for the Cu'l complexes of this work in
dichloromethane at 298 K.

Compounds G teorr, PS A, em1 (x1074)
8x 8y 8z Ay Ay A,
Cu'lL1 2.0501 2.0932 2.1626 71.9 14.53 11.51 200.2
Cul'L2 2.0584 2.0932 2.1626 114.5 11.88 11.51 198.8
cu'lL3 2.0515 2.0932 2.1626 75.3 11.88 11.51 201.0
CullL4 2.0494 2.0518 2.2063 442 14.53 14.06 199.5
CcullLs 2.0504 2.0932 21626 116.7 11.88 11.51 188.6
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Figure 4. Comparison of the experimental EPR spectra of the complexes in dichloromethane at (A) 298
and (B) 77 K. Complex Cu"L1 is shown in purple, Cu''L2 is shown in red, Cu''L3 is shown in blue,
Cul'L4 is shown in green, and Cu''L4 is shown in grey lines. The narrow line in the high magnetic field
for CulL3 are a standard signal of Cr'l:MgO sample (g = 1.9797).

In acetonitrile and acetonitrile/water (80:20) mixture, the values of gy and g, were more similar
to each other, as an effect of ligand substitution, in which the nitrogen atom of ACN or the oxygen
atom of water are coordinated to copper, forming a plane with higher symmetry than the previous
N, N, O, Cl coordination plane. The increase in symmetry observed in the EPR measurements in
ACN and ACN/H,O is in agreement with the chlorido displacement observed in the conductivity
measurements. However, there was still no evidence of dimeric and monomeric species in equilibrium
in these solutions.

Hence, the spinning radiuses of the molecules in solution were obtained from the spectral
simulations using the EasySpin program [57] to obtain the rotational time correlation tcorr (Table 2).
These values are associated withthe spinning velocity of a molecule in solution, expressing large values
of tcorr when effective intramolecular interactions are generated. Curiously, the increasing order of teorr
was Cu''L4 > Cu"L1 > Cu''L3 > Cul'L2 > Cu'"L5, revealing that complexes bearing a substituent group
with oxygen (Cu"L2 and Cu'"L5) are more effectively interacting in solution than CulL4. With the
teorr Values, we were able to calculate the radiuses and volumes of rotation of the complexes using the
Stokes-Einstein-Debye (SED) equation (tcorr = 47ma’/3KgT), where a is the molecular radius of rotation
(Table 2). In general, all compounds have reduced their radius of rotation in acetonitrile and the
acetonitrile/water (80:20) mixture. Therefore, the complexes were probably arranged mostly as dimeric
structures in dichloromethane, and when coordinating solvents were present such as acetonitrile and
water, the equilibrium between dimeric and monomeric species shifted to monomeric ones.

Table 2. Comparison of the values of the radiuses of rotation and approximate volumes of the complexes
Cu"L1-Cu'"L5 considering a spherical model.

c a, A V, A3 (x10%)
ompounds
DCM ACN ACN/H,0 DCM ACN ACN/H,0

Cu'lL1 5.55 4.20 4.38 7.16 3.10 351
CullL2 6.49 5.14 4.19 11.4 5.68 3.08
CcullL3 5.64 4.69 414 7.51 432 2.97
Cu''L4 4.72 4.69 434 4.40 4.32 3.42
Cu''L5 6.53 4.68 448 11.7 429 3.76

In fact, when frozen solutions of the complexes in DCM were analyzed by EPR spectra and
compared to simulated spectra (Figure 5), it was evident that a component attributed to molecular
aggregates needed to be introduced for a better fit. These molecular aggregates had a magnetic
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interaction, indicating that two Cu! centers probably interacted with each other, causing the lines to
broaden. This broadening was more pronounced for Cu'L2 and Cu""L5, which were the most effective
complexes to form dimeric structures, as observed by the teorr values. A similar trend was observed for
the measurements performed in acetonitrile and in the acetonitrile/water (80:20) mixture, indicating
equilibrium between monomeric and dimeric species in frozen solution. The stronger interaction
observed for complexes Cu''L2 and Cu''L5 might indicate the presence of halogen-bonds between the
oxygen from methoxy and ethoxy radicals with the chloride. Halogen bonds are more sensitive to steric
effects and could be the reason for the higher volume observed for Cu'L2 in ACN than Cu!L5 [58].
Moreover, the dimerization of copper complexes in different solvents has already been observed by
EPR measurements by other groups [56], corroborating our observations.

T=77 K .
Residue
e e

_J/\%r_
Monomer

Simulated

Experimental

240 280 320 360
Magnetic Field (Gauss)

Figure 5. Comparison between the experimental and simulated EPR spectrum of Cul'L4 complex
at 77 K in dichloromethane. The experimental EPR spectrum is shown as a black line, whereas the
simulated spectrum is shown as a red line. Simulation spectra are composed by a monomeric and
dimeric species that are shown in blue and green, respectively.

The difference in the g, observed for the different complexes may be a result of distinct aggregation
structures. For instance, Cu'L1, Cu'L2, and Cu''L5 present values of g,0 higher than g0 and g0,
which are similar to monomeric species, possibly due to the maintenance of an axial geometry even
after aggregation. An opposite behavior was observed for complexes Cul"L3 and Cu'L4, which hadg,0
values lower than g,0 and g0 in the aggregate species. Therefore, these complexes (CuL3 and Cu'"L4)
may have formed aggregates with nonaxial geometry, suggesting that the unpaired Cu'! electron is not
of the dx?>~y? orbital, possibly due to a trigonal bipyramidal geometry, as shown in Figure 6. Structural
features behind thermodynamic differences for the interactions between one solvent molecule and
the Cu"L1 monomer and dimer were evaluated by quantum chemical calculations. The dimers had
very distinctive geometries in each electronic spin state, with the lowest-lying singlet states having a
single Cl bridge between the two monomers (Figure 6B-D), which renders each monomer structurally
different from the other, while the higher energy triplet state has two Cl bridging the two Cu(Il) atoms
(Figure S76). It was evidenced by the simulations that for all of the solvents considered as well as for
the bare dimer in vacuum, the singlet state was always lower lying than the triplet state, corroborating
the proposition of the structures in Figure 6.
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Distorted bypiramid

Figure 6. Proposition of the aggregate structures of complexes Cu''L2 and Cu''L4 in frozen solutions of
dichloromethane (A). Optimized structures for the Cul'L1dimer in its singlet state interacting with
H,O (B), MeOH (C), and ACN (D).

Since all complexes behaved similarly in the EPR measurements in dichloromethane, acetonitrile,
and the acetonitrile/water mixture at 298 K, only Cu'L2 was evaluated in methanol and the
methanol/water in EPR measurements at 298 K. To provide a comparison between dimeric and
monomeric species in solution, an analogous of complex Cu'L2 was synthesized with perchlorate as
a counterion ([CulL2C10,] Figure 1). The perchlorate ion is known for its high volume and would
be expected to generate only monomeric species in solution. Therefore, this complex was compared
with Cu'L2 in EPR measurements performed at 298 K in methanol and the methanol/water (80/20, v/v)
mixture. Interestingly, the EPR spectrum of Cu'L2 in methanol (Figure 7) is visibly a mixture between
two species. However, unexpectedly, [Cu'L2CIO,], despite presenting a profile of monomeric species
in solution, exhibited a three times higher tcorr than Cul"L2, which could indicate that [CuHLZC104] is
in fact, dimeric. Indeed, the HRMS spectra exhibited 11/z peaks corresponding to dimeric structures
(1175.2834, Figure S59) and in the FTIR spectra, three bands associated with monodentated ClO4~
species were observed at 1121, 1108 and 1027 cm ™!, corroborating the hypothesis of [Cu'L2ClO,]
complex dimerization. The addition of 20% water keeps the equilibrium in solution, as expected,
due to the similarity of the conductivities of the complexes in methanol and the methanol/water
mixtures. Therefore, it can be assumed that methanol and water do not fully displace the chloride.
The unexpected dimerization of [Cu'L2C10,] might strengthen the proposition of halogen bond
formation in the Cu'L2 complex, suggesting a supramolecular structure with the possibility of use in
dynamic catalysis [59].
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Figure 7. EPR spectra of Cu'L2 and [Cu"'L.2C1O4] in methanol (i and ii) and Cu"'L2 and [Cu"L.2(C1Oy)]in
the methanol/water (80:20) mixture (iii and iv). The narrow line in the high magnetic field for Cu'L3
isa standard signal of the Cr'":MgO sample (g = 1.9797).

3.3. Urea Hydrolysis as a Model Reaction: Kinetics of NH3 Formation

The self-organization of these complexes into dimeric or monomeric structures was shown to be
dependent on the solvent and ligand exchange reactions, as shown in Figure 8. Due to the distinct
behaviors of the complexes in acetonitrile/water and methanol/water, we suspected that hydrolytic
catalysis could be tuned by influencing the equilibrium between monomeric and dimeric species.
Hence, we decided to evaluate their potential as catalysts to hydrolyze urea, as a model reaction.
Catalysis was performed primarily in the acetonitrile/water and methanol/water mixtures. In this
reaction, ammonia is expected to be formed and aliquots of the reaction were analyzed by the Berthelot
method [60] over the reaction times (5, 10, 20, 30, 40, 50, 60, 120, 240, and 480 s).
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Figure 8. Equilibrium of dimeric and monomeric species dependent on water-association solvent.

* 2CI

Complexes Cu".2, Cu"L3, and Cu""L4 were chosen to evaluate the influence of the complexes’
aggregation in the reaction. In the acetonitrile/water mixture, the reaction was faster than the employed
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method to detect ammonia formation (minimum reaction time: 5 s) and we could only observe the
decrease in ammonia concentration over the reaction time (Figure 9A and Figures S63-566). In contrast,
in the methanol/water mixtures, the reaction profile changed, in which the increase in ammonia
concentration was observed until a saturation level was reached (Figure 9B). The lability of the chlorido
was smaller in methanol and the methanol/water (80/20) mixture when compared to the acetonitrile
system, and indicates that the labilization of chlorido affects the path of the reaction. For instance,
in acetonitrile/water, all complexes exhibited a decrease of the volume, possibly due to the formation
of monomeric species in solution. Therefore, the equilibrium dimer/monomer is still present in
methanol/water and it can be inferred that the presence of dimeric structures in solution is possibly
slowing the reaction.
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Figure 9. Ammonia quantification produced by Cu'L2 complex in (A) acetonitrile/water and
(B) methanol/water mixtures up to 480 s at 308 K and at different urea concentrations: 5.2 mmol L~}
(brown line, squares), 10.4 mmol L! (green line, circles), 15.6 mmol L! (blue line, triangles),
and 20.8 mmol L~! (black line, inverted triangles).

Considering that complex [Cu'L2ClO,] was mostly dimeric in solution, it would be expected
to observe a slower reaction rate of urea hydrolysis by this complex. In general, the behavior
of [Cul'L2C10,] was similar to the chloride complex (faster in acetonitrile/water and slower in
methanol/water mixtures), but indeed, a four times lower conversion was observed (Figure 10).
Moreover, the reaction in methanol/water only started to produce ammonia after 5 min of reaction,
whereas the Cu'L2 complex was able to produce it after 1 min of reaction. Hence, it may indicate that
the dimeric structure is not active toward urea hydrolysis.
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Figure 10. Ammonia quantification produced by the [Cu''L2ClO,] complex in the acetonitrile/water
(red line) and methanol/water mixture (black line) at 308 K using a 10.4 mmol L~! urea concentration.
Only the positive portion of the error bars is shown in the graphic.

In order to verify how the solvent was affecting the equilibrium monomer/dimer, we performed
the reaction of urea hydrolysis in other solvents (DMSO, THF, and ethanol), Figures S70-572. We

133



Chemistry 2020, 2

observed that a high reaction rate of urea hydrolysis was achieved in solvents that exhibited less
pronounced hydrogen bonds with water (ACN, DMSO, and THF) than the organic solvents methanol
and ethanol [61]. Therefore, we reasoned that the effect of preferential solvation [62] by the organic
solvents in the aquation reaction of our complexes could be tuning the equilibrium dimer/monomer.
The interaction between solvent molecules and the complex is probably occurring via the apolar sites
of the solvent, since the complex has a neutral charge. This mode of solvation results in a secondary
sphere organized in a way that the dipoles of the solvents are oriented to the bulk solution, and water
can interact with these sites via hydrogen bonds (Figure 11A). The stronger hydrogen bond between
methanol and water stabilizes the initial state of reaction (dimer—solvent), leading to a slower rate of
ligand substitution due to the higher activation energy of the reaction in methanol/water (Figure 11B),
thus forming less monomers than in ACN (or the DMSO, THF/H,O mixtures). These results are in
contrast to the increased reaction rate observed in methanol and ethanol by the other groups [63] due to
the stabilization of the transition state, which strengthens our supposition. Moreover, the reaction rate
in the ethanol/water mixtures was even slower than in the methanol/water mixtures due to the longer
chain of ethanol, resulting in a higher stabilization of the hydrogen bonds with water in the tertiary
coordination sphere. Therefore, our analysis of the equilibrium monomer/dimer in solution verified
the occurrence of only the monomer species in ACN/H,O by EPR assays, whereas in the MeOH/H,O
mixtures, we detected the presence of dimeric structures by HRMS and EPR experiments, corroborating
this hypothesis. The thermochemical data obtained from the DFT calculations of the Cu"L1 monomer
or dimer interacting with a single solvent molecule support that the interaction between the dimeric
structure is more stabilized in methanol and water than in acetonitrile. The enthalpic difference between
methanol and water was less than 1 kJ/mol, but an eight times higher enthalpy difference was observed
between acetonitrile and water (8.5 kJ/mol). Thus, the stabilization of the ground state in strong
hydrogen-bond solvents and the competition between solvents is more pronounced in methanol/water
systems, which could result in a lower substitution rate of the chloride in methanol/water mixtures in
comparison to the acetonitrile/water mixtures, reinforcing our experimental data.
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Figure 11. Preferential solvation shell of the complexes in methanol/water and acetonitrile/water
mixtures (A) and its effect in the stabilization of the ground state (dimeric species) (B).

Noticing the strong effect of the solvent in the equilibrium monomer/dimer, we suspected that this
could enable the tuning of the catalytic behavior by an allosterism (or upregulation).In order to check this
possibility, we evaluated complexes Cu"L2, Cu"L.3, and Cu'L4 in different urea concentrations (Figure 9
and Figure S68). It should be noted, however, that the increase in urea concentration also increased
the water content of the mixture, which could influence the monomer/dimer equilibrium. Noticeably,
the complexes presented different behaviors upon an increase in urea (and water) concentrations.
For instance: Cu''L3 had a sigmoidal behavior, whereas the behavior for Cul"L2 was linear (Figure 12).
By keeping the water constant at 20%, the water effect in the monomer/dimer equilibrium decreased,
and essentially, this effect was more pronounced for Cu''L2, observing a 2-fold decrease of the reaction
rate when the water concentration was constant. This result indicates that water has a positive
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effect in catalysis for the Cu"L2 complex due to the shift of inactive dimeric species into active
monomeric species. In contrast, the Cul'L3 complex and Cu''L4, already have their equilibrium shifted
to monomeric species and therefore, do not present a strong influence of water in catalysis, even though
a slight positive allosteric effect of water is also observed.
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Figure 12. Initial rate of urea hydrolysis reaction versus urea concentration performed by Cu''L3 (A)
and Cul'L2 (B). The black line and squares are relative to the increase in water content of the reaction
from 0 to 40%, whereas the red line and circles are relative to the water content kept constant at 20%.

Since other aspects of the reaction could be affecting the reaction kinetics such as the activity
of water and reaction pH, we decided to verify their significance in our systems. For instance,
the composition of a solvent mixture containing water will change the activity of water (aw) [64]
and the increase in ay could impact the reaction mechanism and kinetics of a hydrolytic reaction.
For instance, the water activity of the methanol/water mixtures used in our systems ranged from 0.26
to 0.65 (Figure S76) (determined by the equation from Zhu et al. [65]), whereas the acetonitrile/water
(10% volume) mixture had a water activity of 0.9. Therefore, it would be reasonable to ascribe
the observed differences of reaction rates to the different water activity of these systems. However,
the catalytic reaction performed in ACN containing 2% (aw~0.4) (Figure S74) still showed a high reaction
rate of urea hydrolysis in this solvent mixture. This finding reinforces the proposed idea of solvent
effect in the reaction kinetics, since acetonitrile aids in the equilibrium shift to monomeric species.

In addition to the water activity, the pH in our reactions was not controlled and the increase
in pH during the reaction could affect the coordination sphere and the reaction rate. Taking into
consideration this possibility, we performed a reaction including a pH indicator (phenol red) and
we did not observe a significant effect in the pH due to the produced ammonia over the reaction
time in the UV-Vis spectrum (Figure S73A). To remove any possible interference produced by the
indicator, we performed a reaction control without the pH indicator and added it after the reaction
reached a saturation level of ammonia. Again, no color change was observed (Figure S73B), indicating
that in the methanol/water and acetonitrile/water mixtures (Figure S73C), the produced ammonia
did not seem to severely affect the reaction pH. In fact, the pH of the buffered solutions in solvent
mixtures has been previously analyzed by other groups, and they noticed that the NH3/NH,4 " buffer
presented a lower pH in the solvent mixture than the observed one in pure water [66]. An in situ
FTIR experiment (Figure S75) showed an increase of a band in the 3000 cm™! region, indicative of the
formation of ammonium ions. After 90 s, we observed that this band oscillated between a minimum
and a maximum, suggestive of the equilibrium between ammonia and ammonium. Therefore, due to
the fact that the pH of the reaction is not expressively altered during the reaction, we suspect that the
main interaction of ammonium is with the hydroxide formed in the hydrolysis reaction of ammonia.

In order to evaluate the impact of the pH in our catalytic reactions, we decided to use buffered
aqueous solutions of urea at three different pHs: 3, 6, and 8, and in this case, we observed a profile
indicative of a catalyzed reaction at both basic and acidic pHs (Figure S73D). Interestingly, the reaction

135



Chemistry 2020, 2

rates using buffered solutions were lower than the non-buffered one, which might indicate an inhibition
of the hydrolysis by the buffers.

Since the in situ reversibility of the system was not observed, the best classification of the effect of
water in the urea hydrolysis reaction is “upregulation” or “regulation” [12]. We believe that the strong
water dependence of this system will be able to be explored in the future as water sensors.

4. Conclusions

A strong correlation between dimer/monomer equilibrium and catalysis was observed in the
copper complexes synthesized in this work. These complexes were synthesized from Schiff bases
from L-proline, exhibiting a square planar geometry. EPR analysis enabled us to verify the existence
of a mixture of compounds in solution, especially in the methanol/water mixtures. We explored the
hydrolytic capacity of these complexes in urea hydrolysis as a model reaction. As observed by EPR,
in the acetonitrile/water mixture, the equilibrium shifted to a monomer and the hydrolysis of urea was
too fast to detect the kinetics of ammonia formation by the Berthelot method. However, when the
equilibrium monomer/dimer was present, as in the methanol/water mixture, the reaction proceeded
slower and the ammonia formation kinetics could be detected in a saturation profile. This effect was
shown to be due to the preferential solvation effect, by which hydrogen bonds formed between the
secondary and tertiary coordination spheres stabilized the initial state of the aquation reaction. A strong
influence of water concentration was observed in the methanol/water system, with special attention
to Cul'L2 complex. A comparison with the dimeric perchlorate complex enabled us to visualize the
importance of the monomer in the reaction, since the dimer produced ammonia from urea very slowly.
In conclusion, this work relates a key feature of the chlorido bridges in a supramolecular structure of
Cul! complexes for an allosteric (upregulation) behavior in catalysis.
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Abstract: The reliable and predictable synthesis of enantiopure coordination cages is an important
step towards the realization of discrete cages capable of enantioselective discrimination. We have built
upon our initial report of a lantern-type helical cage in attempts to expand the synthesis into a general
approach. The use of a longer, flexible diacid ligand results in the anticipated cage [Cuy(L1)4(solvent)4]
with a similar helical pitch to that previously observed and a cavity approximately 30% larger. Using a
shorter, more rigid ligand gave rise to a strained, conjoined cage-type complex when using DABCO
as an internal bridging ligand, [{Co4(L2)4(DABCO)(OH;)x}, (DABCO)]. The expected paddlewheel
motif only forms for one of the Co, units within each cage, with the other end adopting a “partial
paddlewheel” with aqua ligands completing the coordination sphere of the externally facing metal
ion. The generic approach of using chiral diacids to construct lantern-type cages is partially borne
out, with it being apparent that flexibility in the core group is an essential structural feature.

Keywords: metal-organic cage; helicate; metallosupramolecular; chirality

1. Introduction

The formation of enclosed cages, capable of guest encapsulation, has been a mainstay of the
supramolecular field since the early work on carcerands by Cram [1]. There has been particular
attention given to the use of metal ions as structural agents in the formation of coordination cages,
with their relatively predictable coordination geometries allowing for a good degree of control over the
self-assembling synthesis [2-8]. The use of cages as agents for guest discrimination is prevalent in
the literature, with the internal cavities providing excellent size and shape discrimination between
analytes. Such discrimination should lend itself well to separations of racemic mixtures and there is
growing literature regarding the synthesis of chiral self-assembled cages [9-12].

There have been a number of different approaches towards chiral coordination cages reported in the
literature, although far fewer than reports of achiral (or racemic) systems. Tetrahedral metallo-supramolecular
cages, with metal ions situated at the corners of the cage, can have tris-chelated octahedral metal centres
that, by definition, have either A or A chirality with local C3 symmetry [13-15]. In the absence of any
templating effect there is nothing to direct the chirality to a specific handedness and a mixture of
cages with multiple diastereoisomers may result. Whilst this can provide a route to chiral cages
using achiral precursors, it is clearly not the most desirable synthetic strategy, as the resolution of
these complexes can be challenging. Similar approaches can be employed to make cages with other
geometries, such as cubes and octahedra, with similar issues associated with the chirality of tris-chelate
metal centres [16-20]. Rather than local chirality around metal centres, it is desirable that the chirality
is communicated to the overall cage, including the interior cavity. Strategies towards this include
the use of chiral ligands to connect the metals together [21-23] or using supplementary non-bridging
chiral ligands that cap the metal centres [24-26]. The major synthetic difficulty of these routes is the
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requirement for the ligands to be enantiomerically pure. There is also the issue that peripheral chiral
groups, whilst reducing the symmetry of the cage as a whole, may not impact the interior space.
One particularly relevant methodology has been to incorporate chiral functionalities at the ends of
bis-chelate ligands, such that the molecular chirality dictates the A/A chirality around the resulting
tris-chelated metal and therefore gives bulk enantiopurity in the cages [27-31]. Chiral coordination
cages have recently been demonstrated to show enantioselective recognition [15,24], enantio- and
chemo-selective catalysis [23,25], and recognition by fluorescence or luminescence methods [12].
Most pertinent to this current work are examples of using amino-acid based ligands to form chiral
metallosupramolecular species containing copper paddlewheels, such as triangles and face-capped
octahedra [32-34].

Recently we showed that it is possible to form charge-neutral, helical complexes of the form
CuyLy4 containing two copper paddlewheel motifs and four dicarboxylate ligands containing amino
acids, as shown in Figure 1 [35]. A similar, smaller cage complex was reported around the same
time by Chen et al. [36], and many achiral analogues are known [37-42]. Subsequently we have
explored how changing the nature of the dicarboxylate affects the type and size of cage that can be
obtained. Using a more rigid naphthalenediimide-based ligand we, and others, isolated CujsL12
octahedra [43,44] and, by using a more rotationally unrestricted biphenyl core, we obtained CugLg
“double-walled” squares [45]. It is also possible to isolate discrete catenanes using similar ligands [46],
which are analogous to motifs observed in extended networks [47-50].

Hozcw:(
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P

O E i 0
s/ i
So
®
o N o
Hozcﬁ\

H,LeuBPSD

Figure 1. The previously reported chiral diacid (H,LeuBPSD) and its CuyL, cage complex alongside a
schematic of the generic formulation of these helical cages, in which the cores of the ligands can be
altered in attempts to construct analogous cages.

Herein we report the synthesis and structure of two enantiopure cages constructed using
dicarboxylate ligands with different core groups, shown in Scheme 1. It is found that a longer, more
curved ligand (L1%7) is able to form an analogue of the original CuyL, cage, whereas a shorter and less
flexible ligand (L22") clearly shows strain and is unable to form a fully closed cage complex.
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Scheme 1. Synthetic methodology for the two chiral diacids that have been used to synthesise cage
complexes; the extended species H,L1 and the shorter HpL2.

2. Materials and Methods

2.1. General Details

All reagents and solvents were purchased from standard commercial suppliers and used as
received, except for 9,10-dimethyl-9,10-dihydro-2,3,6,7-tetracrboxyl-9,10-ethanoanthracene, which was
synthesised according to a literature preparation [51]. NMR spectra were obtained using a Bruker
Avance 400 spectrometer operating at 400 MHz (*H) or 100 MHz (}3C). FT-IR spectra were collected
using an Agilent Carey 630 diamond attenuated total reflectance spectrometer. Mass spectra were
collected using a Micromass platform electrospray mass spectrometer. TGA data were collected using
a Mettler TGA/DSC 1 instrument (5 K/min under N, atmosphere). Elemental analyses were conducted
at the London Metropolitan University.

2.2. Synthesis and Characterisation

Synthesis of HoL1: A suspension of 1-leucine (150 mg, 1.15 mmol) and 9,10-dimethyl-9,10-dihydro-
2,3,6,7-tetracarboxyl-9,10-ethanoanthracene (190 mg, 0.463 mmol) was added to a round-bottomed flask
with acetic acid (20 mL) and heated at 120 °C for four nights, during which time all solids were taken
into solution. After this time the light-yellow solution was poured over ice, forming a light-yellow
precipitate, which was recovered by filtration, washed with water and dried in vacuo. Yield: 172.5 mg,
62%. m.p. 195-198 °C. Found: C, 63.56; H, 5.96; N, 3.99%; C34H3¢sN2Og Requires: C, 63.32; H, 6.15; N,
3.89%. dH (400 MHz, d¢—DMSO): 0.81 (m, 12H, CH,CHMe,); 1.36 (m, 2H, CH,CHMey); 1.67 (s, 4H,
CH,CHj); 1.8 (m, 2H, CH,CHMey); 2.21 (s, 6H, Mecore); 2.16 (m, 2H, CH,CHMe,); 4.74 (dd, 3] = 12,
3] = 4.2 Hz, 2H, NCH); 7.78 (s, 4H, ArH). 5C (100 MHz, dg-DMSO): 21.1; 23.5; 26.1; 37.1; 43.4; 44.3;
50.6; 116.6; 129.7; 152.8; 168.0; 171.3. Umax/cm™1: 2958w; 2871w; 1841w; 17,700m; 1702s; 1617m; 1534w;
1465w; 1442w; 1377s; 1321w; 1250m; 1205m; 1155m; 1088w; 991w; 911w; 869w; 752m. m/z (ES—):
504.1 ([M-Leu + OH]", calculated for CyqHysNOg™, 504.2), 100%; 599.2 (M — H]~, calculated for
C34H35N20g7, 599.2) 93%.

Synthesis of HpL2: The synthesis was based on a literature report with minor modifications [52].
Pyromellitic dianhydride (0.707 g, 3.24 mmol) and r-alanine (0.752 g, 8.44 mmol) were added to a
round-bottomed flask with acetic acid (40 mL) and heated under reflux overnight, giving a colourless
solution. Concentrated hydrochloric acid (20 mL) was added to the solution, which was allowed to
concentrate by evaporation overnight to give a white powder. The product was collected by vacuum
filtration, washed with cold water, added dropwise, and dried in air. Yield: 0.703 g, 60%. 6H (400 MHz,
dg-DMSO): 1.59 (d, 6H, Me); 4.96 (q, 2H, NCH); 8.30 (s, 2H, ArH); 13.32 (s, 2H, CO,H). 5C (100 MHz,
d—DMSO): 15.14; 48.02; 118.45; 137.26; 165.92; 171.14. vma/cm™: 3570w; 3146w; 3007w; 2953w;
1758w; 1702s; 1618w; 1561w; 1459m; 1383m; 1364m; 1304m; 1252w; 1208w; 1171w; 1154w; 1132w;
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1104w; 1067m; 1018wm; 934m; 854m; 822w; 802w; 761w; 726m; 677w. m/z (ES—): 315.1 (IM-COO-H] ",
calculated for C;5H11N,O4 7, 315.1) 100%; 359.1 ([M — H]~, calculated for C14H11N>Og~, 359.1) 20%.

Synthesis of [Cuy(L1)4(DMF)(OH3)3]-3.5DMF-9.5H,0 (compound 1): H,L1 (10 mg, 16.7 pmol) and
Cup(OAc)4 (6.0 mg, 33.3 umol) were added to DMF (1 mL) and sonicated to dissolve. The solution
was heated at 85 °C for two nights during which time light blue/green block-shaped crystals formed,
which were recovered by vacuum filtration. Yield: 2.2 mg, 61%. Found: C, 56.04; H, 5.58, N, 5.59%;
C139H149N9036CU4'3.5DMF‘9.5H20 ([Cu4(L1)4 (DMF) (OH2)3]35DMF95H20) Requires: C, 56.14;
H, 6.02; N, 5.31%. Umax/cm_l: 2955w; 2869w; 1771w; 1709 s; 1637m; 1465w; 1411m; 1377s; 1351m;
1259w; 1204w; 1156w; 1101w; 1062w; 992w; 913w; 870w; 805w; 771w; 755m; 729w; 660m. m/z (ES+):
2649.7 (cage + H)*, calculated for Cy36H13CusNgOs,*, 2647.645; 2708.7 (cage + H,O + MeCN + H)*,
calculated for Cy3gHy41CugNgOs3 ™, 2706.683. TGA: On-set, 70 °C, mass loss = 10% (calculated 11.8%
for loss of two non-coordinated H,O and 4.5 DMF molecules and all coordinated solvent); decomp,
350 °C.

Synthesis of [Cog(L2)s(DABCO)3(OH;)g]-solvent (compound 2): H,L2 (10 mg, 28 umol), DABCO
(1.6 mg, 14 umol), and Co(NO3),-6H,O (8.1 mg, 28 umol) were added to DMF (2 mL) and sonicated
to dissolve. The solution was heated at 100 °C for three nights during which time crystalline
royal blue plates formed. Only one or two small single crystals formed, preventing bulk analysis.
m/z (ES—)Z 955.9 ([CO4(L2)4(DABCO)(H20)3(OH)]NO3)27, calculated for C70H59C04N1103927, 956.0;
1841.9 ([CO4(L2)4(DABCO)]NO3)-, calculated for C7OH52C04N11035_, 1842.0.

2.3. X-ray Crystallography

Single crystal X-ray diffraction data were obtained using the MX1 beamline at the Australian
Synchrotron, operating at 17.4 keV (A = 0.7108 A) [53]. The data were collected at 100 K using an
open-flow N cryostream. The data collections were controlled using the software Blulce [54]. The initial
data indexing and reduction was conducted using the XDS software suite [55]. Structures were solved
using SHELXT and refined against F2 by standard least squares methods using SHELXL-2018 [56,57].
The programs X-Seed or Olex2 were used as a graphical interface to the SHELX program suite [58,59].
Non-hydrogen atoms were refined using an anisotropic model, except for a few exceptions, as shown
in Appendix A. All hydrogen atoms were placed in calculated positions and refined using a riding
model. The data were treated with the SQUEEZE routine of PLATON to account for regions of poorly
ordered solvent, as shown in Appendix A [60]. Crystallographic data have been deposited in the
Cambridge Structural Database (2006794-2006795) and can be obtained from www.ccdec.cam.ac.uk.
Special refinement details are provided in both Appendix A and CIF files.

