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Silver(1) coordination complexes with the versatile and biomimetic ligands
1,2,4-triazolo[1,5-a]pyrimidine (tp), 5,7-dimethyl-1,2,4-triazolo[1,5-a]pyrimidine (dmtp) and
7-amine-1,2,4-triazolo[1,5-a]pyrimidine (7atp) all feature dinuclear [Ag,(1-tp),]** building units (where
tp is a triazolopyrimidine derivative), which are the preferred motif, independently of the counter-anion
used. According to AIM (atoms in molecules) and ELF (electron localization function) analyses, this
fact is due to the great stability of these dinuclear species. The complexes structures range from the
dinuclear entities [Ag,(L-tp),(CH;CN),[(BF.), (1), [Ag,(1-tp).(CH;CN),](ClO,), (2),
[Ag,(u-Tatp),](ClO,), (3) and [Ag,(n-dmtp),(CH;CN)](PF,)(ClO,) (4) over the 1D polymer chain
[Ag,(1-CF;S0;),(u-dmtp),], (5) to the 3D net {[Ag,(Us-tp).](PF¢),- ~6H,0}, (6) with NbO topology.

Introduction

There is a still increasing interest in the design of extended coor-
dination frameworks such as metal-organic frameworks (MOFs)!
for their potential zeolitic, guest molecule absorption/storage,* gas
separation,® catalytic,* magnetic, conducting, nonlinear optical
etc. properties, in addition to their intriguing topologies.* The most
common and controlled strategy to prepare metal-ligand net-
works consists of the self-assembly of specifically designed precur-
sors or building blocks to generate multidimensional compounds.
Therefore, there is a great interest in the search for bridging ligands,
which can produce new materials with intriguing structures and
novel properties. 1,2,4-triazolo[1,5-a]pyrimidine derivatives are
ligands that display a great versatility in their interactions with
metal ions,® giving rise in some cases to compounds with in-
teresting metal-metal interactions.” Moreover, 1,2,4-triazolo[1,5-
alpyrimidine derivatives have been the subject of chemical and
biological studies due to their pharmacology including antipyretic,
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analgesic, antiinflammatory, potential herbicidal, fungicidal, and
leishmanicidal properties.® Due to these biological properties,
a wide variety of their metal complexes have shown biological
activity, with particular antiparasite’ and antitumor activity.'

The Ag(1) ion is regarded as a soft acid that favors the
coordination of soft bases, such as ligands that contain sulphur
and unsaturated nitrogen atoms." Complexes of silver() and
N-heterocyclic ligands lead to the production of interesting
geometric configurations and photophysical properties'? also as
coordination polymers.*!* However, no three-dimensional frame-
work containing a triazolopyrimidine ligand has been reported
up to now. The basic structural unit in most silver complexes
containing 1,2,4-triazolo[1,5-a]pyrimidine- (tp-) type ligands is
an [Ag,(u-tp),]** eight-membered ring (Scheme 2) generated by
the coordination of two triazolopyrimidine moieties to two silver
atoms through the nitrogen atoms in positions 3 and 4.

NH,
7 8 1 7 8 1 7 8 1
5 /‘Q SN )Q 5 )Q
N 3a N N 3a N N 3a N
4 3 4 3 4 3
tp dmtp 7atp
Scheme 1 1,2,4-Triazolo[1,5-a]pyrimidine (tp) derivatives employed.

This led to our study on the synthesis of new metal-ligand
networks using the [Ag,(u-tp),]** ring as secondary building
unit (SBU). Due to the flexible coordination numbers of the
Ag(1) ion varying from two to six, the dinuclear building-blocks
could be linked through a third coordination position of the
triazolopyrimidine ligand, giving extended networks.

This journal is © The Royal Society of Chemistry 2011
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Scheme 2 Eight-membered ring Ag,(l-tp), dimeric building motif.

Our aim is to develop Ag(1)-based cationic coordination net-
works with biomimetic ligands such as triazolopyrimidine deriva-
tives. Recently, cationic Ag(1)-MOFs are fulfilling their potential
applications as drug carriers,' for selective anion exchange,'” or
as catalysts.'”18

In this paper, we report the syntheses and structures of six
novel Ag(1) compounds with the unsubstituted 1,2,4-triazolo[1,5-
alpyrimidine (tp), its dimethylated derivative at 5 and 7 positions
(dmtp), and with an amine group at the 7 position (7atp) as ligands
(Scheme 1 and Scheme 3) and we analyse the influence of the tp
ligand and the counter anion on their structures. Moreover, these
structural features are discussed on the basis of atoms in molecules
(AIM) theory and ELF analyses, which proved to be useful tools
to get a deeper knowledge about chemical bonding.

—— Dimer: [Ag,(p-tp),(CH;CN),1(BF ), (1)
I Dimer: [Ag,(p-tp),(CH,CN),](CIO,), (2)

L_>° , 3D polymer: {[Ag,(u;-tp),](PFg), ~6H,0}  (6)
PFg, ClO,"
—_—

Dimer: [Ag,(u-dmtp),(CH,CN)I(PF)(CIO,) (4)

Chains: [Ag,(H-CF;S0,),(u-dmtp),], (5)

Dimer: [Ag,(u-7atp),](CIO,), (3)

Scheme 3  Silver(1) complexes obtained with tp, dmtp and 7atp ligands.

