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ARTICLE INFO ABSTRACT

Keywords: The nitrile-functionalized derivatives of 2,8-dithia-5-aza-2,6-pyridinophane ([12]anePyNS,)(Py = Pyridine), 1-
Silver(T) aza-4,7,10-trithiacyclododecane ([12]aneNS3), and N,N’-bis(2-pyridylmethyl)-propylenediamine (Pypn),
Macrocyles referred to as L%, L' and L2, respectively, have been prepared. Following the reaction of these ligands with

Nitrile group

A silver(I) salts, the three coordination polymers (CPs) {[Ag(LlO)](BF4)}w, {[Ag(Lu)](BF4)o‘/zMeCN}oo, and {[Ag
Coordination polymer

(le)](N03)}m, have been isolated and structurally characterized. The structural features of the three CPs de-
pends more on the nature of the un-functionalized ligands rather than on the presence of the nitrile groups. A
comparative analysis of the structures of the three CPs is performed in relation to the structures of polymeric
silver(I) compounds obtained with nitrile-functionalized pendant arms of related aza- and mixed donor

macrocyclic ligands (Ll—Lg) reported in the literature.

1. Introduction

During the past quarter century, the inorganic crystal engineering of
coordination polymers (CPs) and metal organic frameworks (MOFs) has
experienced an exponential growth resulting in the development of
innovative solid functional materials for applications in microelec-
tronics, nonlinear optics, gas storage, molecular sensing, ion exchange,
and drug-delivery [1-7]. In the late 1990s, most of the efforts were
devoted to the targeted construction of new architectures and networks
of desired topologies in the solid state (from molecular interlocked/
intertwined species such as rotaxanes, catenanes, knots and helicates, to
molecular rings and cages, and extended 1D, 2D and 3D networks) by
exploiting the self-assembly of organic ligands with appropriate func-
tional groups and metal ions, making use, in the first place, of the
strength and directionality of coordination bonds [8].

Many advances have been made with the aim of allowing predictable
control over the topology of the supramolecular architectures formed in
the solid state, through a careful choice of the organic (spacers) and
inorganic (metal ions or coordinatively unsaturated preformed com-
plexes) building-blocks. However, this objective is still a major
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challenge due to the intervention of weaker interactions such as
hydrogen or halogen bonds, neeer interactions and other non-covalent
contacts involving groups belonging to the organic or inorganic com-
ponents of the coordination polymer, in determining the packing
arrangement of the polymeric entities.

In 1998, in Martin Schroder’s group, the idea came up to consider for
the first time functionalized pendant arm derivatives of macrocyclic li-
gands for the purpose of constructing multidimensional inorganic
polymers. In fact, until then aza- and mixed thia-aza macrocyclic ligands
had been used extensively as ligands for the preparation of complexes of
high kinetic inertness and thermodynamic stability, with pendant
groups often attached to the macrocyclic framework in order to promote
endocyclic complexation and to impart specific redox and coordination
environments to the coordinated metal ions. It was argued that nitrile-
containing pendant arms would promote the formation of multinu-
clear and multidimensional exocyclic solid state architectures with
metal ions such as Ag' and Cul, rather than endocyclic coordination and
the formation of mononuclear complexes, due to the inability of the
nitrile group to bind via 6 M«—:N=C-R donation in a chelate fashion to a
metal ion sitting within the macrocyclic cavity. In the same period Ciani
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and coworkers obtained interesting coordination networks from the self-
assembly of silver(I) salts and aliphatic linear chain dinitriles NC
(CH),CN (n = 2-8, 10) [9-11], after a lot of evidence of silver(I) co-
ordination polymers formed with aromatic nitrogen donor ligands [12].

The results achieved with the nitrile-functionalized pendant arm
derivatives reported in Fig. 1 confirmed the active role of the nitrile
groups in linking different silver(I) centers in the obtained polynuclear
complexes with their dimensionality strictly dependent upon the num-
ber and length of nitrile-functionalized pendant arms present in the li-
gands (especially those featuring 9-membered macrocyclic rings), and
the donor set and ring size of the macrocyclic framework [13,14].

