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Abstract

The structure of the silver(I) triflate complex with N,N¢,N¢¢,N¢¢¢-tetrakis-(3¢,5¢-difluorobenzyl)-1,4,8,11-tetraaza-
cyclotetradecane is reported. The Ag+–p interaction between the Ag+ ion incorporated in the cyclam moiety and
the aromatic side-arm was observed in solid and solution by X-ray crystallography and UV–VIS titration
experiments, respectively. It is also revealed that the Ag+ complex is stable in gas phase from the FAB-MS. The
energy of the Ag+–p interaction was estimated as about 30 kJ/mol by Hartree–Fock/3-21G(�) and DFT (B3LYP/3-
21G(�)) calculations. The NBO analysis indicated that s donation is the main contribution to the Ag+–aromatic ring
interaction.

Introduction

Cyclam, 1,4,8,11-tetraazacyclotetradecane, 1, is a 14-
membered macrocyclic compound having four nitrogen
atoms in the cyclic skeleton. Although the structure of
many silver complexes with cyclam and its derivatives
have been reported, almost all of them are cyclam-Ag2þ

complexes [1], because the Ag+ ion reacts with cyclam to
form the [1-Ag]2þ complex and Ag [2]. Pickardt and
Shen, and Wang et al. reported a [Ag(SCN)cyclam1/2]
complex [3] and a mixed-valent silver(I, II) complex
using N,N¢,N¢¢,N¢¢¢-tetramethylcyclam [4], respectively,
but the Ag+ ions in those complexes are not incorpo-
rated in the cyclam cavity. During our research efforts
on armed-macrocycles [5], we found the first example for
an armed cyclam–Ag+ complex. Here we report the
structure of the complex in solid, solution, and gas
phases.

Results and discussions

New armed-cyclam 2 [6] was prepared by the reductive
amination of cyclam with 3,5-difluorobenzaldehyde in
the presence of NaBH(OAc)3 in 1,2-dichloroethane by
the method previously reported [5c]. A silver triflate
complex of armed-cyclam 2, 2-AgOTf, was obtained
(host:guest ¼ 1:1) as colorless crystals [7]. The structure
of 2-AgOTf has been determined by single crystal X-ray

analysis [8]. As shown in Figure 1, the silver ion is four
coordinated by the ring N atoms (N1, N2, N3 and N4).
The triflate anion does not coordinate to the silver ion.
The Ag1AN1, Ag1AN2, Ag1AN3 and Ag1AN4 bond
lengths are 2.36, 2.45, 2.39, and 2.47 Å, respectively, and
the average AgAN length is 2.42 Å. Usually, the AgAN
bond lengths in the cyclam–Ag2þ complexes are in the
range 2.06–2.21 Å [1]. The Ag1AN bond lengths in 2-
AgOTf are longer than those of the cyclam–Ag2þ

complexes. These bond lengths suggest that the charge
of the silver ion is þ1. In addition, two aromatic rings
(A and B in Figure 1) cover the Ag+ cation incorpo-
rated in the cyclam. The shortest aromatic carbon–Ag+

distances are 3.31 Å (C24AAg1) and 3.06 Å (C34AAg1)
in the rings A and B, respectively. These distances are
longer than those of usual Ag+–aromatic ring distances
(in the range 2.4–2.9 Å) [9a], but they are comparable
with those of an anthraceno cryptand–Ag+ (3.15 and
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3.28 Å) [9b] and anthraceno diphosphine–Ag+ (3.05–
3.157 Å) systems [9c]. The X-ray result suggests that the
Ag+ ion interacts with the aromatic side arms in the 2-
AgOTf system.

In order to investigate the Ag+–p interaction in
solution, an Ag+ induced UV–VIS titration experiment
was carried out in CH3CN. Figure 2 shows the Ag+

induced UV–VIS spectral changes. The absorbance of 2
at kmax (260 nm) arising from the p–p* B band increased
about 1.3 times when 1.0 equiv. of AgOTf was added.
No increase of absorbance at kmax was observed when
Ag+ was added to a CH3CN solution of 3,5-difluoro-
benzene under the same conditions. The titration
experiments indicate that the aromatic rings of the side
arms interact with Agþ cations incorporated in the
cyclam moiety in solution. From the UV–VIS titration
experiment, the log K value for the interaction between
2 and Ag+ in CH3CN at 298 K was estimated as >8.

Information on the structure in the gas phase was
obtained by FAB-MS. Figure 3 shows the FAB-MS of
2-AgOTf in an NBA matrix. Parent ion peaks arising

from [2+Ag]+ were observed at m/z 811 (100%) and 813
(91%), and the observed ion peaks (Figure 3a) agree
with the theoretical ion distribution (Figure 3b). Inten-
sity of the ion peak at m/z 705 arising from [2 + H]+

was 33%. It is important to note that the intensity of the
mass of [2 + Ag]+ is 3 times greater than that of
[2 + H]+. The FAB-MS data shows that ligand 2 forms
a stable complex with Ag+ in the gas phase.