3. Results

3.1. Design and Synthesis of Ligands

Two dicarboxylate ligands, containing amino acid residues, were synthesized as analogues of the
sulfone-diphthalimide species that we previously used to form helical [Cus(LeuBPSD)4] cages [35].
The two core groups used represent a longer, bent ligand using a 9, 10-dimethylethanoanthracene
derivative (HzL1) and a shorter, more rigid ligand using a pyromellitic acid building block (HzL2).
Pyromelliticdiimides are well known in the literature. For example, isophthalate derivatives have been
used in MOFs with high sorption capacities [60], dipyridyl derivatives have been used in a number of
coordination polymers [61-64], as have thioether derivatives [65], and the diimide core has also been
incorporated into a number of macrocycles and receptors [66-71]. Pyromelliticdiimides based on amino
acid derivatives have been reported in hydrogen-bonding systems and coordination polymers [72-79].
The applicability of the dihydroanthracene core group is hinted at in the literature with metallocages
reported containing shorter ligands using bicyclooctene as a core group [36]; the ethanodihydroanthracene
moiety can be viewed as an analogous, extended core group with the same geometry. This core group,
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as a bis-catechol, has been used in the synthesis of a uranyl lantern-type cage, discrete silane assemblies,
and a Mn;; metallacycle [80-82].

9,10-Dimethyl-9,10-ethanoanthracene-2,3,6,7-tetracarboxylic acid was synthesised in three steps
by a literature procedure [51]. A low yielding cyclisation step proved rather prohibitive for the large
scale synthesis of this material. The tetra-acid was reacted with leucine in acetic acid under reflux for
four nights, resulting in H,L1 being isolated as a pale, yellow solid, as shown in Scheme 1. H,L2 was
synthesized by the slight amendment of a known method [52].

3.2. Synthesis and Structure of Helicate-Type Complexes

The reaction of HoL1 with copper acetate at an elevated temperature in DMF yielded a blue/green
crystalline material suitable for analysis by single crystal X-ray diffraction (compound 1). The structure,
solved and refined in the orthorhombic setting C222;, reveals the anticipated lantern-type helical
complex, [Cusg(L1)4(solvent)s]. The asymmetric unit contains one half of a cage (comprising one copper
paddlewheel and one and two half ligands). The overall cage has the two halves related by a two-fold
proper rotation that bisects the mid points of two ethanoanthracene core groups. The external facing
sites of the two paddlewheels are occupied by aqua ligands. The internal sites are occupied by one
DMF and one aqua ligand, which are disordered within the crystal structure. The cage has an internal
Cu--Cu distance of 9.225(3) A, substantially longer than the prior sulfone-based analogue (ca. 7.2 A).
Taking the internal cavity, minus coordinated solvent, as an approximate prolate spheroid, the internal
volume is ca. 380 A3. The persistence of the cage in solution was confirmed by mass spectrometry
as a HyO/MeCN solvated complex. The cage does not possess a C4 axis along the Cuy--Cu, vector,
with the paddlewheels themselves not aligned, although a pseudo four-fold rotation can be seen in
Figure 2 on the left. The complex has a helical pitch that results in the ligands coordinating at sites 90°
apart between the two paddlewheels, analogous to the structures observed in studies of the smaller
sulfone-based ligand. It seems that the use of a longer ligand results in a complex that is somewhat
less regular in shape, presumably due to the enhanced flexibility of the core group, yet the overall
structural design is retained. The arrangement around the paddlewheels is not distorted, with imide
N--N distances between adjacent ligands in the range 6.29-6.39 A.

Figure 2. Two views of the cage complex [Cuy(L1)4] showing only the coordinating oxygen atoms in
the solvent positions. Hydrogen atoms are omitted for clarity.

The reaction of H,L2 with cobalt nitrate at an elevated temperature in DMF yielded a few royal
blue crystals (compound 2) that were suitable to obtain moderate resolution single crystal X-ray
diffraction data using synchrotron radiation. Unfortunately, the yields were so low as to prohibit bulk
analysis other than by mass spectrometry of the reaction solution, as described below. The crystal
structure was solved and refined in the orthorhombic space group P2;2,2 and contains halves of two
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crystallographically unique complexes in the asymmetric unit. The nature of the complex is somewhat
complicated to determine unambiguously due to crystallographic disorder, with several possible sites
for (de)protonation. However, the gross formulation is clear as a “dumbbell-like” complex consisting of
two pseudo-[Co(L2)4(DABCO)] units, bridged by a central DABCO ligand with an overall formulation
of [{Coy4(L2)4(DABCO)(H,0)«}2(DABCO)], as shown in Figure 3. The two crystallographically unique
dumbbell complexes both contain an axis of rotation passing through the central DABCO ligand,
meaning that the two ends are symmetry equivalent. The two complexes appear to be compositionally
identical, although the crystallographic disorder is different and, for brevity, only the complex with the
more minor disorder is discussed below—see Appendix A for further crystallographic discussion.

Figure 3. The “dumbbell-type” complex [{Coy(L2)4(DABCO)(H,0)4}2(DABCO)]. Hydrogen atoms are
omitted for clarity.

In both complexes, there is one major component of the disorder. The ends of this dumbbell
complex are a variation of the MyL, cage motif, with the cage closed by the expected paddlewheel
motif at one end (that closest to the centre of the complex) yet capped by an unusual coordination
environment at the other end (the far ends of the complex, Figure 4). The two ends are bridged by a
DABCO ligand within the cavity of the cage. The Co, unit at the end of the complex consists of two
octahedral cobalt ions. The one nearest the centre of the cavity is coordinated by four carboxylate
oxygen atoms and the DABCO ligand, as expected, but also by an aqua ligand. This aqua ligand
forms a bridge to the second Co ion, which is coordinated by only two of the carboxylate groups and
has three aqua ligands to complete its coordination sphere. The remaining two carboxylates of this
MyL4 unit are non-coordinating. Ambiguity arises from the nature of the bridging ligand (H,O, OH™,
or O?7) and the protonation state of the carboxylate groups (i.e., carboxylate vs. carboxylic acid); bond
lengths and crystal colour confirm the oxidation state of the metal ions as cobalt (II). The distances
between the bridging oxygen atom and non-coordinated oxygen atoms of the carboxylate groups are
ca. 2.7 A and the angle subtended at the bridging oxygen atom is 104°. These measurements strongly
suggest that this is a pup bridging H,O, acting as a hydrogen bond donor to the two carboxylates,
and therefore has the formula [{Coy(L2)4(DABCO)(H;O)4}2(DABCO)]. There are minor components
in both instances for which solvation within the coordination sphere cannot be fully resolved due to
their small occupancy and proximity to heavier elements. What can be found suggests tetrahedral
or non-standard coordination geometries for these positions, supported by the observation of crystal
colour (blue), which suggests some amount of tetrahedral Co'l is present.

The two crystallographically unique complexes are different in terms of the distortion of the cage,
presumably a consequence of accommodating the disorder around the terminal Co, units. One useful
way of measuring this distortion is by the distances between the imide nitrogen atoms of the adjacent L2
ligands. The complex containing two disordered Co positions adopts a “pinched” conformation, with
three N--N distances of 6.2 A and one of 7.2 A (measured at both ends of the cage). The measurements
are the same at both ends of the cage (i.e., there is no enhanced distortion of the N---N distance at the
non-paddlewheel node). The result is that there is a larger “window” on one face of the cage. The other
complex, with three disordered cobalt positions, contains N--N distances in the range 6.19-6.54 A,
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again with no significant difference between the distances at the two ends of the cage. There is some
evidence of strain in the cages by examination of the Co-O bond lengths and the appreciable bowing of
the L2 ligands. The average of the Co-O bond lengths in the two paddlewheels is 2.03 A, whereas
those in the pseudo-paddlewheels (measured only at the bottoms of these motifs, which are analogous
to a paddlewheel) average 2.06 A. Whilst only a slight difference, this does suggest some strain at the
extremities of the complexes. The L2 ligands are significantly bowed away from planarity, which is
normally observed for pyromelliticdiimides [60-79]. Calculating a mean plane through the C and
N atoms of the pyromelliticdiimide core of L2 highlights that there is significant deviation away
from planarity, with the nitrogen atoms ca. 0.2 A removed from the plane. The carbon atoms of the
alanine groups (formerly the x-carbon of the amino acid) are even further removed from the plane by
0.55-0.90 A, highlighting the convex nature of the ligands in this complex and the apparent strain.

ESI mass spectrometry of the reaction solution shows both singly- and doubly-charged signals
corresponding to one end of the dumbbell complex, [Cos(L2)4(DABCO)] with some degree of
solvation, indicating that the cage is stable in solution, although not the dumbbell complex (not
unexpected, given the rather curious nature of the complex). A signal for a 1- ion matches
for [Co4(L2)4(DABCO)INO;3, suggesting the that the complex can exist in a non-solvated form,
presumably with the implication that the paddlewheels are fully closed. The 2- ion has a m/z value
that corresponds to [Coy(L2)4(DABCO)(H,0)3(OH)INO3, which matches with the formulation seen
in the crystal structure (with the deprotonation of one water). These results suggest that the cage
complex is retained in the bulk, but not the dumbbell complex.

Figure 4. One end of the “dumbbell-type” complex shown in Figure 3, in which the coordination
environment of the terminal end (top of picture) and the appreciable bowing of the L2 ligands can
be seen (hydrogen atoms are omitted for clarity) alongside a schematic of the unusual terminal
coordination environment.

4. Discussion

It is well known that copper forms a paddlewheel motif when combined with carboxylates,
as reported for a large number of cage complexes [32—42]. For this reason, it has been the mainstay of
our efforts to form lantern-type cages. Unfortunately, we were only able to isolate an identifiable product
using H,L1 in combination with copper, with the reactions using H,L2 and copper giving solutions that
could not be properly characterized. NMR, in particular, proves challenging, due to the paramagnetism
of the copper(Il) ion. Perhaps it can be reasoned that a copper (II) analogue of compound 2 would
not form, as the coordination environment is not ideally suited to the coordination preferences of the
ion (presumably necessitating the N-donor DABCO ligand in a Jahn-Teller distorted axial position).

147



Chemistry 2020, 2

Similarly, a cobalt (II) analogue of compound 1 could not be prepared, again with characterization
issues regarding paramagnetic nuclei. Cobalt-carboxylate paddlewheels are somewhat rarer in the
literature than their copper counterparts, and perhaps the DABCO ligand assists in stabilizing the
paddlewheel that we do observe. Whilst it is unfortunate that direct comparisons between complexes
with identical metal ions can be made, there does appear to be some rationale for why this may be
the case.

The cage-type complexes obtained using H,L1 and H>L2 demonstrate both the versatility of the
synthetic approach and its limitations. It is clear that there is a drive towards the formation of lantern-type
structures, a well-known MyL4 motif for achiral cages (in which rigid ligands connect the paddlewheels
in a mesocate-type arrangement with the ligands running straight between the paddlewheels), but one
which is less explored for helical complexes [35—42]. The [Cua(L1)4(solvent)s] cage forms as anticipated.
Whilst the conformation of the cage is distorted away from an idealized C; symmetric species in the
solid-state structure, it is likely that there is some structural relaxation in solution (one must always be
careful not to extrapolate solution behaviour from a static crystallographic model).

It seems that the anticipated MyL4-type motif in compound 2 is being disrupted due to the use of
a shorter and more rigid ligand than H,L1 and those used in previous studies. Although the change is
most pronounced at the terminal coordination sites, there are other features in the complex, namely,
the extreme bowing of the ligands and subtle changes to Co-O bond lengths, which indicate that the
system is under some strain. Clearly the rigidity of the ligand, combined with size, has a substantial
impact. The earlier report by Chen et al. demonstrated that short diimides can be used to form cages,
in this case using a bicyclooctene core [36]. Given the similarity in length between bicyclooctene
and phenyl cores, it is therefore evident that the rigidity of the pyromelliticdiimide is the governing
factor in limiting the formation of a complete lantern-type cage. Perhaps this is also borne out by our
published use of larger, NDI-based ligands that formed octahedral cages, as the rigidity presumably
disfavoured the formation of MyL4 complexes [43,44]. The internal bridging DABCO may help to
stabilize the cages in [{Co4(L2)4(DABCO)(H,0)4}2(DABCO)]. Whilst it is far from definitive, we were
unable to obtain any crystalline material using H>L2 in the absence of DABCO, other than analogues
of previously reported coordination polymers, thus suggesting that the role of DABCO is essential [79].

5. Conclusions

In our efforts to expand the scope of a generalized approach to forming chiral lantern-type cages,
complexes containing paddlewheel and “pseudo-paddlewheel” motifs were synthesized using the
chiral diacids HoL1 and H,L2. The [Cuy(L1)4] cage adopts the anticipated lantern-type helical structure
with a larger central cavity than our previously reported sulfone-based cage (ca. 380 A%). The cages
within the [{Co4(L2)4(DABCO)(H20)x}2(DABCO)] complexes retain the overall general design but are
clearly under some strain, highlighted by the broken paddlewheels at their extremities. These results
show promising initial steps towards a generic approach for the formation of enantiopure helical
compounds, with the condition/limitation that the core group of the ligand contains the correct angular
preference and flexibility. These results are encouraging to our ongoing efforts to expand the structural
types accessible from this general approach.
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Appendix A

Crystallographic Data and Special Refinement Details

Crystal data for 1: Cy39H490CuyNoOs, M = 2775.82, clear green block, 0.02 x 0.01 x 0.01 mm?,
orthorhombic, space group C2221, a = 17.052(3) A, b = 27.160(5) A, ¢ = 37.010(7) A, V = 17,140(6) A3,
Z=4,D.=1.076 g/cm3, Fooo = 5800, ADSC Quantum 210z, synchrotron radiation (MX1, Australian
Synchrotron), A = 0.7108 A, T = 100.0K, 20max = 52.9°, 45,853 reflections collected, 14,407 unique
(Rint = 0.1457). Final GooF = 1.029, R1 = 0.0861, wR2 = 0.2282, R indices based on 7756 reflections with
I > 20(I) (refinement on F?), 884 parameters, 178 restraints. Lp and absorption corrections applied,
1 =0.554 mm-1.

Data for compound 1 were treated using the SQUEEZE routine of PLATON, finding two large
voids per unit cell and several smaller pockets. Density accounting for 292 e~ was located per cage
complex. This tentatively accounts for 15 H,O and 3.5 DMF molecules, more than is found by TGA,
although solvent is likely lost in handling and transit. A number of restraints were required for bond
lengths and displacement elipsoids, primarily those associated with the iosbutyl chains and disordered
solvent sites, as shown in the information embedded in CIF file.

Crystal data for 2: C146H124CogN»O7,, M = 3810.10, blue plate, 0.16 x 0.10 x 0.04 mm?, orthorhombic,
space group P2;212,a=35.489(7) A, b =21.851(4) A, c =25.061(5) A, V =19,434(7) A3, Z =4, D = 1.302 g/cm?,
Fooo = 7784, ADSC Quantum 210r, synchrotron radiation (MX1, Australian Synchrotron), A = 0.7108 A,
T =100.0K, 20max = 50.0°, 125,332 reflections collected, 34,118 unique (Rin; = 0.0826). Final GooF = 1.023,
R1 = 0.0859, wR2 = 0.2263, R indices based on 27,536 reflections with I > 20(I) (refinement on F?),
2356 parameters, 54 restraints. Lp and absorption corrections applied, 1 = 0.753 mm™!.

The structural model contains significant disorder at the terminal positions of the complexes,
and the data were treated using SQUEEZE, due to large spaces between the complexes where no
model could be applied. However, no restraints of any kind (other than some restraints for disordered
DABCO ligands) were applied to the refinement, and the structure is reported in an unadulterated
form. All atoms, other than those associated with the minor components of the disorder, were located
and freely refined with anisotropic models. No hydrogen atoms were modelled on the aqua ligands,
but these are included in the molecular formula. Some large displacement parameters remain in the
model, indicative of disorder in the ligands that could not be modelled. The final refinement has a
non-zero Flack parameter, 0.088 (7), which is likely a result of slightly low quality data and large areas
of disorder in the model.

The complex containing atoms Col-Co4 contains three disordered Co positions at the ends,
refined with 50:30:20 occupancies by means of equalizing the p;s, averaged displacement parameters.
There is some evidence of a very minor fourth position (Q peak of apparent Co site < 2 ™) for which
modelling was not attempted. The aqua ligands were located for the major occupancy site and refined
isotropically; those belonging to the minor occupancy positions could not be located. Both DABCO
ligands contained disorder that was modelled with fixed 50:50 occupancies.

The complex containing atoms Co5-Co8 contains two disordered Co positions at the ends,
refined with 70:30 occupancies by means of equalizing the s, averaged displacement parameters.
Aqua ligands to complete the octahedral coordination sphere were all located for the major component
(O only, isotropic model). The central DABCO ligand of the dumbbell contains disorder with two
CyHy groups modelled with fixed 50:50 occupancies, and one Co;Hy group is modelled with large
displacement parameters, as a disordered model could not be satisfactorily refined. Two carboxylate
oxygen atoms (044 and O52) are modelled as disordered (30:70) in line with being either coordinated
to the minor occupancy cobalt position or not.
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Abstract: Two anionic complexes, {[Cus(us-OH)(1-4-Ph-pz)3Cl3]2[Cu(4-Ph-pzH),J(1-Cl)2}>~ (1)
and [Cus(pu3-OH)(1-pz)3(11,1-N3)2(N3)] ™ (2), crystallize as one-dimensional polymers, held together by
weak Cu-(u-Cl) and Cu-(u-N3) interactions, respectively. Variable temperature magnetic susceptibility
analyses determined the dominant antiferromagnetic intra-Cuz exchange parameters in the solid state
for both complexes, whereas the weak ferromagnetic inter-Cug interactions manifested also in the solid
state EPR spectra, are absent in the corresponding frozen solution spectra. DFT calculations were
employed to support the results of the magnetic susceptibility analyses.

Keywords: copper(Il) complexes; pyrazolato ligands; supramolecular assembly; X-ray
crystallography; magnetic susceptibility; EPR spectroscopy; isotropic exchange; antisymmetric
exchange; dipolar interaction; DFT calculations

1. Introduction

Herein, we present a structural, magnetic susceptibility and EPR study of two supramolecular
assemblies of metallacyclic cul pyrazolates with Cus(u3-OH) cores. The focus of this work is
the elucidation of weak intermolecular interactions manifested in the magnetic properties and EPR
spectra of the supramolecular assemblies.

Supramolecular interactions, such as H-bonding, dipolar, metallophilic and 7— interactions,
are important not only for the structural organization of molecules in 3D, but because they often
play a crucial role in determining the physical and spectroscopic properties of the assemblies.
A corollary of the latter statement is that, in the absence of structural data, the detection of such
spectroscopic “signatures” reveals the presence of supramolecular interactions—e.g., in biological
systems. Magnetic exchange is among the properties that can be modulated by supramolecular
interactions, thereby introducing new functionality into a system [1]. For instance, in the layered
Ni(H0),[Ni(CN)4]-xH,O solid, H-bonding in the interlayer regions is shown to mediate weak
ferromagnetic interactions, but when the coordinated water molecules were replaced by 3-halopyridine
ligands, removing H-bonding, anti-ferromagnetic interactions through 7m-clouds became dominant [2].
Weak intramolecular antiferromagnetic exchange is active within a molecule containing two isolated
Cul! centers separated by a K* ion, whereas relatively strong ferromagnetic interactions were found
between adjacent units, along a supramolecular pathway [3]. In yet another dinuclear Cu'" complex
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with chelating 2-hydroxy-1,10-phenanthroline and bridging thiocyanate ligands, it was shown that an
intermolecular ferromagnetic exchange was facilitated by m—m interactions between phenanthroline
ligands [4-6].

The antiferromagnetic exchange among the Cu'l centers of the triangular Cus(p3-O/OH) units
has been studied extensively by us and others [7-12]. We have recently turned our attention to
interactions between weakly-coupled Cuz(u3-O/OH) species and shown that the presence of weak
dipolar interactions str evident in the magnetic susceptibility and EPR spectra of H-bonded Cus(u3-OH)
units [13]. Continuing along the same lines, we report here the structure and magnetochemical studies
of a heptanuclear Cu'! assembly employing 4-phenyl-pyrazole ligands and of a polymeric structure
containing CuzNg metallacycles with terminal and bridging azido ligands.

2. Materials and Methods

2.1. Materials

4-Phenyl-pyrazole (4-Ph-pzH) was prepared according to a procedure from the literature [14].
All other reagents were purchased from commercial sources and used as received. Solvents were purified
using standard techniques [15]. [PPN],[Cuz(p3-Cl)2(1-pz)3Clz] and [PPN],[Cuz(u3-O)(p-pz)3Cl3] were
prepared according to published procedures [12]; PPN* = bis(triphenylphosphine)iminium.

2.2. Instruments

2.2.1. X-Ray Crystallography

Single crystal X-ray diffraction data were collected on a Bruker D8 QUEST CMOS system
equipped with a TRIUMPH curved-crystal monochromator and a fine-focus X-ray tube with graphite
monochromated Mo-Ka radiation (A = 0.71073 A) at ambient or low temperature using the APEX3
or APEX2 suite [16]. Crystal data, data collection and structure refinement details are listed
in Supplementary Material (Table S1). Frames were integrated with the Bruker SAINT software package
using a narrow-frame algorithm. Absorption effects were corrected using the multi-scan method
(SADABS) [17]. Structures were solved by intrinsic phasing methods with ShelXT [18] and refined
with ShelXL [19] using full-matrix least-squares minimization using Olex2 [20]. All non-hydrogen
atoms were refined anisotropically. H atoms were included in calculated positions riding on the C
atoms to which they are bonded, with C-H = 0.93 Aand Uiso(H) = 1.2 Ueq(C). Electron densities of
poorly ordered lattice solvent molecules could not be modeled satisfactorily, and they were removed
by using the SQUEEZE routine in PLATON [21]. In (1), the C47 and C48 atoms were constrained to
have equivalent atomic displacement parameters and the relatively large thermal ellipsoids of C atoms
of one of the phenyl rings (C46—-C51) were restrained with enhanced rigid bond restraint [22].

2.2.2. EPR Spectroscopy

X-band spectra were recorded on a Bruker ESP300 spectrometer using a 4102ST rectangular
cavity operating in the TE;pp mode. For variable-temperature experiments the cavity was fitted
in an ESR900 dynamic continuous flow cryostat and the temperature was regulated with an Oxford
ITC4 servocontrol. Q-band spectra were recorded on an EMXplus spectrometer fitted with an EMX
premiumQ microwave bridge and an ER5106QTW microwave resonator operating in the TEy;, mode
and controlled by the Bruker Xenon software. For variable-temperature experiments the resonator
was fitted in an Oxford CF935 dynamic continuous flow cryostat and the temperature was regulated
with an Oxford ITC503 servocontrol. The magnetic field was applied by a Bruker BE25 electromagnet
using a Bruker ER082(155/45)Z power supply allowing a field sweep between -5 to 16,000 G.
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2.2.3. Magnetic Measurements

The temperature dependence of the magnetization at an applied field of B =1 T was acquired for
powder samples of (1) and (2) using PPMS Dynacool magnetometer (Quantum Design Inc., San Diego,
CA, USA). The experimental data were corrected for the underlying diamagnetism and signal of
the sample holder. The experimental data were fitted with program Polymagnet [23].

2.3. Synthesis of Compounds (1) and (2)

2.3.1. Synthesis of [PPN], {[Cus(p3-OH)(p-4-Ph-pz)3Cl3],[Cu (4-Ph-pzH)4]}CL,} (1)

CuCl,-2H,0 (0.6 mmol, 102.3 mg), 4-Ph-pzH (0.8 mmol, 115.3 mg), NaOH (1 mmol, 40 mg)
and PPNCI (0.1 mmol, 57.4 mg) were added to 15 mL CH3CN and the reaction mixture was stirred
overnight. A small amount of a grey solid was filtered off and the solvent volume was reduced to
4 mL under reduced pressure. Suitable crystals for X-ray diffraction were grown by slow evaporation.
Yield: 45% (126 mg, 0.039 mmol). Crystal data for (1): Triclinic, P1, a = 14.161(7) A, b = 17.814(8) A,
c=18.173(9) A, o« =80.66(1)°, p = 68.33(1)°, y = 85.25(1)°, V = 4202(4) A3, Z =1, R = 0.0661, GoF = 1.020,
for 985 parameters and 17,116 observed reflections.

2.3.2. Synthesis of (PPN)[Cuz(u3-OH)(u-pz)3(i1,1-N3)2(N3)] (2)

Caution! Azide complexes of metal ions in the presence of organic ligands are potentially explosive.
Only small amounts should be prepared, and they should be handled with care.

A solution of NaNj (0.375 mmol, 24.42 mg) in 5 mL of MeCN was added dropwise to a solution
of [PPN], [Cuz(u3-O)(u-pz)3Cl3] (0.0628 mmol, 100 mg) suspended in 10 mL MeCN. The mixture
was stirred overnight at rt. Well-shaped crystals suitable for X-ray diffraction were obtained upon
slow evaporation of the filtrate at room temperature over three weeks. The crystals were isolated,
washed three times with methanol and ether and dried in the vacuum. Yield: 65% (44 mg, 0.041 mmol),
based on Cu. Anal. caled/found for Cy5H40CusN140OP5,:C, 50.36/50.01; H, 3.84/3.62; N, 20.89/20.48.
Compound (2) was similarly synthesized in MeOH (instead of MeCN), albeit with a 40% yield. Crystal
data for (2): monoclinic, P2;/c, a = 8.6121(9) A, b = 17.034(2) A, ¢ = 32.237(3) A, B = 96.493(2)°,
V = 4698.8(8) A3, Z = 4, Ry = 0.0662, GoF = 0.987, for 623 parameters and 5601 observed reflections.

2.4. Theoretical Calculations

The theoretical calculations based on density functional theory (DFT) were done with ORCA 4.1
package [24] using B3LYP hybrid functional [25-27] accounting also for relativistic effects with ZORA
Hamiltonian and respective ZORA-def2-TZVP basis set for Cu, N, O, Cl atoms and ZORA-def2-SVP
basis set for C and H atoms [28]. Additionally, the calculations utilized the chain-of-spheres (RIJCOSX)
approximation to exact exchange as implemented in ORCA [29,30] and the auxiliary basis SARC/J [31].
Increased integration grids (Grid7 and Gridx7 in ORCA convention), increased radial grid (IntAcc = 8)
for Cu atoms and tight Self Consistent Field (SCF) convergence criteria were used in all calculations.
The molecular fragment used in the calculations was extracted from the experimental X-ray structure.
The calculated spin density was visualized with VESTA 3 program [32].

3. Results and Discussion

3.1. Synthesis

The reaction of CuCl,-2H,0, 4-Ph-pzH, NaOH and PPNCl in 6:9:13:1 ratio and approximately
5 mL of various solvents yielded the trinuclear complex, PPN[Cus(u3-OH)(u-4-Ph-pz)3Clz] [33].
Compound (1) was prepared from the same reagents employing a 6:6:13:1 reagent ratio in a more
dilute reaction mixture (15 mL MeCN). Pettinari et al. have obtained a similar heptanuclear
complex, [{Cuz(u3-OH)(u-pz)3(Cl)2(Hpz)2 (Hp0)}2{CuCly(Hpz),}], by acid digestion of the trinuclear
[Cus(u3-OH)(p-pz)3(CH3COO), (pzH)] complex [34].
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The azide complex (2) was synthesized in a metathesis reaction from (PPN);[Cus(us-
Cl)2(u-pz)3Cl3] by exchanging the terminal chlorides for azide using a slight excess of NaNj3 dissolved
in MeOH.

3.2. Crystal Structure Description of [PPN]»[{ Cuz(u3-OH)(u-4-Ph-pz)3Cl3 }{ Cu(4-Ph-pzH)4 1ICl (1)

Complex (1) crystallizes in the triclinic space group P1 with the asymmetric unit containing one
complete trinuclear and one-half of the mononuclear complex. Its crystal structure (Figure 1) is formed
by repeating heptanuclear assemblies consisting of two trinuclear [Cuz(u3-OH)(u-4-Ph-pz);Cl3]~
anionic metallacycles on either side of a neutral, mononuclear, square planar [Cu(4-Ph-pzH),]; the latter
is located on the crystallographic inversion center. In the solid state, two Cl ions act as bridges between
the central mononuclear complex and the two trinuclear ones [C1(4)-Cu(1), 2.744(2) A; Cl(4)-Cu(4),
2.792(2) A, occupying axial sites and forming a weakly bonded heptanuclear assembly. The two
trinuclear anions contain 4-coordinate distorted square planar Cu-centers and a pyramidal u3-OH
(the O atom is 0.473(4) A away from the Cuz-plane), have their Cuz-planes parallel to each other
and are connected via two long Cu(2) ... CI(1) contacts of 3.023(2) A to the adjacent heptanuclear
unit; the y-Cl atoms occupy one equatorial and one axial position with a Cu(1)-Cl(2)-Cu(2) angle
of 101.00(6)°. The one-dimensional chains thereby generated run parallel to the crystallographic
a-axis (Figure 2) separated by the PPN counterions. The long Cu(4) ... Cl(4) distances of 2.792(2) A
between the mononuclear [Cu(4-Ph—sz)4]2+ unit and the p-Cl atoms are considered as non-bonding
here; however, even longer distances of 2.817-2.839 A have been reported in the corresponding
trans-[CuCly(pz*H)4] complexes (pz*H = pzH [35], 3-tBu-pzH [36] and 3-Ph-pzH [37]). A complete list
of bond lengths and angles for (1) is provided as Supplementary Material, Table S2.

@
@<
@
(-
@0

Figure 1. Crystal structure and partial atom labeling scheme of (1). Phenyl groups on
the pyrazolate ligands, H atoms and PPN counterions are not shown for clarity. Selected interatomic
distances (A) and angles (°): Cu--Cu, 3.243(1), 3.417(1), 3.451(2), 5.228(3); Cu-O, 1.990(2)-2.012(3);
Cu-N, 1.948(4)-1.957(3); Cu-Cl (terminal), 2.251(2)-2.307(2); Cu-Cl (bridging), 2.744(2); /CuOCu,
108.5(1)-118.3(2); £(p3-O)CuCl(terminal), 162.6(1)-169.3(1); ZNCuN, 160.4(1), 163.3(2) and 175.7(2);
/C1(1)Cu(1)Cl(4), 110.10(4). For the mononuclear center, Cu-N, 2.017(4) and 2.017(4) A; Cu-Cl (bridging),
2.792(2) A; ZNCuN, 91.6(1) and 180.
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Figure 2. Molecular structure of (1) viewed parallel to the crystallographic ¢ axis showing its polymeric
character. Hydrogen atoms have been omitted for clarity.