Additional support for the initial working idea was provided by the
reactivity of L® and L® with AgBF, in the presence of half an equivalent
of CN™ or SCN ™. In this case, the coordination site left free on the metal
center by the macrocyclic moiety of the nitrile-functionalized ligands
was occupied by the exogenous anionic ligands instead of nitrile groups,
thus preventing the formation of inorganic polymers involving the
pendant nitriles and favoring the isolation of unusual compounds, in
particular discrete binuclear complexes featuring either a side-on two-
electron (6) p2-kC:kC or a linear four-electron (¢ + 7) u2-kC:kN bridging
cyanide/thiocyanate [15-17].

Pursuing our interest in exploring the use of pendant arm derivatives
of macrocyclic and pre-organized ligands as suitable building block for
inorganic crystal engineering, we report on the compounds obtained by
reacting silver(I) salts with the nitrile-functionalized mixed-donor li-
gands Llo, Lll, and L2 (Fig. 2) characterized by different degrees of
flexibility and conformational freedom.

In particular, L“, characterized by an NSs-donor set in the 12-
membered macrocyclic framework, is structurally analogous to L7. L1?
features a pyridine subunit in the N3S; donating 12-membered macro-
cyclic moiety, while L2 is an open-chain and more flexible ligand
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characterized by two pyridine subunits and two tertiary N-donors in the
N4 N,N’-bis(2-pyridylmethyD)-propylenediamine (Pypn) chelating unit
(Fig. 2).

2. Results and discussion

L!® and L!! were successfully synthesized by direct reaction,
respectively, of the macrocycles 2,8-dithia-5-aza-2,6-pyridinophane
([12]anePyNSy) (Py = Pyridine) and 1-aza-4,7,10-trithiacyclododecane
([12]aneNSs3) with acrylonitrile, and used as precursors in the synthesis
of the corresponding amino derivatives for the development of fluores-
cent chemosensors for heavy metal ions [18,19]. However, their coor-
dination chemistry has not been considered to date. The X-ray crystal
structure of L1 (see Fig. S1 and Tables S1 and S2 in Supporting Infor-
mation, SI) shows the aliphatic portion of the macrocyclic framework
folded over the pyridine unit. The S-donors and the aliphatic N-donor
are exo-oriented with the S-C-C-N torsion angles assuming an anti-
arrangement, while the torsion angles at the C-S and C-N (aliphatic)
bonds assume gauche-arrangements. A similar conformation was
observed for the compound 5-(dansylamidopropyl)-2,8-dithia-5-aza-
2,6-pyridinophane [18].

L'® was treated with AgBF, in a 1:1 molar ratio in MeCN (the choice
of AgBF, as starting silver(I) salt was determined by the necessity to
limit the effect of the counter-anion and to compare the results with
those obtained with the nitrile-functionalized pendant arm derivatives
in Fig. 1 for which this silver(I) salt was mainly considered). Although
analytical and mass spectrometric data for the product are consistent
with a 1:1 [Ag(Llo)]BF4 stoichiometry, the single crystal structure
determination (Table S1) reveals the formation of the polymeric com-
pound {[Ag(LlO)](BF‘;)}oo where, contrary to what was expected, the
nitrile group in L0 is not involved in metal coordination. Each AgI ionis
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Fig. 1. Nitrile-functionalized derivatives of macrocyclic ligands considered in previous studies for the construction of silver(I) inorganic polymers of different

dimensionality [13,14].
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Fig. 2. Nitrile-functionalized mixed-donor ligands considered in this paper.

bound to the two S atoms (S1 and S2) [Agl-S1 = 2.7415(6), Agl-S2 =
2.5830(7) A], the pyridine N atom (N1) [Ag1-N1 = 2.419(2) A], and the
tertiary N atom (N2) [Agl1-N2 = 2.652(2) A] from the macrocyclic unit.
An overall distorted square pyramidal coordination geometry is
completed by the sulfur atom, S1%, of a symmetry-related [Ag(L'%)] " unit
[Ag1-S1i = 2.5237(6) A, symmetry codei=3/2 — x,1/2 +y, 1/2 — 2]
(Fig. 3).

Interestingly, the distances between the metal center and both the
aliphatic N-donor (N2), in trans-position to the pyridine moiety, and the
S1 atom are longer than those generally observed for Ag-N and Ag-S
covalent bonds in silver(I) complexes with aza- and mixed thia-aza
macrocycles [14,20]. Furthermore, the intermolecular Agl—Sli bond
distance is significantly shorter than the intramolecular Ag1-S1 one,
with a S1-Ag1-S1' angle of 98.5° (Fig. 3).

