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ABSTRACT: A cationic [Ag2(bis-NHC)2]
2+ system behaves as

an excellent host for Ag+. In the solid-state variation, Ag···Ag are
the only bonding interactions between host and guest,
overcoming their inherent electrostatic repulsion. It represents
a clear example of ligand-unsupported (“pure”) argentophilicity.
In solution, we also found evidence for this kind of Ag···Ag
approximation, which might be recognized as an initial step of
transmetalation mechanisms involving formally closed-shell
metal centers as transferring agents.

1. INTRODUCTION
Fine-tuning of host−guest systems encompasses all fields in
classical and modern chemistry. Such associates exist in nature
and artificial systems, involving discrete and polymeric hosts
and guests, in one, two, and three dimensions, and of cationic,
neutral, and anionic nature. In the stabilization of guest
molecules within adequate host cavities, a significant role is
played by noncovalent secondary interactions, such anion−π,
lone pair−π, hydrogen bonding, electrostatics, hydrophobicity,
or metallophilicity. Some advanced host−guest applications
involve processes in nanoporous materials,1 molecular
encapsulation,2 catalysis,3 biological signaling,4 or drug
delivery,5 among others. Our interest resides in sophisticated
metal−ligand constructs with the ability of capturing small
molecules,6 or interacting with DNA,7 and in metallophilic
bonding approaches (Ag···Ag and Ag···Pt).8

Within this frame, among modern ligands utilized by
chemists, probably the host−guest chemistry supported by
NHC complexes remains the most unexplored.9 It is well-
known that NHC ligands behave as strong σ-donor entities in
terms of stabilization of metal complexes. They confer strength
to the C−M bonds, enabling the availability of rare high
oxidation states of transition metals, especially if two or more
NHC ligands are implied. This principle of electron enrichment
affects the metal properties, being usually exploited in catalytic
strategies. In fact, it seems to be reasonable that metallophilicity
in such situations could be likewise altered. This connects with
the fact that Ag(I)−NHC complexes are widely employed as
transfer agents,10 with transmetalation mechanisms relatively
unexplored.11

Here, we report on the outstanding case of a conformationaly
dynamic cationic complex, [Ag2(bis-NHC)2]

2+, which acts as a
host in solution and in the solid state for cationic [Ag(aceto-
nitrile)2]

+ guests, with silver−silver interactions being the only

“glue” between cations. This work represents a clear evidence in
the solid state of ligand-unsupported argentophilicity.13 As
NHC ligand, we selected methylenebis(N-2-methoxyethyl)-
imidazole-2-ylidene, bisMeOEtIm, which has demonstrated to
tune highly selective catalytic reactions,12 to study the
interesting behavior of the Ag species previous to the
transmetalation step. The precursor, [H2bisMeOEtIm]I2
(1),12a was isolated as crystalline material (Supporting
Information). A solution of 1 in acetonitrile was treated with
AgNO3 in order to achieve anion exchange, and, subsequently,
with Ag2O, yielding [Ag2(bisMeOEtIm)2](NO3)2 (2).

2. EXPERIMENTAL SECTION
Materials and Methods. All reagents were of commercial origin

and used as received. NMR spectra were recorded on a Bruker Avance
300 MHz or a Bruker ARX 300 MHz instruments. Chemical shifts (in
parts per million) are referenced to residual solvent peaks. High-
resolution electrospray mass spectra (HRMS) were acquired using a
MicroTOF-Q hybrid quadrupole time-of-flight spectrometer (Bruker
Daltonics, Bremen, Germany). C, H, and N analyses were carried out
in a PerkinElmer 2400 CHNS/O analyzer.

[H2bisMeOEtIm]I2 (1). Synthesis of compound 1 was carried out
with slight modifications of the reported method.12a Anal. Calcd for
C13H22I2N4O2: C, 30.02; H, 4.26; N: 10.77. Found: C, 30.01; H, 4.40;
N: 11.05. HRMS (electrospray, m/z): calcd. for C13H21N4O2 [1 −
H+]+: 265.1659. Found: 265.1642.

