
This article was downloaded by: [Institute Of Atmospheric Physics]
On: 09 December 2014, At: 15:14
Publisher: Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered
office: Mortimer House, 37-41 Mortimer Street, London W1T 3JH, UK

Click for updates

Journal of Coordination Chemistry
Publication details, including instructions for authors and
subscription information:
http://www.tandfonline.com/loi/gcoo20

Synthesis and structure of Zn(II) and
Cu(II) complexes derived from 2-
(aminomethyl)benzimidazole and
glycine
Martha Falcón-Leóna, Hugo Tlahuextb, Víctor Lechuga-Islasa,
Margarita Tlahuextla, Francisco J. Martínez-Martínezc, Herbert
Höpflb & Antonio R. Tapia-Benavidesa

a Centro de Investigaciones Químicas, Universidad Autónoma del
Estado de Hidalgo, Mineral de la Reforma, Mexico
b Centro de Investigaciones Químicas, Universidad Autónoma del
Estado de Morelos, Cuernavaca, Mexico
c Facultad de Ciencias Químicas, Universidad de Colima, Colima,
Mexico
Accepted author version posted online: 05 Jun 2014.Published
online: 01 Jul 2014.

To cite this article: Martha Falcón-León, Hugo Tlahuext, Víctor Lechuga-Islas, Margarita Tlahuextl,
Francisco J. Martínez-Martínez, Herbert Höpfl & Antonio R. Tapia-Benavides (2014) Synthesis and
structure of Zn(II) and Cu(II) complexes derived from 2-(aminomethyl)benzimidazole and glycine,
Journal of Coordination Chemistry, 67:11, 1873-1887, DOI: 10.1080/00958972.2014.930139

To link to this article:  http://dx.doi.org/10.1080/00958972.2014.930139

PLEASE SCROLL DOWN FOR ARTICLE

Taylor & Francis makes every effort to ensure the accuracy of all the information (the
“Content”) contained in the publications on our platform. However, Taylor & Francis,
our agents, and our licensors make no representations or warranties whatsoever as to
the accuracy, completeness, or suitability for any purpose of the Content. Any opinions
and views expressed in this publication are the opinions and views of the authors,
and are not the views of or endorsed by Taylor & Francis. The accuracy of the Content
should not be relied upon and should be independently verified with primary sources
of information. Taylor and Francis shall not be liable for any losses, actions, claims,
proceedings, demands, costs, expenses, damages, and other liabilities whatsoever or
howsoever caused arising directly or indirectly in connection with, in relation to or arising
out of the use of the Content.

http://crossmark.crossref.org/dialog/?doi=10.1080/00958972.2014.930139&domain=pdf&date_stamp=2014-06-05
http://www.tandfonline.com/loi/gcoo20
http://www.tandfonline.com/action/showCitFormats?doi=10.1080/00958972.2014.930139
http://dx.doi.org/10.1080/00958972.2014.930139


This article may be used for research, teaching, and private study purposes. Any
substantial or systematic reproduction, redistribution, reselling, loan, sub-licensing,
systematic supply, or distribution in any form to anyone is expressly forbidden. Terms &
Conditions of access and use can be found at http://www.tandfonline.com/page/terms-
and-conditions

D
ow

nl
oa

de
d 

by
 [

In
st

itu
te

 O
f 

A
tm

os
ph

er
ic

 P
hy

si
cs

] 
at

 1
5:

14
 0

9 
D

ec
em

be
r 

20
14

 

http://www.tandfonline.com/page/terms-and-conditions
http://www.tandfonline.com/page/terms-and-conditions


Synthesis and structure of Zn(II) and Cu(II) complexes
derived from 2-(aminomethyl)benzimidazole and glycine

MARTHA FALCÓN-LEÓN†, HUGO TLAHUEXT*‡, VÍCTOR LECHUGA-ISLAS†,
MARGARITA TLAHUEXTL†, FRANCISCO J. MARTÍNEZ-MARTÍNEZ§, HERBERT

HÖPFL‡ and ANTONIO R. TAPIA-BENAVIDES*†

†Centro de Investigaciones Químicas, Universidad Autónoma del Estado de Hidalgo, Mineral de la
Reforma, Mexico

‡Centro de Investigaciones Químicas, Universidad Autónoma del Estado de Morelos, Cuernavaca,
Mexico

§Facultad de Ciencias Químicas, Universidad de Colima, Colima, Mexico

(Received 5 January 2014; accepted 23 April 2014)

Reactions of 2-(aminomethyl)benzimidazole di-hydrochloride (1·2HCl) and glycine with 3Zn
(OH)2·2ZnCO3 or Cu(OAc)2·H2O led to the synthesis of the quaternary coordination complexes 2
and 3. X-ray diffraction showed that these complexes are composed of 2a = [Zn(L)Cl(L′)] and 2b =
[Zn(L)(H2O)2(L′)], and of 3a = [Cu(L)(H2O)0.25Cl(L′)] and 3b = [Cu(L)(H2O)1.5(L′)], respectively,
where L = 2-(aminomethyl)benzimidazole and L′ = glycinate. Zn(II) in 2a has an intermediate geom-
etry between a square-pyramid and a trigonal bipyramid structure. However, the geometry about the
metal ion of units 2b, 3a, and 3b is distorted octahedral. Moreover, the supramolecular structures
for 2 and 3 were assembled through N–H⋯O and O–H⋯Cl hydrogen bonds. In these complexes,
H2O and N–H groups serve as proton donors, whereas chloride and C=O groups serve as proton
acceptors. Also π–π stacking interactions between aromatic rings contribute to the stabilization of
the supramolecular structure of 2 and 3. The Zn and Cu complexes were studied by infrared and
Raman spectroscopy, which indicated that 2 and 3 have similar molecular structures in the solid
state. Ultrasound activation at the end of the reaction was necessary to yield 2.