This endo- and exo-binding mode of S1 generates {[Ag(L'®)]*}, one-
dimensional zig-zag coordination polymers running along the [010]
direction, with the uncoordinated nitrile pendant arms alternately

located above and below the plane containing the —~Ag—S—-Ag-S- back-
bone chain, and the ligand adopting an overall p,-«x'N1:x'N2:x*S1:x'S2
binding mode. A similar polymeric structure was observed in the silver
(I) complexes [Ag(L)]1(CF3CO2)eH50 and [Ag(L)INO3 [21,22] in which
L is the macrocycle 2,5,8-trithia-2,6-pyridinophane ([12]anePySs),
which is structurally analogous to [12]anePyNS, but has an S-donor
instead of the secondary amine nitrogen. However, in these silver (I)
complexes, the bridging S atom is the central one in the thioether
portion of the macrocyclic ligand, rather than one of the two next to the
pyridine moiety.

The crystal packing features BF; anions that are intercalated be-
tween {[Ag(L“’)]*}[,o cationic zig-zag polymeric chains as shown in
Fig. S2, weakly interacting via C-HeeeF hydrogen bonds [the shortest
CeeeF distance is 3.121(3) }o\].

Analogously to L', L1! has only one nitrile-functionalized pendant
arm but the macrocyclic framework is characterized by a higher degree
of flexibility due to the introduction of a sulfur atom in the donor set in

Fig. 3. A drawing showing part of a ~{[Ag(L10)]+}m zig-zag polymeric chain in {[Ag(LlO)](BF4)}m running along the [010] direction with the numbering scheme
adopted. Hydrogen atoms and counter anions are omitted for clarity [symmetry code i = 3/2 — x, 1/2 + y, 1/2 — z]. Selected bond length (A) and angles (°) are

reported in Table S3 in the SI
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place of the pyridine moiety. A four-coordinated quasi-tetrahedral
structure around the Ag' center might be achieved by the intervention of
either the nitrile group from a second molecule of L'! as observed for L°
(Fig. 1) [14], or a sulfur atom from the macrocyclic moiety as observed
for L1°, the [12]aneNS3 moiety imposing, substantially, a NS, donation
in both cases. As a matter of fact, reaction of L' with AgBF4 in a 1:1
molar ratio in MeCN afforded after crystallization colorless plate-shaped
crystals (Table S1) corresponding to the formulation [Ag(Lu)]
BF4e!sMeCN, with the crystal structure featuring one-dimensional {[Ag
(L]} zig-zag polymeric chains (Fig. 4).

Each Ag' center adopts a distorted tetrahedral geometry with the
macrocyclic unit imposing a NSy tri-coordination [Ag1-N1 = 2.506(2),
Agl-S1 = 2.5602(7), Agl-S3 = 2.5272(7) A] and assuming a square
shape with the donor atoms part of a “side”, each of which features a
sequence of gauche-anti-gauche torsion angles. The fourth coordination
site of the tetrahedral environment is occupied by the S2 atom from a
symmetry-related [Ag(LH)]+ complex cation [Agl—SZi 2.5227(7) f\,
symmetry code i = 3/2 — x, —1/2 + y, +z]. The intramolecular Ag1-S2
distance (green dashed lines in Fig. 4) is too long [3.192(7) A] to be
associated with an Ag-S covalent bond and to consider the overall co-
ordination environment as distorted square-pyramidal. Furthermore,
the intermolecular Agl-S2! bond distance is shorter than the intra-
molecular ones. The exo-coordination of S2 generates one-dimensional
zig-zag coordination polymers running along the [010] direction, with
the uncoordinated nitrile pendant arms oriented alongside the propa-
gation direction of the —~Ag-SeeeAg—Seee backbone chain. Similarly to
the crystal structure of {[Ag(LlO)] (BF4)}e, in {[Ag(Lll)]
(BF4)e!sMeCN},,, BF4 anions are also intercalated among cationic zig-
zag polymeric chains weakly interacting via C-HeeeF hydrogen bonds
[the shortest CeeeF distance is 3.146(4) A]. Furthermore, co-crystallized
acetonitrile molecules lie on a two-fold screw axis as shown in the
packing diagrams depicted in Fig. S3.

