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Structure and Properties of Silver(II)
Complexes with Macrocyclic Ligand

Abstract

Two new  silver(Il)  complexes, {[Ag(L1)[(NOs), - 4H,0}, (1) and
{[Ag(L2)](NO;), * 2H,0}, ?2) (L = 3,14-dimethyl 2,6,13,17-
tetraazatricyclo[14,4,0"'%,0"'*] docosane) have been synthesized and structurally
characterized by a combination of analytical, spectroscopic, electrochemical and X-ray
diffraction methods. The complex 1 exhibits a 1D supramolecular pelymer with silver(Il)
macrocycle L1 and nitrate ions; where 1D chain is formed by hydrogen bonds between
the two sets of|pre-organized N-H groups of the macrocycle and nitrate ions. The lattice
water molecules mediate to interconnect each 1D chain to form the 2D supramolecular
sheet. The complex 2 exhibits a 1D supramolecular polymer with silver(Il) macrocycle
L2, nitrate ions and lattice water_ molecules. The 1D’ chain of ‘complex 2 is formed by
hydrogen bonds between the nitrate ions and lattice water molecules. In 1 and 2 the

unusual high oxidation state of Ag(Il) is stabilized by the macrocycles L1 and L2.
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Introduction

Transition metal complexes with synthetic tetraazamacrocycles have been of
great interest in recent years not only due to their versatile applications but also
for the usefulness in elucidating structure-reactivity relationship [4]. One of the
distinctive features of tetraazamacrocycles is their ability to stabilize metal ions in
high oxidation states. This is especially true in the chemistry of Ag(Il) ions. A
Ag(Il) ion is usually difficult-to exist because it is-unstable at room temperature.
The Ag(Il) ions in the high oxidation state are stable when they are coordinated to
N-donor lignads [6-13].

Complexes 1 and 2 contain unusual high oxidation state of Ag(Il) ions which
are stabilized by macrocyclic ligands L1 and L2, respectively. The complexes are
the product of disproportionation-of the Ag(I) complex according to the following
equation:

2Ag(D+L — Ag(IDE+ Ag |

It has generally been understood that the macrocyclic ligands possessing a
suitable cavity size and hard nitrogen donor atoms can form stable Ag(Il)
complexes in aqueous solution [6,7].

The present tetraazamacrocyclic ligands L1 and L2 which are one of the 16
possible diastereoisomers of L, respectively, first synthesized by Kang et al [14],
have long been used for the preparation of many interesting transition metal

complexes [5, 15-17]. The macrocyclic ligand L is a derivative of a cyclam, the



macrocycle L1 has two trans-fused cyclohexane rings and the macrocycle L2 has
two cis-fused cyclohaxane rings on a cyclam. The ligand skeleton of the
complexes adopts typical trans III conformation with two gauche five-membered
chelate rings and two chair form six-membered rings [22]. As a continuation of
the investigation of the transition metal chemistry of L1 and L2, two Ag(Il)
supramolecular polymers {[Ag(L1)](NO3), - 4H,0}, (1) and
{[Ag(L2)](NOs); * 2H,0}, (2) in which the high oxidation state of silver is
stabilized by the tetraazamacrocycles L1 and L2 have been prepared and studied
in this thesis. It is expected that the coordination as well as hydrogen bonding
environment change between the two isomers by a structural ‘difference. The
details of the synthesis, structures, spectroscopic and electrochemical properties of

complexes are discussed in this thesis.