[Ag2(bisMeOEtIm)2](NO3)2 (2). A solution of 1 (88.3 mg, 0.17
mmol) and AgNO3 (57.7 mg, 0.34 mmol) in 20 mL of acetonitrile was
stirred at room temperature for 12 h with daylight excluded. The
yellow precipitate was removed by filtration, and Ag2O (78.7 mg, 0.34
mmol) was added to the filtrate. The resultant solution was then
stirred for 1 day at room temperature in the dark, and the undissolved
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excess of Ag2O was filtered off. The filtrate was concentrated to a small
volume and kept at room temperature. A white precipitate was
immediately obtained and promptly turned into oil. Colorless crystals
were isolated by slow diffusion of diethyl ether over a solution of 2 in
acetonitrile. Yield: 84% (62.8 mg). 1H NMR (CD3CN, δ ppm, 300
MHz, 0.023 mol L−1): 7.63 (d, 4H, JH−H = 1.9; H5im), 7.31 (d, 4H,
JH−H = 1.9; H4im), 6.56 (s, 4H, CH2 bridge), 4.34−4.26 (m, 8H;
CH2(N)), 3.70−3.62 (m, 8H; CH2(O)), 3.23 (s, 12H; CH3).

13C
NMR (CD3CN, δ ppm, 70 MHz, 0.023 mol L−1): 182.9 (s; C2im),
124.3 (s; C4im), 122.4 (s; C5im), 72.4 (s; CH2(O)), 65.1 (s; CH2

bridge), 59.1 (s; CH3), 52.9 (s; CH2(N)). HRMS (electrospray, m/z):
calcd. for C26H40Ag2N8O4 [2 − (NO3)2]

2+: 371.0632. Found:
371.0608. Anal. Calcd for C26H40Ag2N10O10: C, 35.96; H, 4.64; N:
16.13. Found: C, 35.75; H, 4.65; N: 16.14.
[Ag(CH3CN)2⊂Ag2(bisMeOEtIm)2](NO3)(BF4)2 (3). An excess of

AgNO3 and LiBF4 were added to a solution of 2 in acetonitrile, and
the resulting solution was kept at 4 °C. Then, diethyl ether was slowly
diffused into the solution. Colorless crystals of 3 were picked up under
the microscope and analyzed by X-ray crystallography. The nitrate
variation of 3 could not be isolated by crystallization. 1H NMR
(CD3CN, δ ppm, 300 MHz, 0.023 mol L−1): 7.63 (d, 4H, JH−H = 1.9;
H5im), 7.31 (d, 4H, JH−H = 1.9; H4im), 6.56 (s, 4H, CH2 bridge),
4.34−4.27 (m, 8H; CH2(N)), 3.69−3.62 (m, 8H; CH2(O)), 3.23 (s,
12H; CH3).

13C NMR (CD3CN, δ ppm, 70 MHz, 0.023 mol L−1):
182.8 (s; C2im), 124.3 (s; C4im), 122.5 (s; C5im), 72.3 (s; CH2(O)),
65.1 (s; CH2 bridge), 59.1 (s; CH3), 52.9 (s; CH2(N)).
X-ray Diffraction Studies. Data collection for compounds 1, 2,

and 3 were recorded at 100 K on an APEX-II diffractometer equipped
with an area detector and graphite monochromated Mo Kα radiation
(0.71073 Å). Data reduction of the diffraction images was performed
using the APEX2 software.14 All the structures were solved by direct
methods and refined by full-matrix least-squares methods based on F2

using the SHELXL-97 software.15 Non-hydrogen atoms were refined
anisotropically. Hydrogen atoms were positioned geometrically in
idealized positions and refined with isotropic displacement parameters
according to the riding model. All distance and angle calculations were
performed using the SHELXL-97 and WinGX programs.15,16

Crystal Data for 1: [C13H22I2N4O2], monoclinic, C2/c, a =
26.864(3) Å, b = 4.9895(5) Å, c = 14.2758(13) Å, β = 103.4570(10)°,
Z = 4, Mr = 520.15 g mol−1, V = 1861.0(3) Å3, Dcalcd = 1.857 g cm−3,
λ(Mo Kα) = 0.71073 Å, T = 100 K, μ = 3.389 mm−1, 10 981
reflections collected, 1931 unique (Rint = 0.0449), 1626 observed,
R1(Fo) = 0.0419 [I > 2σ(I)], wR2 (Fo