3.3. Crystal Structure Description of (PPN)[Cu3(u3-OH)(u-pz)3(1,x"1-N3)2(N3)] (2)

The complex crystallizes in the monoclinic P2;/c space group with the whole molecule
in the asymmetric unit. The structure consists of triangular p3-OH-capped metallacyclic units
(O atoms at 0.345(2) A from the Cuj plane, Figure 3) connected by end-on bridging azides, forming
infinite chains along the crystallographic b-axis (Figure 4), separated by the PPN* counterions. One of
the three Cu centers is in square planar, whereas the other two are in distorted square pyramidal
geometry. One of the three azide ligands is in a terminal monodentate coordination mode with
Cu-N = 1.974(7) A, and the other two are unsymmetrically bridging, in an end-on (u,k"!) fashion,
between two Cus units with Cu(1)-N(13) = 1.980(5), Cu(2")-N(13) = 2.421(5) and Cu(2)-N(3) =2.001(5) A,
Cu(1”)-N(3) = 2.322(5) A ateach bridgehead N, respectively. The bridging azides occupy one equatorial
(shorter Cu-N bond) and one axial (longer Cu-N bond) at either side. The corresponding Cu—N,iqge—Cu
angles are 105.9(2) and 115.0(2)°, respectively, holding the Cu atoms at intermolecular distances of
3.386(1) A and 3.470(1) A. As expected, in the two tetragonal pyramidal Cu-centers, the axial Cu-N
bonds are significantly longer than the equatorial ones. The azide ions are approximately linear
with N-N-N angles of 176.7(7)° and 178.3(7)°; contain unequal N-N bond lengths, longer at the end
involving the donor atoms, N3-N4 = 1.191(7) A and longer at the dangling end, N4-N5 = 1.144(7) A [38].
A complete list of bond lengths and angles for (2) is provided as Supplementary Material, Table S3.
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Figure 3. Asymmetric unit of (2) (left). Inter-Cus contacts (right). H atoms, disordered azide
ligand and PPN counterion are not shown for clarity. Selected interatomic distances (/0\) and angles
(°): Cu--Cu, 3.386(1), 3.389(1), 3.470(1); Cu-O, 1.976(4), 2.000(4), 2.023(4); Cu-Np,, 1.935(5)-1.974(5);
Cu-Nazide, 1.974(6), 1.980(5), 2.001(5); £CuOCu, 115.8(2), 116.8(2), 119.1(2).

Figure 4. Packing diagram of compound (2) shown along the crystallographic b-axis.

3.4. Infrared Spectra

The coordination mode of azides to a transition metals is usually characterized by an intense IR
band due to v,5(N3) at 2000-2055 cm™! for a terminal and >2055 cm™ for a bridging N3—; the larger
values correspond to anions with unsymmetrical N-N-N bonding [39]. A broad trifurcated band with
peaks at 2034, 2046 and 2060 cm™! in the solid state spectrum of (2) (Figure S3) is attributed to
the presence of both terminal and bridging azides.

3.5. Magnetic Susceptibility of (1)

The temperature dependence of the effective magnetic moment and the molar magnetization
data for (1) are shown in Figure 5. The effective magnetic moment at room temperature is 4.3 ug
and is rapidly decreasing, reaching a plateau of 3.6 up at ca. 100 K, and then further decreasing
below 30 K to 3.1 up at 1.9 K. The theoretical spin-only value for seven non-interacting Cu'" ions
with ¢ = 2.0 is 4.58 ug, but usually the g-factor for this ion is much larger due to the angular orbital
momentum contribution, so an even larger theoretical spin-only value is expected. The lower room
temperature value of y.¢ together with its sharp decrease on subsequent cooling thus reflect strong
antiferromagnetic exchange. Such strong antiferromagnetic exchange within each Cuz(p3-OH) triangle
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leads to Scyi2-3 = 1/2 ground spin state. Therefore, the value of peg/up ~ 3.6 in the temperature
interval 50-120 K can be explained by considering coexistence of two Scy1-2-3 = 1/2 and one Scys = 1/2
spin levels. A further decrease of g below 50 K is then ascribed to weak magnetic interactions
between two Cus(p3-OH) triangles and eventually between Cus(u3-OH) triangles and the central
[Cu(4-Ph-pzH)4] complex units (see Figure 2). Moreover, another important origin of decrease of
Uefs below 50 K can be attributed to the antisymmetric exchange interactions (ASE, also named
Dzyaloshinsky—Moriya interactions) within two Cuz(p3-OH) triangles, as this kind of interaction is
typical of triangular molecular systems based on Kramers ions coupled with strong antiferromagnetic
exchange [40]. Moreover, an ASE has been identified and quantified in similar coordination compounds
with individual Cus(p3-OH) or Cuz(uz-O) motifs, and its effects on magnetic and spectroscopic
properties have been demonstrated [7,41]. Additionally, the presence of ASE in (1) was evidenced by
low temperature EPR spectroscopy, as discussed in the following section. Therefore, the following
spin Hamiltonian has been postulated in order to quantitatively analyze the experimental magnetic data

H = —J12(S1-S2+S1,-S2/) — [13(S1-S3 + S1, - S3/) = J23(S2 - S3+ S2/ - S3,) = J12,(S1 - Sy + S1, - S2) — J14(S1 - Sy + S1, - Sy)

)

7
+di2-(S1XS2 +S1, XSy) +doz - (S2XS3 + Sz X S3) +d31 - (S3 X S1 483, xS1,) +up X B-g-S;
i=1

where the isotropic exchange, Zeeman terms and ASE expressed by d;; vectors, (d., dy, d);, are included.
The application of Moriya symmetry rules [42] for the Cus(u;-OH) triangles results in only one non-zero
component: d; = (0, 0, d.); and it was assumed that (d.); are equal for all pairs. Next, the molar
magnetization in the direction of the magnetic field B, = B-(sinocosg, singsing, coso) was calculated as

dInZ
M, = NpkT 35, 2)

and since the magnetic data were acquired on a polycrystalline sample, the powder average of the molar
magnetization was then calculated as

21 Tl
Mmol = 1/47rf0 fo M, sin 0d6dg (3)

4.5

3.0

2.5+ T T T T T T
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T(K)
Figure 5. Temperature dependence of the effective magnetic moment for 1. Empty circles—experimental

data, full lines—calculated data with the spin Hamiltonian in Equation (1) and J15 = J3 = =281 cm™!,
Ji3 = =226 cm™!, J1p = J14 = +19.7 em™, |d,| = 37.1 cm ™!, ¢ = 2.35.
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In order to reduce the number of free parameters, DFT calculations were employed (vide infra)
from which we may assume Ji» ~ J»5, o, /3] > sl and Ji» = Jua, and J1», J1u > 0. Thus, magnetic
data were fitted under the assumption that magnetic coupling through p-Cl-ligands between
two Cus(us-OH) triangles and between Cus(ps-OH) triangles and the central [Cu(4-Ph-pzH),]
complex unit is weakly ferromagnetic, whereas the strong antiferromagnetic exchange was expected
within Cus(u;-OH) triangles. Such analysis resulted in best-fit values of J,, = J,; = -281 ecm™,
Jiz = -226 cm™, J1y = Jiu = +19.7 cm~! and |4,| = 37.1 cm~! with an isotropic g-factor ¢ = 2.35 (Figure 5).
The temperature-independent paramagnetism was also accounted for by adding a constant term
xmr = 5.23 x 10 m?® mol-' for seven copper atoms based on the generally accepted value for one Cu"
ion equal to 60 x 106 cm® mol~" in cgs units [43], or 0.754 x 10 m® mol-! in SI units. In summary,
the strong antiferromagnetic exchange within the Cu;(n;-OH) triangles was confirmed together with
the antisymmetric non-Heisenberg interaction, and the overall analysis was impossible without
the introduction of a weak inter-triangle magnetic exchange.

The value of the magnetic exchange within the Cu;(u;-OH) triangles is comparable to those
reported in the literature for similar Cu"-pyrazolato/triazolato-bridged complexes containing n;-OH
group. It seems that in compound (1) reported herein, the antiferromagnetic exchange is one of
the strongest (Table 1) [44].

Table 1. Selected magnetostructural data for various Cuz(u3-O(H/R)) systems.

Compound ? Cu--Cu (A) —J, —zJ'/em1 Ref.

[Cu® (OH)(pz)3(Hpz)2(NO?)?]-H20 3.351 200, 0 [45]
[Cu’(OH)(p2)3(py)2CI2]-py 3.112-3.321 140, 0 [46]
[Cu®(OH)(aat)3(CFSO%)(H20)](CF3S03%) 3.355 197.7,0 [47]
[Cu?(OH)(aat)3(NO3)(H20)2[(NO3)-(H20)? 3.341 1909, 0 [47]
[Cus(OH)(aat)3(ClO4)(H,0),](ClO,) 3.371 198.2,0 [47]
{[Cuz(O)(triazolate);(OH)(H20)¢1}n 3.388 112.6,11.6 [48]
[Cugs(triazolate)s (OH)][CuyBry] 3.502 180, 68 [49]
[CusBr(Hpz),(pz)3(OCH3)]Br 3.250-3.255 105, 0 [50]
[Cuz(OH)(aaat)3(H,0)3]1(NO3),-H,O 3.347-3.393 195,0 [8]
{[Cu3(OH)(aat)3(504)]-6H, 0}, 3.337-3.364 185,0 [8]
[Cuz(admtrz)4(SCN)3(OH)(H,0)](ClO4),-H,O 3.254-3.318 120, 53 [51]
[{Cu3(OH)(p2)3(Hpz)3}25041(NO3),-MeCN-MeOH-1.5H,0 3.182-3.354 180, 12.7 [44]
[Ag(Hpz)2]a[{Ag2 (Hpz)2(NO3)2{Cus(OH)2 (p2)6(Hpz)6(SO4)}21(NO3)6-4H,O - 3.222-3.356 134,10.5 [44]
[{Ag(H,0),}{Cus(OH)(pz)3(Hpz)3(H,0)(ClO4)3}] 3.302-3.372 158,9.2 [44]
[EtsNH][Cus(OH)(pz)3(PhCOO);] 3.244-3.352 178,57.5 [13]

@ aat = 3-acetylamino-1,2,4-triazolate; Haaat = 3-acetylamino-5-amino-1,2,4-triazolate; admtrz = 4-amino-3,5-
dimethyl-1,2,4-triazole.

3.6. EPR Spectroscopy of (1)

Solid state X-band EPR spectra of (1) at 4.2 K showed a complex derivative signal centered around
3000 G, with broad linewidths and a broad resonance around 3800 G (g~1.8), all characteristic of an
exchange-coupled system (Figure 6). Upon heating, part of the signal decreased in intensity, leaving an
axial signal, which persisted unchanged up to 290 K, and was assigned to the central [Cu(4-Ph-pzH),[>*
complex, which appears not to be exchange-coupled to the two Cu; triangles. This is in agreement
with the crystal structure, showing that the main coupling pathway between [Cu(4-Ph-pzH),]
and the trinuclear units—Cl-counterions at axial sites on either side of the Cus-units—involves
non-magnetic orbitals (d,?) and consistent with the analysis of magnetic susceptibility data, where
J12 was shown to be the weakest interaction (vide supra, Section 3.5). Whereas the relaxation rate
of the intradoublet signal of the Cu; accelerates rapidly with increasing temperature, the signal
intensity of the mononuclear complex follows a Curie dependence, masking the contribution of
the exchange-coupled system above 12 K. Attempts to increase the signal of the exchange-coupled
system by exploiting the relaxation differences of the two components, in particular by increasing
the microwave power at the low-temperature limit of the apparatus, failed; experiments at 4.0 K with
microwave power of 20 mW did not selectively increase the signal intensity of that component.
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Figure 6. Solid-state X-band EPR spectra of (1) between 4.2 and 290 K. Experimental conditions:
fEpR = 943 GHz, MA =2 Gpp (6-290 K) and 1 Gpp (4.2 K), Ppy = 2 mW (6-290 K) and 0.2 mW (4.2 K).

The above assignment is further corroborated by EPR studies in a frozen THF solution (Figure 7)
showing significant differences between the signal attributed to the two components: one axial
signal exhibited hyperfine features and the other exhibited a very broad g, < 2 feature. The latter
feature is characteristic of half-integer trinuclear clusters and is due to the presence of magnetic
asymmetries operating in tandem with antisymmetric exchange [52,53]. These characteristic features
allowed simulations assuming two axial subcomponents. For the former, an s = 1/2 spin, described by
the i = pHgS +1AS Hamiltonian, and for the latter an effective s = 1/2 spin, described by a simple Zeeman
Hamiltonian, were assumed. Simulations with parameters g;, = 2.145, g = 2.334, 4;; = 527 (MHz),
¢1 = 1.82 (g-strain = 0.37 FWHM) and g, = 2.268 (relative intensities 1,:; = 0.91:1) gave a satisfactory
agreement to the experimental spectrum. Due to the large number of variables, the above parameter
set is indicative, as far as line widths and g-strain parameters are concerned.

Exp4.2K
Caleulated
— [CuCl (4-Ph-Hpz) |

—— {Cu (OH)}™

WA

g, = 21458 = 2334, A =527 Milz
g, = 1.82(s,=0.37). g, 2268
7:7,=091:1

T T v T T T T T T T )
0 1000 2000 3000 4000 5000 6000
HIG
Figure 7. X-band EPR spectra of (1) in a frozen THF solution (black line) and calculated curve according
to the discussion in the text (red line). The blue and green lines correspond to the two components.
Experimental conditions: fgpr = 9.42 GHz, MA =2 Gpp, Py =2 mW.
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The presence of the hyperfine signals in solution and not in the solid state for the mononuclear
component suggests the presence of dipolar interactions that are removed upon dissolution. To test
this hypothesis and better understand the solid-state spectra of (1), complementary Q-band studies were
carried out. The solid-state Q-band spectra (Figure S4) were by and large similar to the X-band ones,
but they revealed additional features of the two subcomponents (Figure 8). In particular, the signal
attributed to [Cu(4-Ph-pzH),] was found to be rhombic, with a small split in its x and y components,
indiscernible in the X-band experiments. The overall behavior observed in the X-band spectra
was confirmed, with a composite spectrum at 5 K.

Exp.,295 K
Calculated
g,=2.044
8,=2.057
8,(=g)=2255
—,

T
10000 10500 11000 11500 12000 12500
HIG

Figure 8. Q-band EPR spectra of (1) in a frozen THF solution (black line) and calculated curve according
to the discussion in the text (red line). The blue and green lines correspond to the two components.
Experimental conditions: fgpr = 33.96 GHz, MA =2 Gpp, Py = 0.29 mW (5 K) and 1.1 mW (295 K).

The solid-state structure is characterized by a network of possible dipolar interactions along
the chains formed by the trinuclear and mononuclear complexes previously described (Figure S5).
Depending on their magnetic symmetry, i.e., || > || versus |j| < ||, the spin densities of the triangles
may be spread out over all three metal sites, or concentrated on one of them, respectively [13].
Our tentative conclusion from DFT calculation points toward the former case, which is also consistent
with the magnetic susceptibility analysis, negating the applicability of the point-dipole approximation
and hindering a straightforward analysis of dipolar interactions. Moreover, the non-trivial symmetry
of the structure, combined with the extended nature of the system, seriously complicated any such
analysis. Therefore, a detailed analysis of the dipole-dipole interactions was not pursued in this case.

3.7. Theoretical DFT Calculations of (1)

The complexity of magnetic interactions in (1) demands some theoretical insight guiding
the analysis of the experimental magnetic data. Therefore, the isotropic exchange parameters J;
were calculated with the help of broken-symmetry calculations using several molecular fragments
derived from experimental X-ray data (Figure 9). First, the triangular moiety was extracted and energies
of high-spin state (HS) and broken-symmetry spin states (BS) were calculated with B3LYP to derive
J-parameters for spin Hamiltonian

H = —J12(S1-S2+S1,-S2,) = J13(S1-S3 + S1, - S3,) — J23(S2 - S3 + S2, - S3.) 4)
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Figure 9. The calculated spin density distribution using B3LYP of (1) for the HS states of Cuz molecular
fragment (a), Cug fragment (b) and Cuy fragment (c). The spin density is represented by yellow surfaces.
The isodensity surfaces are plotted with the cut-off value of 0.005 eay 3. Hydrogen atoms are omitted
for clarity.

165



Chemistry 2020, 2

As a result, the energies A; = -245.197 cm™, A, = -323.346 cm™ and A; = -251.072 cm™! were
calculated, where A; = eps; — ens. From these energies, J-values were calculated by Ruiz’s approach [54,55],
resulting in j;; = -159 cm™, J;; = -86.5 cm™ and J,; = -165 cm~'. It must be noted that this approach
is based on the so-called strong interaction limit, whereas the weak interaction limit treatment of
Noodleman would have resulted in j-values generally twice larger [56]. Next, the hexanuclear molecular
fragment was extracted in order to estimate the magnetic exchange mediated by chlorido-ligands
between two trimeric units:

H = —J12(S1-S2+S1,-S) = J13(S1-S3 + S1,-S3,) = J23(S2 S5 + S2, - S3,) = J12,(S1 - S2, + S1, - S2) (5)

Therefore, energies of HS and BS123 states were calculated, leading to A3 = +5.808 cm™, from
which J,, equals +2.90 cm~'. Finally, the heptanuclear molecular fragment was investigated using
spin Hamiltonian

A = —J12(S1-S2+S1,-S2,) — J13(S1-S3 + S1, - S3,) = J23(S2 - S3+ Sz - S3,) = J14(S1 -S4+ S1, - S4) (6)

and HS and BS4 spin states were calculated, resulting in A, = +1.723 cm~'. Thus, also this interaction
is weakly ferromagnetic, j;; = +0.86 cm™1.

3.8. Magnetic Susceptibility Studies of (2)

The temperature dependence of effective magnetic moment data for compound (2) is depicted
in Figure 10. The room temperature effective magnetic moment has value 3.1 5, which is relatively close
to the theoretical value 3.0 y for three non-interacting spins s; = 5, = 53 = 1/2 with ¢ = 2.0. Upon lowering
the temperature, the effective magnetic moment continually decreases down to a value of 0.1 5 at 1.9
K, indicating the presence of strong antiferromagnetic exchange interactions. The observed magnetic
behavior of (2) can be rationalized on a qualitative level by assuming dominant antiferromagnetic
exchange within each triangle, which leads to s.; = 1/2 ground spin state similarly to (1) and also
supported by DFT (vide infra). These Cu;-triangles are then coupled within the infinite chain by azido
ligands, which also mediate a weak antiferromagnetic exchange. Established magnetostructural
correlations [57,58] also suggest that the Cu-N-Cu angles of 115.0(2) and 105.9(2)° should mediate an
antiferromagnetic exchange. Thus, from the magnetic point of view, the coordination polymer of (2) can
be simplified to 1D chain of the antiferromagnetically coupled s.; = 1/2 spins with this spin Hamiltonian:

H = *]Z Si‘51+1+#BZB'g,"Si (7)
i=1 i=1

where s; = . = 1/2. Fortunately, the analytical equation of the molar susceptibility for said system
has already been derived by Johnston et al. [59] and the fitting procedure applied to the temperature
dependence of the molar susceptibility of (2) resulted in j = -53 cm~! with ¢ = 2.2. The negative value of
J confirms the antiferromagnetic exchange among the trinuclear building block within the coordination
polymer in contrast to DFT calculations, which suggest ferromagnetic exchange mediated by azido
ligands. Moreover, the deviation of calculated values of the effective magnetic moment at temperatures
higher than ca 60 K is attributed to fact that at such high temperature, the proposed approximation of
Ser = 1/2 for each Cus-triangle loses its validity, because the excited s, = 3/2 state is also populated,
explaining the higher values of the effective magnetic moment in comparison to the calculated ones.
It must be noted that we have tried to employ spin Hamiltonian analogous to Equation1 also for (2),
but the agreement with the experimental data was not achieved. Most probably, the case of both intra
and inter Cus-triangle antiferromagnetic exchange would demand expanding the spin Hamiltonian
to contain more spin centers to better simulate the polymeric character of the compound, which is
unfortunately prohibited by large dimension of the respective Hilbert space.
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Figure 10. Temperature dependence of the effective magnetic moment for (2). The empty
symbols—experimental data, the red line—calculated data with ] = =53 cm™! and g = 2.2 using
spin Hamiltonian in Equation (2).

3.9. EPR Spectroscopy of (2)

The 4.2 K solid-state X-band EPR spectrum of (2) is characterized by a main derivative signal at
¢ =2.05, and a secondary half-field transition at ¢ = 4.06; the latter transition was attributed to magnetic
interactions with neighboring complexes of the polymeric structure (Figure 11). Due to the magnetic
interaction pathway mediated by the bridging azides, which passes through non-magnetic orbitals of
the copper(Il) ions, this interaction may not be of exchange but of dipolar origins [60].

Powder
—CH,Cl,
half-field transition
g=174
T T
0 2000 4000 6000
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Figure 11. X-band EPR spectra of (2) in the solid state (black) and a frozen CH,Cl; solution. Experimental
parameters: fgpr = 9.429 GHz, Pyjy =2 mW, MA =5 Gy, (powder); and fgpr = 9.425 GHz, Ppyyy =2 mW,
MA =2 Gpp (solution).
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In frozen CH,Cl, solutions this half-field transition disappears, in line with a disruption of
the polymeric network in solution. In turn, the solution spectrum exhibits a downfield shifted feature
(g =1.74), which is a characteristic signature of magnetic anisotropy induced by the combined operation
of amoderate magnetic asymmetry (J # ') and antisymmetric exchange interactions (Figure 10) [13,52,53].

3.10. Theoretical DFT Calculations of (2)

The magnetic interactions in (2) were also analyzed with the broken-symmetry calculations using
two molecular fragments derived from experimental X-ray data (Figure 12). First, the triangular
moiety was extracted and energies of high-spin state (HS) and broken-symmetry spin states (BS) were
calculated with B3LYP to derive j-parameters for spin Hamiltonian

A = —J12(S1-S2+S1,-S2,) — J13(S1- 83+ S1, - S3/) = J23(S2 - S3 + Sz, - S3.) 8)

Figure 12. The calculated spin density distribution using B3LYP of (2) for the HS states of Cuz molecular
fragment (a) and Cug fragment (b). The spin density is represented by yellow surfaces. The isodensity
surfaces are plotted with the cut-off value of 0.005 eap~>. Hydrogen atoms are omitted for clarity.

As a result, the energies A, = -337.724 cm™, A, = -362.944 cm™ and A; = -349.454 cm™! were
computed. Next, ]-values were calculated by Ruiz’s approach, as for (1), resulting in j;, = -176 cm™!,
Ji3 = -162 cm~! and J,; = -187 cm~!. It should also be stressed that in weak interactions, limit j-values
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would have been two times larger. Afterwards, the hexamer molecular fragment was extracted in order
to estimate the magnetic exchange mediated by azido-ligands between two trimeric units:

A = —J12(S1-S2+S1,-S2) — 13(S1 - S5 + S1, - S3,) — J23(S2 - S5+ S2, - S3/) — J23/(S2 - S, + S2, - S3) )

Thus, energies of HS and BS123 states were calculated, leading to A;»; = +10.644 cm, from which
J»y equals +5.32 cm™.

4. Conclusions

The one-dimensional solid state structures of (1) and (2) are held together by weak interactions
via bridging anions—chlorides and azides, respectively—which are disrupted in solution. Because of
the polymeric nature and low symmetry of these materials, the analysis of the magnetic properties
has been supported by DFT calculations, suggesting strong antiferromagnetic exchange within Cu, units
and weak ferromagnetic interactions among these units. The predominant antiferromagnetic exchange
within the Cu; units has been unequivocally determined in both cases by the analysis of magnetic
susceptibility characteristics. In addition, the operation of an antisymmetric exchange in (1) was evident
by both magnetometry and EPR spectroscopy. The much weaker inter-Cu; exchange, ferromagnetic
in (1) and antiferromagnetic in (2), is attributed to the fact that non-magnetic Cu-orbitals are involved
at one or both ends. EPR spectroscopy determined the magnitude of dipolar interaction in solid state
(1), while the possible dipolar interaction between Cu;-units of (2) cannot be determined with certainty.
The solution EPR spectra of both compounds are clearly distinguished from those in the solid state
and are straightforwardly attributed to individual Cus(n;-OH) species of (2), and to the presence of
isolated mononuclear and trinuclear species in the case of (1). Two new reports, describing the magnetic
susceptibilities and (in one case) the EPR spectrum of polymeric supramolecular assemblies of copper(II)
complexes, appeared in the literature recently [61,62].
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Abstract: A new class of six mono- (1; 3-Cl-, 2; 5-Cl-, 3; 6-Cl-) and di-(4; 3,6-C], 5; 5,6-Cl-, 6; 3,5-Cl-)
chloro-substituted pyrazin-2-amine ligands (1-6) form complexes with copper (I) bromide, to give
1D and 2D coordination polymers through a combination of halogen and hydrogen bonding that
were characterized by X-ray diffraction analysis. These Cu(I) complexes were prepared indirectly
from the ligands and CuBr;, via an in situ redox process in moderate to high yields. Four of the
pyrazine ligands, 1, 4-6 were found to favor a monodentate mode of coordination to one Cul jon.
The absence of a C6-chloro substituent in ligands 1, 2 and 6 supported N1-Cu coordination over the
alternative N4—Cu coordination mode evidenced for ligands 4 and 5. These monodentate systems
afforded predominantly hydrogen bond (HB) networks containing a catenated (u3-bromo)-Cul
‘staircase’ motif, with a network of ‘cooperative” halogen bonds (XB), leading to infinite polymeric
structures. Alternatively, ligands 2 and 3 preferred a p-N,N’ bridging mode leading to three different
polymeric structures. These adopt the (u3-bromo)-Cu! “staircase’ motif observed in the monodentate
ligands, a unique single (up-bromo)-Cu! chain, or a discrete Cu,Br, rhomboid (j1p-bromo)-Cul dimer.
Two main HB patterns afforded by self-complimentary dimerization of the amino pyrazines described
by the graph set notation R»%(8) and non-cyclic intermolecular N-H--N" or N-H:--Br—Cu leading to
infinite polymeric structures are discussed. The cooperative halogen bonding between C—Cl---CI-C
and the C-Cl--Br—Cu XB contacts are less than the sum of the van der Waals radii of participating
atoms, with the latter ranging from 3.4178(14) to 3.582(15) A. In all cases, the mode of coordination
and pyrazine ring substituents affect the pattern of HBs and XBs in these supramolecular structures.

Keywords: hydrogen bond; halogen bond; pyrazine; chloropyrazine; chloropyrazin-2-amine;
copper halide

1. Introduction

Construction of supramolecular structures from small molecules that self-assemble using hydrogen
bonds (HBs) and other non-covalent interactions is the ultimate goal of the crystal engineering
discipline [1]. Hydrogen bonding, due to the smaller size and easy polarizable nature of H-atom,
has become a reliable tool to fabricate highly symmetric and exotic solid-state networks with tunable
properties for applications in biology [2], and materials sciences [3]. The H-bonding knowledge gleaned
from organic co-crystals have been applied to self-assemble metal-organic/coordination networks [4-7].
In fact, under the “crystal engineering umbrella”, the design and synthesis of coordination compounds
have received wide attention, due to their intriguing structural topologies [8-10]. Unlike organic
co-crystals, engineering inorganic compounds is dependent on two principals; primary coordination
sphere (metal-ligand interactions) and secondary coordination sphere (non-covalent interactions) [11].

Cl1emistry 2020, 2, 700-713; doi:10.3390/chemistry2030045 175 www.mdpi.com/journal/chemistry
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Despite several factors (e.g., pH, temperature) [12,13] could influence these two “parameters” for
structurally diverse outcomes, modulation of networks based on the metal-ions geometry, organic
ligands and their functional groups stand out in coordination chemistry research [14-21]. This fact
is due to reproducible outcomes, that reflect the strong metal-ligand coordination bonds, and can
be achieved with the judicious choice of organic ligands and metal-ions [14-21]. In this context,
for example, O- and N-atoms are typical donors for the coordination bond formation; the former are
derived from functional groups such as -COOH, —-SO3H and phosphonates [22-24], and the latter
primarily from N-heterocycles [25]. The combined use of these two groups render ligands a strong
coordinating ability, and are well-known for the preparation of homometallic and heterometallic
coordination compounds [25].

In this regard, aminopyrazine carboxylic acids (L), of the forms L, and L™, for the construction
of hydrogen-bonded organic co-crystals [26-31], and L~ functioning as a polydentate ligand in
the preparation of coordination compounds [32-39] are reported in the literature. The presence of
aromatic N-atoms and carboxylic acid/carboxylate groups within the same ligand may enhance
the N-M bond strengths, often assisted by the polydentate bonding nature of O-atoms [26].
However, if the -COOH group is replaced by an aprotic donor substituent such as chlorine, and in
combination with copper halides, what will happen to N-atom coordination nature? Will the chlorine
substituents and metal-bound halides establish halogen bonds (XBs) [40-44], and halogen---halogen
interactions [45-48]? This knowledge of XBs in metal complexes is derived from our previous
experiences in halopyridine-Cu(I)/Cu(II) compounds [49-52]. When the bulky chlorines are installed
close to an N-atom, can this affect the N-M coordination? How do the substituents mediate a hybrid
topology containing ~HN-H---Np (pz = pyrazine) hydrogen bonds and C-CI---Br halogen bonds?
To test our hypothesis, we synthesized six chloro-substituted pyrazin-2-amine ligands (1-6) using
procedures reported in the literature [53-57], and each ligand was combined with CuBr; in a 1:2
metal:ligand ratio. The CuBr complexes of these ligands were obtained by exploiting the known
redox activity of Cu(ll) halides in the presence of organic carbonyl compounds [31]. This work
represents the first systematic study of the metal-ligand, HB, and XB interactions of chloro-substituted
pyrazin-2-amines with copper halides and recent results will be discussed.

2. Materials and Methods

All reagents and solvents, including 2, were obtained from commercial suppliers and were of
at least reagent grade, and used as received, unless otherwise stated. The ligands 1 and 3-6 were
prepared by modified literature procedures [53-58]. Full experimental, FT-IR spectroscopic details
and the single-crystal [59-66] and powder X-ray experimental [67-69], and structure refinements for
1-CuBr—6-CuBr (CCDC numbers: 2001484-2001491) are given in the Supporting Information.

3. Results and Discussion

This new class of chloro-substituted pyrazin-2-amine ligands given in Chart 1 were made to
react with cupric bromide (CuBr,), either by refluxing in a 1:1:1 (v/v/v) mixture of acetone (Ace),
ethanol (EtOH) and acetonitrile (MeCN) or 1:5 (v/v) mixture of Ace:EtOH to afford the desired Cu(I)Br
complexes, via an in situ redox process, according to Scheme 1. An excess of pyrazine ligand was
used to act as ligand and auxiliary base for the HBr liberated during the reduction of CuBr; to CuBr
by acetone [70]. The reduction was accompanied by a color change from a deep blue-green solution
characteristic of Cu(Il) ions, to a clear, yellow solution upon refluxing for several minutes. In total,
eight different Cu(I)Br coordination complexes obtained from the combination of these six ligands will
be discussed.
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Chart 1. List of chloro-substituted pyrazin-2-amines and numbering scheme used throughout:
2-amino-3-chloropyrazine (1), 2-amino-5-chloropyrazine (2), 2-amino-6-chloropyrazine (3), 2-amino-5,6-
dichloropyrazine (4), 2-amino-3,6-dichloropyrazine (5), and 2-amino-3,5-dichloropyrazine (6).