Experimental

Physical measurements

All chemicals used in the synthesis were of reagent grade and used without
further purification. Distilled water was used for all procedures. Infrared spectra
of solid samples were recorded on a Perkin-Elmer Paragon 1000 FT-IR
spectrophotometer between 4000 and 400 cm™ as Nujol mulls on KBr discs.
UV/vis spectra were measured on a Cary 1C spectrophotometer within the range
200-800 nm. EPR spectra were obtained by a JES PX2300 digital X-band
(v=9.453 and v = 9.443 GHz) spectrometer at ambient temperature. Elemental
analysis was performed by the Korea Research Institute of Chemical Technology,
Daejeon, Korea. The free: ligands L1 and L2 were prepared according to a
literature procedure [14]. Electrochemical measurements were performed in a
standard three electrode system with Pt disk working electrode, Ag/AgNOs (0.01
M) reference electrode and Pt counter electrode using a PAR 263 A potentiostat.
The electrolyte solution was 0.1M triethylammonium hexafluorophosphate
(TEAP) in dry acetonitrile. The potential scan rate in cyclic voltammetry was 50
mV s'. The reference potential of Ag/AgNO; electrode was 0.045 V vs
Ferrocene/Ferrocenium potential. The concentration of complexes were not

determined



Synthesis of {[Ag(L1)](NO3),; *+ 4H,0}, (1)

To a methanol (10 mL) solution of L1 (330 mg, 1.0 mmol) was added a water
(10 mL) solution of AgNOs3 (340 mg, 1.0 mmol). The mixture turned deep orange
and metallic silver formed immediately. The metallic silver was filtered off. The
orange filtrate was collected and allowed in an open beaker protected from light at
ambient temperature. The orange blocks of 1 were obtained in a few weeks.
Suitable crystals of 1 for X-ray diffraction studies and other measurements were
manually collected under a microscope. Yield > 95%. “Anal. Calc. for
Co0HasAgNsOjo: C, 36.06; H, 7.21; N, 12.62; O, 24.04%. Found C, 35.94; H,
7.35; N, 1244; O, 24.48%. IR (Nujol, ecm'): 3441 (vOH), 3236, 3151

(VNH), 1643 (vo,NOO), 1613 (v,NOO).

Synthesis of {{Ag(L2)](NO3); + 2H>0}, (2)

To a methanol (10 mL) solution of L2 (330 mg, 1.0 mmol) was added a water
(10 mL) solution of AgNOs3 (340 mg, 1.0 mmol). The mixture turned deep orange
and metallic silver formed immediately. The metallic silver was filtered off. The

orange filtrate was collected and allowed in an open beaker protected from light at



ambient temperature. The orange blocks of 2 were obtained in a few days.
Suitable crystals of 2 for X-ray diffraction studies and other measurements were
manually collected under a microscope. Yield > 95%. IR (Nujol, cm™): 3406

(vOH), 3203 (vNH), 1641 (v4NOO),

X-ray crystallography

A summary of selected crystallographic data and structure refinement for 1 and
2 is given in Table 1. X-ray data were collected on a Nonius Kappa CCD
diffractometer, using graphite monochromated Mo Ka radiation (A = 0.71073 A).
A combination of 1° ¢ and o (with k offsets) scans were used to collect sufficient
data. The data frames were. integrated and scaled using the Denzo-SMN package
[20]. The structures were solved and-refined using the SHELXTL\PC V6.1
package [21]. Refinement was performed by full-matrix least squares on F using
all data (negative intensities included). Hydrogen atoms were included in

calculated positions.



for

Crystal size (mm’)
0 range for data collection

Index range

Reflections collected
Independent reflections
Completeness to 6
Absorption correction

Max. and min. transmission
Data/restraints/parameters
Goodness-of-fit on F*

Final R indices [[>205(1)]

R indices (all data)

Largest diff. peak and hole

0.26 x 0.26 x 0.16
2.89 to 27.48°
-10£h<9

L1k <11

-13 <1<13

8056

3006 [R(int) = 0.0410]
99.3 % (0 = 27.48°)
Semi-empirical from equiv.
0.883 and 0.800
3006/0/170

