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a b s t r a c t

Three mononuclear complexes, one of Cu(II) {[Cu(LA)2] (4)}, and two of Zn(II) {[Zn(LA)2] (5) and
[Zn(LB)2(H2O)2]2+ (6)} have been synthesized through treating the corresponding metal salts with
Schiff bases of trimethylsilyl-propyl-p-aminobenzoate with salicylaldehyde HLA (2) and o-vanillin HLB

(3). The Schiff base ligands and their metal complexes were structurally confirmed by spectral techniques
(FTIR, 1H NMR, 13C NMR, ESI-MS, elemental analysis) and single crystal X-ray diffraction. Crystallographic
data revealed different coordination environments of the metal ions: a strict square-planar geometry of
the copper ion in 4, a distorted tetrahedral geometry of the zinc ion in 5, and an usual (O6) octahedral
coordination of the zinc ion in 6. Spectral analysis of optical emission indicated that Zn(II) complexes
exhibit strong fluorescence properties as compared with the ligands and Cu(II) complex.
Thermogravimetric analysis results suggested a lower stability of the metal complexes in comparison
with the free ligands. The antifungal and antibacterial properties of the prepared compounds against
Aspergillus fumigatus ATCC 66567, Penicillium chrysogenum ATCC 20044, Fusarium ATCC 20327, Bacillus
sp. ATCC 31073, Pseudomonas sp. ATCC 15780 were evaluated. Both Schiff bases and metal complexes
showed better antimicrobial activity compared to the standard compounds Caspofungin and Kanamycin.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Organosilicon compounds have proved particularly interest
since many years ago due to their attractive properties: moisture
and air stability, low toxicity, good biocompatibility and solubility
[1,2]. The essential characteristics of the silicon atom (higher vol-
ume, more electropositive than carbon, the presence of d orbitals)
determine its different chemical behavior as compared to carbon
atom, which is in the same group. It can form four covalent bonds,
but the presence of accessible d orbitals allows the formation of
compounds with a higher coordination number. This ability of Si
atom to expand its valence state has been extensively applied in
organometallic and coordination chemistry [3]. The wide interest
in organosilicon compounds is also due to their biological impor-
tance, such as anti-tumor and protease inhibition. In addition,
these compounds can be used as silylating agents in various
syntheses to protect certain functional groups (the dehydrogena-
tive coupling of a silane with an alcohol) or can improve the reac-
tivity and selectivity of the chemical species with active hydrogen
(alcohols, acids, amines) [4,5]. Rapid development of organometal-
lic chemistry, in the early 1950s, resulted in the emergence of a
remarkable variety of molecular structures and of new active com-
pounds in catalysis. A special attention was paid to the
silyl-ferrocene derivatives, which showed an improved solubility
in nonpolar solvents due to the presence of the silyl groups and
interesting physico–chemical and redox properties [6,7]. On the
other hand, organosilicon derivatives are known for their ability
to function as ligands in coordination chemistry through silicon
atom [8–11]. From this perspective, bimetallic or heterobimetallic
silyl complexes were noted for their special structural properties as
a result of the affinity of ligands for metal ions. Such compounds
combine the properties of both metal–metal and metal–ligand
bonds [12,13]. On the other hand, the chemistry of silicon-based
ligands with different donor atoms (N, O or S) in the structure
has been effectively developed in the last period, varying the range
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and the coordination mode of transition metals to these ligands.
The presence of the silyl moieties in the structure will provide flex-
ibility, hydrophobicity and improved solubility in organic solvents
[14–19]. The design of such structures with specific functionalities
and properties is an accessible way to diversify the range of
ligands, which are involved in coordination of metal ions.

From these aspects, we intend to obtain new metal complexes
derived from silicon-containing Schiff bases. In the last years,
metal complexes of various Schiff bases which may act as biden-
tate (NO), tridentate (N2O, NO2) or tetradentate (N2O2) ligands
have been intensively investigated due to their interesting struc-
tural diversity as well as their analytical, biological and industrial
applications. A large number of these compounds have proven
antitumor, antibacterial, antifungal, antiviral properties [20–22].
The design of the Schiff base ligands begins with a rational choice
of carbonylic and aminic precursors. Salicylaldehyde and its differ-
ent substituted derivatives are the most widely used carbonylic
compounds to obtain such ligands. Beside them, aliphatic or aro-
matic derivatives with amino groups diversify this type of ligands.
Thus, a variety of mono-, di-, or polifunctional precursors leading
to a variety of ligands with different coordination modes can be
used.

In this contribution, we have synthesized a novel amine,
trimethylsylil-propyl-p-aminobenzoate, by using a simple proce-
dure already reported in our previous works [23,24]. The literature
study shows several works on homo- and heterometallic com-
plexes of different ligands having trimethylsilyl groups in structure
[25–30]. Such compounds have demonstrated amphiphilic charac-
ter and the ability to self-assemble in solution depending on the
solvent polarity [31,32]. These properties may be directed to
improving catalytic activity of the complexes in different sub-
strates and to influence the behavior in solution [23]. We have pre-
pared three complexes, one of them with Cu(II) and two with
Zn(II), with two bidentate Schiff bases containing trimethylsilyl
units in their structure, obtained by condensation reaction of
newly synthesized trimethylsilyl-propyl-p-aminobenzoate with
salicylaldehyde and o-vanillin. The obtained compounds were
structurally characterized by FTIR, NMR, ESI-MS, elemental analy-
sis and by single crystal X-ray diffraction; their photophysical,
thermal and biological properties have been evaluated.
2. Experimental

2.1. Materials

3-Chloropropyltrimethylsilane (Alfa Aesar), p-aminobenzoic
acid, salicylaldehyde, o-vanillin (3-methoxysalicylaldehyde),
sodium hydroxide, CuCl2�2H2O, anhydrous ZnCl2, Zn(ClO4)2�6H2O,
dimethylformamide and acetonitrile (Aldrich), triethylamine
(Fluka), methanol, ethanol, chloroform, and ethylic ether
(Chimopar) were used as received.
2.2. Measurements