R N N, Cubyrefix  [OUBI(Dl = 1-Cur [CuBr(3)], = 3-CuBr
:[ \I 11 (viviv) AcelEtOHMecN [CUBr@)I = 2a-CuBr — [CuBI(4)](4) = 4- Cubr
_
Ry N7 R, o [CuBr(2)], = 2b-CuBr  [CuBr(5)], = 5-CuBr
5/1 (viv) Ace/EtOH [CUBI(2)p 5]y = 2¢-CuBr  [CuBr(6)], = 6-CuBr

Scheme 1. General synthetic route to Cu(I)-complexes of ligands 1-6 via an in situ redox process from
CuBry, and the nomenclature used.

X-ray quality crystals of the complexes were obtained by slowly concentrating the reaction
mixtures by controlled evaporation. Interestingly, 2c-CuBr was only obtained from a 1:5 (v/v) Ace and
EtOH reaction mixture, together with 2b-CuBr. The concomitant polymorphism did not allow the
isolation of 2¢-CuBr as a phase pure material; however, 2b-CuBr could be prepared independently by
alternative methodologies in moderate yield. Moreover, attempts to recrystallize the mixture of 2¢-CuBr
and 2b-CuBr from MeCN afforded only complexes 2a-CuBr and 2b-CuBr. This suggests the 2¢-CuBr is
only somewhat stable when prepared from a 1:5 (v/v) Ace:EtOH mixture and readily dissociates in the
polar aprotic solvent MeCN. Optical microscopy could be routinely used to distinguish the different
color and crystal habits of the three different polymorphs of (2a—c) CuBr (See Figure S1). Powder X-ray
diffraction methods were used to demonstrate the solid-state structures and estimate the phase purity
of the bulk material by using Pawley full pattern fittings. The FI-IR spectra of the isolated complexes
were compared to the respective ligands, and display two specific regions from 3500-2800 cm ™! and
1200400 cm™ for the hydrogen-bonded N-H stretching [71] and fingerprint regions, respectively,
which are distinctive for each ligand and complex (see Figures 5S10-516).

In general, reactions between donor ligands (L) and CuX (X = Cl, Br, I) yield complexes with formula
Cu, XLy, that display diverse structural topologies, containing rhomboid dimer, zigzag polymer,
staircase polymer, closed cubane, and hexagon clusters, have been reported in the literature [72].
The structural diversification stems from the very nature of the ligand coordination modes and
the tendency of copper halides to form clusters via - and p3-halide bridges [73]. In our eight
complexes, we obtained three topologies exclusively, namely staircase polymer (1-CuBr, 2a-CuBr,
2¢-CuBr, 4-CuBr, 5-CuBr, and 6-CuBr), rhomboid dimer (2b-CuBr), and zigzag polymer (3-CuBr),
as depicted in Figure 1. The staircase and rhomboid structures feature well-known Cu---Cu distances
(Cuprophilic interactions) [74], ranging from 2.7547(13) to 3.086(4) A, but will not be discussed further
in the text.

The complexes 1-CuBr and 2a-CuBr both crystallize as clear, pale-yellow or colorless needles in
an orthorhombic space group, Pna2; and P2;2,2;, respectively. Both contain discrete 1D polymeric
chains of the catenated (pi3-bromo)-Cul ‘staircase’ that run parallel to the c-axis and a-axis in 1-CuBr
and 2a-CuBr, respectively. In these chains, the Cu(I) ions have tetrahedral geometry, coordinated by
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three bromines and the pyrazine N1-atom. Since the pyrazine N4-atom is not involved in the N-Cu
bond formation, it plays a central role in the HB formation involving a C2-amino group of an adjacent
chain. The orthogonal arrangement of the discrete 1-D polymeric chains leads to a herringbone packing
structure in both 1-CuBr and 2a-CuBr, as illustrated in Figure 2. The N4--H-N HBs in 1-CuBr of
2.245(11) A, [/N4--H-N = 155.6(9)°] are shorter than in 2a-CuBr [2.349(7) A, /N4--H-N = 133.4(5)°].
The XBs in 1-CuBr and 2a-CuBr complexes are, however, more comparable at 3.465(3) A [/Br--Cl-C =
165.4(3)°] and 3.509(3) A [£Br--Cl-C = 159.5(3)°], respectively. This network of HBs and XBs does lead
to a complex molecular packing that extends in three dimensions.

[

Cu Cu L L
X/l\x/l\x \/X\/ PRGN

| X | X | Cul__ _cu /Cu\ /Cu\ /Cu\
A A WA A N A
L L L "

a) Staircase polymer  b) Rhomboid dimer ¢) Zigzag polymer

Figure 1. The three structural topologies realized in the Cu(I)-complexes of 1-6, (a) catenated
(uz-bromo)-Cu! “staircase’ polymer, (b) CuyBr, rhomboid (up-bromo)-Cu! dimers, and (c) zigzag
polymer (up-bromo)-Cu! chains.

The complex 6-CuBr crystallizes in a monoclinic P2;/c space group, and is composed of 1D
polymeric chains of the catenated (uz-bromo)-Cul ‘staircase’ that run along the shortest unit cell
a-axis. The asymmetric unit contains one bromide anion and a one Cu(l) cation coordinated by the
sterically less hindered N1-atom of 6. Not surprisingly, the C3 and C5 chloro-substituents vicinal to
the N4-atom render this ring nitrogen Cu-coordination passive. The orthogonal arrangement of the
discrete 1D polymeric chains leads to a herringbone packing structure that is similar to 1-CuBr and
2a-CuBr (for 6-CuBr, see Figure S2). The 1D chains are aligned by a more extensive network of XBs,
afforded by the C3- and C5-Cl substituents (C3—-Cl---Br—Cu [3.4794(14) A, /Br-Cl-C = 162.44(19)°],
C5-Cl--Br-Cu [3.4178(14) A, /Br--CI-C = 175.34(19)°]) and longer N4--H-N of 2.511(4) A, [/N4--H-N
=135.8(3)°] HBs, compared to 1-CuBr and 2a-CuBr.

The N1-Cu mode of coordination realized in 1-CuBr, 2a-CuBr, and 6-CuBr allows the vicinal
C2-amino group hydrogen and a Cu(I) bound bromide to form cyclic N-H---Br—Cu HBs, with distances
varying from ca. 2.609(7)-2.774(2) A [/BrH-N = 146(1)°-168.9(4)°], within the discrete polymeric
(13-bromo)-Cu! “staircase’ chain (See Figure S3). These cyclic intra-chain N-H--Br HBs afford a
pseudo-helical type arrangement of the pyrazine ligands along the polymeric (p3-bromo)-Cu' ‘staircase’
backbone. The HBs, in combination with the C-Cl---Br—Cu XBs from neighboring chains, aids the
stabilization of the catenated (3-bromo)-Cul ‘staircase’ polymeric chains in these complexes.

The complexes 4-CuBr and 5-CuBr crystallize in a triclinic P-1 and monoclinic P2;/n space groups,
respectively. In both complexes, the catenated (p3-bromo)-Cu! ‘staircase’ motif is preserved, however,
the tetrahedral Cu(I) centers are coordinated by three bromides and a pyrazine N4-atom. In the case of
4-CuBr, it crystallizes with an additional pyrazine molecule in the asymmetric unit that is not involved
in coordination with the Cu(l) centers. The N4-Cu coordination mode found in both complexes
allows the C2-amino group to participate in hydrogen-bonding with a neighboring pyrazine in a
self-complimentary N-H:-Np, pyrazine dimer. The resultant hydrogen-bonded dimers in 4-CuBr
and 5-CuBr are described by the graph set notation R,2(8), with HB parameters of ca. 2.308(12) A,
[166.4(7)°] and 2.138(5) A [160.1(3)°], respectively (Figure 3). These Watson—Crick-like base pairing
structures are characteristic of aminopyrazine derivatives [75,76]. The R,%(8) hydrogen bonding in
4-CuBr and 5-CuBr leads to essentially linear chains that pack into laminar 2D polymeric sheets held
together by the polymeric (113-bromo)-Cu' ‘staircase’ motif. The non-coordinating pyrazine in 4-CuBr
forms an additional set of R,?(8) hydrogen-bonded dimers that cross-link the 2D sheets via non-cyclic
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N-H:--N-ring hydrogen bonds [2.219(11) A /N-H--N4, 177.7(8)°], into a 3D structure shown in Figure 3a.
Although 4-CuBr and 5-CuBr lack the intra-chain cyclic N-H---Br—-Cu HBs (see Figure S4) found in
1-CuBr, 2a-CuBr, and 6-CuBr, a network of non-cyclic inter-chain N-H---Br—Cu and C-H:--Br-Cu HBs are
established between neighboring chains in 5-CuBr or the non-complexed pyrazine in 4-CuBr. Overall,
the N-H---Br—Cu and C-H:--Br-Cu HBs together with the C—Cl---Br—Cu, and C-Cl---CI-C XBs stabilize
the polymeric p3-bromo ‘staircase’, and further cross-link the laminar 2D polymeric sheets into complex
3D structures. Notwithstanding the structural similarities between 4-CuBr and 5-CuBr, as determined
by single-crystal X-ray diffraction, the solid-state structure of 4-CuBr could not be demonstrated in
the bulk material, as determined by powder X-ray diffraction. Full pattern Pawley analysis of 4-CuBr
suggests that the bulk material is effectively isomorphous with 6-CuBr (See Table S6 and Figure S8).
This suggests that additional polymorphs may exist where the Cu(I) center is coordinated by the
sterically more congested N1 in 4. This possibility has also been observed in 3-CuBr, and polymorphism
has been demonstrated in 2(a—c)-CuBr, as described below. Despite repeated attempts, under different
conditions, alternative single-crystal structures of Cu(I) complexes of 4 have still not been realized.
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Figure 2. The herringbone packing arrangement of the discrete 1D polymeric chains of (a) 1-CuBr,
(b) and 2a-CuBr. The red- and black- dotted lines represent hydrogen and halogen bonds, respectively.
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Figure 3. The R,2(8) hydrogen-bonded ring motif realized in the crystal packing of (a) 4-CuBr,
and (b) 5-CuBr. Red dotted lines are N-H-N R,%(8) and N-H---Br-Cu hydrogen bonds, and black are
C—Cl---CI-Cu halogen bonds.

The three polymeric structures 2b, 2c-and 3-CuBr all contain bridging p,-N,N” pyrazine ligands,
and display the three (CuBr), structural motifs outlined in Figure 1. Complex 2b-CuBr crystallizes
in the orthorhombic space group Pbcn as amber, prismatic blocks (See Figure S1a). In this complex,
the pyrazine ligands are p-N,N” bridging between Cu,Br; rhomboid dimer units to afford a distorted
tetrahedral coordination geometry at the Cu(I) ion formed by two symmetry-equivalent bromines,
and the N1-and N4-atoms of two different pyrazine ligands. Thisleads to a 2D dimensional honey-comb
sheet that propagates in the ab plane, as illustrated in Figure 4a. The honey comb structure is similar to
the [CuCl(u-2,5-dimethylpyrazine-N,N’)], structure reported in the literature [77]. Adjacent layers are
held together by C5-Cl---Br—Cu [3.5105(7) A, /Br--Cl-C = 161.83(8)°] XBs and N-H---Br-Cu [2.6402(2)
A, /Br-H-N = 159.28(14)°] HBs, as given in Figure 4b. Moreover, these HBs and XBs, together with
steric effects, prevent the formation of a catenated p-bromo-Cu'! motif, as in the staircase polymers

previously mentioned.
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Figure 4. (a) 2-D Honey comb motif of 2b-CuBr, and (b) 3-D packing unit displaying hydrogen
(red dotted lines) and halogen bonds (black dotted lines) between 2-D sheets.

The bright yellow, needles of 2c-CuBr crystallize in the monoclinic space group P21/n. The asymmetric
unit consists of a Cu(I) ion; one bromide and one half of a pyrazine ligand. The C5-chlorine and
C2-amine substituents exhibit a positional disorder with 50:50 occupancies. The distorted tetrahedral
coordination environment of Cu(l) consists of one pyrazine nitrogen and three symmetry equivalent
bromide anions. Ligand 2 is up-N,N’ bridging to yield a 2D polymeric sheet containing the catenated
(p3-bromo)-Cu! “staircase’ chain structure, as shown in Figure 5. The polymeric structure of
2¢-CuBr is similar to that found in the 2D coordination polymer of 2-aminopyrazine with Cul
(i.e., [Cuply(2-aminopyrazine)],) [78] and [2(u-2,5-dimethylpyrazine-N,N’)Cu;, ], where X = Br, I [77].
The adjacent sheets are linked by N-H---Br-Cu [2.6054(17) A, /BrH-N = 175(4)°] interactions between
the C2-amino group and a Cu(I)-bound bromide. As a result of positional disorder, the C—Cl bond
length associated with the 50% occupancy is close to the standard C—Cl bond distance, and results
in a weak C5-Cl---Br—Cu [3.582(15) A, /Cl--Br-Cu = 103.9(9)°] "contact’. These weak interactions are
likely triggered by the N-H:--Br—Cu interactions between the neighboring molecules in this laminar
structure. Due to the disorder, there are possible HB and XB interactions that could alternate along
a plane that passes through the amino- and chloro-substituents of the pyrazines of adjacent sheets,
thus forming moderately short Cl---Cl halogen contacts with Rxg = 0.88. These HBs and XB interactions
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further supports the catenated (u3-bromo)-Cul “staircase’ motif as a common structural feature in
these complexes.

a) b
(# G [ (®

‘¢ ‘¢ “f¢ ‘¢
*.‘c ‘v‘d’ ".N N‘t

t-/ﬁ\ /ﬁ \./ﬂ ./O\
G ‘Vk \0/‘-\\9/‘- ‘““Vb

t’u’: ‘o’»’: *o‘o{ b’o":
e R R o

- - [ (%

Figure 5. (a) Here, 2D polymeric sheet structure of 2¢-:CuBr, and (b) the hydrogen and halogen bonds
(black dotted lines) between sheets in the laminar structure. Note: the disordered atoms were not
omitted to reflect the discussion.

The complex 3-CuBr, crystallized in the monoclinic space group P2;/n. The distorted tetrahedral
coordination environment of the Cu(I) is composed of two symmetry-related bromides and two
crystallographically different N-atoms from two distinct pyrazine ligands. The Cu(l) ions are bridged
by up-N,N’ pyrazine ligands, forming 1D linear chains that run along the c-axis as illustrated in
Figure 6a. These chains are further linked into a 2D sheet structure by polymeric (p-bromo)-Cul-Br
chains along the a-axis. The 2D layers are not flat, but instead adopt a slightly corrugated pattern
because of the ZN-Cu-N = 136.6(4)° at the distorted tetrahedron at the Cu(I) ion, as shown in Figure 6b.
Two types of interactions assemble the layers into a 3D structure. First is the hydrogen bonding between
a C2-amino group and Cu(I)-bound bromide from an adjacent layer [2.3615(10) A, /Br-H-N = 164.2
(7)°; 2.4846(12) A, /Br--H-N = 158.9(6)°], to afford a Ry2(8) ring motif from a set of two N-H---Br HBs.
The second interaction is C6—Cl---Br—Cu halogen bonds [3.527(3) A, /Br-Cl-C = 158.8(4)°] between a
chlorine on the pyrazine ring and bromide coordinated to Cu(I) on an adjacent layers, as shown in
Figure 6b. Similar to the (ug-bromo)-Cu! “staircase’ motif, the pp-bromo polymeric chains found in
3-CuBr is fully stabilized by the network of HB and XBs, and is likely adopted because of the steric
demands of the N1 coordination, compared to the more accessible N4-coordination mode in ligand 3.
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Figure 6. (a) Here, 2D Layered structure of 3-CuBr, and (b) 2-D layers stack viewed along the a-axis.
Red dotted lines are N-H:--Br—-Cu hydrogen bonds, and black are C6—Cl---Br—Cu halogen bonds.

4. Conclusions

In summary, eight Cu(I)Br coordination polymers have been synthesized, and their single-crystal
structures characterized by using X-ray diffraction analysis. Three different types of (CuBr),
arrangements with n > 2 were realized. Six of the eight complexes form characteristic catenated
pp-bromo staircase polymers that are reminiscent of those reported in related copper(I) halide complexes.
Our findings indicate that a combination of cyclic and non-cyclic hydrogen bonds (HBs), between
the C2-amino group and Cu(I) bound bromides (N-H---Br-Cu) and halogen bonding (C—Cl---Br-Cu)
interactions, underpins the formation of catenated p,- and pz-bromo (CuBr), polymeric structures.

It was found that the mode of coordination by the dichloro-substituted aminopyrazines 4-6 to
the Cu(I) could be readily predicted based on simple electronic and steric arguments. In the mono
chloro-substituted pyrazines 1-3, these effects were less obvious, as evidenced by the realization of
both monodentate (1-CuBr and 2a-CuBr), and polymeric structures (2b-CuBr, 2¢-CuBr and 3-CuBr).
The polymeric 3-CuBr suggests that there is little steric hindrance afforded by the combination of a
C2-amino and Cé6-chloro substituents vicinal to the N1-Cu coordination site, and may indicate that this
is not a major factor in determining N1-Cu coordination passiveness in 4-CuBr and 5-CuBr. This could
also account for the unique polymeric (tt,-bromo)-Cul chain in 3-CuBr, which is able to accommodate
the more sterically demanding N1-Cu coordination, and allows stabilizing cyclic N-H---Br HBs.

Three polymorphs were isolated and structurally characterized based on the simple 2-amino-5-
chloropyrazine ligand, 2. We demonstrate that concomitant polymorphism leads to both 1D and 2D
polymeric structures based on the pz-bromo staircase polymer motif in 2a-CuBr and 2¢-CuBr, respectively.
The third polymorph, 2b-CuBr, displays a unique honeycomb network composed of discrete CuyBr,
rhomboid (pp-bromo)-Cul dimers and py-N, N’ bridging ligands. These three polymorphs demonstrate
the role of the C2-amino group in forming three types of hydrogen bonding patterns recognized in
all eight of these complexes. The self-complementary, symmetry-related N-H---Np,, pyrazine dimers
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described by the graph set notation Ry?(8) with distances varying from ca. 2.138(5)-2.308(12) A
[£Br---H-N = 160.1(3)°-177.7(8)°] were found in N4—Cu coordination structures 4-CuBr and 5-CuBr,
and resulted in the formation of laminar 2D sheet structures. Based on the competitive binding
sites in the simple mono-substituted aminopyrazine ligands, and the role of the amino-group to
influence structural features through hydrogen bonding, we are currently investigating the formation
of dihalopyrazine-copper complexes.

The Cu(I) halide complexes have attracted considerable attention because of their physical
properties and functional applications in future technologies, such as solar energy conversion,
light emitting devices, and possible sensing applications. As a result, there has been considerable focus
on exploring and developing structural relationships that will provide insights for future materials
design and synthesis. The interesting 2D-honeycomb network found in 2b-CuBr is a particularly
appealing architecture that could have applications in gas storage or separation, if the porosity can
be tuned through ligand design. While systematic structural studies on Cu(I) halide and pyrazine
derivatives have not received much attention to date, this work demonstrates a level of structural
predictability not typically observed in Cu(l) halide complexes. We believe future investigations
of halo-substituted aminopyrazines and related pyrazine derivatives will provide the basis for an
empirical structural database that will aid future material designs.

Supplementary Materials: The following are available online at http://www.mdpi.com/2624-8549/2/3/45/s1,
Full experimental, the single-crystal experimental and CCDC number details for 1-CuBr-6-CuBr (Tables S1-S3),
structure refinements for 1-CuBr-6-CuBr, crystal habits of 2(a,b,c)-CuBr (Figure S1), powder X-ray diffraction
analysis (Tables S4-5S6, Figures S5-59), FT-IR spectroscopic details (Figures 510-516), and X-ray crystal figures
(Figures 52-54).
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Abstract:  Structurally divergent molecules containing bulky substituents tend to produce
porous materials via frustrated packing. Two rigid tetrahedral cores, tetraphenylmethane
and 1,3,57-tetraphenyladamantane, grafted peripherally with four (trimethylsilyl)ethynyl
moieties, were found to have only isolated voids in their crystal structures. Hence, they
were modified into tecton-like entities, tetrakis(4-(iodoethynyl)phenyl)methane [I;TEPM] and
1,3,5,7-tetrakis(4-(iodoethynyl)phenyl)adamantane [I4TEPA], in order to deliberately use the
motif-forming characteristics of iodoethynyl units to enhance crystal porosity. I4TEPM not
only holds increased free volume compared to its precursor, but also forms one-dimensional
channels. Furthermore, it readily co-crystallizes with Lewis basic solvents to afford two-component
porous crystals.

Keywords: crystal engineering; porous material; molecular recognition; halogen bond; co-crystal;
molecular tecton; binary solid; network structure; o-hole; molecular electrostatic potential

1. Introduction

According to Kitaigorodskii’s principle of close packing [1-5], molecules in crystals tend to
dovetail and pack as efficiently as possible in order to maximize attractive dispersion forces and
to minimize free energy. In other words, void space in crystals is always unfavorable. Thus, the
construction of porous materials from discrete organic molecules (i.e., molecular porous materials
(MPMs)) demands some special tactics [6-11]. For example, the packing of molecules specifically
designed to bear sufficiently large and dimensionally fixed inner cavities or clefts (e.g., molecular cages
and bowl-shaped compounds) can lead to porous structures [12-14].

Another viable synthetic strategy towards MPMs is to employ molecules with bulky, divergent
and/or awkward shapes so that they no longer have the ability to pack tightly. Molecules such
as 4-p-Hydroxyphenyl-2,2,4-trimethylchroman (Dianin’s compound) [15,16], tris(o-phenylenedioxy)
cyclotriphosphazene (TPP) [17-19] and 3,3’ 4,4’ -tetrakis(trimethylsilylethynyl)biphenyl (TTEB) [20] are
well-known for producing MPMs merely as a consequence of frustrated packing, even though they do not
have pre-fabricated molecular free volumes.

We have now expanded this idea to a family of tetrahedral molecules substituted
at the four vertices with bulky groups. Here, we report the synthesis and structural
investigation of tetrakis(4-((trimethylsilyl)ethynyl)phenyl)methane (TMS4TEPM) and 1,3,5,7-tetrakis
(4-((trimethylsilyl)ethynyl)phenyl)Jadamantane (TMS4TEPA) (Scheme 1). By affixing large
trimethylsilylethynyl (TMS-acetylenyl) moieties to the parent tetraphenylmethane (TPM) and
1,3,5,7-tetraphenyladamantane (TPA) core units, our aim was to disturb close-packing and to realize
more open crystalline solids.

Chemistry 2020, 2, 179-192; doi:10.3390/chemistry2010011 189 www.mdpi.com/journal/chemistry
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7. TMS,TEPM s TMS,TEPA

Scheme 1. Structural formulas of tetrakis(4-((trimethylsilyl)ethynyl)phenyl)methane (TMS4TEPM)
and 1,3,5,7-tetrakis(4-((trimethylsilyl)ethynyl)phenyl)adamantane (TMS4TEPA).

Even though molecular shape is of primary importance in crystal packing, it is not the only
structure-directing factor. The presence of functional units that can partake in directional and
energetically significant non-covalent interactions has a major influence on molecular arrangement.
With tectons (i.e., molecules featuring multiple peripheral binding sites) [21-24], the structure is built up
s0 as to saturate the maximum amount of interactions, which is usually accompanied by compromises
regarding dense-packing. Their association induces the assembly of networks where each molecule
is positioned, through directional molecular recognition events, in a definite way with respect to its
neighbors. Moreover, unlike van der Waals contacts, intermolecular point contacts consume only a
limited amount of molecular surface, thereby leaving more usable surface. In this context, a great body
of work has been done with hydrogen-bonding tectons to build so-called hydrogen-bonded organic
frameworks (HOFs) [25-28]. Some notable examples include triptycenetrisbenzimidazolone (TTBI) [29],
triaminotriazine-functionalized spirobifluorene [30,31] and polyfluorinated triphenylbenzene equipped
with pyrazole [32].

Molecular tectonics based on halogen bonding (XB) is still in its infancy [33,34].
We therefore decided to modify the TPM and TPA scaffolds and transform them
into new tecton-like entities, tetrakis(4-(iodoethynyl)phenyl)methane (I4;TEPM) and 1,3,5,7-
tetrakis(4-(iodoethynyl)phenyl)adamantane (I TEPM) (Scheme 2). When iodine is directly bonded to
an sp-hybridized carbon, it is strongly polarized, resulting in a more pronounced electron-deficient
region (i.e., o-hole) at the tip along the C-I bond axis [35-38]. The iodoethynyl functionality is, therefore,
a perfect candidate for o-hole/XB interactions. Alhough largely overlooked in molecular tectonics and
crystal engineering, it can direct the assembly of network structures through C=C-I--(C=C) interactions
(wherein the ethynyl 7 system acts as the XB acceptor) [39—41]. These T-shaped contacts frequently
lead to zigzag chain motifs and are topologically parallel to those formed by C=C-H:--(C=C) and
C=C-Br--(C=C) contacts [37,42-52], but preferably serve as a stronger counterpart. Additional features
that make the iodoethynyl unit well-suited for devising molecular building blocks include its structural
rigidity, steric openness and core expanding ability.
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! I,TEPA

Scheme 2. Structural formulas of tetrakis(4-(iodoethynyl)phenyl)methane (I;TEPM) and 1,3,5,7-
tetrakis(4-(iodoethynyl)phenyl)adamantane (I;TEPM).

2. Results and Discussion

The four molecules of interest were obtained according to the synthetic pathways shown in
Schemes 3 and 4. Starting with commercially available tetraphenylmethane, TMS4;TEPM was
prepared in two steps (tetra-para-bromination followed by coupling with trimethylsilylacetylene)
with an overall yield of 78%. The synthesis of TMS4TEPA required three steps (Friedel-Crafts
reaction of 1-bromoadamantane and benzene, tetra-para-iodination followed by coupling with
trimethylsilylacetylene), and the yield over these three steps was 50% (with respect to
1-bromoadamantane).

TMSA, Pd(PPhs),Cly, Cul, PPhg, 'PraNH

0% -
— © /

Tetraphenylmethane Tetrakis(4-bromophenyl)methane
(TPM) (BraTPM)

NIS, AgF, MeCN

=—TMms —=
™S
Tetrakis(4-((trimethylsilyl)ethynyl)phenyl)methane Tetrakis(4-(iodosthynyl)phenyl)methane
(TMS,TEPM) (1,TEPM)

Scheme 3. Synthetic route to TMS4,TEPM and I; TEPM.

Both IL,TEPM and ILTEPA were accessible from the corresponding TMS derivatives,
TMS4TEPM and TMS4TEPA, via one-pot/in situ desilylative iodination using silver(I) fluoride and
N-iodosuccinimide. This direct trimethylsilyl-to-iodo transformation allowed us to avoid potentially
unstable ethynyl intermediates and to achieve the target compounds in moderate yields (56% and 63%,
respectively). Even though the 'H and proton-decoupled '*C-NMR spectra of these four-fold symmetric
tetraiodoethynyl species are quite simple, the signals display considerable solvent dependency due to
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their XB-based complexation ability, with the alkynyl carbon bonded to iodine being most strongly
affected (I;TEPM: 7.0 ppm in CDClj3 versus 18.4 ppm in DMSO-dg, I4TEPA: 6.2 ppm in CDCl3 versus
17.0 ppm in DMSO-d,). It is also worth mentioning that the TH-NMR spectrum of I4TEPA exhibits
conspicuous second order (leaning/roofing) effects.

1
Br
© tButyl bromide, AlCly !g Iz, PIFA, TCM !e
+ — T
@ (57 A7 O
-Bromoadamantane O O
I

1,3,5,7-Tetraphenyladamantane

(TPA) 1,3,5,7-Tetrakis(4-iodophenyl)adamantane

(1,TPA)

TMSA, Pd(PPhs),Cly, Cul, PPhy, Pr,NH NIS, AgF, MeCN

1,3,5,7-Tetrakis(4-((! ilyl)ethynyl)phenyl 1 1,3,5,7-Tetrakis(4-(iodoethynyl)phenyl)adamantane
(TMS,TEPA) (,TEPA)

Scheme 4. Synthetic route to TMS4TEPA and I4TEPA.

Crystals of TMS4TEPM suitable for single-crystal X-ray analysis were obtained by slow
evaporation of either tetrahydrofuran/ethanol or chloroform/ethanol solution. For TMS4TEPA,
X-ray quality crystals could be harvested from hexane, heptane, heptane/dichloromethane or
chloroform/ethanol. As anticipated, structural determination revealed that both are somewhat porous
in nature (14.9% and 14.5% free volume, respectively). They, however, do not form empty-channel
structures; instead, they have disconnected spatial voids or “porosity without pores”, as described by
Barbour (Figure 1) [53]. The overall packing is mainly mediated by extensive phenyl embraces.

In order to get some insight about the electron density/charge distribution over the free
tetraiodoethynyl tectons and the degree of activation of XB donor sites (i.e., iodine atoms) delivered
by sp-hybridized carbons [35-38], their molecular electrostatic potential (MEP) maps were generated
(Figure 2). As expected, both I; TEPM and I4TEPA were found to have well-built o-holes (+172.4 and
+170.7 kJ/mol, respectively) on each iodine atom. Indeed, these o-hole potential values are significantly
higher than those of other closely-related tetra-halogenated molecules (see Supplementary Materials,
Figure S33).

We then tried to grow crystals of ;TEPM and I4TEPA but were successful only with the former.
The structural analysis of Iy TEPM crystals (harvested from hexanes) showed that the molecules are
arranged in stacks which, in turn, are linked together by C=C-I.--(C=C) halogen bonds, with near
orthogonal approach of C-I donors towards C=C triple bonds (detailed geometrical data are given
in Table 1). In each I;TEPM molecule, only two iodoethynyl arms participate in these T-shaped
contacts, and the remaining two form weak C=C-I---mt(phenyl) interactions. The extended (and possibly
cooperative) zigzag arrays of the C=C-I---mi(ethynyl) interactions ultimately make ladder-like motifs
between individual molecular rows, leading to an infinite two-dimensional network (Figure 3 left).
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I, TEPM shares these packing features with its bromo analog, tetrakis(4-(bromoethynyl)phenyl)methane
(BrsTEPM) [42], but not with tetrakis(4-ethynylphenyl)methane (TEPM), which forms an interwoven
diamondoid net [44].

TMS,TEPM

TMS,TEPA

Figure 1. Crystal structures of TMS4TEPM and TMS,TEPA. (from left) Single molecules, overall
packing and phenyl embraces (representative structures are shown from disordered structures).

Figure 2. Molecular electrostatic potential (MEP) surfaces of the free tetraiodoethynyl tectons, ; TEPM
and I4TEPA. Both plots have been set to the same color scale for visual comparison. Range: from —80
kJ/mol (red) to +175 kJ/mol (blue).

Figure 3. Crystal structure of Iy TEPM, showing halogen bonding (XB)-driven network formation (left)
and void space in overall packing (right).

In contrast to the structure of TMS4TEPM with isolated voids, I; TEPM possesses one-dimensional
channels along the crystallographic b axis (Figure 3 right). These channels account for 26.5% of the crystal
volume, which is roughly twice as high as that of TMS4TEPM. Another point worth emphasizing is
that the precursor molecules, tetraphenylmethane (TPM), tetrakis(4-bromophenyl)methane (BrsTPM)
and tetrakis(4-iodophenyl)methane (IsTPM), all form non-porous structures (see Supplementary
Materials, Figure S34), highlighting the effectiveness of our strategy.
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Since MPMs are usually held together by relatively weak interactions, they are not as rigid
and robust as zeolites, metal-organic frameworks (MOFs) or covalent-organic frameworks (COFs).
In most cases, attempts at activation (i.e., removal of entrapped guest molecules) cause structural
disintegration. Hence, the real challenge lies in attaining permanently porous molecular materials that
can behave analogously to framework-type solids. Most importantly, I;TEPM, sustained primarily by
the iodoethynyl catemer motif (i.e., the infinite C=C-I.--C=C-I--- synthon), can maintain its structural
integrity upon guest solvent loss, indicating its potential to exhibit permanent porosity.