In view of the different S atoms participating in the intermolecular
Ag-S bond, the polymeric cationic {[Ag(Lll)]+}°° chains resemble more
those observed in [Ag(L)](CF3CO2)eH20 and [Ag(L)INO3 [21,22] [L =
2,5,8-trithia-2,6-pyridinophane ([12]anePyNS3)], than the zig-zag {[Ag
@L191*} polymers, with L! adopting an overall pus-
k'N1:x1S1:x1$2:'S3 binding mode. Worthy of note, in the case of L7
(Fig. 1) [14], the discrete binuclear complex cation [Agz(L7)2]2+ was
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formed upon reaction with AgBF, in a 1:1 molar ratio in MeCN, in which
each metal center is coordinated by a [NS3+0] donor set from the [12]
aneNS,0 macrocyclic framework and the nitrile group of a symmetry-
related [Ag(L7)]+ unit in a distorted trigonal bipyramidal coordination
sphere. Despite the soft character of the Ag' metal ion, the quite short
and unpredictable Ag-O distance [2.788(6) /0\] in [Agg(L7)2]2+ as
compared to the quite long intermolecular Ag-S one in {[Ag(LH)] Yoo
together with packing solid state effects, might be responsible for the
different coordination behavior of the two analogous L7 and L!! ligands.
Interestingly, dimetallo[3.3]para- and metacyclophanes were obtained
from the reaction of pyridylmethyl-armed [12]aneNS3 with silver tri-
flate (AgOTf) [23]. Therefore, L1° and L!! featuring NSs-donating 12-
membered macrocylic units, do not afford multidimensional coordina-
tion polymers with silver(I) thanks to the intervention of the nitrile
groups as observed for the nitrile-functionalized derivatives of 9-
membered macrocycles L1-1L3, L5, L8 (Fig. 1) [13,14]. The polymeric
structures observed in the case of {[Ag(LlO)](BF4)}oo and {[Ag(Lu)]
(BF4)e'xMeCN},, are instead determined by the bridging action of a
sulfur atom belonging to the macrocyclic unit. This behavior appears to
be a recurring feature in the chemistry of pendant arm derivatives of
[12]aneNS3; with silver(I). In fact, Habata and coworkers reported a
series of ligands featuring [12]aneNS3 bearing aromatic side arms, with
either electron-donating gropus (EDGs) or electron-withdrawing groups
(EWGs) as substituents on the phenyl ring. The structures of the corre-
sponding silver(I) complexes were determined by the intermolecular
CHeeer interactions controlled by the nature of the substituents EDGs or
EWGs on the aromatic side arms, being CPs or trimers, respectively. In
any case, the NS3 coordination imposed by the macrocyclic unit to each
metal center is completed by a sulfur atom from a neighboring complex
unit in an overall penta-coordination [24]. A similar behavior was
observed by Schroder and coworkers for the heteroditopic ligands [12]
aneSsN-CH,CONH-'Bu and [12]aneS3N-CH,CONH(CO)NH-'Bu for metal
salts: in the structure of the corresponding silver(I) coordination poly-
mers, the pendant arms were engaged in binding the counter-anion of
the starting silver(I) salt [25,26].

Polypyridyl ligands continue to be intensively studied in supramo-
lecular chemistry because they have many degrees of freedom and few
conformational constraints [27]. In particular N,N’-bis(2-pyr-
idylmethyl)-propylenediamine (Pypn, Fig. 2), featuring four N-donors

Fig. 4. A drawing showing part of a {[Ag(L!")]*}, zig-zag polymeric chain in {[Ag(L'')](BF4)e!sMeCN}, running along the [010] direction with the numbering
scheme adopted. Hydrogen atoms and counter anions are omitted for clarity [symmetry code i = 3/2 — x, —1/2 + y, +z]. Selected bond lengths (A) and angles (°) are

reported in Table S4 in the SL
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for coordination in a chelating fashion, has been used to synthesize a
number of either mononuclear or polynuclear transition-metal com-
pounds in different coordination geometries and oxidation states
[28-34]. Functionalization of the secondary N atoms for supramolecular
functions [35,36], with pendant arms bearing nitrile groups has never
been considered so far and, therefore, we reacted Pypn with acrylonitrile
to afford L2 and to study its reactivity towards silver(I). Reaction of L2
with AgNOj3 in a 1:1 molar ratio in MeCN afforded colorless needle-
shaped crystals upon recrystallization (Table S1) corresponding to the
formulation [Ag(L'®)]NOs. Single-crystal X-ray diffraction analysis
confirmed the formation of a 2D coordination polymer.