Fourier transform infrared (FT-IR) spectra were recorded on a
Bruker Vertex 70 FT-IR spectrometer by using KBr pallets in the
transmission mode, in the range 400–4000 cm�1 at room temper-
ature with a resolution of 2 cm�1. The NMR spectra were recorded
on a Bruker Avance DRX 400 MHz Spectrometer equipped with a
5 mm QNP direct detection probe and Z-gradient. Spectra were
recorded in CDCl3, at room temperature. The chemical shifts are
reported as d values (ppm) referenced to the solvent residual peak
(7.26 ppm). The atom labeling for the NMR assignments is the
same as used in the single-crystal X-ray study. The assignments
of all signals in the 1D NMR spectra were done using 2D NMR
experiments, like H,H-COSY, H,C-HMQC and H,C-HMBC. Elemental
(C, H, N) compositions were obtained with a Perkin–Elmer CHNS
2400 II elemental analyser. Electrospray ionisation mass spectra
(ESI-MS) were recorded on a Bruker Esquire 3000 instrument by
using methanol as solvent. UV–Vis absorption measurements were
carried out in DMF solution on a Specord 200 spectrophotometer in
a quartz cell with path length of 1.0 cm. Fluorescence spectra were
obtained by using a Perkin Elmer LS55 luminescence spectrometer
in solution in the same cell as the UV. Thermogravimetric data were
acquired on a STA 449 F1 Jupiter device (Netzsch, Germany).
Around 10 mg of each sample was weighed and heated in alumina
crucibles, in nitrogen atmosphere at a flow rate of 50 mL min�1.
The temperature range was from 30–700 �C with a sample heating
rate of 10 �C min�1.

The antimicrobial activity of metal complexes and ligands was
assessed on three species of fungi (Aspergillus fumigatus ATCC
66567, Penicillium chrysogenum ATCC 20044, Fusarium ATCC
20327) from pure culture and two of bacteria (Pseudomonas sp.
ATCC 15780 and Bacillus sp. ATCC 31073). Microorganisms were
provided by American Type Culture Collection (ATCC), USA.
Culture in vitro was performed by the standard procedures
(SR-EN 1275:2006 and NCCLS:1993) by using the MIC test strip
assay. Caspafugin (small test) was used as a standard compound
for antifungal activity and Kanamycin (small test) was used as
standard for antibacterial activity. Standard compounds were pro-
vided by Liofilchem Company. Cultivation was performed by using
1:1 mixture of microorganism suspension and solution of the com-
pound to be tested. For these determinations, Petri dishes with a
culture medium consisting of Sabouraud Agar and Agar-agar from
Merck were used. The successive dilution procedure has been used
to prepare the suspension of microorganisms. Final load of the pre-
pared stock inoculum was 1 � 10�4 lg/ml. The plates were seeded
and incubated at 37 �C. A blank sample was also prepared in order
to verify the influence of the solvent on the biological activity. After
24 h of incubation, a symmetrical ellipse of inhibition centered
along the strip was formed. The MIC (in lg/mL) was read directly
on the scale where the ellipse edge intersects the strip.

2.3. X-ray crystallography

Crystallographic measurements for 2, 3, 4, and 6 were carried
out with an Oxford-Diffraction XCALIBUR E CCD diffractometer
equipped with graphite-monochromated Mo Ka radiation. Single
crystals were positioned at 40 mm from the detector and 337,
221, 218 and 434 frames were measured each for 20, 30, 90, 5
and 60 s over 1� scan width for 2, 3, 4 and 6, respectively. The
X-ray data for 5 were collected using an Agilent SuperNova dual
wavelength X-ray diffractometer using MoKa radiation. The crystal
was positioned at 40 mm from the detector and 502 frames were
measured each for 40 s over 1� scan width. The unit cell determi-
nation and data integration were carried out using the CrysAlis
package of Oxford Diffraction [33]. All the structures were solved
by direct methods using Olex2 [34] software with the SHELXS
structure solution program and refined by full-matrix
least-squares on F2 with SHELXL-97 [35]. Atomic displacements
for non-hydrogen atoms were refined using an anisotropic model.
Hydrogen atoms have been placed in fixed, idealized positions
accounting for the hybridation of the supporting atoms and the
possible presence of hydrogen bonds in the case of donor atoms.
The molecular plots were obtained using the Olex2 program. The
positional parameters of the DMF and water molecules were
refined in combination with PART and SADI tools, available in
SHELXL with anisotropic/isotropic model for non-H atoms.
Table 1 provides a summary of the crystallographic data together
with refinement details for compounds 2–6. CCDC-1062104,
1042105, 1042106, 1042107 and 1042109 contain the



Table 1
Crystallographic data, details of data collection and structure refinement parameters for compounds 2–6.

2 3 4 5 6

Formula C20H25NO3Si C21H27NO4Si C40H48CuN2O6Si2 C40H48ZnN2O6Si2 C42H58ZnCl2N2O18Si2

Formula weight 355.50 385.53 772.52 774.35 1071.35
T (K) 200 173 200 293(2) 293(2)
Crystal system monoclinic monoclinic monoclinic triclinic triclinic
Space group P21/c P21/n P21/c P�1 P�1
a (Å) 21.381(2) 6.2135(5) 12.474(5) 7.6877(12) 7.0475(9)
b (Å) 6.1330(7) 12.0967(7) 9.6362(11) 14.7504(19) 11.1729(15)
c (Å) 15.9342(15) 27.823(2) 17.195(7) 19.129(3) 16.796(3)
a (�) 90 90 90.00 101.318(11) 96.336(13)
b (�) 110.820(11) 93.268(7) 96.76(4) 96.297(12) 93.365(13)
c (�) 90 90 90.00 99.371(12) 101.615(12)
V (Å3) 1953.0(3) 2087.8(3) 2052.5(11) 2075.9(5) 1283.1(3)
Z 4 4 2 2 1
Dcalc (mg/mm3) 1.209 1.226 1.250 1.239 1.386
l (mm�1) 0.138 0.138 0.636 0.694 0.700
Crystal size (mm3) 0.80 � 0.15 � 0.05 0.15 � 0.10 � 0.10 0.20 � 0.10 � 0.10 0.5 � 0.05 � 0.02 0.2 � 0.1 � 0.05
hmin, hmax (�) 10.2–52.74 10.22–52.74 5.36–52.74 6.14–47.06 5.78–52.74
Reflections collected 13411 9928 9484 14154 6663
Independent reflections (Rint) 3985 (0.0747) 4213 (0.0741) 4188 (0.0338) 6154 (0.1141) 6663 (0.0760)
Data/restraints/parameters 3985/0/229 4213/0/249 4188/6/235 6154/0/466 6663/15/298
R1