In addition to tectonic construction, we also wanted to test the suitability of ;TEPM in modular
construction by co-crystallizing it with appropriate Lewis basic (i.e., XB-accepting) co-formers, in order
to realize multicomponent architectures. With tetraphenylphosphonium halide salts (PhyP*X™; X~ =
Cl7, Br~, I"), it readily afforded diamondoid (dia) frameworks, but interpenetration and the inclusion
of bulky PhyP* cations gave rise to highly compact arrangements within those solids [54]. As a
charge-neutral co-crystallizing partner, our first choice was pyridine, one of the simplest XB acceptors,
even though it cannot lead I;TEPM to a polymeric assembly. We managed to get a binary crystalline
material (confirmed by IR, NMR and TGA) but the structural characterization was not successful,
as those crystals were quite fragile and rapidly deteriorated during data collection. This intrigued us
to try out other Lewis basic/coordinating solvents with multiple bond forming ability. In three cases,
with tetrahydrofuran (THF), dimethyl sulfoxide (DMSO) and 1,4-dioxane, I; TEPM afforded crystalline
binary solids.

Crystallization of I;TEPM in THF/methanol afforded crystals of I;TEPM-2THF where each
THF molecule forms two halogen bonds in a bifurcated manner and connect adjacent I;TEPM
molecules together, thereby forming a one-dimensional twisted ribbon-like architecture (Figure 4a left).
The resulting lattice comprises isolated voids that account for 14.4% of unit cell volume (Figure 4a right).

Figure 4. Crystal structures of (a) L, TEPM-2THF, (b) L,TEPM-2DMSO and (c) I;TEPM-2Dioxane,
showing XB-directed chain/net formation (left) and void space in overall packing (right).
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Crystallization of I;TEPM from neat DMSO or DMSO/methanol yielded crystals of
I;TEPM-2DMSO which has XB interactions analogous to those observed in I;TEPM-2THF. Once again,
the coordinating solvent acts as a bridging ligand and gives rise to a twisted-ribbon supramolecular
chain (Figure 4b left), with one-dimensional channels of 21.0% free volume in the overall packing
(Figure 4b right).

By using 1,4-dioxane/dichloromethane as the solvent system, crystals of I; TEPM-2Dioxane could
be obtained. As expected, dioxane serves as a linear ditopic ligand, so the structure propagates into two
dimensions (Figure 4c left). As in L,TEPM-2DMSO, the structure creates one-dimensional channels
parallel to the crystallographic c axis, holding 21.0% free volume (Figure 4c right).

Unfortunately, as is the case with many other crystalline solvates, all these binary crystals are
unstable at room temperature. Once removed from the mother liquor, they gradually become opaque
because of the partial loss of halogen-bonded and freely-occupying solvent molecules. The DSC and
TGA thermograms (Figure 5), however, show that the solvents are somewhat strongly attached to the
crystal lattice. In particular, for ;TEPM-2THF and I4TEPM-2Dioxane, the removal temperatures are
noticeably higher than their respective boiling points.

Heat Flow (Wig)
Weight (%)

100 150 200 h 200 400 600 800
ExoUp Temperature (“C) Temperature (°C)

Figure 5. (left) DSC traces (Tzero aluminum pan, 1-2 mg sample size, 5 °C-min~! heating rate, nitrogen

atmosphere) and (right) TGA traces (platinum pan, 5-10 mg sample size, 10 °C-min~! heating rate,

nitrogen atmosphere).

Table 1 presents XB distances and angles of I;TEPM and its binary crystals/solvates, along with
the normalized distance (ND) and the percent radii reduction (%RR) values, which are two common
indicators used as rough measures of the XB strength. In I;TEPM, C=C-I---(C=C) interactions are not
symmetric and the C-I donors reach more toward terminal acetylenic carbons. Consequently, one I---C
separation is significantly longer (with a low %RR value) and deviates from linearity. The %RR values
calculated for XBs observed in the three solvates are greater than 15% (except in one case), reflecting
the moderate strength of those interactions. Moreover, all bonds have near-linear (> 170° angles, again
one exception) arrangements, reflecting their high directionality.
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Table 1. XB interaction parameters in the studied crystal structures.

Compound C-I---0 d(---0)/A ND“ %RR? £(C-I---0)/°
)| ool c

LTEPM C9-110---C8() 3.405(12) 0.925 747 165.5(4)
C9-110--CY(m) © 3.266(13) 0.888 11.2 173.6(5)
L, TEPM-2THF C9-110--011 4 2.965(5) 0.847 15.3 170.1(3)
L, TEPM-2DMSO C9-110--023 3.013(3) 0.861 13.9 162.0(14)
C18-119--023/ 2.797(3) 0.799 20.1 170.0(14)
L TEPM 2Dioxane C1-11--01 2.773(4) 0.792 20.8 174.3(11)
C17-12--028 2.819(3) 0.805 19.5 174.4(9)

“ Normalized distance, ND = dy/(ry + 1), where dy, is the crystallographically determined XB distance, and
and ry are the van der Waals radii for the two involved atoms (I = 1.98 A,C=170A, 0 =152 A)."? Percent radii

reduction, %RR = (1 — ND) x 100. Symmetry transformations used to generate equivalent atoms:  1-x, %+y, 1.5-z.

d %er, 15-y,1-z. ¢ —%+x, —%—y, —%Jrz. fx, 14y,2.8 —%er, —2.5+y, —%+z.

3. Conclusions

The solid-state packing behavior of tetrakis(4-((trimethylsilyl)ethynyl)phenyl)methane
[TMS,TEPM] and 1,3,5,7-tetrakis(4-((trimethylsilyl)ethynyl)phenyl)adamantane [TMS4TEPA]
showed some degree of extrinsic porosity. These two molecules were converted into tecton-like
derivatives with XB capability, I;TEPM and I4TEPA, in order to investigate the power of iodoethynyl
recognition sites in the context of solid-state packing and extrinsic porosity. Our results demonstrate
that, even though I, TEPA tends not to form crystalline unary or binary solids, ; TEPM crystallizes
into porous solids in its neat form as well as with suitable co-formers. The binary systems formed with
coordinating solvents (i.e., ; TEPM-4Pyridine, ; TEPM-2THF, I, TEPM-2DMSO and I; TEPM-2Dioxane)
are prone to collapse upon solvent removal. It is therefore rational to think that I;TEPM would offer
more stable crystals if the co-formers employed are solids at ambient conditions. Efforts to explore
these new possibilities, especially utilizing molecules with tetrahedrally-disposed XB accepting sites
(e.g., tetraazaadamantane, tetrakis(4-pyridyl)cyclobutane, tetrakis(4-pyridyloxymethyl)methane) are
currently being undertaken in our lab.

4. Materials and Methods

Unless otherwise noted, all reagents, solvents and precursors (tetraphenylmethane and
1-bromoadamantane) were purchased from commercial sources and used as received, without further
purification. Nuclear magnetic resonance (NMR) spectra were recorded at room temperature on
a Varian Unity Plus (400 MHz) spectrometer (Agilent Technologies, Inc., Santa Clara, CA, USA).
Chemical shifts for "H-NMR spectra were referenced to the residual protio impurity peaks in the
deuterated solvents, while 3C{*H} NMR spectra were referenced against the solvent 13C resonances.
A Nicolet 380 FT-IR system (Thermo Fisher Scientific Inc., Waltham, MA, USA) was used for the
infrared (IR) spectroscopic analysis. Differential scanning calorimetry (DSC) and thermogravimetric
analysis (TGA) were performed on TA Q20 and TA Q50 (TA Instruments, New Castle, DE, USA),
respectively. In order to calculate the molecular surface electrostatic potentials of tetra-halogenated
TPM and TPA species, their geometries were optimized (using Spartan ‘14 software [55]) at hybrid
functional B3LYP/6-311+G** and B3LYP/6-311++G** levels of theory, respectively, and potential values
were subsequently mapped onto 0.002 au isosurface. Detailed crystallographic information about
data collections, solutions, and refinements can be found in the Supplementary Materials. Structural
visualizations and void mapping were done using Mercury software [56]. For free volume calculations,
the voids function in Mercury (with contact surface, 1.2 A probe radius and 0.2 A approximate grid
spacing) and/or the solvent-masking tool in Olex2 (with its default parameters) were employed [56,57].
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4.1. Synthesis of Tetrakis(4-bromophenyl)methane (Br4TPM)

The bromination of tetraphenylmethane was performed neat using an excess of molecular bromine.
To a 100-mL round-bottom flask containing tetraphenylmethane (2.00 g, 6.24 mmol, 1 equiv.), bromine
liquid (6.4 mL, 124.8 mmol, 20 equiv.) was added carefully at 0 °C. After attaching a water-cooled
reflux condenser, the resultant dark reddish slurry was stirred vigorously at room temperature for
one hour, and then cooled to —78 °C by using a dry ice/acetone bath. Ethanol (25 mL) was added
slowly and the reaction mixture was allowed to warm to room temperature overnight. Then, to destroy
excess/unreacted bromine, it was treated with 40% aqueous solution of sodium bisulfite (approximately
75 mL) and stirred for an additional 30 min until the orange color disappeared. The tan colored
solid was collected by filtration, washed well with distilled water (100 mL) and oven-dried at 60 °C
for five hours. This solid was further purified by re-crystallization from chloroform/ethanol (2:1),
affording tetrakis(4-bromophenyl)methane, Br4TPM, as an off-white crystalline material. Yield: 3.65 g
(5.74 mmol, 92%). TH-NMR (400 MHz, CDCl3) § (ppm): 7.39 (d, 8H); 7.01 (d, 8H). '3C-NMR (100 MHz,
CDCl3) & (ppm): 144.64, 132.57, 131.30, 121.02, 63.84. ATR-FTIR (cm~!): 3059, 1919, 1569, 1478, 1395,
1185, 1077, 1007, 948, 808, 753.

4.2. Synthesis of Tetrakis(4-((trimethylsilyl)ethynyl)phenyl)methane (TMS4TEPM)

This step involved a Sonogashira cross-coupling reaction of tetrakis(4-bromophenyl)methane
with trimethylsilylacetylene. Tetrakis(4-bromophenyl)methane (3.50 g, 5.50 mmol, 1 equiv.) and
triphenylphosphine (462 mg, 1.76 mmol, 32 mol%) were placed in a 250-mL round-bottomed flask.
Diisopropyl amine (100 mL) was added and the resulting solution was purged with dinitrogen gas
for 30 min. Then, bis(triphenylphosphine)palladium(II) dichloride (618 mg, 0.88 mmol, 16 mol%),
copper(I) iodide (168 mg, 0.88 mmol, 16 mol%) and trimethylsilylacetylene (6.2 mL, 44.0 mmol, 8 equiv.)
were added. The reaction flask was fitted to a water-jacketed condenser, cooled to —78 °C, subjected to
a brief vacuum/backfill cycle and refluxed for 24 h under nitrogen atmosphere. After removing volatile
materials in vacuo, the residue was re-dissolved in chloroform (100 mL) and filtered through a pad of
Celite, using an extra 50 mL portion of chloroform to wash the filter pad. The combined filtrate was then
washed with distilled water (2 x 25 mL) and brine (25 mL), dried over anhydrous magnesium sulfate,
and evaporated to dryness under vacuum. The crude product was flash-column-chromatographed
on silica gel using pure hexanes followed by hexanes/ethyl acetate (4:1) as eluents to obtain the title
compound, TMS4TEPM, as a pale yellowish solid. Yield: 3.30 g (4.68 mmol, 85%). TH-NMR (400 MHz,
CDCl3) & (ppm): 7.33 (d, 8H), 7.05 (d, 8H), 0.24 (s, 36H). 3 C-NMR (100 MHz, CDCls) & (ppm): 146.21,
131.59, 130.95, 121.42, 104.82, 95.00, 64.98, 0.18. ATR-FTIR (cm™1): 2957, 2157, 1496, 1405, 1247, 1187,
1019, 835, 758.

4.3. Synthesis of Tetrakis(4-(iodoethynyl)phenyl)methane (I TEPM)

The one-pot/in situ desilylative iodination (i.e., direct trimethylsilyl-to-iodo conversion) method
was employed. Acetonitrile (150 mL) was transferred into a 250-mL round-bottom flask that contained
tetrakis(4-((trimethylsilyl)ethynyl)phenyl)methane (2.50 g, 3.54 mmol, 1 equiv.). The flask was wrapped
in aluminium foil, and then silver(l) fluoride (2.70 g, 21.3 mmol, 6 equiv.) and N-iodosuccinimide
(4.78 g, 21.3 mmol, 6 equiv.) were added. It was then evacuated (while stirring), refilled with nitrogen
and stirred at room temperature for 24 h. Distilled water (200 mL) was added and the resulting
mixture was extracted with diethyl ether (4 X 50 mL). The combined organic layers were washed with
saturated sodium bisulfite (40 mL), distilled water (40 mL) and brine (40 mL), and dried over anhydrous
magnesium sulfate. The evaporation of the solvent under reduced pressure resulted in an orange
colored residue. Additional cleanup by column chromatography (silica gel, hexanes/ethyl acetate
= 9:1) gave the desired compound, I;TEPM, as a yellow solid. Crystals suitable for single-crystal
X-ray diffraction were grown from hexanes. Yield: 1.83 g (1.98 mmol, 56%). '"H-NMR (400 MHz,
CDCls) 5 (ppm): 7.32 (d, 8H), 7.06 (d, 8H). 13C-NMR (100 MHz, CDCls) 5 (ppm): 146.34, 132.04, 130.87,
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121.81, 93.87, 65.02, 7.03. "H-NMR (400 MHz, DMSO-dg) 5 (ppm): 7.37 (d, 8H), 7.04 (d, 8H). 3C-NMR
(100 MHz, DMSO-dg) & (ppm): 145.68, 131.66, 130.36, 121.08, 92.11, 64.26, 18.41. ATR-FTIR (cm™1):
2944, 2167, 1490, 1400, 1186, 1112, 1016, 955, 898, 827, 722.

4.4. Synthesis of 1,3,5,7-Tetraphenyladamantane (TPA)

In a 250-mL round-bottom flask, tert-butyl bromide (3.9 mL, 34.9 mmol, 2.5 equiv.) was added
to a solution of 1-bromoadamantane (3.00 g, 13.9 mmol, 1 equiv.) in anhydrous benzene (30 mL).
The flask was placed in an ice bath and aluminium chloride (186 mg, 1.39 mmol, 10 mol%) was carefully
charged to the chilled stirring solution. The mixture was then heated under reflux until the evolution of
hydrogen bromide ceased (the top of the condenser was connected to a gas absorption trap containing
30% aqueous sodium hydroxide). The resultant heterogeneous mixture was allowed to cool to room
temperature and filtered, and the residue was washed sequentially with chloroform (30 mL), water
(50 mL) and chloroform (30 mL). The off-white solid was further purified by washing overnight with
refluxing chloroform in a Soxhlet apparatus, which gave 1,3,5,7-tetraphenyladamantane, TPA, as a fine
white powder. Yield: 5.04 g (11.4 mmol, 82%). Mp: > 300 °C. ATR-FTIR (cm‘l): 3055, 3020, 2918, 2849,
1597, 1493, 1442, 1355, 1263, 1078, 1030, 918, 889, 844, 788, 760, 746, 699.

4.5. Synthesis of 1,3,5,7-Tetrakis(4-iodophenyl)adamantane (I4TPA)

To a 250-mL round-bottom flask containing a suspension of 1,3,5,7-tetraphenyladamantane
(4.00 g, 9.08 mmol, 1 equiv.) in chloroform (100 mL) was added iodine (5.76 g, 22.7 mmol, 2.5 equiv.).
This mixture was stirred vigorously at room temperature until the iodine fully dissolved. The flask was
flushed with nitrogen gas and bis(trifluoroacetoxy)iodo)benzene (9.76 g, 22.7 mmol, 2.5 equiv.) was
added. The resulting mixture was stirred at room temperature for 12 h. It was then filtered off, and the
collected solid was washed with an excess amount of chloroform (200 mL). The combined dark purple
filtrate was washed with 5% sodium bisulfite solution twice (2 x 50 mL), followed by distilled water
(100 mL) and saturated sodium chloride solution (100 mL). It was dried with anhydrous magnesium
sulfate and the solvent was removed under reduced pressure, which resulted in a pale-yellow solid.
After refluxing in methanol (200 mL) for 12 h, the pure compound, I;TPA, was isolated as a white
solid by filtration and air-drying. Yield: 5.91 g (6.26 mmol, 69%). TH-NMR (400 MHz, CDCl3) 5 (ppm):
'H-NMR (400 MHz, CDCl3) § (ppm): 7.67 (d, 8H), 7.18 (d, 8H), 2.06 (s, 12H). 3C-NMR (100 MHz,
CDCl3) 6 (ppm): 148.63,137.75, 127.34, 91.96, 46.92, 39.29. ATR-FTIR (em™1): 3046, 2928, 2898, 2851,
1900, 1782, 1647, 1579, 1483, 1441, 1390, 1355, 1180, 1120, 1064, 1001, 888, 819, 775, 701, 659.

4.6. Synthesis of 1,3,5,7-Tetrakis(4-((trimethylsilyl)ethynyl)phenyl)adamantane (TMS4TEPA)

As in the synthesis of TMS4TEPM, this step involved a four-fold Sonogashira cross-coupling
reaction of 1,3,5,7-tetrakis(4-iodophenyl)adamantane (I TPA) with trimethylsilylacetylene. Yield: 88%.
'H-NMR (400 MHz, CDCl3) § (ppm): 'H-NMR (400 MHz, CDCl3) § (ppm): 7.45 (d, 8H), 7.38 (d, 8H),
2.09 (s, 12H), 0.24 (s, 36H). 3C-NMR (100 MHz, CDCl3) & (ppm): 149.63, 132.29, 125.13, 121.32, 105.19,
94.20, 46.97, 39.53, 0.25. ATR-FTIR (cm™'): 3033, 2958, 2897, 2852, 2155, 1604, 1502, 1445, 1398, 1355,
1248, 1115, 1016, 859, 835, 758.

4.7. Synthesis of 1,3,5,7-Tetrakis(4-(iodoethynyl)phenyl)adamantane (I;TEPA)

The same one-pot desilylative iodination method described above for the synthesis of ; TEPM
(i.e., the direct trimethylsilyl-to-iodo transformation using silver(I) fluoride and N-iodosuccinimide)
was employed. Yield: 63%. 'H-NMR (400 MHz, CDCl3) & (ppm): 7.42 (d, 8H), 7.39 (d, 8H), 2.09 (s,
12H). 13C-NMR (100 MHz, CDCl3) 5 (ppm): 149.82, 132.64, 125.16, 121.57, 94.16, 46.88, 39.50, 6.18.
"H-NMR (400 MHz, DMSO-d) § (ppm): 7.51 (d, 8H), 7.37 (d, 8H), 2.00 (s, 12H). 3C-NMR (100 MHz,
DMSO-dg) & (ppm): 150.14, 131.74, 125.48, 120.50, 92.59, 45.48, 38.95, 17.02. ATR-FTIR (em™1): 3033,
2919, 2896, 2849, 2165, 1908, 1701, 1603, 1501, 1439, 1355, 1241, 1176, 1115, 1016, 837, 822, 769, 693.
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4.8. Synthesis of s TEPM-4pyridine

In a 2-dram glass vial, ;TEPM (10 mg, 0.011 mmol) was dissolved in 0.5 mL of pyridine. This open
vial was placed in a second larger container (50-mL glass jar) containing 10 mL of pyridine/methanol
(1:4) mixture. The outer container was then closed/sealed, and the apparatus was kept at ambient
conditions to allow the vapor from methanol (anti-solvent) to diffuse into the sample solution. When
the total volume of the inner vial became ~3 mL, it was taken out and, after partially tightening the lid,
left undisturbed at ambient conditions to allow the solvents to evaporate slowly. Colorless/pale-yellow
crystals were observed after few days. ATR-FTIR (cm‘l): 3032, 2923, 2851, 2158, 1909, 1587, 1493, 1438,
1405, 1210, 1185, 1147, 1066, 1017, 997, 955, 827, 745, 699.

4.9. Synthesis of L, TEPM-2THF

In a 2-dram glass vial, ;TEPM (10 mg, 0.011 mmol) was dissolved in 1 mL of tetrahydrofuran.
After adding 1 mL of methanol, the vial (with a partially-tightened screw cap) was left undisturbed at
ambient conditions to allow the solvents to evaporate slowly. Colorless/pale-yellow crystals suitable
for single-crystal X-ray diffraction were observed after few days. ATR-FTIR (cm™!): 2974, 2865, 2165,
1684, 1588, 1494, 1423, 1404, 1365, 1190, 1115, 1044, 1018, 884, 830, 809.

4.10. Synthesis of ;TEPM-2DMSO

In a 2-dram glass vial, ; TEPM (10 mg, 0.011 mmol) was dissolved in 0.5 mL of dimethyl sulfoxide.
The vial (with a partially-tightened screw cap) was then allowed to stand at room temperature for
one week, during which time colorless/pale-yellow crystals suitable for single-crystal X-ray diffraction
were appeared. ATR-FTIR (cm™"): 3032, 2986, 2908, 2160, 1494, 1429, 1398, 1308, 1186, 1113, 1039, 1014,
945, 826, 697.

4.11. Synthesis of 4s;TEPM-2dioxane

In a 2-dram glass vial, L,TEPM (10 mg, 0.011 mmol) was suspended in 0.5 mL 1,4-dioxane.
After adding a few drops of methylene chloride, the vial was sealed and heated to obtain a clear
solution. Colorless/pale-yellow crystals suitable for single-crystal X-ray diffraction were harvested by
slow evaporation. ATR-FTIR (cm™'): 2958, 2906, 2851, 2171, 1490, 1448, 1401, 1369, 1288, 1252, 1186,
1113, 1077, 1016, 976, 866, 829, 735.

Supplementary Materials: NMR and IR spectra, and crystallographic data are available online at http://www.
mdpi.com/2624-8549/2/1/11/s1. The crystallographic data for this paper (CCDC 1971906-1971911) can also be
obtained free of charge via www.ccdc.cam.ac.uk/data_request/cif, or by emailing data_request@ccdc.cam.ac.uk, or
by contacting The Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax: +44
1223 336033.
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Abstract:  Using cobalt(I) as a metal centre with different solvent systems afforded
the crystallization of isomorphous metal-organic frameworks ({[Co(34pba)(44pba)]-DMF},
(1) and {[Co(34pba)(44pba)]-(C3HsO)}n (2) from mixed 4-(4-pyridyl)benzoate (44pba) and
3-(4-pyridyl)benzoate (34pba) ligands. Zinc(Il) under the same reaction conditions that led to the
formation of 1 formed an isostructural {{Zn(34pba)(44pba)]-DMF}, framework (3). Crystal structures
of all three MOFs were elucidated and their thermal stabilities were determined. The frameworks of
1, 2, and 3 were activated under vacuum to form the desolvated forms 1d, 2d, and 3d, respectively.
PXRD results showed that 1d and 2d were identical, consequently, 1d and 3d were then investigated
for sorption of volatile organic compounds (VOCs) containing either chloro or amine moieties.
Thermogravimetric analysis (TGA) and nuclear magnetic resonance (NMR) were used to determine
the sorption capacity and selectivity for the VOCs. Some sorption products of 1d with amines
became amorphous, but the crystalline framework could be recovered on desorption of the amines.
Investigation of the sorption of water (H,O) and ammonia (NHj3) in 1d gave rise to new phases
identifiable by means of a colour change (solvatochromism). The kinetics of desorption of DMEF,
water and ammonia from frameworks 1d and 3d were studied using non-isothermal TGA. Activation
energies for both cobalt(Il) and zinc(Il) frameworks are in the order NH3 < H,O < DMF, with values
for the 1d analogue always higher than those for 3d.

Keywords: metal-organic frameworks; vapour sorption; solvatochromism; desorption kinetics

1. Introduction

Volatile organic compounds (VOCs) are organic compounds with an appreciable vapour pressure
at ambient temperature. They include naturally occurring and synthetic compounds and range in
effect from harmless to toxic. Some VOCs have been shown to have malodorous, mutagenic or
carcinogenic properties [1-3] and some have been implicated in causing air pollution, particularly in
developing countries [4], and are partly responsible for the generation of photochemical ozone and
smog precursors. They are thus considered as harmful pollutants [2,3]. Some industrial manufacturing
processes, as well as the use of manufactured materials, can increase the emission of VOCs into the local
environment [5,6]. As a consequence, the development of effective technologies to mitigate the emission
of VOCs has received increasing attention [1]. Some reports have shown promising removal and
recovery methods of VOCs from air and water through adsorption processes [7-9]. Solid adsorbents
have been shown to be superior compared to other techniques of decontamination of air or water,
owing to their relative low cost, wide range of applications, simplicity of design, easy operation, low
harmful secondary products and the feasible regeneration of these solid adsorbents [10]. Traditional
solids adsorbents such as zeolites and activated carbon (AC) can be used for sorption purposes but
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they have shortcomings such as low surface area and the requirement of high temperature for their
synthesis and regeneration [11,12]. Recent reports have shown that metal-organic frameworks (MOFs)
have higher adsorption capacities and lower energy costs for regeneration [4,10,12].

Porous MOFs are crystalline frameworks with a wide range of possible configurations arising
from the coordination of metal centres or clusters and organic linkers. MOFs can be designed to
have high surface areas [10,13-15], easy functionalization, and tunable porosities, making them
preferable to zeolites and activated carbon for many applications. Additionally, the coexistence of
inorganic (hydrophilic) and organic (hydrophobic) moieties in MOFs structure may offer control of their
interaction with guest molecules [4]. Thus, MOFs are of interest for a wide range of applications such as
gas sorption [4,7,16], storage [17], separation [18-21], and sensing [22-25]. The choice of organic linker
is key to MOF properties. The most commonly used linkers are those that can coordinate to metal ions
via oxygen or nitrogen donors. Prior studies in our laboratories [19] and elsewhere [26] have shown
that combining carboxylate and pyridyl or triazole aromatic rings allows dynamic rotation between the
aromatic rings which in turn generates flexible MOFs. This is a key feature for their selective sorption
capacity [19,26]. The recognition of chemical information by an adsorbent MOF may be characterised by
colour change known as chromism [27,28], or reversible change in structure size known as a breathing
phenomenon [19,23]. The latter has been observed in both single ligand MOFs such as [Zn(34pba), ], as
well as in a mixed ligand MOF [Cd(34pba)(44pba)],; where the channels react to stimuli caused by the
temperature and size of the entering molecules such as alkyl alcohols, N,N-dimethylformamide (DMF)
and N,N-dimethylacetamide (DMA) [19,26]. However, it can be difficult to characterise the sorbed
product due to a loss of crystallinity after removal or inclusion of guests [27,29-31]. Furthermore,
the selective sorption capacity for VOCs such as chlorinated solvents and amines are rarely investigated.
In this paper we report the synthesis of three-dimensional isomorphous and isostructural MOFs from
cobalt(II) and zinc(II) with two related ligands, 3-(4-pyridylbenzoate) (34pba) and 4-(4-pyridylbenzoate)
(44pba). These non-interpenetrated frameworks retain the framework structure and crystallinity on
activation under vacuum. Their sorption capacity for amines and chlorinated solvents was investigated,
as was their relative selectivity for sorption of chlorinated VOCs.

2. Materials and Methods

All chemicals were obtained from commercial sources and were used without further purification.
{[Co(34pba)(44pba)]-DMF}, (1), {[Co(34pba)(44pba)]-(C3H¢O)}n (2), and {[Zn(34pba)(44pba)]-DMF}, (3)
(44pba = 4-(4-pyridyl)benzoate and 34pba = 3-(4-pyridyl)benzoate) were solvothermally synthesized as
detailed in Table 1. Compounds 1, 2, and 3 were activated at 210 °C under vacuum for 6 h which resulted
in 1d, 2d, and 3d, respectively. The activated samples were placed in narrow vials which were placed
into larger vials containing VOCs and sealed to allow vapour sorption at room temperature (r.t., ca.
25 °C) for between one day and two weeks. The VOCs selected for study were dichloromethane (DCM),
chloroform (CHCI3), chlorobenzene (ClBenz), water, ammonia, methylamine (MeNH,), 1-propylamine
(PropNHy), 1-butylamine (ButNH;), benzylamine (BzNH;), and 1-phenylethylamine(PhEtNHy).
The regeneration of the activated sorbents was carried out using the same conditions as for activation.

Table 1. Experimental conditions for the synthesis of 1, 2, and 3.

Metal Salt Ligands Solvent System Conditions
CoCl,-6H,O 34pba/44pba DME(6 o
1 (6 mg, 0.03 mmol) (10 mg, 0.050 mmol each) mL)/Ethanol (2 mL) 120 °C for 3 days
CoCl,-6H,O 34pba/44pba Acetonitrile(6 o
2 (6 mg, 0.03 mmol) (10 mg, 0.050 mmol each)  mL)/water (2 mL) 120 °C for 3 days
3 Zn(NO3)-6H,O 34pba/44pba DME(6 120 °C for 3 days

(30 mg, 0.13 mmol) (40 mg, 0.20 mmol each) = mL)/Ethanol (2 mL)
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Competitive sorption for chlorinated solvents was performed by placing equivalent volumes of
two different solvents into a large vial and the relevant activated MOF into a small vial. The latter was
then placed into the large vial and sealed for two days for the sorption of the vapours.

2.1. Thermogravimetric Analysis (TGA) and Differential Scanning Calorimetry (DSC)

Thermogravimetric analysis (TGA) was performed using a TA Instrument TA-Q500 on 1-2 mg
samples in open platinum pans under nitrogen gas flow (50 mL min~!) at a heating rate of 10 °C min~"
within the temperature range 25-500 °C. The onset temperature for guest loss was determined using
Differential scanning calorimetry (DSC). Samples of mass 1-2 mg were placed in aluminium pans with
ventilated lids and heated at 10 °C min~! using a TA Instrument DSC-Q200 under nitrogen gas flow
(50 mL min™1).

2.2. Infrared Spectroscopy

IR spectra were measured on a PerkinElmer Spectrum Two FTIR spectrometer equipped with an
ATR Diamond accessory for powder samples. Samples were scanned over a range of 400-4000 cm™.

2.3. Nuclear Magnetic Resonance (NMR)

Solids containing the guest species were soaked into DMSO-dg and heated in order to release the
guests into the solution for the NMR analysis. 'H NMR spectra were recorded in DMSO-d solution
using a BRUKER 300 MHz spectrometer at 303 K. Appropriate signals were integrated to determine
the ratio of the respective guests in the MOFs.

2.4. Powder X-ray Diffraction (PXRD)

Powder X-ray diffraction (PXRD) patterns were measured on a Bruker D8 Advance X-ray
diffractometer operating in a DaVinci geometry equipped with a Lynxeye detector using CuK«-radiation
(A = 1.5406 A). X-rays were generated at 30 kV and 40 mA. Samples were placed on a zero-background
sample holder and scanned over a range of 4-40° in 26.

