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Abstract: In this work, a new macrocyclic copper com-
plex, [Cu(ACE)(SCN),]; ACE: 1,3,6,10,12,15-hexaazatricy-
clo[13.3.1.1%°]eicosane, was prepared and characterized
by elemental analysis, FT-IR, Raman spectroscopy and
single-crystal X-ray diffraction. X-ray analysis of [Cu(ACE)
(SCN),] reveals an elongated octahedral geometry around
the copper atom in a centrosymmetric CuN, environment.
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1 Introduction

Macrocyclic complexes have attracted much attention for
the unique properties offered by the macrocyclic envi-
ronment, such as the ability to access unusual oxidation
states of the metal center [1], metal ion-selective reagents
[2], models for metalloenzyme active sites [3], applica-
tions in biology, medicine and also as catalysts [4]. There
are various reactions for the synthesis of the macrocyclic
compounds including the formation of the C-C, C-0, C-S,
C-N, C=N and B-0 bonds [5].

Among the macrocyclic rings, the 14-membered
1,3,5,8,10,12-hexaazacyclotetradecane (ACD, Scheme 1)
unit is interesting owing to its presence in the structure
of a variety of compounds including aromatic polycar-
boxylate ligands [6], enantiopure complexes [7], coordi-
nation polymers [8-10] and supramolecular coordination
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polymers [11]. Asymmetric derivatives of this unit are
chiral [5]; thus stereochemistry for these ligands is impor-
tant and has been studied [8, 12]. This unit also shows pH-
dependent coordination behavior [13].

Copper complexes of this unit have been used as
molecular precursors to construct magnetic materials [14—
16], photoluminescent materials [8, 17, 18], DNA-binding
compounds [19, 20], heterometallic trinuclear complexes
[21], bimetallic cyanido-bridged complexes [14, 22-24],
oxo-anion recognition complexes [25] and also complexes
for the electrocatalytic reduction of CO, [26]. Coordina-
tion polymers containing copper complexes of this unit
form different cavities including honeycombs [9, 14, 15] or
square grids [8].

In this work, the structural and spectral (FT-IR and
Raman) properties of a new example, [Cu(ACE)(NCS),] (1);
ACE: 1,3,6,10,12,15-hexaazatricyclo[13.3.1.15'°]eicosane,
in which ACE is a derivative of the ACD ligand contain-
ing two fused 1,3-diazacyclohexane rings (Scheme 1), are
presented and discussed.

2 Results and discussion

Template condensation involving amine and formal-
dehyde followed by ion exchange was employed for the
synthesis of 1.

In the IR spectrum of 1, there is a band at 2047 cm !
which can be attributed to the stretching vibrations of the
thiocyanate ion. This band also guides us to determine
the coordination mode of the thiocyanate ion. According
to the literature [27], the thiocyanate ion can coordinate
to metal centers as N-donor, S-donor or bridging NS-
donor. The CN stretching frequencies are generally lower
in N-bonded complexes (near and above 2050 cm~') than
in S-bonded (near 2100 cm~') and bridging ones (above
2100 cm~?) [27]. On the basis of these rules, we can decide
that the thiocyanate ion is coordinated to the copper atom
as N-donor ligand. The Raman spectrum also confirms
this donation type.

Information about the low metal-ligand vibration
frequency can be obtained by Raman spectroscopy [28].
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Scheme 1: The structure of 1,3,6,10,12,15-hexaazatricy-
clo[13.3.1.1%*]eicosane (ACE) and 1,3,5,8,10,12-hexaazacyclotetra-
decane (ACD).

In the Raman spectrum of 1, stretching vibrations of the
metal-ligand bonds are present in the region of 400-
550 cm ' [29)].