2) = 0.1258 (all data), GOF =
1.060. CCDC 984992.
Crystal Data for 2: [C26H40Ag2N10O10], triclinic, P1̅, a =

12.7368(7) Å, b = 12.9169(7) Å, c = 13.2485(13) Å, α =
96.1050(10)°, β = 111.5210(10)°, γ = 115.6680(10)°, Z = 2, Mr =
868.42 g mol−1, V = 1733.7(2) Å3, Dcalcd = 1.664 g cm−3, λ(Mo Kα) =
0.71073 Å, T = 100 K, μ = 1.196 mm−1, 28 456 reflections collected,
8169 unique (Rint = 0.0461), 7005 observed, R1(Fo) = 0.0369 [I >
2σ(I)], wR2(Fo

2) = 0.1090 (all data), GOF = 1.058. CCDC 984993.
Crystal Data for 3: [C30H46Ag3B2F8N11O7], triclinic, P1̅, a =

10.8610(5) Å, b = 13.4839(6) Å, c = 15.6841(7) Å, α = 95.8020(10)°,
β = 103.7650(10)°, γ = 110.3730(10)°, Z = 2, Mr = 1170.01 g mol−1,
V = 2048.28(16) Å3, Dcalcd = 1.897 g cm−3, λ(Mo Kα) = 0.71073 Å, T
= 100 K, μ = 1.516 mm−1, 36 813 reflections collected, 9712 unique
(Rint = 0.0271), 8645 observed, R1(Fo) = 0.0363 [I > 2σ(I)], wR2(Fo

2)
= 0.0925 (all data), GOF = 1.014. CCDC 984994.
Quantum Chemical Calculations. Density functional theory

calculations were performed to estimate the binding energies of
cations of 2 and 3 from (i) the crystallographic model, and (ii) after
completing geometry optimizations. We used M0617 and B3LYP18

functionals in the gas phase and with acetonitrile as solvent, through
the polarizable continuum method (smd).19 Silver was represented by
the relativistic effective core potential from the Stuttgart group,20

whereas the basis sets used for C, N, O, and H were 6-311+G(d,p). All
calculations were performed through the Gaussian09 software.21

Coordinates are given in the Supporting Information.

3. RESULTS AND DISCUSSION
Cation 2 has the shape of an open-book (U conformer), with a
pair of ligands of 1 cross-linked via their C2 sites by silver ions
and a dihedral angle of 73.38(7)° (Figure 1). Silver

coordination at the C2 sites affects the geometry of the
imidazolium rings, and, in particular, the N1−C2−N3 angle,
which is diminished from 108.0(5)° (free ligand 1), to nearly
103.6(3)° in 2. The Ag1−Ag2 distance (3.4512(5) Å) slightly
exceeds 2 times the van der Waals radius of silver (2 × 1.72 =
3.44 Å). Both C−Ag−C angles are directed in such a way that
Ag1 and Ag2 come close to each other. Thus, considering the
absence of additional remarkable interactions of the silver ions
with surrounding atoms (only the O18 ether atom is relatively
close, 3.087(3) Å, to the interacting sphere of Ag1), and despite
this long Ag1−Ag2 distance, the existence of silver−silver
interactions should not be fully discarded here. The 1H NMR
spectrum of 2 displays an analogous pattern as that of 1, with
the expected resonance divergences due to the metal
coordination. A significant difference concerns the resonance
of the −CH2− bridges between imidazolium rings, which
appears as a broad signal. This fact strongly suggested
[Ag2(bisMeOEtIm)2]

2+ (2) to display conformational flexibility
by rotation about the methylene bridges. To illustrate this
behavior, we performed DFT calculations in order to optimize
and compare both possible conformers, namely, the U (open-
book) and Z (chair) forms (Figure 2). The U conformer
resulted to be more stable than the Z form by 6.1 kcal mol−1.