2.5. Crystal Structure Determination

Single crystals of good quality were selected using optical microscopy under plane-polarized
light. Intensity data were recorded on a Bruker KAPPA APEX II DUO diffractometer using
graphite monochromated Mo-Ku radiation (A = 0.71073 A) at 100 or 173 K. Data were corrected
for Lorentz-polarization effects and for absorption (SADABS) [32]. The structures were solved by
direct methods in SHELXS and refined by full-matrix least-squares on F? using SHELXL [33] within the
XSEED [34] interface. The non-hydrogen atoms were located in difference electron density maps and
were refined anisotropically while hydrogen atoms were placed in calculated positions and refined
with isotropic temperature factors. Details of crystal structure refinements are given in Table 2 and
Table S2.

205



Chemistry 2019, 1

Table 2. Crystallographic information for compounds 1, 2, and 3.

Compound 1 2 3
Formula C27H23C0N305 C27H22C0N205 C27H23N305ZI‘1
Mass (g-mol 1) 528.41 513.39 534.85
Crystal size (mm?) 0.080 x 0.10 x 0.11  0.030 x 0.060 x 0.090 0.030 x 0.030 x 0.090
Crystal system Monoclinic Monoclinic Monoclinic
Space group P24/c P24/c P2q/c
a(Ad) 9.203(2) 10.068(4) 9.339(1)
b (A) 17.823(4) 15.632(5) 17.678(3)
cA) 14.718(3) 15.399(5) 14.735(2)
B () 92.75(3) 98.588(7) 93.189(5)
V (A3) 2411.3(8) 2396.4(1) 2428.84(7)
T (K) 100(2) 100(2) 173(2)
z 4 4 4
D, (g-cm™3) 1.456 1.423 1.463
n(Mo—Ka) (mm™1) 0.756 0.757 1.055
F(000) 1092 1060 1104
Range scanned, 6 (°) 1.80-28.34 1.87-25.09 1.80-27.58
No. reflections collected 22,928 18,219 22,013
No. unique reflection 5981 4250 5584
No. reflections with I > 20(I) 4089 2860 3713
Parameters/restraints 327/0 318/0 327/0
Goodness of fit, S 1.034 1.024 1.006
Final R indices (I > 20(I)) 0.0859 0.0899 0.0867
Final wR2 (all data) 0.1198 0.1248 0.1107
Min, max e~ density (e A-3) 0.414, -0.417 0.653, —0.455 0.421, —0.443

3. Results and Discussion

The frameworks in 1, 2, and 3 are identical in terms of connectivity and geometry, with the
asymmetric unit consisting of a metal ion (Co?* in 1 and 2, Zn?* in 3) bound to one 34pba and one
44pba linker. A centre of inversion generates a dinuclear secondary building unit (SBU) in which
the two metal ions are connected by two bridging 34pba linkers through carboxylate groups while
each metal ion is also coordinated to one 34pba and one 44pba through the pyridyl-N and to a 44pba
through a bidentate carboxylate. The extension of this SBU through space gives rise to a double-walled
network of bcu topology where each side of the square channels consists of a 34pba and a 44pba linker
(Figure 1 and Table 2) [26]. Hour-glass shaped channels running parallel to [100] contain DMF (1 and 3)
or acetone (2) guest molecules. The presence of acetone in 2 was unexpected as a mixture of acetonitrile
and water had been used to prepare this compound. Conversion of acetonitrile to acetone is likely to
proceed via hydrolysis to acetic acid [35] followed by ketonization to form acetone [36,37]. There are
weak hydrogen bonds between the guest oxygens and the aromatic walls of the MOE. While 1 and 3
are isostructural, the structure of 2 is subtly different. Torsion angles indicate that the rings of both
linkers are twisted slightly more away from coplanar in 2 than in 1 or 3, while the orientation of the
carboxylate groups is closer to coplanar with the aromatic ring in 2 than in the other compounds (see
Figure S1 and Table S1 in ESI). The effect of these small changes is a lengthening of unit cell axes a and
¢ while axis b shortens, but without changing the symmetry or space group. It is likely that the guest
influences this change through the flexibility of the bent 34pba and linear 44pba linkers which allow a
hinge-like expansion or contraction of the guest-accessible void [26].
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Figure 1. (Top) Coordination geometry and SBU in 1. (Bottom) Packing diagrams of 1 (left) and 2
(right) showing the interactions between guest molecules and walls of the metal-organic frameworks
(MOF).

The measured PXRD patterns in Figure 2 show the similarity of 1, 2, and 3 frameworks which
matched well to the patterns calculated from single crystal structures. However, compound 2 had a
small peak at 8.9° instead of 9.4° as for 1. There are subtle differences in the pattern for 2 compared
to those for 1 and 3, for example, the shift in peaks at positions 12° and 21°. This dissimilarity could
reflect the difference in the crystallographic data explained above. However, the activated forms of
both 1d and 2d were the same after the removal of guest solvents. All activated forms 1d, 2d, and 3d
(d: Activated) retained their crystallinities with a slight shift of peaks (except 3d) to higher 26 values
which corresponds to a small decrease in interplanar spacing in the frameworks after guest removal.
Hence, these compounds were stable after removal of guest molecules which is not observed in all
MOFs [27,29,30].
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Figure 2. PXRD patterns for 1, 2, 3, 1d, 2d and 3d and their corresponding dry forms compared to their

calculated patterns.

Carbonyl stretches in the FTIR spectra (Figure 3) confirm the presence of DMF (in 1 and 3) at
1678 cm™! and acetone (in 2) at 1713 cm™~!. The removal of these guest solvents was confirmed by the
absence of these bands in the spectra of 1d and 3d. The spectra of the activated forms were similar to

one another as expected from the PXRD analysis.
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Figure 3. Infrared spectra of 1, 2, 3, 1d, and 3d showing functional groups of guest molecules and

coordination modes.

Thermogravimetric analysis (TGA) and DSC are shown in Figure 4. The weight loss of 14.1%
between 120 and 216 °C in 1 was assigned to the removal of one DMF molecule (calculated 13.8%).
This was characterised by a broad endothermic peak from 115-280 °C in the DSC. MOF 2 shows a total
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complex weight loss of 24.5%. The corresponding DSC trace shows an endothermic peak between 110
and 150 °C, followed by a small exotherm and a broad endothermic peak between 160 and 250 °C.
It is possible that the removal of the acetone guest overlaps with the decomposition of the framework.
This is contradictory to the PXRD evidence that the framework is robust. It is more likely therefore that
the bulk sample selected for thermal analysis may contain a mixture of crystalline forms, only some
of which correspond to the MOF characterised by crystal structure elucidation. An observed weight
loss of 12.7% for 3 in the range of 120 and 216 °C was attributed to the removal of one DMF molecule
(calculated 13.7%). The corresponding DSC curve shows a broad endothermic process between 130
and 260 °C. The TGA traces for 1d, 2d, and 3d show no mass loss before 300 °C, indicating the solvent
has been removed from the framework.

120°C 2100C 300°C (a)

DA

Weight loss (%)

30

T T T T 1
100 200 300 400 500

Temperature (°C)

02 (b)

I3
=)

-0.7
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11 277

T T T T
0 100 200 300 400

Temperature (OC)

Figure 4. (a) TGA curves for 1, 2, 3, 1d, 2d, and 3d (b) DSC curves showing the process of the removal
of guest molecules and decomposition of the framework.
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3.1. Sorption of VOCs by Activated MOFs

To test the potential of these MOFs to serve as sorbents for pollutants, we carried out vapour
sorption experiments using a series of chlorinated volatile organic compounds (VOCs) and another
series of volatile amines. Sorption of water and of ammonia were also studied. Sorption experiments
were carried out using activated samples of the Co-MOF (1d) and Zn-MOF (3d).

Sorption of chlorinated VOCs dichloromethane (DCM), chloroform (CHCl3) and chlorobenzene
(ClBenz) were achieved in a single crystal to single crystal manner, which allowed the elucidation of
these crystal structures (Table S2 and Figure 5). The guests are stabilized in place by a number of weak
interactions, including Cl---7, and C—H---7t interactions and, in the case of chlorobenzene, through
-7 interactions with the walls of the MOE. Comparable interactions have been observed in similar
systems [38,39]. PXRD patterns (Figure S2a,b) of the phases obtained by vapour sorption of all tested
chlorinated VOCs into 1d or 3d are unchanged from the starting activated phases, thus confirming the
robustness of the retained framework structure [40].

1dCHCls 1dClBenz

Figure 5. Inclusion of dichloromethane, chloroform and chlorobenzene into MOF 1d.

The extent of selectivity in 1d and 3d was investigated from binary mixtures of the same
chlorinated VOCs. Table 3 presents the solvent ratios obtained from the integration of relevant NMR
peaks (Figure S5) from the competition studies. For 1d, a mixture of DCM and chloroform were taken
up without selectivity, while 3d exposed to the same mixture selectivity absorbed DCM. Both MOFs
selected DCM and chloroform over chlorobenzene from these respective binary mixtures. On the other
hand, DCM was selectively sorbed 8.3 times over chlorobenzene. It should be noted that no attempt
was made to compensate for differences in vapour pressure, and that the more volatile solvent was
absorbed in each case, in contrast to a previous study carried out in our laboratory [19].

Table 3. Selectivity of 1d and 3d for chlorinated volatile organic compounds (VOCs).

1d Mole Ratio of VOCs in 1d ? Selectivity (Major Component)
DCM/Chloroform 1:1 none
DCM/Chlorobenzene 8.3:1 DCM
Chloroform/Chlorobenzene 10:1 Chloroform

3d Mole Ratio of VOCs in 3d Selectivity (Major Component)
DCM/Chloroform 1.3:1 DCM
DCM/Chlorobenzene 1:0 DCM
Chloroform/Chlorobenzene 3:1 Chloroform

@ Determined by NMR (Figure S5).
1d and 3d show similar sorption trends for chlorinated VOCs as well as a series of volatile amines

(Figure S3). Table 4 lists the VOC sorption results for 1d and 3d. PXRD traces for sorbed complexes
are shown in Figure S2. The loading values were calculated from TGA analysis (Figure S4) and
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compared to theoretical maximum loading capacities. The loading capacity (L) is calculated from
the crystallographically derived void volume and the liquid density of the respective solvents. The
maximum loading capacity (ML) for the empty networks was estimated from

ML, = (solvent accessible void volume)/(Z X molecular volume). 1)

Table 4. Uptake of selected solvents by the activated phases 1d and 3d.

Experimental Temperature Loading Capacity, L (x in Proposed % Loadin
vocC Mass Loss, Range of Mass Formula: {{[M(34pba)(44pba)]-x ML, Ca acityg
TGA (%) Loss (°C) Solvent},) p

1d

DCM 14.0 60-154 0.9 13 69
CHCl3 17.1 118-285 0.8 1.0 80
ClBenz 13.0 87-264 0.6 0.8 75
H,O 15.4 60-134 4.6 4.6 100
NH; 12.9 60-150 4.0 35 114
MeNH, 26.1 30-220 52 1.9 273
PropNH, 33.4 30-220 39 1.0 390
ButNH, 31.0 30-220 2.8 0.8 350
BzNH, 52.0 65-260 4.6 0.8 575
PhEtNH;, 9.7 170-310 0.4 0.7 57
3d

DCM 11.0 88-220 0.7 1.4 50
CHCl; 13.3 110-232 0.6 1.1 55
ClBenz 11.0 61-252 0.5 0.8 63
H,O 12.9 73-155 3.8 4.8 79
NH; 12.5 59-127 3.9 3.6 108
MeNH, 18.2 30-280 3.3 1.9 174
PropNH, 18.4 30-263 1.8 1.0 180
ButNH, 292 50-290 2.6 0.9 289
BzNH, 36.0 88-290 2.4 0.8 300
PhEtNH, 8.4 77-290 0.3 0.7 43

The solvent-accessible void volume of 1d and 3d were estimated using Mercury with a probe
radius of 1.2 A and a grid step of 0.2 A and were found to be 549.0 and 571.4 A% per unit cell
respectively [41].

For the chlorinated solvents, the loading capacity (L.) in the proposed formula {[M(34pba)(44pba)]-x
solvent}, for both systems is lower than the maximum loading capacity. For each individual solvent,
the sorption is higher for 1d than for 3d.

Water is taken up to near full capacity by both 1d and 3d, with little disruption of the framework.

To test the potential of these compounds as sorbents for amines, the activated MOFs 1d and
3d were exposed to the vapours of a series of amines, viz. ammonia (NH3), methylamine (MeNH,),
propylamine (PropNH;), 1-butylamine (ButNH;), benzylamine (BzNH,) and phenylethylamine
(PhEtNH,), Table 4, Figures S2 and S3. The crystal quality of the resultant compounds was too poor to
allow full structural characterisation.

For all amines except phenylamine, the loading capacity of 1d exceeds the maximum calculated
from simple molecular volumes. Complexes also become amorphous. To further understand this, we
exposed 1d to benzylamine (BzZNH;) and found that the material remained crystalline until a mass loss
of 40% was recorded. Subsequent desorption of the BZNH, from amorphous 1dBzNH; under vacuum
recovered crystalline 1d (Figure S9). In 3d on the other hand, while the loading values obtained were
again higher than the calculated maximum, the compounds retained their crystallinity but show some
differences in phase in their PXRD traces. As with the chlorinated solvents, the amount sorbed by 1d is
greater than that for 3d.
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Amines are capable of hydrogen bonding, hence stronger intermolecular interactions, than
chlorinated VOCs, which may allow them to pack more compactly into the channels, and to interact
strongly with the internal surfaces of the MOFs, leading to higher loading values [39,42] and phase
changes [43-45]. For benzylamine in particular, the MOFs took up a large amount, which could
be attributed to aromatic stacking between BzZNH; and the aromatic rings in the MOF walls [46].
The lower sorption capacity for PhEtNHj is the result of steric effects and lower polarity. No tests for
selectivity among amine VOCs were performed.

3.2. Solvatochromism

Their PXRD patterns (Figure 6) show that the sorption of H,O and NH3 by 1d formed new
phases (1dw and 1dNHj3, respectively) with noticeable colour changes from red to khaki (Figure 7).
Upon desorption, both 1dw and 1dNHj3 resulted in purple powder phases, which are amorphous
(1dwTG and 1dNH;3TG). However, the crystallinity, as well as their khaki colours, were restored after
reabsorption (1dwTGw and 1dNH3TGNH3). Solvatochromism in MOFs has been reported to be the
result of the supramolecular interactions such as hydrogen bonding and/or the coordination of the
solvent molecules to the metal centres in the frameworks [27,44,47]. These interactions affect the energy
associated with d-d transitions resulting in visible colour changes [27,39].

—— 1dNH3TGNH3
E — 1dwTGw
—— 1dNH3TG
— 1dwTG
—— 1dNH3
> — 1dw
= —1d
=
a
E
o
B
=
é L AAAA A V.
A A
T T T T
10 20 30 40

26

Figure 6. PXRD patterns for reversible sorption for ammonia, and H,O by 1d.
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Figure 7. Reversible sorption of HyO and NHj in 1d and associated colour changes.
3.3. Kinetics of Desorption from 1 and 3

TGA may be used to determine the activation energy (Ea) of the guest desorption process. We used
the Ozawa model-free method [48] to study the removal of guests DMF, NHj3, and H,O for both
systems reported here. Samples of mass 1-2 mg were heated at different heating rates (5, 10, 20,
and 30 °C min~') in order to determine the activation energy associated with the removal of guest
molecules from 1, 3, 1dw, 3dw, 1dNH3, and 3dNH3 (Figure S7). Percentage mass losses along with
the corresponding temperature at each heating rate were used to determine the activation energy (E,)
according to the equation:

108B o = 10g(A« Fan/g(0)R) — 2.315 — 0.457(Ea/RT ) )

where (3« is the heating rate, Ay is the frequency factor, E,« is the activation energy, T« is the
temperature at each conversion level, and g(«x) refers to the kinetic model. Figure S8 presents the plots
of logp « versus reciprocal absolute temperature (in the form of 1000/T K~1). Equating the slope to
—0.457(E./RT) allows one to calculate the activation energies, which are given in Table 5.

Table 5. Activation energy associated with removal of guest molecules.

Ea (k] mol-1)

Mas(i/l;oss DMF from DMF from H,O from H,O from NH; from NH; from
° 1d 3d 1dW 3dW 1dNH;3 3dNH;3
20 74.77 68.77 77.3 64.78 65. 10 58.46
40 75.31 66.50 72.59 57.35 67.8 59.39
60 72.77 70.57 75.24 65.23 68.61 62.01
80 77.30 64.08 74.75 68.38 68.77 62.01
Mean 75.04 +1.68 6748 +2.81 7497+193 63.94+4.67 67.57+1.70 60.47 +1.82

The activation energies determined for desorption from 1d are higher than the corresponding
desorption from 3d. This may be attributed to the difference in the metal centre as well as the
solvent-accessible volume of the channels, viz. 549.0 A3 in 1d and 571.4 A3 in 3d, as the size of the
cavities influences the supramolecular interactions possible between host and guest [47,49]. Activation
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energies associated with the desorption of DMF and H,O are similar to one another but are higher than
that of NHj;. Higher activation energies are generally associated with stronger host-guest interactions.
The activation energies for desorption of DMF from 1d and 3d are comparable to those reported for
the related MOF {[Co(34pba),]- DMF},, [47], while the average activation energies for the desorption of
H,O for 1d and 3d are also comparable to those reported for [Co(34pba),] isomers and chromium(III)
terephthalate (MIL-101) [27,50]. There are no previous reports of desorption of ammonia from MOFs,
so we compared our values to those reported for the desorption of NH3 from Brensted acid sites
in zeolite ZSM-5 derivatives [51], which were found to have activation energies between 50 and
60 k] mol~!. Activation energies determined in this study are of the same order of magnitude,
suggesting that intermolecular interactions such as hydrogen bonding with the channel walls are of
approximately the same strength as those in the zeolite.

4. Conclusions

The coordination of two pyridylbenzoate ligands to cobalt(Il) and zinc(II) metal centres formed
isostructural {[Co(34pba)(44pba)]-DMF};, (1) and {[Zn(34pba)(44pba)]-DMF},, (3) compounds. Using an
acetonitrile/water mixture instead of a DMF/ethanol solvent system led to a framework isomorphous
to 1, {[Co(34pba)(44pba)]-(C3HeO)}n (2) where acetonitrile had undergone hydrolysis and ketonization
to produce the guest acetone (C3HgO). These MOFs retain their phase and crystallinity (1d and
3d) after the removal of guest molecules under vacuum. Both 1d and 3d took up chlorinated and
amine VOCs and showed potential selectivity in the sorption of binary chlorinated solvent mixtures,
with preference for dichloromethane and chloroform. The activated MOFs had a higher sorption
capacity for amine VOCs, which was attributed to their stronger intermolecular interactions with
the framework. The sorption of chlorinated VOCs did not affect the crystallinity of the frameworks
while some amine VOCs led to new phases in 3d and amorphous phases in 1d. The crystalline phase
1d could be recovered from these amorphous phases on desolvation under vacuum. Characteristic
solvatochromism was observed in 1d on sorption of water or ammonia. The desorption of these two
guests led to a new phase, which was reversible for both colour and crystallinity. The activation energy
associated with the removal of DMF, H,O, and NHj3 from MOFs 1d and 3d was determined and found
to be comparable with previous systems studied. This study shows the potential of the synthesised
MOFs having selectivity to take up guest molecules and undergo colour changes depending on the
chemical and physical properties of the guest molecules. Therefore, studies on these MOFs for sensing
and separation applications are ongoing.

Supplementary Materials: Supplementary data (crystal structure data, PXRD, thermal analysis, NMR) are
available online at http://www.mdpi.com/2624-8549/1/1/9/s1. Crystallographic data for this paper have been
deposited with the CCDC, accession numbers 1935229-1935234. These data can be obtained free of charge via
www.ccde.cam.ac.uk/data_request/cif or by emailing data_request@ccdc.cam.ac.uk.
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Abstract: A typical approach of a multicomponent crystal design starts with a retrosynthetic analysis
of the target molecule followed by a one-pot reaction of all components. To develop protocols for
multicomponent crystal syntheses, controlled stepwise syntheses of a selected crystalline ternary
multicomponent system 1 involving 2-methylresorcinol (MRS), tetramethyl-pyrazine (TMP), and
1,2-bis(4-pyridyl)ethane (BPE) are presented. The obtained binary cocrystals 2 (involving MRS and
TMP) and 3 (involving MRS and BPE) as well as the final resulting ternary multicomponent system 1
were characterized by X-ray analysis.
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1. Introduction

Polymorphism and cocrystallization are tools to add or enhance desirable properties of crystalline
products [1-3]. The developments in this field in recent years have enabled more carefully tunable
properties [4]. The tunability of the properties of (co)crystalline systems is of much importance,
especially in the fields of pharmacy and medicine [5-7]. By introducing various coformers, factors
like solubility, stability, bioavailability, or tolerability of active pharmaceutical ingredients can be
influenced [8-10]. A better understanding of the driving force behind the genesis of molecular
aggregation processes in the solid state can therefore be helpful to increase the efficiency of the synthesis
of such crystalline products. Steed et al. have explained that asymmetry of crystalline structures
can be exploited to purposefully produce medically relevant cocrystals [11]. While binary cocrystals
have been focused on more commonly, less attention has been imposed on higher multicomponent
systems like ternary [12], or even quaternary and quintenary [13] structures. In contrast to a well
thought out stepwise multistage organic synthesis, a typical approach of a multicomponent crystal
design starts with a retrosynthetic analysis of the target molecule followed by a one-pot reaction
of all components in solution or solid state. To develop sophisticated and reliable protocols for
multicomponent crystal syntheses, the complex modular assembly processes must be investigated
by analysis of a hierarchy of intermolecular interactions and the molecular environment of involved
components on each aggregation step [14].

In recent years, the group of Desiraju proposed that differing structural environments in the
(n = 1)-multicomponent systems could lead to a state in which the incorporation of a new coformer
would be more favourable for the overall structure [13]. Furthermore, Nangia and Bolla have
confirmed that when using geometrically similar (in regards to size, planarity, etc.) heterosynthons,
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the formation of multicomponent crystals could simply be predicted by the strongest hydrogen bond
former interactions, showing the importance of the kinetic effect [15]. Results presented by Aakerdy
and Gunawardana also lay an emphasis on the geometric environment of (n — 1)-crystal systems as
crucial for the formation of higher component products [16].

Hence, in this contribution, in contrast to a one-pot synthesis, the controlled stepwise syntheses of
a selected crystalline ternary multicomponent system is presented. The mechanism of the formation
of multicomponent cocrystals could be figured out based on the analysis of molecular arrangement
in solid state of the selected components. The binary cocrystals as well as the final resulting ternary
multicomponent system were characterized by X-ray analysis.

For this, 2-methylresorcinol (MRS) formation capabilities in conjunction with the N-bases
tetramethylpyrazine (TMP) and 1,2-bis(4-pyridyl)ethane (BPE) (Scheme 1) were investigated, using
neat, drop-, or liquid-assisted grinding techniques. Additionally, sequential and one-pot reactions
were performed. The obtained crystalline products were characterized using Powder X-ray Diffraction
(PXRD) and single crystal structure analysis.

HO OH N

X

7

N
2-Methylresorcinol T : 1,2-Bis(4-pyridyl)ethane
etramethylpyrazine > pyridy
(MES) (TI\ZI?)Y (BPE)
C

Scheme 1. Selected compounds.
2. Materials and Methods

By varying the component ratios or the solvent during the grinding experiments, it was possible
to access cocrystals of A:2B 3 and A:C 2 as well as the ternary cocrystal 2A:2B:C 1. Modified parameters
include the ratio of the used components; grinding conditions like neat, drop-, or liquid-assisted
grinding; and the choice of the solvents tetrahydrofuran vs. n-hexane. Only liquid-assisted grinding
experiments in the presence of tetrahydrofuran were successful. Modification of the grinding conditions
or the usage of n-hexane resulted in the observation of physical component mixtures. The experiments
were either done as one-pot reactions of three components or by adding a component to sequentially
synthesized and characterized binary cocrystals (Scheme 2).

PXRD was performed on each of the received crystalline products. Furthermore, single crystalline
entities suitable for X-ray structure analysis of these multicomponent crystals was grown from solution
(Table 1).

Preparation of 2: 1 mmol of A and 2 mmol of B were placed in a mortar. Ten drops of
tetrahydrofuran (THF) were added, and the resulting mixture was ground for 5 min. The resulting
powder was characterized by PXRD.

Preparation of 3: 1 mmol of A and C, respectively, were placed in a mortar. Ten drops of THF
were added, and the resulting mixture was ground for 5 min. The resulting powder was characterized
by PXRD.
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Preparation of 1:

One-pot synthesis: 2 mmol of A, 2 mmol B, and 1 mmol C were placed in a mortar and pestle.
Ten drops of THF were added, and the resulting mixture was ground for 5 min. The resulting
powder was characterized by PXRD.

From 2: The latter was prepared in the previously mentioned way and identified as 2 by PXRD.
The powder of 2 was placed in a mortar, and 1 mmol of A and 1 mmol of C and 10 drops of
THF were added to the mixture. It was then ground for 5 min. The resulting powder was
characterized by PXRD.

From 3: The latter was prepared in the previously mentioned way and identified as 3 by PXRD.
The powder of 3 was placed in a mortar, and 1 mmol of A and 2 mmol of B and 10 drops of
THF were added to the mixture. It was then ground for 5 min. The resulting powder was
characterized by PXRD.

From the physical mixture of B and C: 1 mmol of each were put in a mortar. 10 drops of THF
were added, and the mixture was ground for 5 min. The resulting powder was characterized by
PXRD. Only reflections of the physical mixture (B and C) were observed in this PXRD. Thereafter,
the powder was placed in a mortar and 2 mmol of A and 1 mmol of B, and 10 drops of THF
were added. The mixture was ground for 5 min, and the resulting powder was characterized
by PXRD.

All obtained crystalline materials were characterized by powder X-ray diffraction (PXRD) (Figure 1),

measured on a Bruker D2 PHASER diffractometer in flat mode and Bragg-Brentano geometry using
filtered CuK« and CuKp radiation.

rel. intensity [a.u.]

5 10 15 20 25 30 35 40
20 ]

Figure 1. The diffractograms show the diffraction patterns of the obtained multicomponent crystals 1
(2A:2B:C) green graph, 2 (A:2B) red graph, and 3 (A:C) blue graph.

Single-crystal X-ray diffraction measurements of 2, 3 were carried out on a Rigaku Synergy

diffractometer using monochromated Mo Ko radiation (A = 0.71073). Single-crystal X-ray diffraction
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measurement of 1 was carried out on a Rigaku Supernova using monochromated Cu K« radiation
(A = 1.54184). Structures were solved by direct methods, and all nonhydrogen atoms were refined
anisotropically on F2 (program SHELXTL-97, G.M. Sheldrick, University of Gottingen, Gottingen,
Germany). Crystallographic crystal data and processing parameters are shown in Table 1. CIF-files
giving X-ray data with details of refinement procedures for 1, 2, and 3 CCDC Nr. 1981507-1981509 are
available free of charge via the Internet at http://pubs.acs.org.

The UNI Force Field Calculations of Mercury crystallography package were used to calculate
inter-molecular potentials of the crystal structure 2 with normalized hydrogens (kJ/mol).

Table 1. Summary of crystal data, data collection, and refinement parameters for 1, 2, and 3.

1 2 3
2A:2B:C A:2B A:C
2(C7HgOy): CyHgOy: C;HgOs:
formula 25231;%? 2(CgH12Np) CipHp2N2
formula weight 704.90 396.53 308.37
temperature [K] 173 173 173
crystal system triclinic monoclinic monoclinic
space group P-1 P24/c P2;/c
a 7.5145(2) 7.2801(2) 8.7006(9)
b 8.6750(2) 24.9768(8) 12.026(1)
c 15.0243(4) 12.0692(4) 17.180(2)
a 100.440(2) 90 90
B 101.969(2) 102.504(3) 103.78(1)
y 92.396(2) 90 90
V [A3] 939.04(4) 2142.5(1) 1745.9(3)
Z 1 4 4
F (000) 378 856 656
no. of rflns. measured 16,811 16,224 23,798
no. of unique rflns. 3699 5440 3074
@ [mm™1] 0.646 0.080 0.077
parameters 242 270 291
S (F?) 1.035 1.086 1.022
R1[I>20(I)] 0.0547 0.0440 0.0545
wR2 (all rflns.) 0.1363 0.1280 0.1713
A+B+C
A — C B — A
—_— 2 —» 1 B —— 3 -
B — | — C
A
[B+C]

Scheme 2. Performed synthesis routes for the multicomponent crystal 1 (2A:2B:C).

3. Results

The crystalline product obtained by liquid-assisted grinding of a mixture of A, B, and C in the
presence of THF shows reflections in the PXRD that cannot be attributed to the educts. The crystalline
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product was dissolved in nitromethane, and by cooling crystallization a single crystal was obtained
(Table 1). The X-ray structure analysis confirms the successful crystallization of a ternary 2:2:1 A:B:C
multicomponent system 1 (Figure 2).

Figure 2. Packing view of ternary 2A:2B:C multicomponent system 1.

The central 1,2-bis(4-pyridyl)ethane building block C forms hydrogen bonds via its two aromatic
nitrogen centers to hydroxy groups from each of the two neighbouring 2-methylresorcinol molecules
A. The remaining hydroxy groups of A coordinate via hydrogen bonds to one nitrogen center
each of the two terminal tetramethylprazine molecules. Surprisingly, the second nitrogen centers
of B are not involved in any further intermolecular interactions. Consequently, the 2:2:1 A:B:C
multicomponent system 1 does not form infinite chains. This behavior is observed for B in only
few selected multicomponent systems. Examples are cocrystalline systems with Br-C6F4-OH12 or
Br-C6F4-COOH12 [16]. The analysis of the coordination behavior of A shows that the hydrogen bonds
from A to B, in comparison to A to C, have no significant differences in the distances O - N 2750 A
and O+ N 2755 A as well as in the angles of the ring planes A:B 75° and A:C 69°.

As mentioned, the geometric environment of the involved building blocks and their intermolecular
interactions are crucial parameters for the formation of higher multicomponent crystals. The one-pot
reaction of all components (A, B, and C) leads to the ternary 2A:2B:C system 1. The 2A:2B:C motif is
discretely isolated by the unusual coordination behavior of the tailored B molecules. The hypothesis is
that the geometric molecular environment is responsible in each aggregation step in the design of 1.
Based on differing structural environments in the crystalline products obtained by first aggregation
steps, A with B and A with C, the crystal packing of 2A:2B:C—starting from A—can be built up
by successive substitution of B by C or C by B. To investigate this hypothesis and to gain a deeper
understanding of the formation of the multicomponent system, the cocrystals involving A and B as
well A and C were crystallized and the crystal packing analyzed.