a(I > 2r(I) 0.0754 0.0659 0.0667 0.0805 0.0659
wR2

b(all data) 0.1311 0.0998 0.1954 0.1923 0.1664
Goodness-of-fit (GOF)c 1.052 0.994 1.036 0.968 0.957
Largest difference peak and hole (e Å�3) 0.20/�0.24 0.24/�0.26 0.83/�0.54 0.56/�0.30 0.50/�0.43

a R1 = R||Fo| � |Fc||/R|Fo|.
b wR2 = {R[w(Fo

2 � Fc
2)2]/R[w(Fo

2)2 ]}1/2.
c GOF = {R[w(Fo

2 � Fc
2)2]/(n � p)}1/2, where n is the number of reflections and p is the total number of parameters refined.
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supplementary crystallographic data for this contribution. These
data can be obtained free of charge from the Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_
request/cif.

2.4. Procedure

2.4.1. Synthesis of trimethylsilyl-propyl-p-aminobenzoate, 1
A mixture of p-aminobenzoic acid sodium salt (2.78 g,

17 mmol) and 3-chloropropyltrimethylsilane (3 mL, 17 mmol) in
DMF (20 mL) was heated to reflux for 8 h, then filtered and the
obtained filtrate was poured in water, and extracted with chloro-
form (3 � 50 mL). The organic phase was washed with distilled
water (3 � 100 mL). The organic extracts were dried over Na2SO4,
filtered and concentrated under reduced pressure to afford the
compound 1. Yield: 97%; m.p. 48–50 �C. Anal. Calc. for
C13H21NO2Si (Mr 251.39 g/mol): C, 62.11; H, 8.42; N, 5.57. Found:
C, 62.24; H, 8.37; N, 5.49. ESI-MS (methanol), positive: m/z 274.2
([1+Na]+), 524.8 ([2�1+Na]+).

IR mmax (KBr), cm�1: 3441m, 3427m, 3352s, 3227m, 2953s,
2887m, 1690vs, 1639s, 1599vs, 1576m, 1516s, 1470m, 1441w,
144vw, 1387m, 313s, 1281vs, 1246s, 1171vs, 1121s, 1084m,
1065w, 1040vw, 995w, 974m, 907vw, 860s, 841s, 772s, 750m,
698m, 638w, 617m, 519m, 505m, 397w.

1H NMR (CDCl3, 400.13 MHz, d, ppm): 7.87 (d, J = 8.4 Hz, 2H, H3,
5), 6.67 (d, J = 8.8 Hz, 2H, H2, 6), 4.27 (s, 2H, NH2), 4.21 (t, J = 7 Hz,
H8),1.76–1.69 (m, 2H, H9), 0.59–0.54 (m, 2H, H10), 0.01 (s, 9H,
H11–13).

13C NMR (CDCl3, 100.6 MHz, d, ppm): 166.66 (C7), 150.14 (C1),
131.53 (C3, 5), 120.50 (C4), 114.08 (C2, 6), 67.04 (C8), 23.44 (C9),
12.53 (C10), -1.78 (C11–13).

2.4.2. Synthesis of the Schiff base ligands
2.4.2.1. 3-Trimethylsilyl-1-propyl-4-[(E)-1-(2-hydroxyphenyl)-
methylideneamino]benzoat, HLA, 2. A mixture of 1 (0.25 g, 1 mmol)
and freshly distilled salicylaldehyde (0.12 g, 1 mmol) in
methanol/chloroform (2:1 v/v) was stirred to reflux for 4 h and
then cooled to room temperature. A yellow solid was formed,
which was filtered, washed with methanol and diethyl ether and
dried. Crystallization from hot acetonitrile gave HLA (2) (0.20 g,
80%); m.p. 82–84 �C. Anal. Calc. for C20H25NO3Si (Mr

355.50 g/mol): C, 67.57; H, 7.09; N, 3.94. Found: C, 67.23; H,
7.14; N, 3.89. ESI-MS (methanol), positive: m/z 356.1 ([HLA+H]+),
378.1([HLA+Na]+), 732.5 ([2�HLA+Na]+).

IR mmax (KBr), cm�1: 3412vw, 2980w, 2951m, 2899w, 2878w,
1715vs, 1616m, 1599s, 1568s, 1528w, 1506w, 1491m, 1456m,
1443m, 1412m, 1383m, 1366m, 1315m, 1300m, 1267vs, 1248s,
1202m, 1178s, 1150m, 1099s, 1045w, 1030w, 1015w, 999w,
980w, 970w, 957m, 939vw, 912w, 860s, 843s, 789w, 773m, 756s,
692s, 652w, 636vw, 600vw, 517w, 492w, 457vw, 426w.

1H NMR (CDCl3, 400.13 MHz, d, ppm): 12.81 (s, 1H, –OH), 8.64
(s, 1H, H7), 8.11 (d, J = 8.4 Hz, 2H, H10, 12), 7.43–7.39 (m, 2H, H3,
5), 7.31 (d, J = 8.4 Hz, 2H, H9, 13), 7.05 (d, J = 8.4 Hz, 1H, H2), 6.97
(t, J = 7.7 Hz, 1H, H4), 4.29 (t, J = 7 Hz, 2H, H15), 1.82–1.74 (m, 2H,
H16), 0.62–0.57 (m, 2H, H17), 0.03 (s, 9H, H18–20).