Results and discussion

The silver-tp, -dmtp and -7atp compounds 1-6 (Scheme 3) are
prepared in darkness in good to high yield as colorless crystals
by the reaction of the ligand with the silver salt in acetonitrile
solution. In order to reach a maximum Ag coordination by the
tp-nitrogen donor atoms a weakly coordinating counter anion was
chosen with the silver salt.

Spectroscopic (IR spectra) and thermal properties

The 1500-1700 cm™ region of the infrared spectra of the free
heterocycles displays three characteristic bands for tp (1621, 1534
and 1515 cm™), two for dmtp (1638 and 1548 cm™) and three for
Tatp (1680, 1656 and 1573 cm™),"? which are slightly affected by
the silver coordination.

The presence of the anions is indicated by the typical stretching
vibrations of tetrafluoroborate (1037 cm™) in 1, perchlorate

(1081 cm™ in 2, 1083, 1086 cm™ in 3, and 1027 cm™ in 4),
hexafluorophosphate (832 cm™) in 4 and 6 and triflate (1141, 1170
and 1025 cm™) in 5.

The first step of the thermal decomposition of complexes 1,
2 and 4 is the loss of the acetonitrile solvent molecules. Their
respective thermogravimetric diagrams (see Fig. S1 in ESIt)
display well-defined weight losses in a single-step in the range
60-110 °C for 1 and 2, and in the range 150-180 °C for 4.
The pyrolysis of the organic triazolopyrimidine moiety occurs
in several steps and begins around 300 °C for all compounds.
In the case of the polymeric complex 6, dehydration begins
at room temperature so its TG and DSC diagrams (see Fig.
S1 in ESIt) were recorded immediately after taking crystals
out of the solution. The percentage of weight loss is in good
agreement with four water molecules per dimeric unit (8.87%).
Immediately after dehydration, an exothermic effect appears at
177 °C, which probably indicates a structural change invoked by
the loss of the water molecules embedded in the structure (AH =
+16.4 kJ mol™).

Crystal structures

Compounds 1 and 2 with the 1,2,4-triazolo[1,5-a]pyrimidine (tp)
ligand are isostructural. Both compounds feature a molecular
dinuclear cationic unit where the silver atom is coordinated by
the triazole-N3, the pyrimidine-N4 and two acetonitrile nitrogen
atoms in a distorted tetrahedral geometry (Fig. 1). The dinuclear
units are situated around an inversion center. Despite the presence
of ligand m-systems in 1 and 2 there are no intermolecular —
n or C-H - - - w interactions evident.?'?* Tables for supramolecular
Ag---m,®» C-H---F *and C-H - - - N-interactions® are given in
the ESI (Table S1 and S2). As a note of caution: In view of strong
Coulomb forces in the packing of the silver-ligated cation and
BF, anion (Fig. S2 in ESIt) the weak supramolecular interactions
should not be over-interpreted.

In compound 3 with the 7-amine-1,2,4-triazolo[l1,5-
alpyrimidine (7atp) ligand the dinuclear cationic unit contains
essentially two-coordinated Ag atoms. There is only one additional
weak coordination to a perchlorate anion (Ag--- OClO; 2.710(6)
A) (Fig. 2). The silver atom is again part of Ag- - - & interactions,
the amine group enters into charge-assisted* H-bonds to ClO,~
(Table S3 in ESIf).

Compound 4 with the 5,7-dimethyl-1,2,4-triazolo[1,5-
alpyrimidine (dmtp) ligand exhibits a special dinuclear cationic
unit which is not centrosymmetric and contains two different Ag
atoms (Fig. 3). Agl is coordinated by two triazolo-N3 atoms, Ag2
is coordinated by two pyrimidine-N4 atoms. The mixed-anion
composition with one perchlorate and one hexafluorophosphate
anion is apparently responsible for this peculiar coordination.
In addition, Ag2 binds an acetonitrile group and both Agl
and Ag2 have a weak perchlorate interaction (Agl--- 02"
2.917(7), Agl - -- 04 2.930(6), Ag2--- 02 2.752(9) A). The Agl-
perchlorate interaction together with a sizable - and Ag- -«
stacking assembles two dinuclear Ag,(1-dmtp), cations on top of
each other (¢f. Fig. 3, bottom). The slightly tilted triazolo rings of
the stacked adjacent rings interact with a short centroid—centroid
contact (3.503(4) A) and small slip angles (8 = 20.52°, y = 15.71°)
(Table S4 and Fig. S5 in ESIY). Strong m-stacking shows rather
short centroid—centroid contacts (Cg---Cg < 3.8 A) and small
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Fig. 1 Molecular dinuclear unit of (a) 1 and (b) 2 (50% probability
ellipsoids). Selected bond distances and angles are given in Table 1.
Symmetry transformationi=2-x, 1 -y, 1 —z.