Keywords: Zinc; Copper; Hydrogen bonds; Ultrasound

1. Introduction

Zn(II) and Cu(II) are important in chemical and biological systems. Therefore, a wide variety
of organic compounds have been used as ligands for Zn(II) and Cu(II) complexes [1, 2].
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Complexes derived from imidazole, benzimidazole, and amino acid ligands are model
compounds of particular bioinorganic interest [3, 4]. The imidazole moiety is essential in
metalloproteins, and its interaction with Zn(II) and Cu(II) has profound effects on the biolog-
ical actions of these macromolecules [5, 6]. In this context, 2-(aminomethyl)benzimidazole 1
is a very useful ligand in coordination chemistry because it can coordinate with transition
metals such as V, Co, Ni, Pd, and Cd [7–10]. Thus, 1 has been used as a molecular model to
explain the substrate–metal interactions in biochemical systems [7–10]. However, even
though Zn and Cu are neighboring elements in the periodic table, these metals have different
chemical behavior when interacting with 2-(aminomethyl)benzimidazole. Zn(II) coordinates
with one or two 1 ligands as a function of pH and can assume diverse geometries in the solid
state with different assemblies through N–H⋯Cl and O–H⋯Cl hydrogen bonds, whereas
Cu(II) yields square-pyramidal or distorted octahedral complexes [11–13]. This behavior is
chemically and biologically relevant, and for this reason, we are interested in the synthesis
and structure of Zn(II) and Cu(II) complexes using 1 as a ligand.

Quaternary complexes of 2-(aminomethyl)benzimidazole and leucine or gly–gly dipep-
tide have been reported [14, 15]. However, a systematic study for the synthesis of Zn(II) or
Cu(II) complexes derived from 1 and amino acids has not been reported. Aljahdali et al.
proposed that the formation of 2 and 3 is thermodynamically viable in the presence of 1,
glycine, and the corresponding metal ion [figure 1(A)] [10, 16]. However, the formation of
these complexes has not been demonstrated by spectroscopic and crystallographic methods.
We believe that it is possible to promote the coordination of 2-(aminomethyl)benzimidazole,
glycine, and X (Cl− or H2O groups) with metal by controlling the pH of the solution and
the concentration of the chloride. In this article, we report on studies performed to identify
the suitable reaction conditions for the synthesis of 2 and 3 in aqueous solution. The struc-
tural characterizations of 2 and 3 were performed by infrared (IR), Raman, and nuclear
magnetic resonance (NMR) (only for 2) spectroscopy; elemental and thermogravimetric
analysis (TGA); and X-ray diffraction.

2. Experimental

2.1. Materials

Water was deionized prior to use. All reagents were purchased and used without purifica-
tion. 2-(Aminomethyl)benzimidazole di-hydrochloride was synthesized as previously
reported [17, 18].

2.2. Physical and chemical measurements

The 1H and 13C NMR spectra were recorded on a Varian 400MHz spectrometer. The
chemical shifts (δ ppm) are relative to the external reference CH3OH (δ = 3.31 for proton
NMR and δ = 49.1 for carbon NMR). IR and Raman spectra were recorded on a
Perkin-Elmer System 200 FT-IR spectrophotometer. The elemental analyses were performed
on a 2400 Perkin-Elmer Series II CHNS/O analyzer. The TGA studies were performed on a
SDT Q 600 instrument. The melting points were measured on a Buchi Melting Point B-450
apparatus and were not corrected.

X-ray diffraction studies were performed on an Xcalibur Atlas Gemini diffractometer with
a charge-coupled device area detector (λMoKα = 0.7107 Å, monochromator: graphite). The
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frames were collected at T = 301 K (2) and T = 296 (3) via ω/ϕ-rotation at 10 s per frame. The
measured intensities were corrected for absorption [empirical absorption correction using
spherical harmonics, implemented with the SCALE3 ABSPACK scaling algorithm
(CrysAlisPro, Agilent Technologies)] [19]. The structure solution, refinement, and data out-
put were performed using the SHELXTL-NT program package [20]. The non-hydrogen
atoms were anisotropically refined. The C–H hydrogens were placed in geometrically
calculated positions using a riding model with d(C–Haryl) = 0.93 Å and Uiso(Haryl) = 1.2 Ueq
(C). The hydrogens bonded to N (H1A, H1B, H3, H4A, H4B, H5A, H5B, H7, H8A, H8B)
and O (H3A, H3B, H4C, H4D, H7B, H7C) were localized by difference Fourier maps.
The coordinates of the N–H and O–H hydrogens were refined using the following
constraints: d(N–H) = 0.89(1) Å, d(N–Himidazolic) = 0.86(1), d(O–H) = 0.82(1) Å, and

Figure 1. (A) Synthesis of 2 and 3 derived from 2-(aminomethyl) benzimidazole di-hydrochloride (1·2HCl), gly-
cine, and metal ions. (B) Zn complexes 4–6 reported in Ref. [12]. (C) Reaction of di-hydrochloride of 1, glycine,
and CuCO3·Cu(OH)2 at different pH values, with or without ultrasound activation of the reaction.