1.137

R1=0.0427

wR2 =0.1260
R1=0.0436

wR2 =0.1268

0.756 and -1.067 e. A~

Table 1. Crystal data and structure refinement parameters
[Ag(L1)]J(NOs), - 4H,0 (1) and [Ag(L2)](NOs), - 2H,0 (2)
1 2
Empirical formula CooHasAgNsO1 CooHasAgNsOsg
Formula weight 640.51 604.48
Temperature (K) 150(1) 150(1)
Crystal system Triclinic Triclinic
Space group P1 P1
a (A) 7.8024(2) 8.5400(4)
b (A) 8.9087(2) 8.8773(2)
¢ (A) 10.6745(3) 9.1096(4)
o (%) 93.9040(12) 72.838(2)
B (°) 105.8290(13) 73.2510(18)
v () 108.8310(12) 77.492(2)
Volume (A 665.63(3) 625.31(4)
Z 1 1
Deaed (Mg/m’) 1.598 1.605
Absorption coefficient 0.821 mm’" 0.863 mm”

0.20x0.10x 0.10
2.96t027.48°

-11 <h<11
“11<k<11
-11<1<11

6601

2828 [R(int) = 0.0371]
99.5 % (0 = 25.24°)
Semi-empirical from equiv.
0.921 and 0.827

2828 /0/169

1.079

R1=0.0322

wR2 =0.0712
R1=0.0356

wR2 =0.0736
0.515and-0.870 e. A~




Results and Discussion

Descriptions of structures for 1- 2

The complex 1, as illustrated in Figure 1, was obtained by reaction the
macrocyclic ligand L1 and AgNO3s in MeOH/H,O. The coordination environment
around the central Ag(II) ion is a square plane with four Ag-N bonds from
macrocyclic ligand and-two Ag-O bonds from nitrate ions in axial. The silver
atom sits on an inversion center. Two weak interactions at the axial sites for the
Ag(Il) ion have been observed between Ag and O atoms from nitrate ions. The
Ag-N distances are in the range of 2.140(2) — 2.150(2) A. The average distance of
Ag-N bond is 2.145(2) A which agreed with previous reported average of Ag-N
bond, in general, which'ranges from 2.09 to 2.21 A_[12]. The Ag-O distance of
2.923(2) A is longer “than- the - corresponding distances ([Ag(meso-
[14]ane)[(NOs),; Ag-O = 2.807(4) A [12], [Ag(tme)](ClOy),; Ag-O = 2.889(4) A
[13], [Ag(cyelam)](ClOy4),; Ag-O = 2.788(2) A [19]; where meso-[14]ane =
meso-5,5,712,12,14-hexamethyl-1,4,8,11-tetraazacyclotetradecane, tmc =
1,4,8,11-tetramethyl-1,4,8,11-tetraazacyclotetradecane, cyclam = 142811-
tetraazacycoltetradecane).

The lattice cell of 1 contains two nitrate ions and four water molecules. The



basic unit [Ag(L1)](NOs3), - 4H,O works as a “metal complex synthon” for the
formation of a 1D supramolecular polymer. Then, the lattice water molecules
interconnect each 1D chain through hydrogen bonds to form a 2D supramolecular
sheet. As is common, the macrocyclic skeleton in 1 retains the trans III
conformation with two sets of pre-organized N-H groups which enable to interact
with nitrate ions in the proface through hydrogen bonds resulting in the formation

of the 1D supramolecular polymer [16].(Figure 2, Table 2).
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Figure 1. Molecular structure of [Ag(L1)](NOs), + 4H,O (1) with atom-labeling
scheme. Hydrogen atoms other than those participating in hydrogen bonding are

omitted for clarity.
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Figure 2. Space-filling (a) and lattice diagram (b) of {[Ag(L1)](NO3), + 4H,O},

(1) illustrating a 2D supramolecule. Hydrogen atoms are omitted for clarity.