In crystals of 1 the complex has crystallographically
induced centrosymmetry (C) with the copper atom resid-
ing on the center of inversion (Fig. 1). The copper atom is

Fig. 1: The ORTEP diagram of the molecular structure of 1. The ellip-
soids for 1are drawn at the 30% probability level.
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in an elongated octahedral coordination environment, in
which four nitrogen atoms of ACE are located in the equa-
torial positions with the Cu—N bond lengths averaging to
2.047 A, which is comparable to the Cambridge structural
database (CSD) average (2.0126 A, Scheme 2). The axial
sites are occupied by the two nitrogen atoms of the two
thiocyanate ions. The axial bond length (2.596 A) is much
longer than those of the equatorial ones which may also
be due to the Jahn-Teller effect. The coordinated atoms
N1/N3/N1i/N3! of ACE and the copper atom are strictly
located in one plane.

The macrocyclicligand is tetradentate forming two five-
and two six-membered chelate rings which alternate on the
equatorial plane. Similar to the CSD results (Scheme 2), the
average of the N-Cu—N angles in the six-membered chelate
rings (93.07°) is larger than that in the five-membered
chelate rings (86.93°). The 1,3-diazacyclohexane subunits
are fused to each of the six-membered chelate rings and
have a chair conformation and an anticonfiguration with
respect to the equatorial plane. The ligand itself has no
chiral center and four new ones including N1, N1i, N3 and
N3 are formed after coordination. The two nitrogen atoms
of the five- and six-membered chelate rings have identical
and different configurations, respectively. Due to the cen-
trosymmetric space group, the crystals contain a racemic
mixture of R,S,R,S and S,R,S,R isomers.

In the network of 1 (Fig. 2), there are intermolecular
C-H:--C, C-H---N and N-H:--S hydrogen bonds. The sulfur
atoms act as proton acceptors, whereas the carbon and
nitrogen atoms participate in hydrogen bonding as proton
donors and acceptors at the same time.

3 Conclusions

In this work, a new complex of 1,3,6,10,12,15-hexaaza-
tricyclo[13.3.1.1°°leicosane  (ACE) [Cu(ACE)(SCN),] (1)
was synthesized and its spectral (IR, Raman) and struc-
tural properties were investigated. The ACE ligand acts as
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Scheme 2: The bond length and angle averages for different geometries in complexes of ACE/Cu.
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Fig. 2: Packing of 1 showing the hydrogen bonds. Only the hydro-
gen atoms involved in hydrogen bonding are shown.

N,-donor by forming two five- and two six-membered chelate
rings with the Cu center. X-ray analysis of 1 revealed a copper
atom with an elongated octahedral geometry (CuN,).

4 Experimental section

4.1 Materials and instrumentation

All starting chemicals and solvents were reagent or analyt-
ical grade and used as received. The microwave-assisted
synthesis was carried out using a Microwave Labora-
tory Systems MicroSYNTH, Milestone s.r.l. The infrared
spectrum of a KBr pellet was recorded in the range 400—
4000 cm~! using an FT-IR 8400-Shimadzu spectrometer.
The Raman spectrum was obtained using a Nicolet Model
910 Fourier-transform spectrometer. The carbon, hydro-
gen and nitrogen contents were determined in a Thermo
Finnigan Flash Elemental Analyzer 1112 EA. Melting
points were determined using a Barnsted Electrothermal
9200 electrically heated apparatus.

4.2 [Cu(ACE)(NCS),] (1)