In order to estimate the energy of the Ag+–p
interactions, the single point energy calculations for
the X-ray structure (Figure 4a) and a virtual structure
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Figure 1. The ORTEP diagram of the 2-AgOTf complex (50% probability level).

Figure 2. The AgOTf induced UV–VIS spectral changes of 2. The

titration experiment was carried out by addition of 0.2, 0.4, 0.6, 0.8,

0.9, 1.0, 1.2, 1.4, 1.6, 1.8 and 2.0 equiv. of AgOTf to 2 (1.0 · 10)4 mol/

L in CH3CN).

Figure 3. The FAB-MS of the 2-AgOTf complex. The theoretical ion

distribution (a) and observed ion peaks (b) are shown.

Figure 4. The X-ray structure (a) and a virtual stable structure (b) of

the 2-AgOTf complex.
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(Figure 4b) were carried out by Hartree–Fock (HF/3-
21G(�)) and DFT (B3LYP/3-21G(�)) methods [10]. As
shown in Table 1, the Ag+–p interaction energies,
DDEHF and DDEB3LYP, were estimated as )24.2 and
)36.8 kJ/mol by HF and DFT calculations, respectively.
Saarenketo et al. reported that Ag+–p interactions
between [2.2.2]cyclophanes having three phenyl groups
and Ag+ ions are in the range )327 to )259 kJ/mol and
)424 to )370 kJ/mol in HF/3-21G(�) and B3LYP/3-
21G(�) calculations [11], and an energy for one aromatic
ring–Ag+ interaction is calculated as about )100 kJ/mol
(HF). Therefore, the HF and DFT calculations indicate
that the Ag+–p interaction in 2-Ag is a weak Ag+–
aromatic ring interaction. The result agrees with the X-
ray data for 2-AgOTf, because the Ag+–aromatic ring
distances are longer than those of cyclophane–Ag+

complexes. The bonding scheme was investigated by the
NBO analysis [11] (Table 2). The population of the
silver-5s orbital (valence s-orbital) in the X-ray structure
is slightly greater than that of the virtual structure
with no Ag+–p interactions, while the population of 4d
orbitals decreased as previously reported by Saarenketo
et al. [12]. The NBO analysis indicates that s donation is
the main contribution to the Ag+–aromatic ring bond-
ing as reported by Taylor [13] and Saarenketo [12].

Conclusions

In conclusion, we have demonstrated that ligand 2

forms a stable complex with Ag+ ion and that the
aromatic side-arms in ligand 2 interact with the Ag+ ion
incorporated in the cyclam moiety. The X-ray analysis
and UV–VIS titration experiments suggested that the
structure of the Ag+ complex with ligand 2 is the same
in solid and solution, namely that of Ag+ interacting

with the cyclam moiety. The Ag+–p interaction energy
between the Ag+ ion incorporated in the cyclam moiety
and the aromatic rings was also estimated by HF and
DFT calculations.
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Table 1. Energies of the 2-Agþ complexes

E (ligand)/au E (Ag+)/au E (complex)/au DEcf a/au DEcf/kJ/mol b

HF/3-21G(*)

X-ray structure )2461.4198796 )5173.6005918 )7635.2028969 )0.1824265 )479.0
Virtual structure )2461.4787330 )5173.6005908 )7635.2525548 )0.1732310 )454.8

DDEHF (DEcfX)DEcfV) )0.0091955 )24.2
B3LYP/3-21G(*)

X-ray structure )2475.6665620 )5176.0103164 )7651.9134968 )0.2366184 )621.2
Virtual structure )2475.7572195 )5176.0103164 )7651.9901292 )0.2225933 )584.4

DDEB3LYP (DEcfX)DEcfV) )0.0140251 )36.8

aDEcf = E (complex) ) E (ligand))E(Agþ). DEcfX and DEcfV are DEcf for X-ray structure and virtual structure, respectively.
b 1 au = 2625.5 kJ/mol.

Table 2. Results of the NBO analysis of Ag+ in the X-ray and virtual
structures of the 2-Ag+ complex at the HF/3-21G(�) theoretical level

4d Orbitals (10) 5s Orbital (0) Net change

X-ray structure 9.9461 ()0.0539) 0.1133 (þ0.1133) þ0.0594

Virtual structure 9.9480 ()0.0520) 0.1073 (þ0.1073) þ0.0553
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CO3 was added. The organic layer was separated, and the aqueous
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4H, 3J(H,F) ¼ 8.4 Hz), 3.39 (s, 8H), 2.58 (s, 8H), 2.46 (t, 8H,
3J(H,H) ¼ 6.9 Hz), 1.74 (quintet, 2H, 3J(H,H) ¼ 6.9 Hz); FAB
MS: m/z (%) 706 (100) [M + H]+; elemental analysis calcd (%) for
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