2-(Aminomethyl)benzimidazole and glycine complexes 1875
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Uiso(H) = 1.5 Ueq(N,O). The networks contained one water for 2 (O7 refined occupancy 0.5)
and two waters for 3 (disordered O8, O9 refined occupancies of 0.25), which are disordered
around the crystallographic symmetry centers. Their hydrogens could not be located by
difference Fourier maps. Figures 2–5 are drawn with DIAMOND [21] and OLEX 2 [22]
using spheres of arbitrary radius.

Figure 2. Molecular structures of 2 and 3 with atom labels and the local coordination geometries around Zn(II)
and Cu(II). Thermal ellipsoids are shown at 50% probability level.
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2.3. Synthesis

The syntheses of 2 and 3 were performed at controlled pH values. Moreover, strict control
of the concentrations of the ligands and metal salts was important to obtain these com-
plexes.

2.3.1. Complex 2. A mixture of 2-(aminomethyl)benzimidazole di-hydrochloride (117 mg,
0.533 mM) and glycine (60 mg, 0.800 mM) was dissolved in 5 mL of deionized water and
activated with ultrasound for 10 min. Next, 280 mg (0.510 mM) of 3Zn(OH)2·2ZnCO3 was
added, and the resulting mixture was treated with ultrasound for 5 min. The solution was
adjusted to pH 6.3 with 1.00M NaOH and subjected to ultrasound for an additional 20 min
(final pH 6.0). After the reaction was completed, the mixture was filtered and the solution
was slowly evaporated. The helix 2 was obtained as colorless crystals (32 mg, 8%). M.p.:
202.6 °C. Elemental analysis (found: C, 32.44; H, 4.21; N, 14.62; Calcd for
C40H62Cl6N16O13Zn5: C, 31.72; H, 4.13, 14.80%). δH (400MHz; D2O; MeOH): 3.40 (2H,
b, O=C–CH2–NH2), 4.23 (2H, s, Bz–CH2–NH2), 7.32 (2H, b, H5, and H6), 7.60 (2H, b,
H4, and H7). δC (100MHz; D2O; MeOH): 36.5 (C1), 41.8 (C10), 112.7 (C4), 117.6 (C7),
123.7 (C5, C6), 134.6 (C3), 138.5 (C8), 155.7 (C2). IR (KBr): νmax cm−1 3384 ν(H–O),
3322 ν(NH2), 3273 ν(NH2), 1603 νa(COO), 1489 ν(CN), 1402 νs(COO), 1111 ρt(NH2),
1083 ρw(NH2), 844 ρr(H2O), 776 π(C–H), 763 π(C–H), 528 ν(Zn–O) or ρw(H2O), 604
δ(CO2), 490 ν(Zn–N) Raman (neat): νmax cm

−1 1597 νa(COO), 1403 νs(COO), 842 ρr(H2O),
491 ν(Zn–N), 283 ν(Zn–Cl).

2.3.2. Complex 3. A mixture of 2-(aminomethyl)benzimidazole di-hydrochloride (117 mg,
0.533 mM) and glycine (60 mg, 0.800 mM) was dissolved in 5.0 mL of deionized water and
homogenized by ultrasound for 5 min. The resulting solution was added to Cu(OAc)2·H2O
(107 mg, 0.533 mM) and shaken for 5 min. Next, the mixture was adjusted to pH 2.8 with
1.00M NaOH and filtered. Complex 3 was obtained by slow evaporation of the aqueous
solution as blue crystals (32 mg, 9%). M.p.: 183.4 °C. Elemental analysis (found: C, 34.24;
H, 4.45; N, 15.30; Calcd for C20H32Cl2N8O7Cu2: C, 34.59; H, 4.64, 16.13%). IR (KBr):
νmax cm−1 3398 ν(OH), 3321, ν(NH2), 3272 ν(NH2), 1602 νa(COO), 1492 ν(CN), 1401
νs(COO), 1118 ρt(NH2), 1051 ρw(NH2), 846 ρr(H2O), 782 π(C–H), 760 π(C–H), 672 ρr(Cu–
H2O) and ρr(Cu–NH2), 543 ν(Cu–O) or ρw(H2O), 501 ν(Cu–N). Raman (neat): νmax cm−1

1592 νa(COO), 242 ν(Cu–Cl).

3. Results and discussion

3.1. Synthetic procedures

We performed the reaction of di-hydrochloride of 1, glycine, and ZnCl2 in aqueous solution
at different pH values [from 2.4(1) to 5.4(1) at 0.5 intervals] in an attempt to produce 2.
The pH of the medium was fixed using NaOH, followed by slow evaporation. Nevertheless,
2 was not obtained under these reaction conditions. Instead of 2, 4–6 were crystallized,
depending on the working pH [figure 1(B)]. Compounds 4–6 have been reported [12].
These results should have been due to the presence of excess chloride in the reaction. To

2-(Aminomethyl)benzimidazole and glycine complexes 1877
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maintain a constant chloride : benzimidazole proportion (2 : 1 equivalents), we used 3Zn
(OH)2·2ZnCO3; however, the quaternary complex was again not formed.