slip angles (B, ¥ < 25°) which translate into a sizable overlap of
the aromatic planes.””*

In compound 5 the dmtp ligand also gives rise to a dinuclear
silver-ligand building unit (Fig. 4). Instead of solvent molecules,
two bridging triflate ligands now coordinate to the silver atom. It
should be noted that the Ag- - - Oyg,. contacts in 5 are around 2.6
A (Table 1) and much shorter than the Ag- - Opeeniorae CONtaCts
in 4. Thereby parallel strands along the a axis are formed (Fig.
4, bottom). Neighboring strands interact with exactly parallel
(by symmetry) pyrimidine rings through strong m-stacking with
a rather short centroid-centroid contact (3.5290(10) A), small slip
angles (B, y = 20.42°) and small vertical displacement (slippage,
1.231 A) which translate into a good overlap of the aromatic planes
along the C6 atom here (Fig. S6 in ESIt).*"

Compound 6 is a polymeric Ag-triazolopyrimidine network.
This is traced to the use of water instead of acetonitrile as the
solvent. The tp ligand bridges between three symmetry related
silver atoms using all its triazole-N1 and -N3 and the pyrimidine-
N4 donor atoms (Fig. 5). This is the first time that a tp ligand

¢

Fig.2 Molecular dinuclear unit of 3 (50% probability ellipsoids). Selected
bond distances and angles are given in Table 1. Symmetry transformation
ii=l-x,1-y,1-2z

exhibits the tridentate binding mode, which is unique to this
structure. Thus, the common dinuclear silver-ligand building unit
is further connected to a 3D network (Fig. 6). Each silver atom is
coordinated by the three different nitrogen donor atoms (Fig. 5).
The Ag-triazole-N1 bond length is slightly longer (2.414 A) than
the usual Ag-N4 and -N3 distances and resembles more an Ag-N-
acetonitrile bond in terms of distance (¢f. Table 1). Furthermore,
there is a weak Ag---F contact with a PF; anion and a water
molecule of crystallization interacts on average with each eighth
Ag atom, giving an oxygen occupation factor of 0.12. This aqua
ligand is part of the disordered water of crystallization which
occupies the channels along the threefold rotation axis parallel to
the c axis (¢f Fig. 6).

The projection onto the ab-plane of the 3D net of 6 in Fig. 6
incorrectly looks like a Kagomé net. The topological type of this
3D net, however, is niobium oxide*®* or sqc35 with the point
symbol (6*.8%)*" as analyzed by the program package TOPOS
(vertex symbol [6(2).6(2).6(2).6(2).8(2).8(2)]).>* The NbO structure
is a simple structure commonly used as model to describe more
complex 3D networks and is described as an unique variant of the
rock-salt NaCl structure in which there are vacancies (Nb) at the
eight corners of the unit cell and an O vacancy at its centre.** For
this topological analysis the midpoint of the Ag- - - Ag unit which
is also the crystallographic inversion center was taken as the node
and abbreviated as Sc in Fig. 7.

In the structures of 1-6 a relatively short Ag-Ag contact’*3
is generated by the bridging action of the ligand in the eight-
membered [Ag,(u-tp),** ring (¢f Scheme 2). The interaction
between the metal centers has been examined previously by means
of ab initio MO calculations and the quantum theory of atoms in
molecules (AIM), stating the stabilizing nature of the interaction
and small covalent character of the Ag-Ag interaction.?

This journal is © The Royal Society of Chemistry 2011
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Table 1 Selected bond distances (A) and angles (°) in 1-6°

1 2 3 e
Ag- N3 12.1786(12) 12.1845(16) 2.126(4) 2.141(4)
— - - 2.124(4)
Ag-N4, i 2.2281(12) 2.2339(15) i2.137(4) 2.241(4)
— — — 2.227(4)
Ag-Nllyone 2.5127(16) 2.520(2) - Ag2 Ny
— — — 2.371(6)
Ag-N2lyone 2.4393(15) 2.436(2) - -
Ag---Ag 13.0868(4) 13.0987(5) i2.9549(10) 2.9852(10)
Ag---O — — 2.710(6) Wi 2 917(7)¢
— — — Wi 2 930(6)¢
— — — 2.752(9)
N3,,-Ag-N4 159.12(5) 1 158.63(6) i164.43(18) 163.84(15)¢
- - - 160.78(14)¢
N3, -Ag-N21 1102.45(5) 1103.05(7) — -
N4,,-Ag-N21 92.84(5) 92.94(7) — 95.83(18)°
- - - 103.04(18)¢
N3, -Ag-Nl1 198.93(6) 197.48(8) — —
N4,,-Ag-N11 94.71(6) 95.62(8) - -
N21-Ag N1l 91.59(6) 93.32(9) — —
5 6
Ag-N3o i2.1839(14) i2.1830(16)
Ag-N4,, i 2.2277(13) 2.2151(17)
Ag-Ol1" 2.5598(13) Ag-N1* 2.4136(19)
Ag-Ol12 2.6081(13) Ag-OIW 2.218(19)
Ag-Ag 3.0398(4) Ag-Agh 3.0015(3)
Ag-F 2.843(3)
N3'-Ag N4 155.91(5) N3'-Ag N4 158.13(7)
N3i_Ag-Ol1" 88.87(5) N3_Ag NI* 96.03(7)
N4-Ag 011" 110.23(5) N4-Ag NI* 104.59(7)
N3*-Ag 012 110.30(5) N3'-Ag OIW 94.0(5)
N4-Ag 012 84.81(5) N4-Ag-OIW 92.4(5)
Ol117-Ag-O12 90.68(4)