12



Table 2. Selected bond distances (A) and angles (°) for [Ag(L1)](NO3), + 4H,0
1)

Agl-N1 2.150(2) Agl-N2 2.140(2)
Agl-O1 2.923(2) 01-N3 1.254(4)
02-N3 1.258(4) 03-N3 1.244(3)
N1-Agl-N2 83.57(9) N1-Agl-N2#1 96.43(9)
N1-Agl-O1 81.32(8) N2-Agl1-O1 98.55(9)
N1#1-Agl-O1 98.68(8) N2#1-Agl-01 81.45(9)

Symmetry transformations used to generate equivalent atoms:

#1 -x+1,-y+1,-z+1

Table 3. Hydrogen bonds for [Ag(L1)](NO3), = 4H,O (1) (A and °©)

D-H-A d(D-H) d(H-A) d(DA) <(DHA)
NI1-HI--02 0.93 2.03 2.950(3) 170.4
N2-H2--03#2 0.93 225 3.057(3) 144.3
OIW-HIWA--OI#3  0.84 117 2.993(4) 167.7
O1W-HIWB--02 0.84 2.03 2.862(4) 171.0
02W-H2WA--OIW  0.84 2.10 2.909(6) 161.3
O2W-H2WB--O1W#4  0.84 2.15 2.992(6) 178.4

Symmetry transformations used to generate equivalent atoms:

#1 -x+1,-y+1,-z+1 #2 x,y-1,z

#3 -x+1,-y+2, -z+1 #4 -x+1,-y+2,-z

13



The complex 2, as illustrated in Figure 3, was obtained by reaction of the
macrocycle L2 and AgNO; in MeOH/H,O. The coordination environment around
the central Ag(Il) ion is a square plane with four Ag-N bonds from macrocyclic
ligand and two Ag-O bonds from nitrate ions. The silver atom sits on an inversion
center. Two weak interactions at the axial sites for the Ag(Il) ion have been
observed between Ag and O atoms from nitrate ions. The Ag-N distances are in
the range of 2.1424(18) — 2.1788(19) A. The Ag-O distance of 2.8856(19) A is
shorter than that in the complex 1 ([Ag(L1)](NOs), - 4H,0; Ag-O = 2.923(2) A).
The macrocyclic ligand L2 contains two cyclohexane rings which are cis- fused
on the cyclam. As a result, hydrogen bonding interactions are observed between
one of the hydrogen atoms connected to C3 and Ol from the nitrate ion and
between one of the hydrogen atoms connected to C5 and O3 from the nitrate ion,
repectively (C3-HIC3-+Ol.: d(H+-A) = 2.731 A, <(DHA) = 144.85° ; C5-
HIC5--03 : d(H-~A) = 2.559-A,<(DHA) = 160.09°).

The lattice cell of 2 contains two nitrate ions and two water molecules. The
basic unit [Ag(L2)](NO;), * 2H,0 works as a “metal complex synthon” for the
formation of a 1D supramolecular polymer. The 1D chain of 2 is formed through
hydrogen bonds between the nitrate ions of basic unit [Ag(L2)](NOs), - 2H,0

and the lattice water molecules. (Figure 4, Table 4).

14



Figure 3. Molecular structure of [Ag(L2)](NOs), + 2H,O (2) with atom-labeling
scheme. Hydrogen atoms other than those participating in hydrogen bonding are

omitted for clarity.
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(b)

Figure 4. Space-filling (a) and lattice diagram (b) of {[Ag(L2)](NO3), * 2H,0},

(2) illustrating a 1D supramolecule. Hydrogen atoms are omitted for clarity.

16



Table 4. Selected bond distances (A) and angles (°) for [Ag(L2)](NO3), - 2H,0
(2)

Agl-N1 2.1424(18)  Agl-N2 2.1788(19)
Agl-03 2.8856(19)  OI1-N3 1.246(3)
02-N3 1.254(3) 03-N3 1.257(3)
N1-Agl-N2 82.44(7) N1-Agl-N2#1 97.56(7)
N1-Agl-03 86.58(6) N2-Ag1-03 97.53(7)
N1#1-Agl-03 93.42(6) N2#1-Agl1-03 82.47(7)

Symmetry transformations used to generate equivalent atoms:

#1 -x+1,-y+1,-z+1

Table 5. Hydrogen bonds for [Ag(L2)](NO3)s * 2H,O (2) (A and °©)