It is known that hydrogen interactions and crystallization are promoted by ultrasound
treatment [23, 24]. Therefore, mixtures of 1·2HCl, glycine, and 3Zn(OH)2·2ZnCO3 at
different pH values [pH: 3.9(1), 5.0(1), 6.0(1), 6.3(1), and 7.0(1)] were activated using
ultrasound (42 kHz and 100W) at the end of the reaction. Complex 2 was only produced at
pH of 5.0(1)–6.3(1) and 1·2HCl : glycine : 3Zn(OH)2·2ZnCO3 molar ratios of 1 : 1.5 : 1.

Cu and Zn have different chemical and structural behaviors. For example, Zn(II) has a
ligand-field stabilization energy of zero and can adopt diverse geometries. However, Cu
complexes generally have square, square-pyramidal or distorted octahedral geometries
[25]. Moreover, Cu complexes usually have higher stability constants and are predicted
to be easier to synthesize than Zn complexes [10]. For this reason, we performed the
reaction of the di-hydrochloride of 1 and glycine with CuCO3·Cu(OH)2. The process
was performed at two different pH values [2.5(1) and 3.0(1)] with or without ultrasound
activation. Nevertheless, the reaction preferentially yielded 7 [figure 1(C)]. Compound 7
has been reported [11, 18].

In view of the results obtained with CuCO3·Cu(OH)2, we chose to use Cu(OAc)2·H2O
because this salt is very soluble in aqueous solutions. Moreover, the acetate can be easily
replaced and Cu(II) reactivity significantly increases. Again, we performed the reaction of
the di-hydrochloride of 1 and glycine with Cu(OAc)2·H2O at pH of 2.5(1), 2.8(1), and 3.3
(1) with or without ultrasound activation at the end of the reaction. In this case, the slow
evaporation of the reaction yielded 3 as blue crystals. The best yield and best crystals were
obtained at pH 2.8(1) without ultrasound activation and at molar ratios of 1 : 1.5 : 1.

3.2. Crystallography

Analysis by single-crystal X-ray diffraction showed that these complexes are assembled
through N–H⋯O and O–H⋯Cl hydrogen bonds, producing helical supramolecular struc-
tures [with dissymmetric motifs (C2)] for 2 and pseudo-tubular supramolecular structures
for 3. Both crystals are formed by crystallographically independent units with the general
formula {[ZnII(L)Cl(L′)][ZnII(L)(H2O)2(L′)][0.5Zn

IICl4][0.5H2O]}∞ for 2 and {[CuII(L)Cl
(H2O)0.25(L′)] [CuII(L)(H2O)1.5(L′)][Cl][1.25H2O]}∞ for 3 (L = 2-(aminomethyl)benzimid-
azole, L′ = glycinate). The molecular structures of the complexes are illustrated in figure 2.
Crystal data and selected bond lengths, bond angles, and torsion angles are provided in
tables 1 and 2, and the hydrogen bonding parameters are provided in table 3.

Complex 2 crystallizes in the monoclinic centrosymmetric space group C2/c and exhibits
three crystallographically independent complex units: 2a = [Zn(L)Cl(L′)]; 2b = [Zn(L)
(H2O)2(L′)], [0.5ZnCl4]; and a water molecule disordered around a crystallographic symme-
try center (O7, refined occupancy 0.5). These results are in agreement with the elemental
analysis and thermogravimetric studies, which corroborate the incidence of 2.5 water mole-
cules in 2 and the presence of tetrachlorozincate. The Zn(II) ions have different coordina-
tion environments. 2a is composed of 2-(aminomethyl)benzimidazole, glycinate, and Zn.
The five coordination of the metal in 2a is completed by a chloride. Consequently, the coor-
dination geometry for Zn(II) is almost intermediate between a square-pyramid and a trigonal
bipyramid (τ = 0.44) [26].

In contrast to 2a, the coordination environments for Zn(II) in 2b have a distorted octahe-
dral geometry whose equatorial plane is formed by 2-(aminomethyl)benzimidazole and

1878 M. Falcón-León et al.
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Table 1. Selected crystallographic and refinement data for 2 and 3.

Complex 2 3

Empirical formula C40H60Cl6N16O13Zn5 C20H32Cl2Cu2N8O7

Formula weight 1512.59 694.52
T (K) 301 296
λ (Å) 0.71073 0.71073
Crystal system Monoclinic Triclinic
Space group C2/c P-1
a (Å) 32.6958(16) 10.03735(17)
b (Å) 10.19457(16) 11.3306(2)
c (Å) 24.0068(11) 12.60323(19)
α (°) 90 90.6719(14)
β (°) 134.139(8) 105.6783(14)
γ (°) 90 97.0376(15)
V (Å3) 5742.6(4) 1368.12(40)
Z 4 2
DCalcd (mgmL−1) 1.750 1.686
Absorption coefficient (mm−1) 2.410 1.805
F (0 0 0) 3072.0 712.0
2θ (°) 6.48 to 50 5.94 to 51
Limiting indexes −38 ≤ h ≤ 38, −12 ≤ k ≤ 12,