Each silver(I) center is bound to two pairs of N atoms, one pyridyl
and one aliphatic, from two different L2 ligand units [Agl-N1 = 2.537
(5), Agl-N3 = 2.227(5), Agl-N2! = 2.700(5), Agl-N4' = 2.214(5) A;
symmetry code i = —1 + x, +y, +2] with the two pyridyl ligands rotated
by about 86°, to generate chains running along the [100] direction (see
Fig. 5). Parallel polymeric chains of this kind are connected via Agl-N51!
bonds of 2.717(7) A (symmetry code ii = +x, +y, —1 + 2) involving one
nitrile pendant arm from an additional L!2 ligand, thus completing the
coordination sphere of the metal center into an overall very distorted
trigonal bipyramidal Ns environment. Therefore, each ligand unit
adopts a u3-x'N1:xIN2:k!N3:x!N4:x!N5 bridging mode involving one
nitrile-functionalized pendant arm, while the second nitrile group is left
uncoordinated, and each metal center can be regarded as a three-
connected node, resulting in a 2D coordination polymer of fused 22-
membered AgsN;C;s metallacycles lying in the (101) plane (Fig. 5a
and S4) and a (6,3) net topology. The crystal packing features pairs of
adjacent sheets that are staggered by about c/2 as shown in Fig. 5b. The
NO3 anions are located in between the CPs layers forming bridging
C-HeeeO hydrogen bonds [the shortest CeeeO distance is 3.145(9) 1°\]
(Fig. S5).

Interestingly, when the unfunctionalized ligand Pypn was reacted
with silver(I) perchlorate the formation of 1D helical polymeric chains
was observed in the resulting compound of formulation [Ag(Pypn)]
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ClOy, with the ligand adopting a jz-x'N1:x!N2:x!N3:x!N4 bridging co-
ordination mode and the metal centers featuring a tetrahedral N4 co-
ordination environment [37]. In this compound, adjacent and nearly
parallel right- or left-handed helical chains interact via meeern in-
teractions between pyridyl rings to form a layered structure. Therefore,
the presence of nitrile pendant arms in L'? is responsible for the
increased dimensionality of the coordination polymer observed in the
crystal structure of {[Ag(le)](N03)}w. This is also supported by the fact
that the reaction between Pypn and silver(I) nitrate produced a crys-
talline product with formula [Aga(Pypn)](NOs3)2-2H-0, in which the
layered motif is determined by both the organic linker coordinating four
metal centers and adopting a -k N1:x!N2:x'N3:<!N4 bridging mode,
and the nitrate anions participating in bridging two silver(I) nodes
featuring a N2Oy and N3O environment, respectively, that are also
directly connected through argentophilic interaction [37].

3. Conclusions

In previous papers we have introduced the possibility of using nitrile-
functionalized pendant arm derivatives of mixed-donor macrocycles as
building blocks for the construction of multidimensional coordination
polymers with metal ions such as silver(I) [13,14]. The results obtained
so far indicate that the nitrile groups play an active role in determining
the formation of inorganic polymers especially with small tridentate
macrocycles such as [9]aneNs (1,4,7-triazacyclononane), [9]aneNsS
(1,4-diaza-7-thiacyclononane) and [9]aneNS, (1-aza-4,7-dithiacyclo-
nonane) (L) (see Table 1). The dimensionality of the resulting coordi-
nation polymers appears to be dependent upon the number of the nitrile-
functionalized pendant arms present in the ligand, upon their length and
upon the donor set of the macrocyclic ligands [13,14]. However, the
results obtained by reacting nitrile-functionalized pendant arm de-
rivatives of tridentate small macrocycles with silver(I) in the presence of
exogenous anionic ligands such as CN™ and SCN™ indicate that beside
steric effects related to the pendant arms, electronic factors can also play

(b)

Fig. 5. A drawing viewed along the [010] direction showing (a) part of the {[Ag(le)] "} 2D structure in {[Ag(le)](N03)}m with the numbering scheme adopted;
(b) simplified representation of staggered 2D sheets along the [010] direction with nodes depicted as spheres. Hydrogen atoms and counter anions are omitted for
clarity (symmetry codes i = —1 + X, +y, +2; ii = +x, +y, —1 + 2); selected length (A) and angles (°) are reported in Table S5 in the SI.
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Table 1
Dimensionality and nuclearity of silver(I) compounds obtained by using the nitrile functionalized pendant arm derivatives L'-L2,

Ligand Silver(I) compound Dimensionality and nuclearity Schematic representation” Ref.