D-H-A d(D-H) d(H--A) d(DA) <(DHA)
NI-HI--01 0.93 2.13 2.996(3) 155.1
N2-H2--O1W#1 0.93 2.26 3.113(3) 153.1
O1W-HIWA--02 0.76(4) 2.15(4) 2.886(3) 164(4)
OIW-HIWB--03#2  0.72(4) 2.29(4) 2.993(3) 166(4)

Symmetry transformations used to generate equivalent atoms:

#1 -x+1,-y+1,-z+1 #2 -x+1,-y+1,-z+2

17



The complexes contain nusual Ag(Il) ion which is stabilized by
tetraazamacrocyle L. Macrocyclic ligands L1 and L2 are the derivatives of the
cyclam, which has frans- or cis- fused cyclohexane rings on the cyclam. The Ag-
O bond of complex in 2 is shorter than that in 1. The 1D silver(Il) supramolecular
polymer of 1 is formed by various types of hydrogen bonds in which the
macrocyclic ligand L1 contains frans-fused cyclohexane rings. In addition to the
weak interactions between the Ag(Il) ion and the O atoms of the nitrate ions, and
the presence of hydrogen bonds between the two sets. of pre-organized N-H
groups of the macrocyclic ligand and nitrate ions enable the basic unit
[Ag(L1)](NO3), = 4H,0 to result the formation of a 1D supramolecular polymer.
Then, the lattice water molecules mediate to interconnect each 1D chain to form
the 2D supramolecular sheet. The 1D silver(Il) supramolecular polymer of 2 in
which the macrocyelic ligand L2 contains cis-fused cyclohexane rings. In addition
to the weak interactions between the  Ag(Il) ion and nitrate ions, lattice water

molecules are involved in the formation of a 1D supramolecule.

18



Spectroscopic properties and electrochemical analysis forl and 2

The complexes 1 and 2 show the similar spectroscopic properties resulting in
the same electron configuration. The microanalysis supported the structure
determined by X-ray diffraction studies and the IR spectrum gave evidences for
the presence of the macrocyclic ligand and nitrate ions.

The electronic spectra for 1 (Amax = 341 nm in DMF) and 2 (Apmax = 346 nm in
DMF) (DMF = Dimethylformamide) were that for a d> Ag(Il) ion. There is an
absorption band’ characteristic for square - planar complex of Ag(Il):
(Ag(eyclam)® Apax = 350 nm; Ag(scorpiand)’” A = 376 nm; Ag(trans-
Me;[14]anN4)*" Amax = 348 nm) [6]. The band was assignable to d-d transition
arising from the by, —b;, transition in the field of the ligand under D4, symmetry
[18] (Figure 6). Octahedral complexes change their.coordination geometries by
Jahn-Teller effect (O,—Duy).-Thus, orbitals including z components are more
stable and have lower energy level. As a result, a Ag(Il) ion has a d’ electron

configuration as shown in Figure 5.
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Figure 5. d orbital energy level of octahedral environment (a) d orbital energy
level of tetragonal distortion.environment (b) d orbital energy level of square —

planar environment (c) and d’ electron configuration.

The ambient temperature powder EPR spectra of 1 and 2 showed axial spectra
with principal g-factor values at g j= 2.09695, g.= 2.02038 for 1, g;= 2.10608, g.
=2.02195 for 2. The each spectrum was typical of d’ square planar configuration
around the Ag(Il) ion (‘*"'Ag, I-1/2). The hyperfine structure due to the "*N
nuclei(/-1) was not observed [7] (Figure 7) .

The cyclic voltammogram was similar to that of [Ag(cyclam)]*, but not the

same, especially for the redox behavior in the positive potential region [9].