¢Symmetry transformations: i=2-x, l —y, l —zjii=1l-x, l =y, l —zjili=—x, l =y, l = z;vii=l = x, =y, l —z;ix==1/3+ y, 1/3 - x + y,4/3
— z. * Two different silver atoms (Agl and Ag2) in the dimeric cationic unit, which differ in only triazolo-N coordination to Agl and only pyrimidin-N
coordination to Ag2. © See text for Ag--- O assignment.  N3,;—~Ag-N13,;.  N4,,~Ag-N14,, or N4/14,,~Ag-N9ycw., respectively.

AIM and ELF analyses

The AIM and ELF analyses are used in order to achieve a
deeper understanding of the formation of the dinuclear [Ag,(u-
tp),]** building units and investigate the role played by the
triazolopyrimidine substituents on a three-dimensional polymer.
From the AIM and ELF analyses the mechanism of the MOF-
network formation may be divided in two steps, one in which
the Ag(1) ion is interacting with the ligands forming the metal
complexes with tp, dmtp and 7atp, and the other one in which
each complex is coordinated with another one through the N1
atom.

Step one: Formation of the Ag dimeric complexes

In Table 2 are summarized the AIM atomic charges of the isolated
ligands and within the complex. This information helps to follow
the formation of the complex from the isolated ligand. From
this data, it can be observed that the complex formation leads
to an increase of the negative charge for N atoms except for
N1 (meaning that the number of electrons of these atoms has
increased), whereas for C atoms there is an increase of the positive
charge except for C5 (meaning that the number of electrons of

Table2 AIM atomic charges of the free ligands as obtained from
the integration of the electronic density in each basin. Atoms labelling
corresponds to Scheme 1

Ag(U-tp), Ag,(u-dmtp), Ag,(u-Tatp),
tp complex dmtp complex 7atp  complex
C2 1.03 1.14 1.03  1.16 1.02  1.16
C3a 139 1.61 139 1.62 1.39  1.62
(Y] 0.61  0.63 0.62 0.62 0.6 0.59
C6 —-0.02  0.00 -0.05 -0.03 -0.04 -0.03
Cc7 0.46 048 046 0.5 099 1.16
N1 -0.68 —0.66 -0.70 -0.69 -0.71 -0.72
N3 -1.11 -1.36 -1.11 -1.36 -1.11 -1.34
N4 -1.16 -1.36 -1.17 -1.37 -1.15 -1.36
N8 -0.87 -0.96 -0.87 -0.96 -0.89 -0.96
Ag — 0.79 — 0.77 — 0.88

these atoms has decreased), but these charge variations for C
and N atoms are not in the same range. The populations of N3
and N4 atoms, which are connected to the Ag atoms, increase
by 0.20 e, whereas the population of the Ag atoms decreases
by around 0.80 e™. Also, C atoms bonded to N atoms suffer a
decrease in their electronic populations, the C3a atom being the
most affected due to its binding to three N atoms. As a result of
the electronic rearrangement that occurs in the dimeric complex

11848 | Dalton Trans., 2011, 40, 11845-11855
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Fig. 4 Top: Molecular dinuclear unit of 5 (50% probability ellipsoids)
with indication of the cation-anion strand through the triflate bridges.
Bottom: Silver-triflate strands along the « axis. Selected bond distances
and angles are given in Table 1. Symmetry transformation: ii=1-x, 1 —
yl—zii=—x,1-y,1 -z

Fig. 3 Top: Molecular dinuclear unit of 4 (50% probability ellipsoids).
Bottom: Section of the packing in 4. Selected bond distances and angles
are given in Table 1. Symmetry transformation: vii=1-x, -y, | —z.

formation, the Ag atoms have a positive charge that in order to
obtain a stable complex must be neutralized. Because each Ag
atom has a coordination number of two, it is still possible that the
remaining two coordination positions are occupied by solvent or
counter-anion molecules, yielding the formation of the complexes.