1 1 a
L {[Ag(L)][BF4]}e 3D [13,14]

2 2
L {[Ag(L)][BF4l}o 1D W [14]
12 {[Ag(L3)] [PFgla} e 2D % [14]
L4 [Ag(L%),][BF,] mononuclear Sandwich complex [17]

5 5 .
L [Aga(L?)2][BF4]2 binuclear «—» "
L° Ag(L®1[BF4]} oo 1D

{[Ag(L*)][BF41} /W [14]
v [Aga(L7)2] [BF4]; binuclear — »
L® Ag(L®)][BF4]}o 1D
{[Ag(L®)][BF4]} ./n\./.\./ [14]
L° [Ag(L%)][PF50,] mononuclear PF,0; coordinates to silver(I)® [14]
L {[Ag(L' )] [BF4]}er 1D S. S This work
e N
Lt {[AgL )] [BF4]}er 1D S. S This work
NN

L' {[Ag(L'®)][NOs1} o 2D This work

2 The same compound with the same structural features is obtained starting from AgPFg [14]; ® black dots represent the silver(I) atoms in the schematic repre-
sentations of the dimensionality and nuclearity of the compounds; linkers represent either N—(CH3),—CN bridges (n =1 L'and L8 n =212 13 15 1° L7), which can be
single or double, or N—(CH;)3-N bridges (L'?); in the case of L'® and L' a single S-donor bridges two metal centers; © PF,05 resulted from the hydrolysis of PFg [14].

a crucial role [15,17]. In fact longer, more sterically-demanding nitrile-
functionalized pendant arms of small tridentate macrocycles (L) do not
appear to prevent CN~ or SCN™ forming a side-on two-electron (o)
bridge rather than a linear four-electron (¢ + n) bridge between two [Ag
(L)]" units, independent of the nature of the counter-anion in the
starting silver(I) metal salt (see Supporting Information for the structure
of [Aga(LH2(p-CN)1(OTf)e/sMeCN).

The results obtained with nitrile-functionalized pendant arm de-
rivatives of larger 12-membered mixed-donor macrocycles such as L7
[14], Llo, and L' indicate that in the formation of CPs with silver(I) the
electronic requirements of the metal center and the coordination prop-
erties of the macrocyclic moiety and its donor set might become
determinant.

In fact, despite the presence of the nitrile group in L'° and L, the
metal ion prefers to catenate via a sulfur atom from the macrocycle unit
bridging two metal ions in the formation of coordination polymers, and
this seems to be a constant in the chemistry of functionalized derivatives
of [12]aneNS3 and [12]anePyNS; and is unaffected by the nature of the
functional groups present in the pendant arm [24-26]. The results ob-
tained with L!? indicate that nitrile-functional groups implemented on
open-chain ligand moieties such as Pypn can be a useful tool in deter-
mining the dimensionality of the resulting coordination polymers
obtainable with silver (I), as demonstrated with simple aliphatic linear
chain dinitriles NC(CH5),CN [9-11].

4. Experimental

4.1. Materials and methods

The syntheses of the ligands L1%-L12 were carried out under N at-
mosphere. L1° and L2 were prepared according to procedures reported
in refs. [18,19], respectively. The N,N’-bis(2-pyridylmethyl)-propyle-
nediamine (Pypn) precursor of L2 was synthesized following the pro-
cedure reported in the literature for the preparation of its dimethylated
derivative [38]. Reagents and solvents were used as purchased from
Aldrich. Elemental analyses were performed with an EA1108 CHNS-O
Fisons instrument (T = 1000 °C). 'H NMR and '3C NMR spectra were
determined on a Bruker Avance 600 MHz or a Varian INOVA-400 MHz
spectrometers. Mass spectra were recorded on a triple quadrupole QqQ
Varian 310-MS mass spectrometer by using the atmospheric pressure ESI
technique. All the sample solutions were infused into the ESI source with
a programmable syringe pump (1.50 mL/h constant flow rate). A dwell
time of 14 s was used, and the spectra were accumulated for at least 10
min to increase the signal-to-noise ratio. Mass spectra were recorded in
the m/z 100-1000 range.