13C NMR (CDCl3, 100.6 MHz, d, ppm): 166.10 (C14), 164.09(C7),
161.27(C1), 152.32 (C8), 133.85 (C3), 132.66 (C5), 131.01 (C10, 12),
128.78 (C11), 121.11 (C9, 13), 119.30 (C4), 118.94 (C6), 117.40
(C2), 67.72 (C15), 23.40 (C16), 12.53 (C16), �1.77 (C18–20).

2.4.2.2. 3-Trimethylsilyl-1-propyl-4-[(E)-1-(2-hydroxy-3-metoxyph-
enyl)methylideneamino]benzoat, HLB, 3. A mixture of 1 (0.25 g,
1 mmol) and o-vanillin (0.15 g, 1 mmol) in methanol/chloroform
(5 mL, 2:1 v/v) was stirred at room temperature for 4 h and, then
heated to reflux for 2 h. A red precipitate appeared which was fil-
tered, washed with methanol and diethyl ether and dried. Crystals
of HLB (3) were obtained by recrystallization from acetonitrile
(0.19 g, 76%); m.p. 95 �C. Anal. Calc. for C21H27NO4Si (Mr

385.53 g/mol): C, 65.42; H, 7.06; N, 3.63. Found: C, 65.53; H,
7.11; N, 3.72. ESI-MS (methanol), positive: m/z 386.2 ([HLB+H]+),
417.1([HLB+MeOH]).

IR mmax (KBr), cm�1: 3410vw, 2953m, 2928w, 2893w, 2872w,
2835w, 1719vs, 1616m, 1593s, 1572s, 1503w, 1466s, 1443m,
1412m, 1383w, 1362m, 1339w, 1310m, 1273vs, 1254vs, 1200m,
1167s, 1113s, 1078m, 1011w, 989w, 968s, 858s, 845s, 833s,
783m, 758w, 748w, 733s, 694m, 669w, 581w, 571w, 413w.
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1H NMR (CDCl3, 400.13 MHz, d, ppm): 13.31 (s, 1H, –OH), 8.64
(s, 1H, H8), 8.11 (d, J = 8.4 Hz, 2H, H11, 13), 7.31 (d, J = 8.4 Hz,
2H, H10, 14), 7.05–7.01 (m, 2H, H3, 5), 6.90 (t, J = 7.8 Hz, 1H, H4),
4.29 (t, J = 7 Hz, 2H, H16), 3.94 (s, 3H, H7), 1.81–1.73 (m, 2H,
H17), 0.61–0.57 (m, 2H, H18), 0.03 (s, 9H, H9–21).

13C NMR (CDCl3, 100. 6 MHz, d, ppm): 166.07 (C15), 164.09 (C8),
152.10 (C9), 151.50 (C1), 148.50 (C2), 131.00 (C11, 13), 128.82
(C12), 124.03 (C5), 121.10 (C10, 14), 118.89 (C6), 118.79 (C4),
115.27 (C3), 67.69 (C16), 56.20 (C7), 23.38 (C17), 12.52 (C18),
-1.78 (C19–21).

2.4.3. Synthesis of complexes
2.4.3.1. Bis{3-trimethylsilyl-1-propyl-4-[(E)-1-(2-phenoxy)methylide-
neamino]benzoat}Copper(II), [Cu(LA)2], 4. A methanolic solution
(5 mL) of CuCl2�2H2O (0.17 g, 1 mmol) was added dropwise to a
solution of HLA (0.36 g, 1 mmol) in methanol/chloroform solvent
mixture (5 mL). Few drops of triethylamine were added, and the
mixture was stirred for 2 h at 50 �C. The solution turned dark
brown. Crystals of 4 were formed after two weeks by slow evapo-
ration of the mixed solvents at room temperature. The crystals
were washed with methanol and diethyl ether and dried (0.26 g,
33%). m.p. 65 �C. Anal. Calc. for C40H48N2O6Si2Cu (Mr

772.52 g/mol): C, 62.19; H, 6.26; N, 3.63. Found: C, 62.24; H,
6.18; N, 3.66. ESI-MS (methanol), positive: m/z 772.2 ([Cu(LA)2]),
796.2 ([Cu(LA)2+Na]+).

IR mmax (KBr), cm�1: 3387w, 3076vw, 2951m, 2891m, 1699vs,
1612s, 1599vs, 1568s, 1541m, 1506w, 1491m, 1468m, 1447m,
1414m, 1379m, 1350vw, 1319s, 1279vs, 1246s, 1180s, 1150s,
1126s, 1113s, 1063w, 1030w, 1015w, 991w, 961m, 912m, 856s,
839vs, 772s, 758s, 694s, 636w, 600w, 590w, 582w, 561vw, 526w,
517w, 492w, 447w, 405w.

2.4.3.2. Bis{3-Trimethylsilyl-1-propyl-4-[(E)-1-(2-phenoxy)methylide-
neamino]benzoat}Zinc(II), [Zn(LA)2], 5. Zn(II) complex was pre-
pared according to the same synthetic procedure reported for 4
starting from HLA (0.36 g, 1 mmol) and anhydrous ZnCl2 (0.14 g,
1 mmol) in the same solvent mixture. Crystals of 5 were obtained
after two days by slow evaporation of the mixed solvents at room
temperature. The crystals were washed with methanol and diethyl
ether and dried (0.25 g, 32%). m.p. 180 �C. Anal. Calc. for
C40H48N2O6Si2Zn (Mr 774.35 g/mol): C, 62.04; H, 6.25; N, 3.62.
Found: C, 62.34; H, 6.28; N, 3.61. ESI-MS (methanol), positive:
m/z 773.3 ([Zn(LA)2]), 797.2 ([Zn(LA)2+Na]+).

IR mmax(KBr), cm�1: 3422vw, 3078w, 3061vw, 3020vw, 2982vw,
2949m, 2893w, 2874w, 1707vs, 1612s, 1601s, 1585vs, 1531s,
1506m, 1462s, 1439vs, 1396s, 1354m, 1329m, 1315m, 1275vs,
1250s, 1221w, 1173vs, 1148vs, 1124m, 1107s, 1045w, 1032m,
1016m, 1005w, 993w, 984w, 962w, 928w, 853s, 839s, 793w,
783w, 760s, 752s, 692m, 588w, 575w, 521w, 488w, 457vw,
444vw, 380vw.