−28 ≤ l ≤ 28
−12 ≤ h ≤ 12, −13 ≤ k ≤ 13,
−15 ≤ l ≤ 15

Reflections collected 27,478 53,026
Independent reflections (Rint) 5049(0.0398) 5093(0.0330)
Refinement method Full-matrix least squares on

F2
Full-matrix least squares on
F2

Data/restraints/parameters 5049/16/426 5093/20/425
Goodness-of-fit (GOF) on F2 1.026 1.026
Final R indexes [I ≥ 2s(I)] R1 = 0.0336, wR2 = 0.0713 R1 = 0.0290, wR2 = 0.0724
Final R indexes [all data] R1 = 0.0482, wR2 = 0.0772 R1 = 0.0339, wR2 = 0.0757

Table 2. Selected bond lengths (Å), angles, and torsion angles (°) for 2 and 3.

Complex 2 Complex 3

N1–Zn1 2.135(3) N1–Cu1 2.024(2)
N2–Zn1 2.066(3) N2–Cu1 1.963(2)
N4–Zn1 2.103(3) N4–Cu1 1.985(2)
O1–Zn1 2.074(2) O1–Cu1 1.961(2)
O3–Zn1 2.285(2) O3–Cu1 2.321(4)
O4–Zn1 2.128(2) O4–Cu1 2.620(3)
N5–Zn2 2.189(3) N5–Cu2 2.038(2)
N6–Zn2 2.039(3) N6–Cu2 1.978(2)
N8–Zn2 2.067(3) N8–Cu2 2.001(2)
O5–Zn2 2.086(2) O5–Cu2 1.954(2)
O7–Zn2 3.14(3) O8–Cu2 2.624(13)
Cl1–Zn2 2.346(1) Cl1–Cu2 2.666(1)
N1–Zn1–N2 80.39(10) N1–Cu1–N2 83.46(8)
N4–Zn1–O1 81.49(10) N4–Cu1–O1 85.43(8)
O4–Zn1–O3 176.23(10) O4–Cu1–O3 163.19(11)
N6–Zn2–N5 78.91(10) N6–Cu2–N5 81.88(8)
N8–Zn2–O5 80.81(11) N8–Cu2–O5 84.52(8)
N5–Zn2–Cl1 96.04(9) N5–Cu2–Cl1 89.28(7)
O7–Zn2–Cl1 161.5(4) O8–Cu2–Cl1 169.9(3)
N1–C1–C2–N2 2.9(4) N1–C1–C2–N2 8.7(3)
N4–C10–C9–O1 −9.1(4) N4–C10–C9–O1 −5.0(3)
N5–C11–C12–N6 12.0(4) N5–C11–C12–N6 19.2(3)
N8–C20–C19–O5 −6.7(5) N8–C20–C19–O5 −3.7(4)

2-(Aminomethyl)benzimidazole and glycine complexes 1879
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glycinate. The axial positions are occupied by two waters (O3, O4). The tetrachlorozincate
(II) is situated on a crystallographic C2 rotation axis with one of the chlorides disordered.

In contrast, 3 crystallizes in the triclinic centrosymmetric space group P-1 (figure 2). The
asymmetric unit comprises two crystallographically independent complex units, 3a = [Cu(L)
(H2O)0.25Cl(L′)] and 3b = [Cu(L)(H2O)1.5(L′)] with one water disordered around crystallo-
graphic inversion symmetry centers (O9) (refined occupancies of 0.25); and a water molecule
in a general position (O7). Again, the crystallographic results agree with the elemental analy-
sis and TGA studies, which confirm the incidence of three water molecules in 3. In 3a and
3b, Cu(II) ions have six-coordinate geometry. Thus, O8 is bonded to 3a [Cu2–O8 bond
length is 2.624(13) Å], but this oxygen is distorted and has an occupancy of 0.25. Moreover,
the bond length Cu2–O8 and bond angle O8–Cu2–Cl1 [169.9(3)°] support the presence of a
Jahn–Teller distortion in this unit [27, 28]. Otherwise, the Cu(II) in 3b is embedded in a dis-
torted six-coordinate geometry with Jahn–Teller distorted octahedral geometry, with one of
the waters situated around a symmetry center (O3, refined occupancy 0.50).

The covalent M–O bonds are 2.074(2)–2.086(2) Å in 2 and 1.954(2)–1.961(2) Å in 3.
The covalent-coordinate M–N bond distances vary from 2.039(3) to 2.189(3) Å for 2 and
from 1.963(2) to 2.038(2) Å for 3, respectively. The covalent Zn–Cl and Cu–Cl bond
distances are 2.346(1) and 2.666(1) Å, respectively. The covalent-coordinate M–O bond

Table 3. Hydrogen bond interactions (Å, °) for 2 and 3.