Scan parameters were chosen to reduce/observe the fragmentation
of the metal complexes [39]: needle voltage 3500 V, shield 800 V, source
temperature 60 °C, drying gas pressure 20 psi, nebulizing gas pressure
20 psi, detector voltage 1450 V, and drying gas temperature 110 °C. The
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isotopic patterns of the measured peaks in the mass spectra were
analyzed using the mMass 5.5.0 software package [40]. All the mass
values are indicated as monoisotopic masses, computed as the sum of the
masses of the primary isotope of each atom in the molecule (note that
the monoisotopic mass may differ from the nominal molecular mass).

4.2. X-ray diffraction

A summary of the crystal data and refinement details for the com-
pounds discussed in this paper are given in Table S1 in the Supporting
Information, only special features are noted here. X-ray diffraction data
for {[Ag(Lm)](BF4)}oo and {[Ag(Lll)](BF4)Ol/2MeCN}°° were collected at
100 K on a Bruker D8 Venture diffractometer (Mo Ka) equipped with a
PHOTON II area detector. The data were indexed and processed using
Bruker SAINT [41] and SADABS [42]. The structures were solved with
the ShelXT 2018 [43] solution program using dual-space methods.

X-ray diffraction data for Lw, {[Ag(le)](N03)}‘,o and [Agg(L4)2(p-
CN)](OTf)esMeCN were collected at 150 K on a Bruker SMART1000
diffractometer (Mo Ka) equipped with a CCD area detector. The data
were indexed and processed using Bruker SAINT and SHELXTL [44].
The structures were solved with the ShelXS97 [45] structure solution
program using direct methods.

The models were refined with ShelXL 2018 [46] using full-matrix
least-squares minimization on F2. All non-hydrogen atoms were
refined anisotropically. Hydrogen atom positions were calculated
geometrically and refined using the riding model. Olex2 1.5 [47] was
used as the graphical interface.

For L%, during structure refinement, a portion of the macrocyclic
unit (C7-C10, C12) was found to be affected by disorder; the disorder
was modelled over two positions with fractional occupancies 81:19 by
using geometrical restraints. For {[Ag(Lll)](BF4).l/2MECN}°°, the co-
crystallized acetonitrile molecule lies on a two-fold screw axis. Its
methyl protons were, therefore, placed on calculated positions and their
occupancies fixed to 0.5. Structures have been deposited with the
Cambridge Crystallographic Data Centre via https://www.ccdc.cam.ac.
uk/deposit, with deposition numbers CCDC: 2241473-2241477 for
L10, [Aga(L*)2(u-CN)I(OTfe!sMeCN, {[Ag(L'®)]I(NO3)}s, {[AgL'®)]
(BF4)}, and {[Ag(Lll)](BF4)-‘/zMeCN}w, respectively.

4.3. Synthesis of N,N’-bis(2-cyanoethyl)-N,N’-bis(2-pyridylmethyl)-
propylenediamine (L'%)

A mixture of N,N’-bis(2-pyridylmethyl)-propylenediamine (1.03 g,
5.05 mmol) and acrylonitrile (12 mL, 180 mmol) was stirred under Ny
atmosphere at 65 °C for 24 h. The excess of acrylonitrile was removed
under vacuum to afford the desired compounds as a brownish oil in 90%
yield. 'H NMR (CDCls, 400 MHz): 8 1.66 (t, J = 6.8 Hz, 2H), 2.42 (t, J
= 6.8 Hz, 4H), 2.57 (t, J = 6.8 Hz, 4H), 2.77 (t, J = 6.4 Hz, 4H), 3.71 (s,
4H),7.12 (t,J =7.2 Hz, 2H), 7.41 (d, J = 8.0 Hz, 2H), 7.61 (t,J = 7.6 Hz,
2H), 8.45 (d, J = 8.0 Hz, 2H) ppm. 13C NMR (CDCls, 100 MHz): 8¢ 16.28,
25.02, 49.59, 51.75, 59.89, 118.96, 122.16, 122.95, 136.57, 148.85,
158.89 ppm. ESI(+)-MS (MeCN solution) m/z: 256 for [LH]+
([C15H20N41 ™).