A 1H NMR temperature-dependent study was carried out
with the aim of corroborating this premise (Figure 3).
Regarding the proton resonances of 2 at the different
temperatures, the following conclusions can be drawn: First,
by a gradual warming up of the sample, the CH2 signal
moderately shifts to the lower field and becomes sharper. This
implies an increase of the conformational Z ⇋ U conversion

Figure 1. Upper (left) and side (right) views of complex 2, detailing
the dihedral angle of 73.38(7)° (dashed line).

Figure 2. Assignment of NMR resonances, and view of the optimized
U (open-book) and the Z (chair) forms of 2.
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rate. Second, by decreasing the temperature, full conversion
into a unique conformer (U) is realized. The spectrum at 233 K
shows how the methylene protons of the ethyl bridges split into
two signals due to the loss of chemical equivalency because of
the fixed environment. They construct an AB system, in which
both methylene protons pointing toward the silver ions are
centered at 6.78 ppm, whereas their geminal partners appear at
6.25 ppm. At 233 K, the geminal coupling between both CH2
resonances is discernible (JH−H = 12 Hz). Conversion rate
constants were estimated from NMR line-shape analysis,
ranging from 52.9 s−1 (233 K) to 1.35 × 105 s−1 (348 K).
The enthalpy (ΔH⧧) and entropy of activation (ΔS⧧) were
found to be 8.4 ± 0.2 kcal mol−1 and −13.9 ± 0.7 cal mol−1 K−1

(Eyring analysis).
The dynamic behavior of 2 was also evidenced in

concentration-dependent 1H NMR measurements (Figure 4).
From this study, we can confirm an aggregation propensity
between cations of 2 in solution along with an increase of the
conformational Z ⇋ U conversion in higher concentrated
samples. Both conclusions are supported on (i) the shifts of the

signals corresponding to H5 (Δδ = 0.10 ppm) and CH2 (Δδ =
0.12 ppm), which are strongly affected, and (ii) the broadening
of the proton signals of the methylene bridge at lower
concentrations. Curiously, the faster Z ⇋ U conversion of 2 at
higher concentrations seems not to hinder the intermolecular
aggregation at the NMR scale.
The hydrodynamic radii (rH) at different concentrations of

cation 2 were estimated from 1H DOSY NMR experiments
following the Stokes−Einstein equation (D = kT/6πηrH). The
average rH was found to be 5.32 Å for the concentrated solution
(0.023 M), whereas the value for the diluted sample (4 × 10−3

M) was 4.67 Å. This result also supports the aggregation
tendency of cations 2 in solution.
In order to test the affinity of 2 toward additional silver ions,

increasing amounts of AgNO3 were added to a solution of 2 in
acetonitrile and monitored on 1H NMR (Figure 5).

Interestingly, if compared to the concentration-dependent
study, parallel conclusions can be extracted: (i) Aggregation
in solution is observed between [Ag(acetonitrile)2]

+ and the
cations of 2, which affects the chemical shifts of H5 (Δδ = 0.11
ppm) and CH2 (Δδ = 0.05 ppm) at high concentrations of Ag+

ions (20 equiv of AgNO3). Here, interactions exclusively
between cations of 2 cannot be discarded. (ii) A prominent
increase of the conformational Z ⇋ U conversion in samples
even with a minor presence of Ag+ ions is deduced from these
data. Analogously, addition of Ag+ to the diluted solution (0.4
× 10−3 M) of 2 in CD3CN also induced a notable downfield
shift of the H5 and CH2−bridge signals (Supporting
Information). Thus, 1H NMR spectroscopy confirms the
existence in solution of aggregates based on argentophilic
interactions (Ag+···2 and 2···2), and that the conversion
between the Z and the U forms is facilitated by increasing
argentophilic interactions. A quantitative evaluation of these
experiments proved impossible because of the random
formation in solution of multiple species and interactions.
The acetonitrile residual peak signal is strongly affected by

the presence of Ag+, undergoing a notable low-field shift

Figure 3. Temperature-dependent 1H NMR spectra of 2 (0.023 M) in
acetonitrile (see also the Supporting Information), with isolation of
the U conformer (inset).