20



Therefore, the interpretation of the cyclic voltammogram for 1 is quite different
from that of [Ag(cyclam)]*". The cyclic voltammogram of the complex 1 is quite
similar but reduction peak is somewhat different. The reduction peak A in Figure
8 can be assigned to 2e reduction of [Ag(L1)]*" to Ag and L1 via the [Ag(L1)]""
intermediate. The small oxidation shoulder B is presumed to be due to the
oxidation of the remained [Ag(L)]1+ intermediate. The next oxidation peak C is
associated with the oxidation of deposited Ag to Ag(I). The peak D that was not
appeared in the first scan can be assigned to the reduction of Ag(I) to Ag. Since
the amount of deposited Ag was increased due to the free Ag(l) as well as
[Ag(L1)]*, the reduction peak C increased in the second scan. In Figure 9 the
oxidation of [Ag(L1)]*" to [Ag(L1)]>" is/shown as a peak at +0.45 V (E), but the
corresponding ‘reduction is mot shown. This indicates that the oxidation of
[Ag(L1)]*" is an irreversible process and [Ag(L1)]>*is unstable. After positive
scan up to +1.0V, the Ag/Ag" redox peaks(C and D) increased as shown in Figure
8 and 9. This could be ascribed to Ag(I) formed from the decomposed [Ag(L1)]>".

The cyclic voltammogram of complex 2 is quite similar with that of complex 1
but the reduction feature is somewhat different. The reduction peaks, A and B in
Figure 10 can be assigned to the reduction of [Ag(LZ)]2+ to [Ag(LZ)]1+ and
[Ag(L2)]"" to Ag and L2, respectively, as shown in [Ag(cyclam)]*" [9]. In the

first scan of Figure 11, a clear oxidation peak E is shown at the potential of +0.59

21



V and the corresponding reduction peak was very small relative to the oxidation
one. The oxidation peak E is decreased in the second scan and stabilized after the
second scan. In the case of [Ag(L1)]*" two separate reductions were not observed
on the scan 50 mV/s. This implies that [Ag(L2)]'" is more stable than [Ag(L1)]"".
The oxidation shoulder C can be presumably due to the oxidation of remained
[Ag(LZ)]H. The next sharp oxidation peak D is due to the oxidation of deposited
Ag to Ag". Interestingly, the reduction of Ag” that was observed for [Ag(L2)]*"
was not observed for [Ag(L1)]*".

As the complexes 1 and 2 have the same electron configuration the
spectroscopic properties for 1 and 2 are similar. The UV/vis spectra for 1 and 2
are expected for d” silver(I) ions in square - planar environment. The EPR spectra
for 1 and 2 exhibited typical d’ ions in an axially distorted ligand field. The
electrochemical behaviots for 1 and 2 showed quite similar but reduction feature

is somewhat different.
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Figure 6. UV/vis spectra of (a) [Ag(L1)](NOs), - 4H,0 (1) and (b)

[Ag(L2)](NOs); - 2H,0 (2).
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Figure 7. Powder EPR spectra of (a) [Ag(L1)](NO3), * 4H,O (1) (g = 2.09695,
gt=2.02038) and (b) [Ag(L2)](NOs), * 2H,0O (2) (g= 2.10608, gr=2.02195) at

ambient temperature.
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Figure 8. Cyclic voltammogram of 1 in the potential window between —0.6 and

+0.3 V vs Ag/AgNO; (v =50 mV's”', on Pt-in 0.1M TEAP), the concentration of

1 was not determined.
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Figure 9. Cyclic voltammogram of 1 in the potential window between —0.6 and
+1.0 V vs Ag/AgNO; (v =50 mV s, on Pt in 0.1M TEAP), the concentration of

1 was not determined.
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Figure 10. Cyclic voltammogram of 2 in the potential window between —0.7 and

+0.3 V vs Ag/AgNOs (v =50 mV's”', on Pt-in 0.1M TEAP), the concentration of

2 was not determined.
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Figure 11. Cyclic voltammogram of 2 in the potential window between —0.7 and
+1.0 V vs Ag/AgNO; (v =50 mV s, on Pt in 0.1M TEAP), the concentration of

2 was not determined.
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