2.4.3.3. Diaqua-bis{3-Trimethylsilyl-1-propyl-4-[(E)-1-(2-hydroxy-3-
metoxyphenyl)methylideneamino]benzoat}Zinc(II), [Zn(LB)2(H2O)2]
2ClO4, 6. A methanolic solution (5 mL) of Zn(ClO4)2�6H2O (0.37 g,
1 mmol) was added dropwise to a solution of HLB (0.38 g, 1 mmol)
in methanol (5 mL). The mixture was stirred for 24 h at 50 �C, and
then evaporated at room temperature. After one week, crystals of 6
were formed that have been washed with methanol and diethyl
ether and dried (0.28 g, 27%). m.p. 125 �C. Anal. Calc. for
C42H58N2O18Si2ZnCl2 (Mr 1071.35 g/mol): C, 47.09; H, 5.46; N,
2.62. Found: C, 48.13; H, 5.61; N, 2.49. ESI-MS (methanol), positive:
m/z 833.3 ([Zn(LB)2]).

IR mmax (KBr), cm�1: 3377m, 3082vw, 3049vw, 2982vw, 2949m,
2891w, 2847vw, 1693s, 1634vs, 1603s, 1553m, 1501s, 1458m,
1439m, 1429w, 1394w, 1369m, 1346w, 1329m, 1290s, 1248s,
1236s, 1194s, 1169vs, 1126vs, 1113vs, 1072s, 1047s, 1013m,
989vw, 974vw, 959m, 949m, 903w, 868s, 851s, 841s, 787m,
768m, 746s, 735s, 687m, 665w, 623s, 575w, 527m, 496m, 449w,
430w, 417w.
3. Results and discussion

The Schiff base ligands 2 and 3 were synthesized by the direct
condensation reaction of trimethylsilyl-propyl-p-aminobenzoate
1 with two aldehydes, salicylaldehyde and o-vanillin, respectively
(Scheme 1(a)), their structures being confirmed by single crystal
X-ray diffraction analysis. The complexation behavior of the syn-
thesized ligands 2 and 3 toward Cu(II) and Zn(II) ions was investi-
gated and three new complexes were obtained. Complexes 4 and 5
were prepared by mixing the ligand 2 with CuCl2�2H2O and ZnCl2,
respectively, in 1:1 molar ratio in methanol/chloroform solvent
mixture, while 6 was obtained by reaction of ligand 3 with
Zn(ClO4)2�6H2O in methanol (Scheme 1(c)).

All the synthesized compounds are soluble in polar and nonpo-
lar solvents such as methanol, ethanol, acetonitrile, THF, DMF,
DMSO, CHCl3 or CH2Cl2.

3.1. FTIR analysis

The IR spectra of the compounds 1–6 can be seen in Figs. 1S–3S.
The spectrum of the amine 1 exhibits strong absorption bands at
3427, 3352 and 3227 cm�1 assigned to the m(NH2) and at
1690 cm�1 attributed to the m(C@O) absorption of the ester group.
The characteristic absorption bands for trimethylsilyl groups
appear at 1246 and 841 cm�1 (Fig. 1S). The absence of the charac-
teristic amino and carbonyl stretching bands in the spectra of the
Schiff base ligands and the appearance of the imine –CH@N– band
at 1616 cm�1 clearly indicate Schiff base formation. The m(C@O)
absorption of the ester group in the spectra of the ligands is shifted
at higher wavenumber towards amine, from 1690 cm�1 to
1715 cm�1 (2) and 1719 cm�1 (3). The specific bands for –Si–CH3

groups appear at 1248 and 843 cm�1 (2), 1254 and 845 cm�1 (3).
In the IR spectra of the Cu(II) and Zn(II) complexes 4 and 5 of the
Schiff base 2, the imine band is shifted by 2–4 cm�1 to lower fre-
quencies due to the withdrawal of electron density from the nitro-
gen atom owing to coordination (Fig. 2S) [36], while in the IR
spectrum of the Zn(II) complex 6 of the Schiff base 3, the imine
band is shifted to 1634 cm�1 suggesting that coordination does
not occur through the nitrogen atom from the azomethyne bond
(Fig. 3S).

The crystal data also confirm the lack of coordination by the
nitrogen atom in this complex. New bands in the region 550–
370 cm�1 were attributed to characteristic vibrations associated
with M–N and M–O bonds, respectively [37,38].

3.2. NMR analysis

The 1D and 2D NMR spectra of the amine 1 and Schiff base
ligands (2 and 3) are given in Figs. 4S–18S. The 1H NMR of the
amine 1 exhibited two signals at 7.86 and 6.67 ppm attributed to
aromatic protons, a broad peak for the two amino protons at
4.27 ppm, partially overlapping with the triplet at 4.21 ppm
assigned to –CH2–O–, while the peaks corresponding to the –
CH2– and –Si–CH3 protons appear between 1.76 ppm and
0.01 ppm (Fig. 4S). 13C NMR spectrum also confirmed the proposed
structure (Fig. 5S). In the 1H NMR spectra of the Schiff base ligands,
all protons resonated at appropriate positions: a singlet for –OH
protons at 13.31 ppm (3) and 12.81 ppm (2), a singlet for azome-
thine hydrogen (–CH@N–) at 8.64 ppm (2 and 3), aromatic protons
shifted to 8.12–6.95 ppm (2) and to 8.12–6.88 ppm (3), a singlet at
3.94 ppm for the methoxy group (3), while aliphatic protons



Scheme 1. Reaction pathways for obtaining the new amine 1 (a), Schiff base derivatives (b) and metal complexes (c).