D–H⋯A D–H H⋯A D⋯A D–H⋯A Symmetry codes

Complex 2
N1–H1A⋯O5 0.88 2.17 3.027 162 x, 1 + y, z
N1–H1B⋯Cl3 0.88 2.69 3.348 133 x, 1 − y, −1/2 + z
N3–H3⋯O2 0.86 1.91 2.746 162 x, 1 + y, z
O3–H3A⋯Cl1 0.82 2.33 3.121 160 ½ − x, ½ + y, ½− z
O3–H3B⋯Cl1 0.82 2.33 3.140 171 x, 1 + y, z
N4–H4B⋯O6 0.89 2.12 3.006 176 x, 1 + y, z
O4–H4C⋯Cl2 0.83 2.22 3.046 173 −x, 1 − y, −z
O4–H4D⋯O2 0.82 1.93 2.746 170 −x, 1 − y, −z
N5–H5A⋯O1 0.89 2.28 3.119 159 ½ − x, −½+ y, ½ − z
N5–H5B⋯Cl2 0.89 2.70 3.513 153 ½ − x, −½+ y, ½ − z
N7–H7⋯O6 0.86 1.92 2.761 166 x, 1 + y, z
N8–H8A⋯Cl3 0.89 2.78 3.585 152 ½ − x, −½+ y, ½ − z
N8–H8A⋯O7 0.89 2.37 2.815 111 ½ − x, −½+ y, ½ − z
N8–H8B⋯O2 0.89 2.29 3.160 167 ½ − x, −½+ y, ½ − z

Complex 3
N1–H1B⋯Cl2 0.89 2.50 3.333 155
N1–H1A⋯O5 0.89 2.14 3.029 176
N3–H3⋯O2 0.86 1.90 2.740 166 −1 + x, y, z
O3–H3A⋯Cl1 0.78 2.38 3.105 154 1 − x, −y, 1 − z
O3–H3B⋯Cl1 0.81 2.31 3.120 175
N4–H4A⋯Cl2 0.89 2.83 3.604 146
N4–H4B⋯O6 0.89 2.05 2.927 168
O4–H4C⋯O7 0.83 2.19 2.899 144 1 − x, 1 − y, −z
O4–H4D⋯O2 0.83 2.08 2.889 165 1 − x, −y, −z
N5–H5A⋯O2 0.89 2.10 2.976 172 1 − x, −y, 1 − z
N5–H5B⋯O7 0.89 2.32 3.150 157 1 − x, 1 − y, 1 − z
N7–H7A⋯O6 0.86 1.90 2.741 165 −1 + x, y, z
O7–H7B⋯Cl2 0.82 2.36 3.159 167 1 − x, 1 − y, −z
O7–H7C⋯Cl2 0.82 2.26 3.082 178
N8–H8A⋯Cl2 0.89 2.69 3.500 152 1 − x, 1 − y, 1 − z
N8–H8B⋯O1 0.89 2.23 3.117 175 1 − x, −y, 1 − z
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distances (axial water molecules) are in the interval 2.128(2)–2.285(2) Å for 2 and 2.321
(4)–2.620(3) Å for 3. The bond distances and angles within the ligands have characteristic
values for Zn(II) and Cu(II) complexes [29, 30].

2a and 2b are assembled through chains C1
2ð4Þ involving [–O3–H3A⋯Cl1⋯H3B–] in di-

symmetric helical motifs, running along the b axis [table 3 and figure 3(A)] [31–33]. The

Figure 3. (A) View of the helical motif along the axis b for 2, showing the N–H⋯O and O–H⋯Cl hydrogen
bonds (dashed lines). Carbons and hydrogens of the benzimidazole moiety that are not involved in the hydrogen
bonding interactions are omitted for clarity. (B) Pseudo-helical motifs connected by hydrogen bond interactions
O4–H4D⋯O2.
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O3⋯Cl1 lengths [3.121(2) and 3.140(2) Å] are shorter than the sum of their van der Waals
radii [25]. Moreover, O3–H3A⋯Cl1 [160(5)°] and O3–H3B⋯Cl1 [171(5)°] bond angles
are almost linear and indicate the presence of strong hydrogen bond interactions. Indeed,
the presence of N–H⋯O hydrogen bond interactions contribute to the stabilization of the
supramolecular structure. 2a forms stable chains with graph set C(8) as well as 2b. 2b is
brought together by N3–H3⋯O2 hydrogen bond interactions, whereas 2a is united by N7–
H7⋯O6 interactions. The interatomic lengths N⋯O [2.746(3) Å for 2b and 2.761(4) Å for
2a] and bond angles N–H⋯O [162(7)° for 2b and 166(3)° for 2a] show that these are
strong hydrogen bond interactions. Moreover, the interaction between amine and carboxyl-
ate groups gives cyclic patterns R2

2ð8Þ [–Zn2–N8–H8B⋯O2–C9–O1⋯H5A–N5–] that put
together the 2a and 2b units. Moreover, these rings give a helical chain with graph set
C2
2ð8Þ [–N5–H5A⋯O1–Zn1–N1–H1A⋯O5–Zn2–] [figure 3(B)]. Therefore, the chain of

rings yield a helical motif with graph set C2
2ð8ÞR2

2ð8Þ. However, C2/c is a centrosymmetric
spatial group, and the crystalline structure is therefore formed by racemic mixtures of heli-
cal motifs [figure 3(A)]. Moreover, the water O4 has an important role in the formation of
the crystal structure 2. O4 is strongly coordinated to Zn1 [2.128(2) Å] and produces the six-
coordination geometry of Zn in 2b. Indeed, racemic helical motifs are connected by hydro-
gen bond interactions O4-H4D⋯O2 [O4⋯O2 length is 2.746(5) Å] and perhaps stabilizes
the crystal structure of 2 [figure 3(B)].