Moreover, the electronic rearrangement stated before is followed
by the formation of an intramolecular chemical bond between
the Ag atoms. This bond is revealed by the presence of a bond

Fig.5 Building unit of 6 with the silver coordination environment and the
ligand bridging action (50% probability ellipsoids). The partially occupied
oxygen atom of the aqua ligand is shown transparent. Selected bond
distances and angles are given in Table 1. Symmetry transformation: ii = 1
—x, 1=y, 1=z vii=2/3+x-y, 1/3+x,4/3-z;ix=-1/3+p,1/3-x
+y,4/3 -z

critical point bcp between the Ag atoms (Fig. S8 in ESIY).
This kind of interaction was reported some years ago,*® leading
to the conclusion that this “bep” reflects the direct interaction
between the Ag atoms. Further details about the nature of such
intermetallic interactions in dinuclear silver(1) complexes 1,2.4-
triazol[1,5-a]pyrimidines have been reported previously by Molina
et al.®*

This journal is © The Royal Society of Chemistry 2011
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Fig. 6 Projection of the 3D network of 6 onto the ab-plane to illustrate
the hexagonal channels parallel to the ¢ axis around the threefold rotation
axes. The PF, anion and the water of crystallization in the channels are
not shown.

Fig.7 Simplified net representation of 6 with the Ag - - - Ag midpoint (Sc)
as the node. Only the triazole ring of the ligand is shown for clarity and the
Sc-node connected to N3 and N1 (for further simplified net representations
of 6 see Fig. S7 in the ESI{).

Step two: Formation of the 3D network

Once the Ag dinuclear complexes are formed, extended networks
should be obtained by the coordination at the N1 atom with the
Ag atom of other complexes.

From the ELF analysis, this process consists of the formation
of a disynaptic basin between the N1 atom of one complex and
the Ag atoms of another complex. The mechanism through which
this disynaptic basin is formed should be similar to the formation
of the N3 and N4 basins with Ag, within the dinuclear Ag-Ag
complex, because the same chemical elements are involved. This
mechanism depends on the electronic and geometrical conditions.

From the electronic point of view, it should be noted that, in
general, AIM and ELF analyses describe “metal-to-non metal”

interactions as very polarized bonds, almost ionic, the electronic
density being mainly at the non-metal atom. So, it is expected that
when the 3D network is formed (the N1 atoms of one complex must
form a chemical bond with the Ag atom of another complex), the
Ag atom transfers some electronic charge to the N1 one, changing
the electronic population of both (see Table 2). Thus, due to the
ionic character of this interaction, its strength will depend on the
amount of charge transfer from Ag to N1. On this basis, since the
amount of charge transfer from Ag atom to N atoms follows the
trend N3 > N4 > N1, the preferred coordination positions of this
ligand will have the same order.

The network formation is determined by the steric hindering
(Fig. 8) of the electron pairing of the N1 atom by the substituent
at C7. This effect is clearly observed in the ELF analyses of the
complexes, that show more or less the same topology (Fig. 9). It
is remarkable that the N1 atom has a monosynaptic basin (red
color) that corresponds to an unshared electron pair. This pair
is shared later with another complex to form the metal-ligand
network. So, if this pair is hindered by a substituent at C7 (what is
clearly observed in the pictures of dmtp, 7atp), the formation of the
3D-network is impeded. Even when there is no steric hindrance, a
network formation is not so straightforward with the tp ligands as
can be seen in the structures of 1 and 2 and many other tp-metal
structures.

¢
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Fig. 8 ELF isosurfaces for tp, dmtp and 7atp ligands computed at a
value of 0.75. The color convention represents core basins in blue, and
the remaining valence basins are classified depending on the number of
connections to core nuclear basins (synaptic order): red for monosynaptic,
green for disynaptic and yellow for disynaptic hydrogenated basins. For
dmtp and 7atp the zone hindered by the presence of a substituent at C7 is

also signaled. (See Table S6 in ESIT for the values of the electronic basin
populations).

.

Conclusions

Six new silver(l) coordination complexes with the versatile
and biomimetic ligands 1,2,4-triazolo[1,5-a]pyrimidine (tp), 5,7-
dimethyl-1,2,4-triazolo[1,5-a]pyrimidine (dmtp) and 7-amine-
1,2,4-triazolo[1,5-a]pyrimidine (7atp) have been synthesized and
characterized in this work. Dinuclear [Ag,(u-tp),]** building units
are featured in all complexes, independently of the counterion
used. While these dimers are present as discrete entities in
compounds 1-4, in the case of compounds 5 and 6, these
species are connected to each other leading to 1D and 3D
polymers, respectively. Compound 6 shows the capability of these
dinuclear building units to form a cationic 3D silver(l) metal-
ligand network with NbO topology. ELF analyses indicate that the
network formation should only be possible for the unsubstituted
tp derivative and strongly disfavoured by the steric hindrance from
the substituent at C7 in the triazolopyrimidine ligands dmtp and
Tatp.

11850 | Dalton Trans., 2011, 40, 11845-11855
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Fig. 9 ELF isosurfaces for tp complex computed at a value of 0.75.
The color convention represents core basins in blue, and the remaining
valence basins are classified depending on the number of connections
to core nuclear basins (synaptic order): red for monosynaptic, green for
disynaptic and yellow for disynaptic hydrogenated basins. (See Table S6 in
ESI{ for the values of the electronic basin populations).