Fig. 1. X-ray molecular structure of HLA (2) showing the atom-numbering scheme.
The thermal ellipsoids are drawn at 50% probability level. H-bonds: O1�H� � �N1
[O1�H 0.82 Å, H� � �N1 1.87 Å, O1� � �N1 2.597(3) Å, O1�H� � �N1 147.4�].
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appear in the region 4.35–0.57 ppm and those of trimethylsilyl
groups appear at 0.07–0.03 ppm (Figs. 9S and 14S). The structures
of the ligands were also confirmed by 13C NMR spectra (Figs. 10S
and 15S).

3.3. ESI-MS spectra

The synthesized compounds 1–6 were characterized by ESI-MS
spectrometry in the positive ion mode. ESI-MS spectra of the
trimethylsilyl-propyl-p-aminobenzoate and its Schiff bases in
methanol showed intense peaks related to [1+Na]+, [2�1 +Na]+ frag-
ments (Fig. 19S), to [HLA+H]+, [HLA+Na]+, [2�HLA+Na]+ fragments
(Fig. 20S) and to [HLB+H]+, [HLB+MeOH] fragments (Fig. 21S),
respectively. Also it has been possible to detect the molecular
peaks for the synthesized complexes. Thus, ESI-MS spectra
indicated intense peaks due to [Cu(LA)2], [Cu(LA)2+Na]+,
[Zn(LA)2], [Zn(LA)2+Na]+and [Zn(LB)2] fragments, respectively
(Figs. 22S–24S).

3.4. X-ray crystallography

The single-crystal X-ray investigation has demonstrated the
molecular structure of the studied Schiff bases, which consists of
neutral entities without any cocrystallized solvent molecules. The
molecular structure and atom numbering scheme for compounds
2 and 3 are shown in Figs. 1 and 2, while the bond distances and
angles are summarized in Tables 1S and 2S (see Fig. 3).

The crystal packing of 2 and 3 is predominantly stabilized by
p–p stacking interactions, as shown in Figs. 3 and 25S. Thus, in
the crystal structure of 2, Cg1 (the centroid of the C1–C6 ring)
and Cg2 (the centroid of the C8–C13 benzene ring) of the symmet-
rically related unit forms a p–p stacking interaction, with a
centroid-to-centroid distance of 3.650 Å and shift distance of
1.051 Å [symmetry code: (i) �x, 3�y, �1�z]. These interactions
determine the formation of the columns (Fig. 4) in parallel packing
along the b crystallographic axis (Fig. 25S). The main crystal struc-
tural motif in 3 is characterized as a one-dimensional arrangement
along [101], sustained through p–p stacking interactions. This is
evidenced by the Cg1� � �Cg2i intermolecular short contact of
3.745 Å and 1.299 Å shift distance [symmetry code: (i) 1+x, y, z],
as shown in Fig. 4.

Based on X-ray crystallography, coordination compounds 4 and
5 have a mononuclear molecular structure of general formula
[M(LA)2] comprising M = Cu2+, respectively Zn2+ metal ions and



Fig. 2. X-ray molecular structure of HLB (3) showing the atom-numbering scheme.
The thermal ellipsoids are drawn at 50% probability level. H-bonds: O1�H� � �N1
[O1�H 0.82 Å, H� � �N1 1.88 Å, O1� � �N1 2.605(3) Å, O1�H� � �N1 147.2�].
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two deprotonated LA� ligands, as depicted in Figs. 5 and 6. The
bonds distances and angles are summarized in Tables 3S and 4S.
The asymmetric unit in the crystal of 4 contains one half of the
molecule (Fig. 5) with the other half generated by an inversion cen-
ter which lies on the position of copper atom. The Cu2+ ion is coor-
dinated by two N atoms at 2.005(3) Å and two O atoms at
1.868(3) Å, which form, as expected, a strict square-planar geome-
try for the CuN2O2 coordination core. The bond angles around the
Cu1 atom range between 88.5(1)� and 91.5(1)�. The six-membered
chelating ring (Cu1, O1, C1, C6, C7, N1) and the benzene ring are
almost co-planar with a mean deviation of 0.039(4) Å.

On the contrary, the ZnN2O2 coordination environment in
[Zn(LA)2] (5) (Fig. 6) forms a distorted tetrahedral geometry, with
average bond distances Zn1–N = 2.000(6) Å, Zn1–O = 1.906(6) Å
and angles subtended at the ZnII atom in the range of 95.7(2)–
Fig. 3. p–p stacking interactions
121.8(2)� (Table 1S). Two asymmetric six-membered chelating
rings (Zn1, O4, C21, C26, C27, N2) and (Zn1, O3, C20, C15, C14,
N1) along with their adjacent benzene rings are also almost
co-planar with a mean deviation of 0.046(4) Å and 0.034(4) Å,
respectively.

The crystal structure of 4 is built up from discrete, weakly inter-
acting [Cu(LA)2] neutral molecules. In the crystal 5 Cg1� � �Cg2i [sym-
metry code: (i) 2�x, �y, 1�z] p–p contacts between benzene rings
with centroid–centroid of 3.666 Å and shift of 1.191 Å distances
determined the formation of the centrosymmetric dimer associates
as the main packing unit. A view of this dinuclear associate is
shown in Fig. 7.

The results of X-ray diffraction study of complex 6 together
with atomic numbering scheme are shown in Fig. 8. The crystal
has an ionic structure consisting from mononuclear complex
cations [Zn(LB)2(H2O)2]2+ and ClO4

� anions. No water molecules of
crystallization have been found in the crystal.