In contrast, 3a and 3b have Jahn–Teller distortions and are assembled through O3–
H3⋯Cl1 with a cyclic graph set R2

4ð8Þ [–O3–H3B⋯Cl1⋯H3A–O3–H3B⋯Cl1⋯H3A–]
producing pseudo-tubular structures running along the a axis [figure 4(A)]. The crystal
structure of 3 has the spatial group P-1, and consequently, inversion centers are inside of
the pseudo-tubular structures. Indeed, 3a and 3b are linked by N1–H1A⋯O5 [3.029(3) Å,
176(3)°], N4–H4B⋯O6 [2.927(3) Å, 168(3)°], N5–H5A⋯O2 [2.976(3) Å, 171.9(19)°], and
N8–H8B⋯O1 [3.116(3) Å, 175(3)°] interactions [figure 4(B)]. But, unlike 2, these interac-
tions in 3 give two cyclic graph sets R2

2ð8Þ [–C9–O1⋯H8B–N8–Cu2–N5–H5A⋯O2–] and
R2
2ð8Þ [–C19–O5⋯H1A–N1–Cu1–N4–H4B⋯O6–] that bring together two 3a and two 3b.

Like 2, in the supramolecular structure of 3, the units 3a and 3b are bonded by hydrogen
bond interactions between carboxylate and imidazole [N3–H3⋯O2 for 3b and N7–H7⋯O6
for 3a]. Thus, the interatomic lengths N⋯O [2.740(3) Å for 3b and 2.741(3) Å for 3a] and
bond angles N–H⋯O [165.61(14)° for 3b and 164.94(13)° for 3a] show that these hydro-
gen bond interactions are strong and give chains with graph set C(8). In addition, the pres-
ence of distorted water O9 is important to stabilize the pseudo-tubular structure. Moreover,
Jahn–Teller distorted O4→Cu bonds contribute to crystal lattice stabilization because
pseudo-tubular structures are connected by O4–H4D⋯O2 interactions [figure 4(B)].

In both crystal structures for 2 and 3, the motifs are associated through O–H⋯O hydro-
gen bonds to yield the graph sets R2

2ð12Þ, involving (⋯H4D–O4–M1–O1–C9–O2⋯)2
(figures 4 and 5). In contrast, chlorides in tetrachlorozincate(II) [ZnCl4] are acceptors of
two H atoms (N1–H1B⋯Cl3⋯H8A–N8; N5–H5B⋯Cl2⋯H4C–O4) and interconnect four
helices in 2 [figure 5(A)].

In contrast, in 3, the water (O7) and the chloride Cl2 generate, through H–O–H⋯Cl
hydrogen bonds, the centrosymmetric motif R2

4ð8Þ (⋯Cl2⋯H7B–O7–H7C⋯)2, which inter-
connects four pseudo-tubular motifs through O–H⋯O, N–H⋯O, and N–H⋯Cl hydrogen
bonds [figure 4(C) and table 3]. Moreover, the packing of the helical motifs in 2 and 3 is
further stabilized by offset π⋯π interactions between adjacent complex units, with the fol-
lowing distances between the ring centroids: Cg1–Cg1 (3.590 for 2 and 3.732 Å for 3) and
Cg2–Cg3 (3.595 for 2 and 3.625 Å for 3). Cg1 and Cg2 are the centroids of the imidazole

1882 M. Falcón-León et al.

D
ow

nl
oa

de
d 

by
 [

In
st

itu
te

 O
f 

A
tm

os
ph

er
ic

 P
hy

si
cs

] 
at

 1
5:

14
 0

9 
D

ec
em

be
r 

20
14

 



rings N2/C2/N3/C3/C8 and N6/C12/N7/C13/C18, respectively, and Cg3 is the centroid of
the benzene ring C13–C18 [figures 4(C) and 5(B)].

3.3. Spectroscopic characterization

The vibrational spectra of 2 and 3 are similar, which corroborates that both complexes
have analogous molecular structures in the solid state. The IR spectra of 2 and 3 indicate
the presence of water molecules with similar patterns of hydrogen bond interactions. In

Figure 4. (A) Pseudo-tubular structure of 3. (B) Pseudo-helical motifs are stabilized and connected by water mol-
ecules in Jahn–Teller distorted positions. (C) Pseudo-tubular structures in 3 are interconnected by graph set R2

4ð8Þ
[Cl2⋯H7C–O7–H7B⋯]2, O4–H⋯O2, and Cg2–Cg3 π interactions. Carbons and hydrogens of the benzimidazole
moiety that are not involved in hydrogen bonding interactions are omitted for clarity. Moreover, distorted water O9
is omitted for clarity.
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both cases, the bands from 3600 to 2660 cm−1 are strong and broad, which suggest the
presence of supramolecular hydrogen interactions in these complexes [15, 27, 34, 35].
The presence of water in these compounds is evidenced by ρr(H2O) vibrations at
844 cm−1 for 2 and 846 cm−1 for 3, respectively. Whereas, the ρw(H2O) vibrations appear
at 528 cm−1 for 2 and 543 cm−1 for 3 [36–38]. Indeed, the broad signal at 672 cm−1