These results open a new approach for the design and synthesis
of novel porous metal-organic frameworks based on biologically
relevant ligands such as 1,2,4-triazolo[1,5-a]pyrimidines.

Experimental section

All analytical reagents were purchased from commercial sources
and used without further purification. Elemental analyses were
carried out at the “Centro de Instrumentacion Cientifica” (Uni-
versity of Granada) on a Fisons-Carlo Erba analyzer model
EA 1108. The IR spectra on powdered samples were recorded
with a ThermoNicolet IR200FTIR using KBr pellets. Caution!
Perchlorate salts of metal complexes are potentially explosive and
should be handled with extreme caution and only in very small
quantities.

Preparation of [Ag,(p-tp),(CH;CN),|(BF,), (1) and
[Ag:(n-tp),(CH;CN),(C1O,), (2)

A mixture of tp (0.048 g, 0.40 mmol) and 0.40 mmol of the
respective silver salt (AgBF, for 1, 0.078 g; AgClO,-H,O for
2, 0.083 g) in 30 mL of acetonitrile was heated to 80 °C for
30 min in darkness. The resulting clear colorless solution was
kept standing at room temperature in darkness. After 3—4 days,
colorless prismatic crystals suitable for XRD measurements were
isolated. Yields: 27 and 66% for 1 and 2, respectively.

Calcd. for C,\HsAg,B,F{N;-4CH;CN (1): C 27.24, H 2.54, N
21.17. Found: C 26.39, H 2.35, N 20.80.

Calcd. for C,,HgAg,Cl,N;O;-4CH;CN (2): C 26.40, H 2.46, N
20.52. Calcd. for C,,HsAg,Cl,N;O5-CH;CN: C 20.71, H 1.59, N
18.11. Found: C 20.65, H 1.61, N 17.56.

The crystals of 2 lose the acetonitrile solvent of crystallization
quickly. Therefore, the elemental analysis data corresponds to
[Ag,(tp),(CH;CN)](CIO,), instead of the title compound. The
yield is also referred to as the mass of [Ag,(tp),(CH;CN)](ClO,),.

Main IR bands of 1: 1623s (v,), 15585 (V,y1), 15235 (V,y2), 1037vs
(VBras)-

Main IR bands of 2: 1621s (v,,), 1554s (v,1), 15235 (v,y2), 1081vs
(Vcios)-

Preparation of [Ag,(pn-7atp),](Cl1O,), (3)

An aqueous solution of 7atp ligand (0.4 mmol, 0.541 g, 15 mL)
was gently poured over an aqueous solution of AgClO,-H,0 (0.4
mmol, 0.083 g, 5 mL) and the resulting clear yellow mixture was
heated to 80 °C for 30 min in darkness. A few hours after keeping
the solution cooling at room temperature, yellow prismatic crystals
of 3 suitable for XRD analysis were isolated. Yield: 82%.

Calcd for C,yH(Ag,CL,N,;O;: C 17.54, H 1.47, N 20.45. Found:
C17.45, H 1.57, N 19.49.

Main IR bands of 3: 1655s (vy,), 1578s (v,,), 1086VS (Vcios)-

Preparation of [Ag,(p-dmtp),(CH;CN)|(PF,)(ClO,) (4)

A mixture of dmtp ligand (0.40 mmol, 0.059 g), AgPF, (0.40
mmol, 0.101 g) and NaClO, monohydrate (0.4 mmol, 0.056 g) in
acetonitrile (20 mL) was heated to 80 °C for 30 min in darkness.
The resulting clear colorless solution was left standing at 4 °C
in darkness. After one week, colorless prismatic crystals suitable
for XRD measurements were isolated. Yield 72%. Caled for
CisHyAg,CIF,N,O,P (4): C 24.10, H 2.40, N 15.81. Found: C
24.08, H 2.63, N 15.07.

Main IR bands of 4: 16315 (v,), 1558s (v,,), 1083vs (Vcios), 832vs
(Vers)-

Preparation of [Ag,(n-CF;S0O;),(p-dmtp),], (5)

A mixture of dmtp ligand (0.40 mmol, 0.059 g) and AgCF;SO;
(0.40 mmol, 0.103 g) in acetonitrile (30 mL) was heated to 80 °C
for 30 min in darkness. The resulting clear colorless solution was
left standing at room temperature and in darkness. After 3-4 days,
colorless prismatic crystals suitable for XRD measurements were
isolated. Yield 80%. Calcd for C,(H i Ag,FsNsO(S,: C 23.72, H
1.99, N 13.83. Found: C 23.57, H 2.26, N 13.74.

Main IR bands of 5: 1627s (v,,), 1555s (v,y1), 1246vs, 1225vs,
1140vs.