Figure 4. Downfield fragments of several 1H NMR spectra of 2 in
acetonitrile at different concentrations (see also the Supporting
Information).

Figure 5. Sections of 1H NMR spectra of compound 2 in acetonitrile
(0.023 M) with increasing amounts of Ag+ (AgNO3) added
(Supporting Information).
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provoked by rapid formation of [Ag(acetonitrile)2]
+ and by the

lability of the silver ions in CD3CN (rapid ligand exchange).
Thus, the presence of an internal standard is necessary when a
moderately large amount of Ag+ ions is present (CH2Cl2 in our
case).
All of our attempts to crystallize the title host−guest system

as its nitrate salt had failed. Only after addition of LiBF4 to a
solution mixture of 2 and AgNO3 could suitable crystals for X-
ray analysis be isolated as [Ag(CH3CN)2⊂Ag2(bis-
MeOEtIm)2](NO3)(BF4)2 (3). Figure 6 evidences the most

remarkable feature of 3: the presence of a cationic [Ag-
(CH3CN)2]

+ guest in the molecular cavity of the [Ag2(bis-
MeOEtIm)2]

2+ host. This is, to our best knowledge, the first
crystallographic evidence of ligand-unsupported argentophilic-
ity, which overcomes the Coulombic repulsion.
Incorporation of the [Ag(CH3CN)2]

+ guest is realized
without a significant modification of the [Ag2(bis-
MeOEtIm)2]

2+ skeleton, as evidenced by the X-ray crystallog-
raphy. Some resultant structural features of 3 are: The dihedral
angle is 72.71(8)°, and Ag−C distances range from 2.118(3) Å
(Ag1−C42) to 2.086(3) Å (Ag2−C22). Geometrical distortion
of the imidazolium rings by silver coordination is likewise
similar (N1−Ag−N3, av. 103.8(3)°). A plausible difference is
observed in the Ag1−Ag2 distance (3.6587(4) Å), which is ca.
0.21 Å longer than that of cation 2. This relatively small
alteration almost certainly hinders argentophilic interactions
between both silver centers in 3. Some structural variations are
observed regarding the positioning of the ether side arms,
which are accommodated differently in the crystal packing.
The Ag−Ag host−guest distances are relatively short:

2.8231(4) Å (Ag1−Ag3) and 2.9952(4) Å (Ag2−Ag3). It
strongly suggests the existence of metal−metal interactions
between the silver guest Ag3 and both silver hosting atoms,
especially between Ag1 and Ag3. The lopsided accommodation
of the [Ag(CH3CN)2]

+ cation brings the potential interaction
sphere of Ag3 closer to a C2 carbene atom (Ag3−C42,
2.735(3) Å; Ag3−C52, 2.940(3) Å), and to two oxygen ethers
(Ag3−O48, 2.780(3) Å; Ag3−O58, 2.895(3) Å). The internal
N71−Ag3−N81 angle (137.69(11)°) of the [Ag(CH3CN)2]

+

guest is far from linearity, which denotes a pronounced
distortion of the linear silver coordination geometry toward
tetrahedral, considering Ag1 and Ag2 to occupy the remaining
coordination sites. As no H bonding, π−π stacking, or anion−π
interactions are observed within the crystal lattice of 3,
common packing effects are discarded to be responsible for
the proximity between silver atoms.
DFT calculations were carried out with 2 and 3 in order to

understand their electronic properties and the stabilization

phenomenon observed in 3. We estimated the binding energies
of these systems from the crystallographic model, and after
completing geometry optimizations. For that, the M06 and
B3LYP functionals in the gas phase, and with water and
acetonitrile in a polarizable continuum model were used,
resulting in different outcomes. Our initial aim was to evaluate
the argentophilic interactions found in 3, as a single
[Ag(CH3CN)2⊂Ag2(bisMeOEtIm)2]

3+ host−guest entity, and
its relationship with each fragment: [Ag2(bisMeOEtIm)2]