suggests the presence of H2O→Cu and H2 N→Cu coordinated bonds in 3 [35–38]. IR
spectra of 2 and 3 have the characteristic of asymmetric (1603 cm−1 for 2 and 1602 cm−1

for 3) and symmetric (1402 cm−1 for 2 and 1401 cm−1 for 3) COO stretching frequencies.
Separations between νa(COO) and νs(COO) vibrations (δ = 200 cm−1 for 2 and 191 cm−1

for 3) show that carboxylates are unidentate bonded to metal ions in 2 and 3 [15, 38–40].
Broad signal at 543 cm−1 (for 3) and 528 cm−1 (for 2), previously assigned to ρr(H2O),
could include the ν(M-O) vibrations [38]. Moreover, the signals at 490 cm−1 (for 2) and
501 cm−1 (for 3) were assigned to ν(M–N) vibrations and support the presence of chelate
coordination in these complexes [12, 14, 41, 42]. On the other hand, unlike 1·2HCl, C–H
out plane bending (776 and 763 cm−1 for 2 and 782 and 760 cm−1 for 3) are clearly
different in chelate complexes derived from 2-(aminomethyl)benzimidazole [12].
Separation of these bands in Zn- and Cu-complexes (δ = 13 cm−1 for 2 and 22 cm−1

for 3) corroborates the presence of chelate complexes.
Raman spectrum of 2 confirms that carboxylate groups are unidentate [νa(COO) = 1597

cm−1 and νs(COO) = 1403 cm−1]. Likewise, the H2O rocking vibration at 842 cm−1 was
observed. The existence of Zn–N and Zn–Cl bonds was confirmed with absorptions at 491
and 283 cm−1, respectively [43–46]. In contrast, the Raman spectrum of 3 showed the
νa(COO) vibration at 1592 cm−1 and ν(Cu–Cl) at 242 cm−1, respectively.

1H and 13C NMR spectra corroborated that 2 is present in aqueous solution. In the 1H
NMR spectrum, all resonances of 2 are shifted to low frequencies with respect to glycine
and 1·2HCl. These changes are more significant in methylene hydrogen nuclei (Δδ = 0.49
for H1 and 0.13 for H10) and can be explained by the inductive effect due to the presence
of N→Zn coordination bonds.

Figure 5. (A) Fragment of the supramolecular structure of 2, showing the helices interconnected through
O4–H⋯O2, O4–H⋯Cl2, N5–H⋯Cl2, and N8–H⋯Cl3 hydrogen bonds. (B) Cg1–Cg1 and Cg2–Cg3 π interactions
in 2.

1884 M. Falcón-León et al.

D
ow

nl
oa

de
d 

by
 [

In
st

itu
te

 O
f 

A
tm

os
ph

er
ic

 P
hy

si
cs

] 
at

 1
5:

14
 0

9 
D

ec
em

be
r 

20
14

 



The 13C NMR spectrum of 2 has only one set of signals, and therefore, it is unlikely that
a supramolecular structure exists in aqueous solution. The spectrum of 2 is asymmetric and
all resonances of carbon nuclei are different. The presence of 2 with a quaternary structure
is corroborated because there are chemical shifts to higher frequencies for C1–C3, C7–C8,
and C10 (Δδ = 0.7–11.1). On the other hand, as in 4–6, Zn complexes are characterized by
bond-breaking phenomena (L→Zn � L + Zn) [12, 47–49]. The high coordinate flexibility
of N→Zn bonds allows the occurrence of an intermolecular proton transfer mechanism of
benzimidazole with D2O. This increases the symmetry and broadening of NMR signals.
Nevertheless, in 2, the strong N→Zn coordination bond of imidazole nitrogen produces dis-
tinct aromatic signals of carbon nuclei. Whereas in 1·2HCl, and 4–6, the carbon nuclei next
to imidazole nitrogen (pairs C3–C8 and C4–C7) have the same chemical shifts, the reso-
nances of these carbon nuclei in 2 are different (δ = 134.6 for C3; 138.5 for C8; 112.7 for
C4 and 117.6 for C7). Thus, it is probable that the presence of the glycinate, bonded to
Zn(II), stabilizes the quaternary structure of 2. Finally, when the deutered solvent was
evaporated, IR spectroscopy again demonstrated the presence of 2 in the solid state.

4. Conclusion

Complexes 2 and 3 were only synthesized and crystallized when low-chloride concentra-
tions and controlled pH [5.0(1)–6.3(1) for 2 and 2.8 for 3] were used in the reaction of
1·2HCl and glycine with the corresponding metal ion [Zn(II) or Cu(II)]. Ultrasound activa-
tion was necessary to achieve the synthesis of 2. However, the use of bigger chloride con-
centrations yielded 4–6 [for Zn(II)] or 7 [for Cu(II)] under these reaction conditions.
Moreover, in these complexes, the molecular self-assembly of the units “a” and “b” yielded
helical motifs for 2 and pseudo-tubular structures for 3. The supramolecular structures are
modulated by N–H⋯O and O–H⋯Cl hydrogen bonding interactions. This result is relevant
because we demonstrated that it is possible to promote the synthesis of coordination com-
pounds with supramolecular structures by controlling the concentration of the reactants and
pH. The formation of the coordination compounds based on benzimidazoles and amino acid
derivatives is important as these compounds have notable chemical and physical behaviors
[42, 50–55].
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