Each [Zn(HLB)2(H2O)2]2+ cation sits on a crystallographic inver-
sion center and comprises two HLB ligands and two water mole-
cules. The Zn atom is located on the inversion center and shows
a quite regular (O6) coordination polyhedron. All the Zn1–O bond
distances vary from 2.001(3) Å to 2.156(3) Å, while O–Zn1–O
angles from 88.9(1)� to 91.1(1)�. Two HLB molecules behave as
bidentate non-deprotonated ligands forming the equatorial square
planar (O4) donor set. The amine N atoms of the Schiff base ligands
are protonated and take no part in the coordination to the ZnII ion.
The position of this proton was determined on the difference
Fourier map and was refined according to the parameters of the
H-bond towards the O1 atom as acceptor (Fig. 8). The octahedral
geometry of Zn atom is completed by two trans aqua ligands at
axial positions, so that the charge balance is in agreement with
the formation of species [Zn(HLB)2(H2O)2]2(ClO4) for compound
6. The bond distances and angles are summarized in Table 5S. In
the crystal 6, the apical coordinated water molecules function as
hydrogen-bond donors to the carboxylic group and
non-coordinated counter-anion ClO4

�. Apart from H-bonding, the
p–p contacts between the benzene rings Cg1� � �Cg2i [symmetry
code: (i) 1�x, �1�y, 1�z] of 3.822 Å, where Cg1 and Cg2 are the
centroids of the rings C1–C6 and C10–C14, are further effective
in the stabilization of the crystal packing. Weak hydrogen bonds
C8-H� � �O6 [H� � �A = 2.51 Å, DHA = 166.5�], C10–H� � �O6
in the crystal structure of 2.



Fig. 4. A view of one-dimensional supramolecular chain in crystal structure of 3, formed via stacking interactions. Cg1 and Cg3 are the centroids of C1–C6 and C9–C14 rings,
respectively.

Fig. 5. X-ray molecular structure of [Cu(LA)2] (4) showing the atom-numbering scheme. The thermal ellisoids are drawn at 50% probability level.

Fig. 6. X-ray molecular structure of [Zn(LA)2] (5) showing the atom-numbering scheme. The thermal ellipsoids are drawn at 40% probability level.
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[H� � �A = 2.67 Å, DHA = 162.2�] and C10–H� � �O8 [H� � �A = 2.50 Å,
DHA = 144.9�] are also observed. Altogether these intermolecular
interactions generate a three-dimensional supramolecular archi-
tecture, as shown in Fig. 9.

3.5. Photophysical properties

The absorption spectra of the amine containing trimethylsilyl
groups and the resulting Schiff base ligands and complexes were
investigated in DMF solution. Fig. 10 presents the absorption and
emission spectra of un-complexed Schiff bases 2 and 3 in compar-
ison with their corresponding metal complexes 4, 5 and 6. The pho-
tophysical data are listed in Table 2. The first excited singlet state
S1(p⁄, p) of the enolic form shows a stable position of its absorp-
tion maximum in 2 and derived complexes (Fig. 10 (a)), and a pro-
nounced decreasing of its extinction coefficient as a result of the
introduction of methoxy group in 3 (Fig. 10 (b)). The different pro-
file of the absorption spectrum in the 3 series is given by the par-
tially replacement of the intramolecular OH� � �N by the
OH� � �OH-bond. The spectra of the metal complexes exhibit a tail
beyond 350 nm, which is attributed to a combination of p–p⁄

transitions of the imine chromophore and ligand to metal charge
transfer (LMCT) [35–38].

Schiff base complexes are promising materials for
optoelectronic applications, their synthetic flexibility leading to
the optimization of the structures through minor changes of their



Fig. 7. p–p interaction in the crystal structure [Zn(LA)2] (5). Cg1 and Cg2 are the centroids of C15–C20 and C8–C13 rings, respectively.

Fig. 8. X-ray structure of [Zn(LB)2(H2O)2]2+ (6) with thermal ellisoids are drawn at 50% probability level. H-bond: N1�H� � �O1 [N1�H 0.86 Å, H� � �O1 1.94 Å, N1� � �O1
2.617(4) Å, N1�H� � �O1 135.1�].
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functionalities. A special importance was given to the use of metals
with d10 electronic configuration, Zn, because of their special prop-
erties (chemical, physical, catalytic and optical) and versatility of
luminescent properties [39,40]. Beside them, those based on cop-
per ions, with d9 electronic configuration are also of interest.
Luminescent copper(II) and zinc(II) complexes received a special
attention due to their applications in different fields, such as chem-
ical sensors, organic light-emitting diodes (OLEDs), light-emitting
electrochemical cells (LECs) [40].

For the 2 and 3 ligands, the emission spectra show very weak
and dual emission characteristics. The normal emission from the
enol tautomer is observed around 410 nm in 2 and 430 nm in 3,
in the last case being red-shifted due to the electron donating abil-
ity of the –OCH3 group. The second contribution with a much lower
intensity is largely Stokes shifted with respect to the enol absorp-
tion band (�10,520 cm�1 for 2 and �11,620 cm�1 for 3) and proves
the occurrence of an ultrafast proton transfer process in the two
ligands. The complexes are more fluorescent and their emission
bands are broader than those of the ligands. Complexation of the
ligand 2 leads to the stabilization of the tautomeric form, thus
the violet fluorescence (410 nm) from the excited enol species is
the most important part of the emission in complex 4.
Coordination to the Zn atom in 5 led to the stabilization of the
cis-keto⁄ structures, which de-activate through a green emission
(516 nm). In contrast, the 6 complex with the o-vanillin moiety
have a blue-shifted keto emission in the emerald green region
(545 nm). The main emission from the deep blue region
(438 nm) is enhanced, but the general appearance of the fluores-
cence spectrum is similar to that of the ligands. Irrespective of
the substitution pattern, the impact of the coordination is seen
by an increase in the intensity of the emission for both compounds,
because of the increased rigidity of the structure around the
coordination site that minimizes the non-radiative relaxation.

3.6. Thermal analysis

The TG and DTG curves of the compounds 1–6 are shown in
Fig. 11, while in Table 3 are centralised the main data. For the start-
ing amine and its azomethines, the decomposition process takes
place in one step, with a maximum weight loss in the range



Fig. 9. A view of three-dimensional network in the crystal structure of [Zn(HLB)2(H2O)2]2ClO4 (6). Out-of-sphere ClO4
� anions are omitted for clarity. H-bonds parameters:

O1w�H� � �O3 [O1w�H 0.85 Å, H� � �O3 1.87 Å, O1w� � �O3 2.707(5) Å, O1w�H� � �O3 168.3�]; O1w�H� � �O8 [O1w�H 0.86 Å, H� � �O8 1.98 Å, O1w� � �O8 2.812(5) Å, O1w�H� � �O8
161.4�].