2+ and
[Ag(CH3CN)2]

+. Calculations with crystal coordinates of 3
without further optimization revealed that the relative
stabilization energy of the host−guest entity is essentially
attributed to argentophilic interactions, which could be
estimated from the following equation: ΔE(3) = E(host−
guest 3) − E(host 3) − E(guest 3). There, the stabilization
energy “ΔE” results from the difference between the energy of
the host−guest entity, “E(host−guest 3)”, and the energy of the
two [Ag2(bisMeOEtIm)2]

2+ “E(host 3)” and [Ag(CH3CN)2]
+

“E(guest 3)” fragments. As a result, we present the host−guest
system to be stabilized by 35.5 kcal mol−1 (M06, smd,
CH3CN).
Analogous calculations revealed cation 2 and host 3 to be

approximately isoenergetic, with a difference of 0.2 kcal mol−1

(ΔE(2 − host 3)): E(2), −128 3794.1 kcal mol−1; E(host 3),
−128 3794.3 kcal mol−1. Thus, in terms of relative energy, we
can assert that the presence of the Ag+ guest does not
significantly affect the geometrical interactions of the [Ag2(bis-
MeOEtIm)2]

2+ core. For comparison, optimizations of the
molecular geometry of host−guest 3 were completed
(Supporting Information). There are three important points
to take into account: (i) The optimized geometries stabilized
the host−guest system 3 by 37.6 kcal mol−1; (ii) the energy of
the optimized cations is considerably lower in comparison to
the analogous crystal coordinates (e.g., ΔE(opt. 3 − nonopt.
3), −258.6 kcal mol−1); and (iii) the existence of molecular
orbitals involving Ag(host)···Ag(guest) interactions is patent
(Figure 7), but not that of Ag(host)···Ag(host) contacts.

Although the optimized DFT stabilization energy of 3 does
not give a significant difference with the nonoptimized one (ΔE
= 2.1 kcal mol−1), molecular arrangement, intramolecular
interactions, and relative energies between fragments differ
substantially. Two notable deviations could alter the nature of
the Ag···Ag contacts: (i) The Ag1−Ag2 lengths are ca. 0.3 Å
shorter in the optimized geometries, and to a lesser degree,
distances between the silver guest (Ag3) atom and both silver
hosts show an identical tendency. (ii) The ether functions lie
considerably closer (ca. 0.2 Å) to Ag3 in the optimized
structure. Thus, although isoenergetic, silver interactions
inherent to the optimized and crystal models differ
pronouncedly, especially those concerning the Ag···Ag

Figure 6. Side view of the host−guest system of 3 with atom
numbering scheme.

Figure 7. Detailed view of the Ag···Ag binding orbitals in the
optimized geometry of 3.
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approaches, and, therefore, owing to the lack of a better
theoretical model, we assume this study to be merely
qualitative.

4. CONCLUSIONS
In summary, cation [Ag2(bisMeOEtIm)2]

2+ (2) exhibits a
notable intermolecular aggregation tendency in solution based
on Ag···Ag interactions. This is detectable by 1H NMR
spectroscopy even at low concentrations. Conversion between
conformers (Z and U) of 2 is facilitated by an increase of the
temperature, as well as by local argentophilicity. In the presence
of Ag+ ions, 2 has a remarkable dynamic interacting pattern,
increasing its conformational flexibility and still allowing for
argentophilic contacts (Ag+···2 and 2···2). Crystals of cation 2
act as an excellent host for silver ions, {[Ag(acetonitrile)2]⊂
[Ag2(bis-NHC)2]}

3+ (3), representing a rare case of cation−
cation host−guest entity. The argentophilicity found in this
system was strong enough to overcome the inherent electro-
static repulsion between both positively charged fragments,
enabling the stabilization of the host−guest system without
ligand-supported assistance. Finally, we could not quantitatively
evaluate the nature of Ag···Ag contacts due to the lack of an
appropriate theoretical model. This kind of unsupported
intermetallic approach in solution may be relevant for
understanding the controversial transmetalation mechanisms,
as most of them occur with formally closed-shell metal centers
as transferring agents.
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