Preparation of {[Ag,(1;:-tp).](PF,), -~6H,0}, (6)

An aqueous solution of tp ligand (0.15 mmol, 0.018 g, 15 mL) was
poured over an aqueous solution of AgPF, (0.3 mmol, 0.076 g,
5 mL). The pale yellow mixture was slightly heated to 40 °C for
15 min in darkness. A week later, colorless prismatic crystals of 6
suitable for XRD analysis were formed. Yield 65% approx. Calcd
for C,\HyAg,F,N;P, (anhydrous) (6): C 16.10, H 1.08, N 15.02.
Found: C 15.37, H 1.03, N 13.98. Main IR bands of 6: 1621s (v,,),
15358 (Vpy1), 15165 (Vyy2), 831VS (Vpre)-

X-ray crystal structure analysis

Suitable single crystals were carefully selected under a polarizing
microscope. Data collection: Compound 1-3 and 5: Rigaku R-
axis Spider Image plate detector diffractometer, Mo Ko radiation
(A = 0.71073 A), graphite monochromator, double-pass method
w-scan; data collection, cell refinement and data reduction with
CrystalClear,*” empirical (multi-scan) absorption correction with

This journal is © The Royal Society of Chemistry 2011
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Table 3 Crystal data and structure refinement for 1-3

Compound 1 2 3
Empirical formula CsH,Ag,B,FsNy, CsHyAg,Cl,N ;04 C,yH,pAg,C1,N,,Oy
M /g mol™ 793.82 819.10 684.92

Crystal size/mm
Crystal appearance

0.20x0.11x0.10
block, colorless

20 range/° 6.52-66.28
h; k; [ range +9; +16; £17
T/K 113
Crystal system Triclinic
Space group Pl

a/A 6.2201(2)
b/A 10.6272(2)
c/A 11.5588(8)
a(®) 110.016(8)
B(°) 99.817(7)
7 () 91.442(6)
V/A® 704.51(6)
V4 1
D./gcm™ 1.871
F(000) 388
u/mm- 1.476

Max/min transmission
Reflections collected

0.8725/0.7567
33624

0.21 x0.11 x0.09
prism, colorless

0.32x0.18 x0.16
prism, colorless

6.48-82.26 4.28-50.00
+11;-18,19; £21 +6; +9; +12
123 113

Triclinic Triclinic

P1 P1
6.32530(10) 5.7889(15)
10.7545(2) 8.389(2)
11.5478(8) 10.138(3)
110.093(8) 109.414(3)
100.489(7) 91.774(3)
90.426(6) 102.566(3)
723.32(5) 450.4(2)

1 1

1.880 2.525

404 332

1.602 2.543
0.8692/0.7296 0.6864/0.4966
73832 4319

9586 (0.0362) 1575 (0.0306)
7488 1450

192 153
1.585/-1.580 1.403/-1.012
0.0485/0.0876 0.0396/0.1014
0.0720/0.1016 0.0434/0.1034
1.079 1.102

0.0299/1.5795

0.0637/0.7405

Indep. reflections (R;,) 5349 (0.0330)
Obs. reflect [1 > 20(1)] 4679
Parameters refined 192
Max./min. Ap“/e A= 1.392/-0.972
R, WR, [I > 20(])] 0.0260/0.0445
R;, WR, (all reflect.)” 0.0333/0.0469
Goodness-of-fit on F>¢ 1.145

Weight. scheme w; a/b? 0.0095/0.5767

« Largest difference peak and hole.? R, =[Z(||Fo | = | F.|)/Z | Fo|1; WRy =[Z [W(F 2 — F2)*/Z[W(F,>)*]]"2. ¢ Goodness-of-fit =[X [w(F,> — F.2)*]/(n—p)]">.

dw=1/[c*(F,?) + (aP)* + bP] where P = (max(F,* or 0) + 2F2)/3.

ABSCOR.*® Compound 4 and 6: Bruker Smart Apex CCD (with
normal X-ray tube) and Bruker APEX2 CCD diffractometer (with
microfocus tube), respectively, Mo Ko radiation (4 = 0.71073
A), graphite monochromator, @- and ¢-scan; data collection
with Apex2,% cell refinement and data reduction with SAINT,*
experimental absorption correction with SADABS.* Structure
Analysis and Refinement: The structures of 1, 2, 5 and 6 were
solved by direct methods using SHELXS-97, the structures of 3
and 4 were solved by direct methods using SIR97;* refinement
was done by full-matrix least squares on F? using the SHELXL-
97 program suite.*” All non-hydrogen positions were refined
with anisotropic displacement parameters. Hydrogen atoms were
positioned geometrically and refined using riding models with
U,,(H) =1.2U.(CH, CH,) and U,,(H) = 1.5U,,(CH,).

The crystal water solvent in the channels of compound 6 was
found highly disordered and could not be properly defined. Hence,
the option SQUEEZE in PLATON for Windows** was used to
refine the framework structure without the disordered electron
density in the voids. Total solvent accessible void volume = 2244
A3/unit cell volume. With the expected volume for a hydrogen-
bonded H,O molecule of ~40 A® this agrees with about 54 H,O
molecules per unit cell (with 18 Ag(tp) formula units) or 6 H,O
per Ag,(tp), formula unit.