Cocrystals of 2 (A:2B) and 3 (A:C) could be obtained by grinding a 1:2 ratio (2) and 1:1 ratio (3).
After that, suitable single crystals for XRD were formed after recrystallization of the crystalline powder
from THF (2) and nitromethane (3). In contrast to the known crystal structure of the A:B cocrystal [8],
the crystal structure of 2 represents a 2:1 cocrystal with one A and two B molecules (Figure 3). Due to
the fact that the two molecules of B in 2 show explicit different structural environments, the description
A:B:B’ seems more appropriate for this system. The central A unit forms chains via hydrogen bonds
(01 N12.84 A, 02 N22.85 A) to two neighbouring B molecules. While the D distances of the
hydrogen bonds are practically identical, the dihedral angles between the planes of the arene ring of
A and the neighboring pyrazine rings of B show slight variations (62°/68°). Additionally, present B’
molecules form columns with B by 7-7t stacking interactions. A comparison of the intermolecular
potentials in the molecular arrangement of 2 pointed out the dominating role of the r-7t stacking motif
(—42 and —43 kJ/mol) in contrast to the described hydrogen bonds (-32 and —33 k]J/mol).
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Figure 3. Packing view of (a) 2 (A:2B) O1-H1: 0.900 A, O1-- N3 2.84 A, O1-H1 - N3 161°, 02-H2:
0.883 A, 02--- N22.85 A, and O2-H2 -~ N4 167°

The crystal structure 3 is built up by chains of linked 1:1 A:C cocrystals (Figure 4). Both hydroxyl
groups of the central A molecule form hydrogen bonds to nitrogen centers of the two neighbouring C
molecules. A comparison of both hydrogen bonds that indicates slight differences is be remarkable.
In contrast to the hydrogen bond O1-H1 - N1, O2-H2 - N2 shows enlarged covalent O1-H2 and
02 - N2 hydrogen bonds. Besides the slightly different hydrogen bonds to 2, differences in dihedral
angles between the planes of the arene ring of A and the neighboring pyridyl rings of B are observed
(68°/75°).

Figure 4. Packing view of (b) 3 (A:C). O1-H1: 0.908 A,01-+ N12.716 A, O1-H1 - N1 175°, O2-H2:
1.041 A, 02~ N22.743 A, and O2-H2 - N2 171°.

4. Discussion

If the formation of the described ternary multicomponent crystal 1 in a one-pot-synthesis is due to
the different environments during the molecular recognition of A, B, and C in the crystallization process,
1 should also be synthesizable from the cocrystals 2 and 3. In both cocrystals (2 and 3), the building
block A shows significant differences in the molecular environment (Figure 5). In order to verify the
assumption, appropriate crystallization experiments were carried out. Cocrystal 2 was grinded with C,
and cocrystal 3 was grinded with B. Additionally, a physical mixture of B and C was grinded with A.
The powder diffractograms of all three crystallization experiments show exclusively the reflections of
the expected ternary multicomponent system 1. It seems, when attempting to design a multicomponent
crystal of nth degree, it is helpful to take a closer look at the (n — 1)th degree predecessors.
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Figure 5. General proposed formation process of a ternary multicomponent crystal.

The hypothesis that differences in the molecular environment during the molecular recognition
in the crystallization process are responsible for the formation of multicomponent crystal has been
demonstrated in this study by using the building blocks 2-methylresorcinol (A), tetramethylpyrazine B
and 1,2-bis(4- pyridyl)ethane C. The carefully designed cocrystals 2 (A:2B) and 3 (A:C) with differences
in their molecular environment are suitable starting materials for successfully synthesizing the ternary
multicomponent crystal 1 (2A:2B:C). Furthermore, the results indicate that Ostwald’s rule of stages can
be applied to solid state synthesis just as well as it can be applied to crystallization from solution.
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Abstract: We present a holistic crystallographic study of the antiviral ganciclovir, including insights
into its solid-state behavior, which could prove useful during drug development, making the process
more sustainable. A newly developed methodology was used incorporating a combination of
statistical and thermodynamic approaches, which can be applied to various crystalline materials.
We demonstrate how the chemical environment and orientation of a functional group can affect its
accessibility for participation in hydrogen bonding. The difference in the nature and strength of
intermolecular contacts between the two anhydrous forms, exposed through full interaction maps
and Hirshfeld surfaces, leads to the manifestation of conformational polymorphism. Variations
in the intramolecular geometry and intermolecular interactions of both forms of ganciclovir were
identified as possible predictors for their relative thermodynamic stability. It was shown through
energy frameworks how the extensive supramolecular network of contacts in form I causes a higher
level of compactness and lower enthalpy relative to form II. The likelihood of the material to exhibit
polymorphism was assessed through a hydrogen bond propensity model, which predicted a high
probability associated with the formation of other relatively stable forms. However, this model failed
to classify the stability of form I appropriately, suggesting that it might not have fully captured the
collective impacts which govern polymorphic stability.

Keywords: supramolecular structure; conformational polymorphism; intermolecular contacts

1. Introduction

In the last decades, there has been considerable investment into creating sustainable
chemical technologies and reactions, specifically within the pharmaceutical industry, in
order to maximize the efficiency of the traditionally lengthy and expensive process of drug
development [1-3]. Computational advancements have been developed in parallel to such
efforts, namely to unravel the intrinsic entanglement between the crystalline material and
its solid-state properties, both for the possibility of exploiting such knowledge to engineer
a pharmaceutical drug with the desired properties, and also to ensure its stability and relia-
bility [3,4]. Given that the orientation and interactions between molecules within a crystal
determine a material’s physiochemical characteristics such as solubility, any alterations in
this arrangement could have substantial implications, especially in a pharmaceutical con-
text in relation to bioavailability and shelf life. Numerous publications illustrate examples
of how different computational techniques are being applied to investigate and predict
such features [5-9].

This case study revolves around ganciclovir (Figure 1), which is an acyclic guanine nu-
cleoside analogue, that acts as a DNA synthesis inhibitor to various forms of herpes viruses,
thereby reducing the rate of viral growth within the host [10]. In general, ganciclovir is
formulated as a sodium salt and is administered through an intravenous route (Cytovene®)
or also as an implant (Vitrasert®) [11]. It is also used as an ophthalmic gel which con-
tains ganciclovir in its pure form, and a very small percentage of water (Virgan®) [11,12].
In spite of its importance as a BCS class III antiviral, and most especially as a treatment
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against cytomegalovirus, ganciclovir’s physicochemical properties have still not been op-
timized [13,14]. They include poor permeability and limited bioavailability, all of which
hinder the drug’s performance. Due to such properties, this antiviral is administered in
frequent and high doses, exposing the patient to higher risks of toxicity.

[o]

o

oH
HO\)\/

Figure 1. Chemical structure of ganciclovir.

In view of all the above, the need for a complete study arose, entailing a detailed
analysis at intramolecular, intermolecular and supramolecular levels using computational
methods. This investigation is a comparative study between two anhydrous, enantiotrop-
ically related conformational polymorphs I (USP reference standard) and II (Figure 2),
in an attempt to identify the factors which influence polymorph stability and assess the
possibility of forming other polymorphs [15,16]. Published experimental data characteriz-
ing ganciclovir polymorphs are used to complement the observations extracted from the
developed methodology [15,17,18], which incorporates a combination of different statistical
and thermodynamic approaches, namely the full set of programs and interfaces available
through the Cambridge Structural Database (Mercury, Mogul, Isostar) and CrystalExplorer.
This approach can be applied not only to the API (Active Pharmaceutical Ingredient)
discussed in this article but also to other crystalline materials.

Figure 2. The molecular structure of: (a) anhydrous form I (CCDC refcode: UGIVAIO1, 50% proba-
bility level); (b) anhydrous form II (CCDC refcode: UGIVAI, 50% probability level) [19]. Hydrogen
atoms were omitted for clarity. The different temperatures at which diffraction data were collected
(form I: 100 K, form II: 293 K) had no effect on the occurrence of the two crystalline forms themselves.

2. Computational Methods
2.1. Non-Bonding Interactions Analysis

The intramolecular geometry analysis was conducted using V1.7.5 Mogul, as described
in a paper by Galek et al., together with some adjustments to optimize the results [20].
During this investigation, all organometallic entries were excluded, as their geometric pa-
rameters may have introduced a bias in the histograms provided in Mogul when analyzing
a purely organic molecule. In cases where few fragments were available, the relevance
threshold was reduced from 1.00 to 0.75.

The electrostatic potential was calculated through Mercury by means of the MOPAC
(Molecular Orbital Package) interface, using the RM1 semi-empirical Hamiltonian method,
and was mapped onto the VAW molecular surface [21-23].

IsoStar V2.2.5 was utilized for initial examination of the interactions within ganciclovir,
with functional groups acting as the central groups [24]. The analysis of possible intermolec-
ular interactions was taken further by means of the construction of full interaction maps in
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Mercury, taking into consideration the environmental effects of collective factors and steric
exclusion to produce maps that are unique to each form and conformation [25,26].

The detection of any intramolecular and intermolecular hydrogen bonding in the
asymmetric unit was investigated using Mercury for both anhydrous forms individually.
The definition of a hydrogen bond was modified to have an angle of more than 120°, and
the distance range was slightly extended further to be less or equal to the sum of VAW
radii + 1.00 A, to ensure that all potential interactions were included [27].

Hirshfeld surfaces were plotted for each of the anhydrous forms using CrystalExplorer,
so as to gain a better understanding of the network of non-bonding contacts, beyond
conventional hydrogen bonds [28]. The participants of such contacts were identified
through fingerprint scatterplots, which map the distance from a point on the surface to the
closest nucleus inside the surface, d;, against the distance outside the surface, d,. Further
details about the calculation of each descriptive variable used can be found elsewhere [29].

Crystal packing similarity was investigated through Mercury, using both anhydrous
forms as reference, and the whole database was explored for any entry having sufficient
packing similarity. Default selection options were retained, including a molecular cluster
size of 15, 20% distance tolerance and 20° angle tolerance.

2.2. Energy Framework Analysis

Energy frameworks were constructed in CrystalExplorer using the CE-B3LYP model
(basis set: 6-31G(d,p)), taking into account only intermolecular interactions within the
radius of 3.8 A from the centroid on the central molecule [30]. All frameworks were scaled
equally so as to facilitate comparisons.

2.3. Polymorph Assessment through Hydrogen Bond Propensity Models

Initially, the definition of a hydrogen bond was set as established earlier; however,
this resulted in an excessive number of contacts within each form, some of which were
chemically incorrect. Therefore, the bond angle was modified to be larger than 133° (the
lower limit of the hydrogen bonds detected in both forms). All hydrogen bond acceptors
and donors were selected, with the latter list including carbon. Systems with errors or
disorder were excluded from the study, together with organometallic compounds and
entries with an R-factor > 0.075.

A set of data containing entries whose chemistry was relevant to ganciclovir was
generated so as to build the statistical model for prediction. Potential bias or error was
decreased by ensuring that each functional group (5 substructures; Please refer to Sup-
plementary Materials) was represented by an adequate number of hits. After analysis,
donor or acceptor candidates with a low number of relevant hits were omitted to avoid
regression failures. A logistic regression model was fitted on the data, producing its corre-
sponding area under the receiver operating characteristic (ROC) curve value as a measure
of the extent of correct predictions. This procedure was performed separately for both
polymorphs.

3. Results and Discussion
3.1. Intramolecular Level

In order to initiate the study, Mogul was used to predict the geometric preferences
of every bond length, angle, torsion angle and ring within the molecules present in both
forms, by accessing a depository of CSD-based libraries [31]. The results for geometric
characteristics of form I showed that there were no unusual parameters, as opposed to some
properties of form II that were not within the normal CSD distributions. Although these
outlying parameters might be a product of poor data quality, which could be inferred from
the atomic displacement parameters of form II (Figure 2), some of these unusual geometric
characteristics (Please refer to Supplementary Materials) were also observed in other
systems involving the ganciclovir molecule, such as the HCl salt and the monohydrate [32].
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The electrostatic map of form I (Figure 3) clearly displays the large variety of hydrogen
bond participants, with maxima (dark blue) around the hydrogen atoms of the amine group,
and minima (dark red) around the oxygen of the carbonyl group and N3 of the imidazole
ring, due to the presence of lone pairs of electrons. In addition, the electrostatic map also
proves the presence of other potential hydrogen bond contributors, such as the hydroxyl
groups, the ether oxygen atom and also carbon atoms. The electrostatic map of form II was
very similar to that of form I (Please refer to Supplementary Materials).

Figure 3. Electrostatic map of form I, mapped on the molecular vdW surface. Double bonds are
omitted only for visualization purposes.

3.2. Intermolecular Level

The guanine ring system was one of the substructures identified via IsoStar, illustrated
in Figure 4a, with nitrogen and oxygen atoms acting as probes. The distribution of the
data points is very close to what was expected, with the majority concentrated around
polar contributors. Most of the structures have bifurcated hydrogen bonds, each forming a
contact with both O1 and N3. However, the presence of very few turquoise data points
indicates that only a minority of hits seems to be at a close distance to the guanine rings (see
frequency distribution plot in Supplementary Materials). This observation was unexpected
due to the high electronegative character of both nitrogen and oxygen atoms, which in
general enables their involvement in relatively strong contacts.

Figure 4. IsoStar contour plot with guanine as the central group having (a) nitrogen and oxygen as
the contact groups (internal scaling: level 25—dark blue, level 50—lighter blue, level 75—turquoise)
and (b) only carbon as the contact group (internal scaling: Level 10—Yellow, Level 25—Blue, Level
50—Green, Level 75—Red).

The contour plot in Figure 4b highlights the ability of carbon to act as a hydrogen
bond donor, as well as the dominant presence of possible C-H ... minteractionsor ...
7 stacking, created due to the delocalized electron density in the aromatic guanine ring
system. Other contour plots were constructed using an aliphatic ether as hydrogen bond
acceptor and hydroxyl group as the central group. The distributions of the resultant hits of
both plots were as expected (Please refer to Supplementary Materials).

Full interaction maps are sensitive to the specific conformation, meaning that each of
the forms will have a different map [25]. Comparison of the maps (Figure 5) reveals that the
maps associated with form I have a larger area and higher intensity than those pertaining
to form II, indicating that the conformation of form I is more accessible for hydrogen
bonding. The fully extended conformation of form I enables it to form more hydrogen
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bonds, which ultimately might be a major contributor to its thermodynamic stability at
ambient conditions. Such stability is also evidenced through the fact that form III (hydrate
form) converts to form I at temperatures above 180 °C, an exothermal transition which
proves the monotropic relationship between the two forms [18]. The lack of accessibility in
relation to the ether oxygen in form II, due to the proximity of the hydroxyl group, was
earlier highlighted by the orientation of the torsion angle in Mogu! results, which clearly
demonstrated a degree of folding.

/®
A

@ ®)

&
oibg |
|

Figure 5. Full interaction map of (a) form I and (b) form II, with uncharged NH nitrogen (blue),
RNHS3 nitrogen (light blue), alcohol oxygen (light red) and carbonyl oxygen (red), at level 6.0. The
hydrogen bonds predicted by Mercury are also shown (intermolecular, red, intramolecular, turquoise).

The geometric features of the hydrogen bonds of both forms were compared with
those in the literature, and all results were compatible except those involving a C-H donor,
which to the best of our knowledge were not included in any published list (Please refer to
Supplementary Materials) [17]. The full interaction maps could not predict the involvement
of the carbon donors for form I unless the distance levels were significantly increased. Even
though the geometric parameters of the contacts with C-H donors are associated with
characteristics of weaker interactions, they have a collective effect on the crystal packing
and physicochemical properties of form I [33,34]. The addition of methyl carbon and
aromatic carbon as separate probes did not alter maps significantly, suggesting that the
C-H ... mcontacts and 7. .. 7 stacking are less influential in form I, as opposed to in form
1T (Please refer to Supplementary Materials).

3.3. Hirshfeld Surface Analysis

Hirshfeld surface analysis was performed [9,35,36] in order to gain a better under-
standing of the differences in hydrogen bond networks and the contribution of weaker
contacts within these conformational polymorphs. Since the Hirshfeld surface depends on
the spherical atomic electron densities of a particular molecule within its crystal structure,
surface differ even between polymorphs [29]. Examination of the Hirshfeld surfaces in
Figure 6 shows the distinguishable features of each form, particularly the position and
intensity of some of the red areas, which represent close contacts. The Hirshfeld surface
of form I is characterized by more red spots relative to that of form II, which as remarked
earlier through the full interaction maps, has a folding feature that hinders its accessibility
to hydrogen bonds.

The nature of all non-bonding contacts in both polymorphs is presented through the
fingerprint plots in Figure 7, by plotting d; against d, and hence translating the information
provided by the Hirshfeld surface into a 2D format. The plots are overall strongly related,
probably due to the similarities between these conformational polymorphs. The greatest
proportion of interactions H ... H are with a higher percentage contribution (Figure 8) and
smaller minimum distance d; ~ d, ~ 1.1 A associated with form II. Although such contacts
are believed to be repulsive in nature, Matta et al. demonstrated how the net result of their
presence has a stabilizing effect of up to a 10 kcal/mol decrease in the total energy of that
particular structure [37].
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Figure 6. Hirshfeld surfaces with d,;, as mapped function, constructed for (a) form I and (b) form
II, with neighboring molecules to illustrate the network of non-bonding contacts, represented by
dotted lines (not only hydrogen bonds).

a d
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Figure 7. Fingerprint plots of (a) form I and (b) form II. The arrows represent interactions between
different atoms, as indicated in the legend below. Given that the plots are approximately symmetrical,
the arrows can be mirrored through the x-y diagonal.
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Figure 8. Bar-chart representing the percentage contribution of the main contacts in the Hirshfeld
surfaces of forms I and II. The category of “other” includes C ... Nand C ... O interactions.

The spikes at the bottom left of both plots are very prominent, exhibiting the dom-
inance of N ... Hand O ... H contacts, due to the highly polar functional groups in
ganciclovir. The presence of these contacts is in agreement with the full interaction maps
and the hydrogen bonds predicted by Mercury. The greener shades on the spikes of the
form I surface plot indicate a higher frequency of contacts having relatively shorter dis-
tances. The percentage contribution of O ... H interactions is equivalent for both forms,
but the global minimum distance d; + d, of around 1.7 A pertains to form 1.

The C-H ... m contribution is evident in both polymorphs, as shown in the Hirshfeld
surface maps; however, it is more significant in form II (Figure 8). Although these inter-
actions are weaker and less directional than the conventional hydrogen bonds, they still
contribute to self-assembly and molecular recognition processes, as they reinforce the
stability within the supramolecular structure [38]. On the other hand, the absence of large
maxima around the area at d; + d, ~ 3.8 A and of the typical bold red and blue pairs of
triangles on the shape index surfaces, indicate the less prominent 7t ... 7t contacts [39].
Examination of the network of interactions in the two forms, reveals how the side chain
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prevents close direct stacking of the aromatic systems, hence minimizing the effectof 7t ...
7 contacts. Any C ... C contact seems to be distant and concentrated on the periphery of
the guanine ring system, which hints that the aromatic systems are either far apart and/or
shifted relative to one another.

3.4. Supramolecular Analysis

Form I is centrosymmetric (P21/c) with a unit cell containing two pairs of molecules
that are identical within the pair and inversely-related between pairs. Form II is non-
centrosymmetric (P2;), thus lacking an inversion center.

The extensive hydrogen bonding network in form I is highly visible along its packing
pattern, which seems to follow zigzag lines when viewed along c (Figure 9a). This type of
pattern allows the layers of molecules to be very close to one another, hence enabling the
optimal use of space available [40]. While the molecular volume of form I is greater than
that of form II, packing in the former is more compact as evidenced by the volume of its
Hirshfeld surface, packing coefficient and density value (Table 1). Figure 9b shows where
the purine backbones seem to be parallel to one another, while the side chains are “out of
plane”. Layering of the guanine rings creates an off-center parallel stacking, but distance
and angular parameters of the guanine ring centroids are at the upper limits for effective 7
... minteractions, suggested by the literature [41,42]. This property was also highlighted
by a low percentage contribution of C ... C contacts in the fingerprint plots.

@

Figure 9. Packing in (a) form I and (b) form II, with a central molecule (pink) each having the same
back-bone orientation. Hanging contacts were removed for better visualization.

Table 1. Numerical Hirshfeld surface packing data for forms I and II.

Form I Form II
Volume (A3) 250.18 268.07
Packing coefficient 0.770978 0.725452
Density (g/cm?) 1.653 1.549

The packing arrangements in both forms were compared to other crystal structures
with similar molecular arrangements. However, even though there were five more entries
in the CSD which involved ganciclovir as a component, only the two hydrates (mono- and
tri-), resulted in having one out of a cluster of 15 molecules, with a degree of similarity
when compared to both anhydrates [32] demonstrating the uniqueness of the packing
patterns of form I and II. This test also verified the significant differences between the way
in which both anhydrous forms were arranged three-dimensionally resulting in an RMS of
1.017 (see Figure 8).

3.5. Energy Frameworks

The thermodynamic stability profile of each of the polymorphs is a direct implication
of the nature and strength of their non-bonding interactions. Energy frameworks were
calculated in an attempt to understand the topological dissimilarities of the energy com-
ponents of the two polymorphs, and subsequently potentially link these characteristics
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to their respective packing and thermal behavior [35]. The total energy is divided into
Coulomb forces/electrostatic potential forces and dispersion energy.

The negative energy components in form I are distributed along both parallel and non-
parallel molecules (Figure 10, top row), hence stabilizing the energy architecture throughout
the supramolecular structure in multiple directions. The dispersion forces can mainly
be traced along the off-centered parallel stacking (along the axis a), as well as between
adjacent molecules whose aromatic systems lie along the same plane. The strongest energy
contribution (—164 k] /mol) is attributed to N1-H ... O2 and N2-H ... O4 interactions,
located between parallel molecules. The strength of these stabilizing interactions is due
to both electrostatic and dispersion forces, the former being the dominant one. The O4—
H ... O3 contact contributes towards a lowering of energy (—56.4 kJ/mol), while the
combination of O3-H ... N3 and C6-H ... Ol interactions induces a further stabilizing
effect of —63.7 kJ/mol.

Figure 10. Energy framework diagrams, using the CE-B3LYP model, a scale tube size of 20 and
cut-off value of 0 kJ/mol. The top row represents form I (viewed down the c axis), and the bottom
row is associated with form II (viewed down the b axis). Molecules are clustered around the central
molecule (pink) with a 3.8 A radius.

In form I, N1-H ... Ol and N2-H ... N3 are the strongest interactions both of which
contribute towards the dominant electrostatic energy (—73.6 k] /mol) along the planes of
aromatic rings. A secondary energy contribution (—45.2 kJ/mol) in the same direction is
attributable to the N1-H ... O4 contact. The out-of-plane interactions are mainly a result
of dispersion contacts and the O4-H ... Ol electrostatic interaction. However, such a
contribution is considerably low (—18.3 k] /mol) relative to the other energy components
along the aromatic systems plane.

The less exhaustive network of intermolecular bonding in form II, in conjunction with
the presence of an intramolecular bond, seems to enhance stability within the molecule.
In contrast, form [ entails a very complex extensive framework of intermolecular contacts,
with 16 hydrogen bonds per molecule (and eight different neighboring molecules). Such
a multidirectional framework creates a greater stabilizing effect in form I, as illustrated
by the relatively thicker cylindrical radius of the total energy tubes (Figure 10). Such an
influence, coupled with a more compact packing arrangement, might contribute towards
a lower enthalpy in form I relative to form II, which according to L. Yu must be accom-
panied by a lower entropy in order to conserve the enantiotropic relationship between
the two polymorphs [18,43]. With an increase in temperature, in the range of 222 °C to
228 °C, enough energy is absorbed to break the intermolecular framework in form I, which
then transitions to form II (as confirmed by variable temperature X-ray diffraction and
differential scanning calorimetry) [15,17,18].

The relatively loose packing and the intermolecular framework in form II seems to be
constructed in such a way as to cater for higher energy environments. The energy framework
of this polymorph reveals how the stabilizing effect is expanded along planes, whereas much
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fewer interactions are observed between layers. This lower extent of intermolecular forces
between parallel planes in form II might create an environment that can accommodate
higher entropy within the crystal structure, thereby allowing it to be thermodynamically
stable at higher temperatures.

3.6. Polymorph Assessment

The objective of this analysis revolved around stability assessment of the hydrogen
bond network present in both forms, given the complexity of the chemical environment
of ganciclovir. The reliability and predictive ability of the fitted logistic regression model
were mirrored by the value of the area under the ROC curve, which was equal to 0.878,
and by the reduction from the null to the residual deviance [44,45]. The same procedure
was performed for each form individually, and since they are polymorphs of the anhydrous
form of ganciclovir, very similar coefficients were obtained (Please refer to Supplementary
Materials). Minor differences can be attributed to the non-deterministic nature of the
process involving the fitting of the model. This outcome confirms the robustness of this
method, which is capable of assessing the stability of various polymorphs having different
hydrogen bonds simultaneously.

The final model was used to calculate the propensities of all possible intermolecular
hydrogen bonds, with those in form II having the highest probabilities (more conventional
contacts) (Please refer to Supplementary Materials). The overall low likelihood of the
intermolecular bonds in form I was illustrated in the putative structure landscape, which
categorized this polymorph as having the least stable hypothetical forms (Please refer to
Supplementary Materials). The utilization of every functional group in form I, for inter-
molecular bonding, might have been prioritized over the formation of the fewer and more
probable contacts.

It is understandable that due to low frequencies, the contacts in form I were ranked as
having lower probability, and hence low stability was predicted. However, this outcome
was not in agreement with the fact that form I is the thermodynamically stable polymorph,
under ambient conditions. At this point, it is essential to recall the statistical mechanism
behind the construction of the Hydrogen Bond Propensity (HBP) model, which is based on
the occurrence of hydrogen bonds in similar chemical environments. Therefore, in some
examples, the resultant model might not be sufficient to explain the complexity of hydro-
gen bonding and to capture the collective effects of multiple factors that determine the
polymorph stability [6]. In his research paper, Abramov commented how in general, a HBP
model cannot account for enantiotropic relationships between polymorphs, such as the
one between form I and II [6]. Moreover, one has to take into account that the directional
features and geometric parameters of the contacts are not being considered in the model,
and these characteristics have a significant effect on stability.

In an attempt to overcome these limitations, the HBP model was constructed using a
much larger training set, but similar results were obtained. Despite such limitations, there
was still valuable information that could be extracted from these results. The putative struc-
ture landscape in Figure 11 portrays the presence of data points located very close to form
II, representing reasonable hypothetical structures having very strong hydrogen bond
interactions. The viability of the formation of such forms is highly encouraging in view of
further research dedicated to the exploration of other possible ganciclovir polymorphs.
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Figure 11. The propensity participation chart output showing form II (violet dot), which is found at
the location with the optimal conditions (large values for both axes) that are usually associated with
thermodynamically stable crystal forms.

4. Conclusions

This investigation presents an extensive study of ganciclovir from a crystallographic
point of view, ranging from a structural to energy framework analysis. The methodology
developed has proven how the use of multiple computational tools which target the
examination of different characteristics, can be successful in providing a reasonable insight
into the mechanism of polymorphism. Furthermore, it can be implemented to extract
information about the influence of specific bonds and substituents on the formation of a
particular form, regardless of the complexity or nature of the molecule.

Such a dominant impact was observed through the folding of the chain moiety in
form II, which intrinsically affects its intramolecular and intermolecular characteristics.
On the other hand, full interaction maps and Hirshfeld surfaces demonstrated how the
extended chain moiety in form I enables the molecule to have an extensive network of
non-covalent contacts, with a significant degree of directionality. These properties were
identified as significant factors responsible for the known thermodynamic behavior of both
forms, ultimately resulting in the conformational polymorphism present between them.
The collective analysis of results from all molecular levels and energy frameworks provides
a plausible explanation for the stability of both polymorphs at different temperature ranges.

The nature of this methodology makes it applicable to a wide range of crystal forms,
even beyond active pharmaceutical ingredients. Such knowledge would facilitate the
selection of co-formers or environmental conditions to selectively target the formation of
a particular co-crystal. It would also aid navigation through the possibility of forming
other relatively stable polymorphs, as suggested by the putative landscape in the case of
ganciclovir. Therefore, the utilization of such data could lead to a more sustainable process
of drug development, as well as possibly improving the pharmacokinetic properties of this
active pharmaceutical ingredient.
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Abstract: N,N’,N"/,N'"'-Tetraisopropylpyrophosphoramide 1 is a pyrophosphoramide with doc-
umented butyrylcholinesterase inhibition, a property shared with the more widely studied oc-
tamethylphosphoramide (Schradan). Unlike Schradan, 1 is a solid at room temperature making
it one of a few known pyrophosphoramide solids. The crystal structure of 1 was determined by
single-crystal X-ray diffraction and compared with that of other previously described solid pyrophos-
phoramides. The pyrophosphoramide discussed in this study was synthesised by reacting iso-propyl
amine with pyrophosphoryl tetrachloride under anhydrous conditions. A unique supramolecular
motif was observed when compared with previously published pyrophosphoramide structures
having two different intermolecular hydrogen bonding synthons. Furthermore, the potential of a
wider variety of supramolecular structures in which similar pyrophosphoramides can crystallise was
recognised. Proton ('H) and Phosphorus 31 (*'P) Nuclear Magnetic Resonance (NMR) spectroscopy,
infrared (IR) spectroscopy, mass spectrometry (MS) were carried out to complete the analysis of
the compound.
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N,N',N" ,N""'-Tetraisopropylpyrophosphoramide 1 (O((iPtNH),PO),) is a commer-
cially available pyrophosphoramide known to be a butyrylcholinesterase inhibitor [1,2].
Although the molecular structure of the compound is known, crystallographic support
for this structure has not been published. Another pyrophosphoramide that has shown
cholinesterase inhibition is octamethylpyrophosphoramide (O(Me;N),PO),), which is
commonly known as Schradan. This compound, unlike 1, was used as an insecticide for
sucking and chewing insects, which are agricultural pests but it has fallen out of use since
the 1950’s [3,4]. Schradan is a liquid at room temperature making its storage, use, and struc-
tural characterisation more problematic than 1. In the mid-twentieth century, apart from its
published maps and institutional affi-  US€ as a pesticide, Schradan was also studied for its chelation ability with numerous metal
fations. centres. These studies mainly dealt with the complexation of Schradan with alkali earth,

transition and actinide metals, as well as Sn** [5-9]. Although the complexation ability

was proven through numerous analytical methods, including X-ray diffraction (XRD), no
industrial or chemical use for these complexes was discussed. Only six other analogues
of pyrophosphoramides were found in the literature, namely N,N’,N”,N""’-Tetrakis(2-
methylphenyl)- oxybis(phosphonic diamide) (O((2-MePh)NH),PO),), N,N’,N”/,N'"'-tetra-
tert-butoxybis(phosphonic diamide) (O((tBuNH),PO),), N,N’,N"/ N'"'-tetrakis(4-methylphenyl)-
distributed under the terms and  ©XYDis(phosphonic diamide) (O((4-MePh)NH),PO),), N,N’,N"/,N'"'-tetrakis(benzyl)-N,N’,
conditions of the Creative Commons N/, N'"/-tetrakis(methyl)oxybis-(phosphonicdiamide) (O((BzMeN),PO),), 2,2’-Oxybis(1,3-
Attribution (CC BY) license (https://  DiS(2,6-diisopropylphenyl)-1,3,2-diaza-phospholidine) 2,2'-dioxide (O((CoH4(2,5-iPrPhN),)»
creativecommons.org/licenses /by / PO),) and 2,2/ -oxybis(1,3-bis- [(naphthalen—l—yl)methyl]octahydro—lH—1,3,2)\5—benzodiaza
4.0/). phosphol-2-one) monohydrate (O((1,2-Cy(NaphN);),PO),-H,O) [10-15].
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These solids were characterised by single-crystal X-ray diffraction (SXRD) and pub-
lished as novel structures with little detailed discussion on any similarities in structure and
chemistry as opposed to the research carried out on Schradan. The latter two of the four
were compared as part of a Hirshfeld analysis for phosphoramides. O((fBuNH),PO), was
complexed with manganese(Il) to give the complex [Mn(O(tBuNH),PO),), DME,|[Cl],-
2H,0 [16]. This was the only published non-Schradan complex of this group of analogous
pyrophosphoramides.