4.4. Synthesis of {[Ag(L1%)](BF9)}

AgBF,4 (0.016 g, 0.082 mmol) was added to a MeCN solution (10 mL)
of L0 (5-(2-cyanoethyl)-2,8-dithia-5-aza-2,6-pyridinophane) (0.024 g,
0.082 mmol). The resulting colorless solution was stirred at room tem-
perature under N» for 2 h in the dark. Diffusion of EtoO vapors into the
reaction mixture yielded colorless crystals of the CP {[Ag(LlO)](BF“)}oo
(0.025 mg, 0.052 mmol, 63% yield). M.p.: 185 °C. Elemental Analysis
(%) calcd. for C14H19AgBF4N3Ss: C 34.45, H 3.92, N 8.61, S 13.14.
Found: C 34.40, H 3.96, N 8.58, S 13.19. 'H NMR (CD3CN, 600 MHz): 5y
2.43-2-45 (m, 2H), 2.52 (t, J = 6.0 Hz, 2H), 2.83 (t, J = 6.0 Hz, 2H),
2.90-2.93 (m, 2H), 3.28 (s, 4H), 3.80-4-20 (m, 4H), 7.30 (d, J = 6.0 Hz,
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2H), 7.77 (t, J = 6.0 Hz, 1H) ppm. *C NMR (CD3CN/DMSO-ds, 150
MHz): 8¢ 14.7, 30.4, 39.1, 48.4, 49.8, 52.0, 125.3, 139.5, 156.6 ppm. ESI
(+)-MS (MeCN solution) m/z: 400 for [L1%Ag]™ ([C14H19Ag N5S1™).

4.5. Synthesis of {[Ag(L'1)](BF,)e/:MeCN},

AgBF, (0.0414 g, 0.0246 mmol) was added to a MeCN solution (10
mL) of L11 (1-(2-cyanoethyl)-1-aza-4,7,10-trithiacyclododecane) (0.020
g, 0.072 mmol). The resulting colorless solution was stirred at room
temperature under N for 2 h in the dark. Diffusion of Et;0 vapors into
the reaction mixture yielded colorless crystals (0.047 mg, 0.048 mmol,
66% yield). M.p.: 217 °C with decomposition. Elemental Analysis (%)
caled. for C12Hs1 5AgBF4N2 5S3: € 29.31, H4.41,N 7.12, S 19.57. Found:
€29.25,H4.38,N 7.15, 5 19.60. 'H NMR (CD3CN, 600 MHz): 8 1.07 (t,
J = 6 Hz, 1H), 1.90-1.93 (m, 1H), 2.40-2.45 (m, 1H), 2.59 (t, J = 6 Hz,
2H), 2.75-2.95 (m, 14H), 3.37 (q, J = 6 Hz, 1H) ppm. >*C NMR (CD5CN/
DMSO-dg, 150 MHz): §¢ 14.2, 15.5, 29.2, 29.5, 29.8, 49.4, 49.7, 66.0,
120.1 ppm. ESI(+)-MS (MeCN solution) m/z: 855 for [Aga(L11)o(BF4)1*
([Co2H40Ag2BF4N4S6]™).

4.6. Synthesis of {[Ag(L*®)](NO3)}

AgNOs3 (0.033 g, 0.194 mmol) was added to a MeCN solution (10 mL)
of L2 (N,N’-bis(2-cyanoethyl)-N,N’-bis(2-pyridylmethyl)-propylenedi-
amine) (0.0721 g, 0.199 mmol). The resulting colorless solution was
stirred at room temperature under Ny for 2 h in the dark. Diffusion of
Et20 vapors into the reaction mixture yielded colorless crystals (0.025 g,
0.047 mmol, 24% yield). M.p.: 220 °C with decomposition. Elemental
Analysis (%) caled. for Co;HogAgN7O3: C 47.38, H 4.92, N 18.42. Found:
C47.35,H4.93,N 18. 48. 'H NMR (CD3CN, 600 MHz): 8y 1.90 (m, 2H),
2.55 (m, 4H), 2.69 (m, 4H), 2.82 (m, 4H), 3.82 (s, 4H), 7.47 (m, 4H),
7.95 (m, 2H), 8.71 (d, J = 5.4 Hz, 2H). 1*C NMR (150 MHz, CD3CN): 8¢
15.9, 24.3, 50.9, 56.0, 61.0, 119.9, 125.0, 126.4, 140.1, 152.5, 157.9.
ESI(+)-MS (MeCN solution) m/z: 471 for [L2Ag]" ([C21H26AgNs] ).
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