Crystal data and details on the structure refinement are given in
Table 3 and 4. Graphics were drawn with DIAMOND,* analyses
on the supramolecular m-stacking, C-H---N/O/F- and C-
H- - - m-interactions with PLATON for Windows.* The structural

data have been deposited with the Cambridge Crystallographic
Data Center (CCDC No. 819202-819207).F

Computational details

Overview of the AIM theory and ELF analyses. DFT cal-
culations, at the B3LYP* and MO05-2X*4 theoretical levels,
have been performed with the Gaussian09 program,” using the
following basis sets: Ahlrichs-pVDZ*-! for the complexes and
the 6-31+G** one* for the ligands (tp, dmtp, 7atp). All structures
were fully optimized at the following theoretical levels: B3LYP/6-
31+G**//B3LYP/6-31+G** for tp, dmtp, 7atp molecules,
and M05-2X/Ahlrichs-pVDZ//M05-2X/Ahlrichs-pVDZ for the
complexes. The local stability of all structures was checked through
the eigenvalues of the matrix of second derivatives (Hessian); all
energetic minima presented no imaginary frequencies.

The electronic structure resulting from the calculations was
analyzed in terms of the AIM theory*** and, complementarily,
through the distribution of the electron localization function. This
function was first introduced by Becke and Edgecombe and
reinterpreted by Silvi and Savin®” as a measure of the excess of local
kinetic energy due to Pauli’s exclusion principle, in comparison
to a uniform electron gas. The ELF definition, which is found
elsewhere,” yields values between 0 and 1. Values close to 1 indicate
electron pairing at that point, whereas values near 0 are usually
found in regions between electron pairs. As in AIM analysis, it is
possible to divide the molecular domain in basins grouped around

11852 | Dalton Trans., 2011, 40, 11845-11855
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Table 4 Crystal data and structure refinement for 4-6

Compound 4 5 6

Empirical formula C¢HyAg,CIF{N,O,P CsHsAgF;N,0;S C;H,)AgFsN,O;P¢
M /g mol™ 797.56 405.11 427.01

Crystal size/mm 0.45x0.32x0.20 0.20x0.11x0.10 0.08 x 0.05x0.05

Crystal appearance

prism, colorless

26 range/° 4.00-50.60

h; k; [ range +13; £13; +14
T/K 293

Crystal system Triclinic
Space group P1

a/A 11.228(5)
b/A 11.471(5)
c/A 12.191(5)
a(®) 110.932(5)
B(©) 112.874(5)

7 () 97.284(5)
V/A3 1285.2(10)

VA 2

D./gcm™ 2.061

F(000) 780

u/mm- 1.777
Max/min transmission 0.7176/0.5019
Reflections collected 13078

Indep. reflections (R;,) 4676 (0.0190)
Obs. reflect [1 > 20(1)] 3802
Parameters refined 357
Max./min. Ap“/e A= 0.695/-0.612

R, WR, [I > 26(I)]’
R;, WR, (all reflect.)”
Goodness-of-fit on F*¢
Weight. scheme w; a/b?

0.0420/0.1123
0.0521/0.1190
1.048

0.0646/1.1555

block, colorless

6.46-66.28 3.12-56.56
+12; £13; £13 -34,16; 0,34; 0,14
133 103

Triclinic Trigonal

P1 R3

8.3689(2) 26.0272(3)
8.6550(2) 26.0272(3)
9.0743(6) 11.0746(2)
93.984(7) 90

94.541(7) 90

112.430(8) 120

602.09(4) 6497.01(16)

2 18

2.235 1.964

396 3744

1.900 1.584
0.8327/0.7025 0.9250/0.8904
55683 3592

4585 (0.0353) 3592 (0.0000)
4237 3041

183 159
0.861/-0.681 1.065/-0.955
0.0244/0.0532 0.0256/0.0612
0.0270/0.0541 0.0309/0.0630
1.165 1.066

0.0163/0.6612

block, colorless

0.0296/12.7529

« Largest difference peak and hole. ® R, = [E(||F, || F.|)/Z | Fo|]; WR, = [Z[W(F,2 — F2)*)/Z[w(F,*)]]'*. ¢ Goodness-of-fit = [X [w(F,2 — F.2)’]/(n— p)]'>.
dw=1/[0c*(F,*) + (aP)* + bP] where P = (max(F,* or 0) + 2F.?)/3. ¢ The majority of the 3 disordered crystal water molecules per mono-silver formula
unit (54 H,0/cell) could not be located and was “SQUEEZED out” but is included in formula, mass, density, #(000), max/min transmission.

the ELF attractors. From a chemical standpoint, basins can be
classified as being of core, valence, or hydrogenated. If the basin
does not contain a nucleus, it is called a valence basin, whereas if
it contains a nucleus other than a proton it is called a core basin,
or hydrogenated if a proton is inside the basin. Valence basins are
characterized by the number of core basins with which they are
connected and this is known as the synaptic order.®

AIM data (Laplacian plot) were calculated with MORPHY98,%
while charges were integrated with AIM2000 Software.®* ELF was
computed with ToPMoD,*® and isosurfaces were rendered with
Jmol v11.7%! visualization package.
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