The main objective of this work was to study the supramolecular features of 1 and
other, already published, pyrophosphoramides in light of known intermolecular interac-
tions and arrangements [17-21] and to understand their influence on the physical properties
of these compounds.

2. Materials and Methods
2.1. General Considerations

All reactions were carried out under an argon atmosphere using Schlenk line tech-
niques. Chloroform was dried over a P,Os still, while diethyl ether, THE, petroleum ether
and chloroform used in the work-up procedures of the product were dried over 4 A molec-
ular sieves. FT-IR (Fourier Transform Infrared) spectra were recorded using KBr pellet
samples and a Shimadzu IRAffinity-1 FTIR spectrophotometer. 'H NMR and 3!P NMR
(Nuclear Magnetic Resonance) spectra were collected on a Bruker Ascend NMR spectrom-
eter with a probe having a set frequency of 500.13 MHz for 'H NMR and 202.457 MHz
for 3'P NMR. Gas chromatography Mass spectroscopy (GC MS) data was collected using
a Thermo DSQ II GC/MS spectrometer with samples being prepared by dissolution of
the products in chloroform. Single-crystal X-ray diffraction data was collected on a STOE
STADIVARI diffractometer.

2.2. Synthesis of N,N',N”,N""'-Tetraisopropylpyrophosphoramide (O((iPrNH),PO);)

The synthesis of O((iPrNH),PO), 1 was performed through a modification of the
synthesis of the analogous O((Me;N),PO); (Schradan) as described by Goehring, M. and
Niedenzu, K. in 1956 [22]. Iso-propyl amine (5 mL, 0.058 mol) was dissolved in 10 mL
of chloroform as a solvent. The mixture was cooled to —78 °C and pyrophosphoryl
tetrachloride (1 mL, 0.007 mol) was added dropwise to the reaction solution using a glass
syringe. Upon addition of pyrophosphoryl tetrachloride, the formation of white fumes
was noted, along with the formation of a solid crystalline mass. The reaction was left at
a temperature of -78 °C until the white fumes dissipated and was subsequently allowed
to reach room temperature. The reaction mixture was left to react at room temperature
overnight. The white suspension thus formed was subsequently heated to 60 °C for
3 h to complete the reaction. The yellow solution obtained was left overnight to form
a clear colourless crystalline mass (iIPrNH3Cl). The mixture was then filtered to collect
a clear colourless crystalline mass ({PrNH3Cl) and a yellow solution. The latter was
layered with diethyl ether to yield a white solid. Yield, 41% (crude product with respect
to pyrophosphoryl tetrachloride), 'H NMR (CDCl3): 8.31 ppm (s, 1H, NH3), 3.64 ppm
(td, 1H, CH), 3.40 ppm (m, 1H, CH), 2.26 ppm (s, 1H, NH), 1.39 ppm (d, 2H, CH3) and at
1.14 ppm (t, 6H, CH3), 31p {TH} NMR (CDCl3): 14.33 ppm (s), FT-IR (KBr, cm~1): 3400 (w),
3252 (sb), 2965 (s), 2870 (m), 1637 (m), 1527 (m), 1466 (m), 1432 (m), 1396 (m), 1367 (m),
1257 (s), 1229 (s), 1167 (m), 1137 (w), 1055 (s), 1026 (s), 945 (m), 914 (m), 886 (s), 804 (m),
750 (m), GC MS (EL; 70 eV) m/z: 44.12, 58.08, 79.01, 93.97, 137.07, 179.10 [(iPrNH),PO,]*,
195.16.

Crystals suitable for SXRD studies were obtained through liquid-liquid diffusion
crystallisation: A sample of the white solid product was dissolved in a minimum volume
of chloroform to yield a saturated solution. This was layered with 30—40 °C petroleum
ether in a 1:5 volume ratio of chloroform/petroleum ether. This produced a liquid-liquid
diffusion crystallisation set up which yielded a white crystalline solid over the course of
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two days. The solid was collected by cannula filtration and crystals suitable for SXRD
studies were collected from this solid.

2.3. Purification by Column Chromatography

Although single crystals of O((iPrNH),PO), were obtained from the product, it is
evident from NMR and GC MS data that this solid was not pure and therefore a sample
of O((iPrNH),PO); was also purified by column chromatography to determine whether
this was a possible method of purification. The sample was dissolved in dichloromethane
and activated Keiselgel 60 was used as the stationary phase, while THF/acetonitrile (1:1
v/v) was used as a mobile phase. TH NMR (CDCls): 3.37 (m, 1H, CH), 2.29 (bt, 1H, NH),
1.16 (t, 6H, CHjz), 3P {{H} NMR (CDCl3): 14.33 ppm (s), FT-IR (KBr, cm~1): 3414 (w),
3255 (bm), 2965 (s), 2870 (m), 1465 (m), 1428 (m), 1367 (m), 1257 (s), 1205 (s), 1167 (m),
1137 (m), 1051 (s), 1021 (s), 916 (m), 886 (m), 833 (sh), 800 (vw), 771 (m), GC MS (EL; 70 eV)
m/z: 44.12,58.11, 79.01, 93.93, 137.09, 179.10 [(PrNH),PO,]*, 195.16.

2.4. Single-Crystal X-ray Diffraction

Crystals were collected under oil and mounted in oil. Data was collected using Cu
radiation on a STOE STADIVARI diffractometer, using a 200 K Pilatus detector at 293 K.
The ShelXT intrinsic phasing method and ShelXL least squares method were used for
structure solution and refinement, respectively (Table 1, Figures 1 and 2). Details regarding
the structure solution and refinement procedures are described in Appendix A, while
further detailed structural information for this structure is given in Tables S5-S9 in the
Supplementary Materials.

Table 1. Crystal data and structure refinement for O(iPrNH),PO),.

Empirical formula C12H3,N4O3P; p/mm-1 2.133
Formula weight/ gmolfl 342.35 F(000) 744.0
Temperature/K 293 Crystal size/mm? 0.8 x 0.6 x 0.3
Crystal system orthorhombic Radiation CuKo (A = 1.54186)
Spacegroup Pca2y 26 range for data collection/® 8.696 to 137.268
a/A 20.342(2) Index ranges —24<h<23,-3<k<6,-20<1<23
b/A 5.0495(6) Reflections collected 43032
c/A 19.103(3) Independent reflections 3317 [Rint = 0.0557, Rsigma = 0.0226]
w/° 90 Data/restraints /parameters 3317/1/214
B/° 90 Goodness-of-fit on F2 1.044
y/° 90 Final R indexes [I> = 20 (I)] St
Volume /A3 1962.2(4) Final R indexes [all data] V\Iféz::ooo‘l}g%
V4 4 Largest diff. peak/hole/eA—3 0.28/-0.29
p calc/gem ™3 1.159 Flack parameter 0.01(3)
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(b)

Figure 1. (a) Molecular structure obtained for O((iPrNH),PO), the hydrogen bonding N3-H1---N2 (blue) and the weak
hydrogen bonding observed as C32-H32A:--O3 and C41-H41A---O1 (red)(generated using Olex2 [23]); (b) molecular
diagram for O((iIPrNH),PO), (generated using ChemSketch [24]).

Figure 2. Unit cell for O((iPrNH),PO), viewed along the b-axis (generated in Mercury [25]).

3. Results and Discussion
3.1. Structural Comparison with Previously Described Pyrophosphoramides

Most intermolecular motifs that build up the supramolecular structure of a compound
are due to the moieties within the molecule in question. Therefore, compounds with similar
moieties and chemical structures may be expected to have similar intermolecular motifs and
in turn, similar crystal structures [17,18]. In this regard, the various pyrophosphoramides
discussed in this study can be divided into five main groups, dependent on their chemical
structure (Table 2).
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Table 2. Categorisation of pyrophosphoramides discussed in this publication including crystal structures and space groups
published from data obtained by single-crystal X-ray diffraction for the solid products, along with the liquid O((Me;N),PO)5.

Pyropshophoramides
Di-N-Substituted Pyrophosphoramides Mono-N-Substituted Pyrophosphoramides
O((RzN),PO), O((R'R®N),PO), O((R'(NR?)2)2PO), O((AlkyINH),PO), O((ArlyNH),PO),

(Symmetric secondary (Asymmetric secondary (N,N'-substituted diamine (Primary alkyl amine (Primary aryl amine

amine) amine) derivatives) derivatives) derivatives)
O((Me:N),PO), O((BzMeN),PO), IP?IS(}‘CI\ZIE;;IZ,S)Z O((tBuNH),PO), O((2-MePhNH),PO),

Liquid [3,4] C2/c[13] P24/ [14] P2,/c[12] P2,/c[10,11]
o1, 2- O((iPrNH),PO), O((4-MePhNH),PO),

Cy(Nag;I[\]I?])zPO)z Pca2; (current) Pcen [13]

On comparison of the crystal structures of the compounds classified in each group,
the most important molecular difference that seemed to affect the supramolecular structure
was the presence of the N-H muoiety. Its presence caused a significant difference between
the structure of the mono-N-substituted pyrophosphoramides and the di-N-substituted py-
rophosphoramides, which lack this moiety. In the crystal structures of mono-N-substituted
pyrophosphoramides P=O---H-N hydrogen bonds were the most prominent and com-
mon intermolecular bonds in the structure. These formed numerous intermolecular and
intramolecular synthons, which were the primary cause for the formation of the various
supramolecular motifs observed, and which dictated both structure and symmetry [17-19].
The di-N-substituted pyrophosphoramides were shown to form crystalline structures
wherein the pyrophosphoramide moieties did not interact with each other directly. Thus,
no strong intermolecular interactions were found. The organic moieties therefore had a
significant impact on the packing of molecules in the crystal structures obtained in contrast
to the mono-N-substituted pyrophosphoramides (Table 3).

Table 3. Hydrogen bond distances in the crystal structure of 1.

D H A d(D-A)YA  dH-A)YA  d(D-AYA  D-H-AP
C41 H41A 01 0.96 2.99 3.601(11) 122.9
C42 H42B o021 0.96 2.58 3.505(8) 161.4
C32 H32A 03 0.96 2.85 3.511(10) 126.4
N3 H3 032 0.75(5) 2.34(5) 3.063(4) 164(5)
N3 H3 N2 0.75(5) 2.98(5) 3.491(5) 128(4)
N1 H1 022 0.70(4) 2.22(4) 2.907(4) 170(5)
N4 H4 N33 0.92(6) 2.79(6) 2.979(4) 161(5)
N2 H2 032 0.85(6) 2.16(6) 2.979(4) 161(5)

13/2 =X, +Y, 1+ Z; 24X, —1+ Y, +Z;3 +X, 1+ Y, +Z.

3.1.1. Structural Comparison of Mono-N-Substituted Pyrophosphoramides.

Given that the compound characterised in this current study, 1, was a mono-N-
substituted pyrophosphoramide its novel structure is best discussed in relation to other
mono-N-substituted pyrophosphoramides. Despite its chemical similarities to O((tBuNH),PO),,
it not only crystallised in a different spacegroup, namely Pca2;, but it also showed a dif-
ferent supramolecular motif. First, the already published structures will be discussed and
then compared with 1.

The structures of Mono-N-substituted pyrophosphoramides O((RNH),PPO), were
found to crystallise in two space groups: either P2; /c or Pccn. Common supramolecular
arrangements form part of the crystal structures of O((tBuNH),PO), and the two O((2-
MePhNH),PO), polymorphs [10-12] (Figure 3). The first one is a ring synthon with a
R3(8) graph set binding molecules through intermolecular hydrogen bonding, while in the
other [17,19] a partially eclipsed conformations is reached (Figure 3). The second synthon
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constricts the molecules from taking on other conformations and therefore minimises the
number of possible supramolecular structures available. These two synthons together
create the same supramolecular structure for all of the above crystal structures, namely a
chain like packing as given in Figure 4. The respective structures for the three mono-N-
substituted pyrophosphoramides are shown in Figure 5. This structure motif is repeated
through translational symmetry to form infinite chains. The two molecules that form the
actual supramolecular units are related to each other by the glide plane denoted in the
P21 /c spacegroup.

O---H—N P P
\ N, 0% A

(a)

(b)

Figure 3. H-bonding synthons in P2, /c structures: (a) intermolecular ring synthon; (b) the two variants of the intramolecular
synthon where A is the non-intermolecular bonding amine (all generated using ChemSketch [24]).
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Figure 4. Basic unit for the supramolecular H-bonding motif that is common to all three mono-N-
substituted pyrophosphoramides crystallising in P2; /c (generated using ChemSketch [24]).

Formation of this hydrogen bonding motif seems to be independent of the nature of
the organic substituent on the amide nitrogen, as it occurs for both the alkyl tert-butyl and
aryl 2-methylphenyl analogues. The packing of these chains is, however, influenced by
the organic substituents. The tert-butyl groups in O((tBuNH),PO), pack in a staggered
formation resulting in the closest possible packing of the chains [12]. No additional
intermolecular interactions are detected within the usual limits.

The packing effects of the 2-methylphenyl groups are more complex than those of the
tert-butyl groups. They give rise to two polymorphs of this compound. The two molecular
components of these supramolecular units are related to each other by the glide plane
imposed by the P2;/c spacegroup. In the two O((2-MePhNH),PO), polymorphs however,
the direction of the motif is different. The motif in the polymorph reported by Pourayoubi,
M. et al. is built along the ¢ axis while the same motif in the polymorph described by
Cameron, S.T. et al. is perpendicular to the c axis. Given that the hydrogen bond interaction
is identical in both polymorphs, the difference lies in the way the supramolecular chains
pack. The polymorph discussed by Pourayoubi et al. [11] showed closer packing between
the chains. In both polymorphs the 2-methylphenyl groups are oriented antiparallel to each
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other (Figures 6 and 7). The stacking distances between the intramolecular 2-methylphenyl
moieties are 3.539 A and 3.933 A [10,11]. In one polymorph [11] the position of the chains
seems mainly influenced by the supramolecular structure given in the diagram shown in
Figure 6. A square like motif is formed wherein each side is composed of the Ph(r)---H-
C(meta) interactions [17]. Two contact distances of 3.159 A and 3.188 A are present, which
are shorter than any contact distance reported in the polymorph described by Cameron
et al. [10]. The latter forms similar inter- and intramolecular interactions with one much
larger contact distances of 4.717 A and a very oblique interaction between neighbouring
molecules, not bound by hydrogen bonding, with a distance of 3.626 A [10]. The former
interaction is longer than any interactions described for the other polymorph and indicates
a less efficient packing. Thus, the different modes of packing of the organic moieties are
most probably the cause of the formation of the two polymorphs.

Figure 5. The hydrogen bonding motif common to all P2;/c as noted in the published structures: (a) O((tBuNH),PO),; (b)
O((2-MePhNH),PO), published by Pourayoubi et al. [11]; (¢) O((2-MePhNH),PO), published by Cameron et al. [10] (all

generated in Mercury [25]).

CHPh ()

| TH
i SPh(Ca)
i H”
H i

c4ph |

SH
Ph(c4)

Figure 6. (a) O((2-MePhNH),PO), polymorph published by Pourayoubi et al. showing both intermolecular and intramolec-
ular C-H---Ph interactions (generated in Mercury [25]); (b) a diagram of the intermolecular C-H:--Ph interactions for clarity
(generated using ChemSketch [24]).
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Figure 7. O((2-MePhNH),PO), polymorph published by Cameron et al. showing both intermolecular and intramolecular

C-H:--Ph interactions (generated in Mercury [25]).

Experimental procedures on how to obtain only one of two polymorphs are not
reported in the literature. The O((2-MePhNH),PO); structure published by Cameron et al.
was obtained by the reaction of phosphenyl chloride with ortho-methylaniline followed
by recrystallisation in methanol. The synthesis of the polymorph obtained by Pourayoubi
et al. was not described in the literature to the best of our knowledge. Interestingly, the
crystallographic data of the two structures was collected at different temperatures (150 K
for [11] and 295 K for [10,11]). It is, therefore, possible that a polymorphic transition occurs
at lower temperatures. This is also in agreement with the difference in the corresponding
unit cell volumes.

The mono-N-substituted pyrophosphoramides, which do not crystallise in the P2;/c
spacegroup, show different inter- and intramolecular hydrogen bonding motifs. Given that
the compounds crystallising in the same spacegroup (P2;/c) contain both alkyl and aryl
moieties and show a different packing of these moieties, a similar observation is expected
for the 4-methylphenyl and the iso-propyl analogues. However, a different supramolecular
structure was formed by the 4-methylphenyl derivative O((4-MePhNH),PO),, crystallising
in spacegroup Pccn [13]. There is no intramolecular synthon present (Figure 3b), resulting
in a different pattern of supramolecular interactions. The phosphoryl oxygen and the
amide nitrogen, which typically form the intramolecular P=O---H-N motif in the P2;/c
structures, do not show any hydrogen bonding and therefore, the molecules are not
limited to an eclipsed conformation (vide supra). They form a staggered conformation that
enables the formation of the basic supramolecular building block for this structure. Two
molecules are connected via two intermolecular P=O---H-N hydrogen bonds, forming
a ring synthon with graph set R%(12) (Figure 8) [13,19]. Further N-H---Ph and P=0---H-
C(Ph(C2)) interactions are observed. The N-H:--Ph interactions are formed through the
remaining amide moieties which do not interact in the R3(12) ring described prior and
this additional set of interactions seems to stabilise the motif by increasing the packing
efficiency and stopping this moiety from forming the previously mentioned intramolecular
P=0---H-N bonding. The P=0---H-C(Ph(C2)) interactions also seem to add stability by
further aiding the P=O oxygen atoms to obtain the orientation necessary to form this
synthon [17,21].

The two molecules are related by a glide plane on the a— plane along the c axis
(Figure 9) which results in the formation of infinite chains along cell axis c. Neighbouring
chains positioned anti-parallel to each other along the b axis and related to each other by a
second glide plane along the diagonal of the ab plane. Chains neighbouring each other along
the a axis are parallel and again related by translation. The main interaction responsible for
arrangement in antiparallel chains is the Ph(m)---H-C(para-methyl) interaction between the
closely situated 4-methyphenyl groups bound to different molecules in different chains [21],
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as noted in Figure 9 [13]. This guarantees the closest possible packing of the various phenyl
groups in the molecule. Thus, the 4-methylphenyl groups seem to play a structure forming
role in both the formation of a different hydrogen bonding motif and a different packing of
the molecules in this structure compared to other pyrophosphoramides.

(a) (b)

Figure 8. Hydrogen bonding motif for O((4-MePhNH),PO); (a) as viewed along the a-axis (left) and offset to show the
staggered conformation of the pyrophosphoramide (right) (generated in Mercury [25]); (b) The ring synthon responsible for
the motif given in a simplified diagram (generated using ChemSketch [24]).

Figure 9. Intermolecular and intramolecular non-hydrogen bonding interactions in the structure of
O((4-MePhNH),PO), (generated in Mercury [25]).

The 2-methylphenyl and 4-methylphenyl derivatives both crystallise in different
supramolecular structures and space groups. However, the 2-methylphenyl pyrophospho-
ramide crystallises in the same space group and shows the same supramolecular bonding
as that for the tert-butyl analogue. O((4-MePhNH),;PO),. The latter was collected at 90 K,
whereas the O((2-MePhNH),PO), polymorphs were collected at 150 K and 295 K [10,11,13].
Thus, it is unclear whether the occurrence of different structural motifs is mainly caused
by the different nature of the side groups or simply because the single crystal data was
collected for each compound at different temperatures

No intramolecular P=O---H-N hydrogen bonding is present in the crystal structure of
1. This leads to the formation of a staggered arrangement of the pyrophosphoramide group
similar to that observed for O((4-MePhNH),PO),. Thus again, the lack of intramolecular
bonding between amide and phosphoroxide seems to hinder an eclipsed conformation (vide
supra, Figure 3b) and related supramolecular motifs. The most important supramolecular
motif in the structure of 1 is therefore the P=O---H-N interaction. This is in agreement
with what was observed also in all other mono-N-substituted pyrophosphoramides, where
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intermolecular hydrogen bonding was a major factor in the formation of the relevant
supramolecular motifs [10-13]. The actual synthon is shown in Figure 10. It is formed
by two molecules of 1 related to each other by translation symmetry via two different
P=0---H-N hydrogen bonding synthons. To the best of our knowledge this is the only
mono-N-substituted pyrophosphoramide structure to exhibit multiple intermolecular hy-
drogen bonding synthons. The first synthon is a ring with a R}(8) graph set connecting
one P=0 group with two neighbouring N-H groups, which are bound to the two different
phosphorus centres of the second molecule. The second synthon consists of a P=O---H-N
interaction between the other P=O group of the first molecule and a neighbouring N-H
group. The latter is not part of the previously discussed synthon; it shares, however, a
phosphorus centre with one of the previously discussed amide groups. Neighbouring
chains along the a axis pack anti-parallel to each other via a 21 screw axis (Figure 11). The
remaining amide does not seem to participate in any type of intermolecular or intramolec-
ular bonding, even though, theoretically, infinite chains along the b axis could be formed
in a similar manner as observed in other mono-N-substituted pyrophosphoramides (vide
supra). Therefore, the main mode of intermolecular interactions is the Van der Waals forces
that caused the hydrophobic iso-propyl groups to stack.

=0

O--—I—Z—T

_I.
T
o
-

—

R

Figure 10. Hydrogen bonding synthons present in the structure of O((iPrNH),PO), (generated in
Mercury [25] and ChemSketch [24]).

Figure 11. Antiparallel chains of O((iPrNH),PO); noted along the a-axis (generated in Mercury [25]).

The cause for the formation of this different supramolecular motif is difficult to
determine as the different molecular structure, synthesis, crystallisation techniques, and
solvents used can all affect crystallization process and lead to this crystal structure. The
temperature at which single crystal data was obtained is unlikely to be the cause of this
as it falls into the same range as for the other compounds crystallising in spacegroup
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P27 /c [10-12]. The synthesis and crystallisation approach used to obtain single crystals of 1
differs from published procedures to obtain crystalline material for the related compounds.
Given the chemical similarities between the iso-propyl and tert-butyl moiety the difference
in supramolecular motifs between the two is unexpected.

3.1.2. Structural Comparison of di-N-Substituted Pyrophosphoramides

Because of the lack of a N-H donor in di-N-substituted pyrophosphoramides the main
supramolecular interactions present in the crystal structure derive from the organic sub-
stituents. A very good and well-known example of a di-N-substituted pyrophosphoramide
O((RaN)PO); is Schradan, O((Me;N),PO);, [3-9,22]. Schradan is a liquid at room tempera-
ture. No crystal structures collected of crystals below the melting point temperature are
reported in the literature. Structural information from experimental data is only available
for O((R'R?N),PO), and the N,N’-substituted diamine derivatives O((R'(NR?),),PO),, i.e.,
O((BzMeN),PO),, O((C2Hy4(2,5-iPrPhN);), PO), and O((1,2-Cy(NaphN),),PO), [13-15]. No
significant classical intermolecular interactions between the pyrophosphoramide or organic
moieties are present in the corresponding published crystal structures. The pyrophospho-
ramide backbone forms a similar staggered conformation in all three compounds. In
O((BzMeN),PO),, the main intermolecular interactions effecting the supramolecular struc-
ture are weak C—H---Ph interactions [13]. These form in two different synthons, namely
N-Me:--Ph(C2) and CH;(benzyl)---Ph. The molecules pack in layers linked along the axis ¢
(Figure 12) [17,21].

(b)

Figure 12. Packing of O((BzMeN),PO),: (a) C-H---Ph interactions which act as the main supramolecular building block
(generated in Mercury [25]); (b) simplified diagram of the supramolecular motif (generated using ChemSketch [24]).

The crystal structure of O((C,H4(2,5-iPrPhN);),PO), shows only very weak inter-
molecular interactions [14]. The pyrophosphoramide moieties seem to be isolated from
each other by the bulky hydrophobic organic moieties (Figure 13).

In the crystal structure of O((1,2-Cy(NaphN),),PO), intermolecular motifs (C-H---Ph
interactions) are present similar to those observed in the structure of O((BzMeN),PO),.
Intermolecular interactions are noted between the benzyl methylene, the naphthyl groups
and the cyclohexyl -CH,— groups. Three distinct C-H:--Ph interactions are present
namely CHj(benzyl methylene)---naphthyl(C4), C-H(Naphthyl(C8))---naphthyl(C10), and
CHy(cyclohexyl)---napthyl(C3) [15]. These interactions are unidirectional, with the proton
donors binding to the closest naphthalene along the c axis, which is typically the molecule
diagonal to the proton donor molecule in the layers running along axis a (Figure 14). The
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pyrophosphoramide group is connected to hydrate water by hydrogen bonding forming a
R3(8) ring [15]. This ring motif separates the pyrophosphoramide molecule structurally
from any further interaction with typical hydrogen bonding electron acceptors.

Figure 13. Structure of O((C;H4(2,5-iPrPhN),),PO); as viewed along the a-axis (generated in Mer-
cury [25]).

Figure 14. Structure of O((1,2-Cy(NaphN),),PO), viewed along the c-axis showing hydrogen bonding (black contacts) and
C-H---Ph interactions (light blue contacts) (generated in Mercury [25]).

In all three cases the supramolecular structure is dominated by the organic substituents.
There is complete lack of 77 stacking interactions. A possible reason for this might be that
the pyrophosphoramide backbone always takes on a more staggered conformation forcing
the organic substituents into unfavorable positions to form 7—7t stacking. The staggered
conformation itself is most likely caused by the lack of the amine N-H bonds, which usually
force the molecule in a more eclipsed conformation through inter/intramolecular bonding
as observed in some of the mono-N-substituted pyrophosphoramides.

4. Conclusions

The crystal structure of the mono-N-substituted pyrophosphoramide, O((iPrNH),PO),
1 has been determined from single-crystal X-ray diffraction data while the chemical identity
of the species was supported by IR, "H NMR, 3P NMR, and GC MS data (see SI). A
thorough structural comparison of 1 with other pyrophosphoramides for which the crystal
structures have been published previously was carried out. 1 forms a novel supramolecular
motif previously unattested for mono-N-substituted pyrophosphoramides. This motif was
composed of two different synthons with P=O---H-N interactions. The great impact of
this type of hydrogen bonding on the supramolecular motifs in all previously published
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mono-N-substituted pyrophosphoramides could be confirmed also for 1. Trends regarding
the effects of the various organic moieties within the different compounds were difficult to
describe due to the lack of systematic data. No comparison of 1 with the di-N-substituted
pyrophosphoramides was undertaken, given that the trends in packing are significantly
different between this group and the mono-N-substituted pyrophosphoramides.

The differences observed between the supramolecular motifs present in 1 and the
supramolecular features of other mono-N-substituted pyrophosphoramides indicate that
there are possibly other supramolecular motifs that have not yet been discovered yet.
The crystal structure of 1 further expands the diversity of possible supramolecular syn-
thons. The different synthon in 1 (R3(8)ring), not known in previously described mono-
N-substituted pyrophosphoramides, adds a new strong structural motif to the viable
synthons known experimentally for mono-N-substituted pyrophosphoramides. It can
also be considered to be a viable option for the discovery of new co-crystals of these
species [20,21]. Different solid-state forms of pyrophosphoramides as well as co-crystals
formed with other organic and inorganic species will have different physical properties
and, at times different chemical properties compared to the currently marketed compounds
without changing the actual molecule [26-30]. This is important for mono-N-substituted
pyrophosphoramides given their possible use as a pesticide. The formation of different
forms with different thermodynamic and kinetic stabilities can aid in complexation reac-
tions and e.g., diminish decomposition on storage, a property of great importance for use
in agriculture [28,29,31,32].

However, given the disparity between the various experimental techniques used
in both the structures described in the literature and the current study further work at
different temperatures, including X-ray data from powders, must be undertaken to obtain a
more comprehensive understanding of the relationship between the chemical and physical
properties and the crystal structures of various pyrophosphoramides.
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9/3/1/13/s1. Interpretation of IR, NMR and mass spectra. Figure S1: IR spectrum of O((iPrNH),PO),.
Figure S2: IR spectrum of O((iPrNH),PO); obtained from column chromatography. Figure S3: 'H
NMR spectrum of O((iPrNH),PO),. Figure S4: TH NMR spectrum of O((iPrNH),PO); from column
chromatography. Figure S5: 3'P{'H} NMR spectrum of O((iPrNH),PO),. Figure S6: 3! P{' H} NMR
spectrum of O((iPrNH),PO), from column chromatography. Figure S7: Gas chromatograph of
O((iPrNH),PO),. Figure S8: Gas chromatograph of O((iPrNH),PO), from column chromatography.
Figure S9: Mass spectrum of O((iPrNH),PO), from column chromatography. Table S1: 'H NMR
experimental data and assignment for proton peaks of O((iPrNH),PO), in CDCl;. Table S52: THNMR
experimental data and assignment for proton peaks of O((iPrNH),PO), from column chromatography
in CDCl3. Table S3: Mass spectra peak data for the O((iPrNH),PO), Gas chromatography peaks at
6.618 and 7.313 min.
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Appendix A
Appendix A.1. Single Crystal X-ray Diffraction Experimental Description

Single crystals of C1,H3pN4O3P; [O(iPrNH),PO);] were [Layering CHCl3 solution
with 3040 petroleum ether]. A suitable crystal was selected and [Collected in oil and
frozen] on a STOE STADIVARI diffractometer. The crystal was kept at 293 K during
data collection. Using Olex2 [1], the structure was solved with the ShelXT [2] structure
solution program using Intrinsic Phasing and refined with the ShelXL [3] refinement
package using Least Squares minimisation. CCDC 2055906 contains the supplementary
crystallographic data for this paper. The data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/structures.

1.  Dolomanov, O.V., Bourhis, L.J., Gildea, R.J, Howard, J.A.K. & Puschmann, H. (2009), J.
Appl. Cryst. 42, 339-341.

2. Sheldrick, G.M. (2015). Acta Cryst. A71, 3-8.

3. Sheldrick, G.M. (2015). Acta Cryst. C71, 3-8.

Crystal structure determination of [O(iPrNH),PO);]

Crystal Data for C1oH3,N4O3P; (M = 342.35 g/mol): orthorhombic, space group Pca2;
(no. 29), a =20.342(2) A, b = 5.0495(6) A, c = 19.103(3) A, V = 1962.2(4) A3, Z =4, T =295 K,
w(CuKa) =2.133 mm~ !, Deale = 1.159 g/ cm?, 43032 reflections measured (8.696° <20 <
137.27°), 3317 unique (Rint = 0.0557, Rgigma = 0.0226) which were used in all calculations.
The final Ry was 0.0408 (I > 20(I)) and wR, was 0.1075 (all data).

Appendix A.2. Refinement Model Description
Number of restraints—1, number of constraints—unknown.
Details:

1.  Fixed Uiso

e  At1.2 times of all C(H) groups
e At 1.5 times of all CH3z groups

2a. Ternary CH refined with riding coordinates: C10(H10), C20(H20), C30(H30), C40(H40)

2b. Idealised Me refined as rotating group: C31(H31A,H31B,H31C), C11(H11A,H11B,H11C),
C41(H41A,H41B H41C), C42(H42A,H42B,H42C), C12(H12A,H12B,H12C), C22(H22A,
H22B,H22C), C32(H32A,H32B,H32C), C21(H21A, H21B,H21C)
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