The [Cu(ACE)(NO,),] complex was synthesized according
to the literature [8] by the reaction of N-(2-aminoethyl)-
1,3-diaminopropane with Cu(NO,),-:3H,0, and then the
addition of aqueous formaldehyde in a microwave oven
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under the reflux condition. A solution of potassium thio-
cyanate (KSCN) (2mmol, 0.19 g), dissolved in H,0 (10 mL),
was added to the solution of [Cu(ACE)(NO,),] (1 mmol,
0.47 g) in H,0 (20 cm’®). The reaction mixture was stirred
at 60°C for 5 h. Purple crystals of the product suitable for
X-ray diffraction studies were obtained by slow evapora-
tion of the solution. The crystals were then collected by
filtration. Yield: 0.37 g, 80%; m.p.: 229°C. — C H, CuN,S,
(462.14): calcd. C 41.58, H 6.54, N 24.25; found C 40.68, H
6.14, N 23.82. - IR (KBr disk): »=3202 (NH), 2963 (CH,),
2047 (CNg,), 6,,=1435 (CH,), 6,=1381 (CH,), »=1150 m
(CN), 536 (CuN) cm™. — Raman: v=2962 (CH,), 4,=1357
(CH,), 6,.=1415 (CH,), v=1132 (CN), 527 and 409 (CuN) cm "

Table 1: Crystal data and structure refinement for complex 1.

Empirical formula C,H;oCuN,S,
Formula weight, g mol ! 462.14
Temperature, K 100

Crystal size, mm? 0.14x0.13x0.10
Crystal system

Orthorhombic

Space group Pbca
Unit cell dimensions
a, A 10.7587(12)
b, A 13.0929(7)
¢ A 14.0178(9)
Volume, A 1974.6(3)
z 4
Calculated density, mg m —3 1.56
Absorption coefficient, mm -* 1.3
F(000), 972
0 range for data collection, deg 2.9-33.1
hkl ranges -16:16, -20:20, - 21:20
Reflections collected 39563
Independent reflections 3768

- 0.050
Data/restraints/parameters 3768/0/124
Goodness-of-fit (F?) 1.052
Final R /wR, [I>20()] 0.042/0.127
Final R,/wR, (all data) 0.068/0.111
Largest diff. peak/hole,e,&’3 1.36/-0.82

Table 2: Selected bond lengths (A) and angles (deg) of complex 1
with estimated standard deviations in parentheses.?

Bond lengths (A) Angles (deg)

Cu(1)-N(1) 2.0854(15) N(1)-Cu(1)-N(1)' 180
Cu(1)-N(4) 2.0089(15) N(4)-Cu(1)-N(2)! 86.93(5)
Cu(1)-N(11) 2.596(2) N(4)-Cu(1)-N(1) 93.07(5)
C(12)-N(11) 1.154(3) N(11)-C(12)-S(2) 178.9(2)
C(12)-S(2) 1.653(2) C(12)-N(11)-Cu(1) 143.5(2)

2Atoms marked with an ' are related to the respective unmarked ones
by a center of inversion.
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Table 3: Hydrogen bond dimensions (A and deg) in complex 1.

D-H---A d(D-H) d(H---A) Z(DHA) d(D---A) Symmetry code of A
C(5)-H(5A)---C(12) 0.970 2.875 141.7 3.686(3) 1.5 -x,-y,-0.5+2
C(3)-HBA)--N(2) 0.970 2.710 131.1 3.427(2) 0.5+x,0.5 -y,1-2
C(10)-H(10A)---C(3) 0.970 2.898 132.7 3.626(2) 1-x,-0.5+y,05-z
N(4)-H(4)---S(2) 0.980 2.632 142.83 3.464(2) 0.5-x,-0.5+y,z

4.3 X-ray structure determination

Suitable crystals of 1 were placed on Oxford diffraction
Gemini Ultra and kept at 100 K during data collection.
Using OLEX2 [30], the structure was solved with the SHELXS
[31] structure solution program using Direct Methods and
refined with the SHELXL [31] refinement package using
least-squares minimization. Diagrams of the molecular
structure and unit cell were created using ORTEP-1II [32, 33]
and DIAMOND [34, 35]. Crystallographic data and details of
the data collection and structure refinement are listed in
Table 1, selected bond lengths and angles in Table 2 and
hydrogen bond geometries in Table 3.

CCDC 1473426 contains the supplementary crystallo-
graphic data for this paper. These data can be obtained
free of charge from The Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data_request/cif.
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