Fig. 10. Normalized electronic absorption and fluorescence spectra of the Schiff base ligands (2 and 3) and metal complexes (4, 5 and 6) in dimethylformamide solution
(c = 1.54 � 10�5 mol L�1). The emission spectra were recorded at kexc = 350 nm, which corresponds to the S1 S0(p⁄, p) electronic transition in imine moiety.

Table 2
Spectral data of the compounds 1–6 in DMF solution.

Compound Absorption Emission

kmax, nm (e, L Mol�1 cm�1) kem1
a kem2

b

1 298 (31000) – –
2 282 (44830) 324 (32897) 346 (22778) 410 544
3 320 (45213) 430 590
4 292 (46912) 348 (36294) 410 –
5 298 (40950) 344 (31160) 420 (4220) 434

517
–

6 300 (51930) 335(19210) 440 (1560) 438
545

550

a kexc = 340 nm.
b kexc = 430 nm.
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321–379 �C, assigned to the organic moieties loss. For all the com-
plexes, the process of the decomposition occurs in multiple stages:
a slight mass loss (2–4%) in the range 108–271 �C attributed to the
loss of solvent molecules and water of crystallization, a maximum
weight loss (20–62%) in the range of 248–339 �C corresponding to
the loss of ligand moiety and coordinated water, and a slow mass
loss in the range of 290–500 �C for complexes 5 and 6 correspond-
ing to a total decomposition of the ligand, with total residues in the
range 33–54% (Table 3). A lower stability of the metal complexes
was observed. A significant contribution to this behavior can be
attributed to the coordination geometry of the metal ion, and to
other factors: solvent polarity, the stoichiometric ratio of the
ligand and metal ion, intermolecular interactions (coordinative
bonds, H-bonds, p–p stacking interactions, etc.) or the catalytic
action of the metal ion in the decomposition process [41,42].
3.7. Antimicrobial and antifungal activity

The biological activity of the Schiff base is mainly due to the
presence of the azomethine group in the structure, while in the



Fig. 11. TG (a) and DTG (b) curves of the compounds 1–6.

Table 3
Thermal characteristics extracted from TG and DTG curves.

Compound Stage Tonset (�C) Tmax (�C) Tendset (�C) Wm (%) Wrez (%)

1 I 221 321 333 97 2
2 I 255 371 383 97 2
3 I 294 379 392 83 15
4 I 108 157 176 4 33

II 231 300; 314 331 62
5 I 271 286 320 2 54

II 320 339 371 34
III 457 474 508 10

6 I 156 165 173 4 33
II 201 248 257 21
III 257 292 313 17
IV 385 426 464 16

Tonset – the temperature at which the thermal degradation begins.
Tmax – the temperature that corresponds to the maximum rate of decomposition for
each stage evaluated from the peaks of the first derivative (DTG) curves.
Tendset – the temperature at which the process ends.
Wm – the mass loss corresponding to Tmax values.
Wrez – the percent of residue at the end of thermal degradation (700 �C).
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case of the metal complexes the biological activity depends on the
coordination mode and the nature of the metal ion [43]. The copper
and zinc complexes are known for their biological activities
[43–46]. The compounds 1–6 were tested as antimicrobial agents
Table 4
Antimicrobial and antifungal screening results.

Compound MIC (lg/ml)

Fungi

Aspergillus fumigatus ATCC
66567

Penicillium chrysogenum ATCC
20044

1 1.5 1.5
2 0.19 0.19
3 0.016 0.016
4 0.064 0.064
5 0.75 0.75
6 0.047 0.047
Caspofungina 0.3 0.3
Kanamycina

a Standard compound.
in vitro, using three species of fungi (A. fumigatus ATCC 66567,
P. chrysogenum ATCC 20044, Fusarium ATCC 20327) and two bacte-
ria (Bacillus sp. ATCC 31073, Pseudomonas sp. ATCC 15780). The
results of the antimicrobial and antifungal activities were com-
pared against DMF as the blank test and the standard compounds
(Caspofungin and Kanamycin) and are expressed as values of
minimum inhibitory concentration (MIC, lg/ml) in Table 4.

The antimicrobial activities of the Schiff bases 2 and 3 can be
explained by their ability in the formation of hydrogen bonds
through N and O donor atoms with the cellular constituents. The
most active among the tested samples was compound 3, its struc-
ture with the methoxy group in ortho position of the benzene
seems to be the major factor influencing the biological activity.
The presence of the Cu(II) ions, as in the case of complex 4, con-
tributes to the increasing of the biological activity compared to
the corresponding ligand 2 (Table 4), due to its lipophilic character
[47]. A different behavior was observed in Zn(II) complex (6) with a
lower biological activity in comparison with the ligand 3. This is
attributed to the coordination mode of the Zn(II) ions through oxy-
gen atoms from the methoxy group (Fig. 9). The results of the tests
indicated a higher antifungal activity for the Schiff bases and their
complexes as compared with standard compound Caspofungin,
and a good antibacterial activity of the Schiff base 3 and its Zn(II)
complex (6) in comparison with the standard compound
Kanamycin.
Bacteria

Fusarium ATCC
20327

Bacillus sp. ATCC
31073

Pseudomonas sp. ATCC
15780

1.5 48 48
0.19 1.5 1.5
0.016 0.38 0.38
0.064 1 1
0.75 32 32
0.047 0.50 0.50
0.3

4 4
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4. Conclusions

Three complexes of copper(II) (4), and zinc(II) (5 and 6), with
bidentate O,N-donor Schiff bases derived from salicylaldehyde
and o-vanillin (2 and 3) and a new amino derivative containing
trimethylsilyl groups in the structure, have been synthesized and
structurally characterized. Single crystal X-ray studies showed var-
ious patterns in coordination geometry of the metal ions leading to
discrete or 3D extended structures. The Zn(II) complexes exhibited
high emission as compared with their corresponding ligands.
Because of their absorbance in the visible region and their green
emission, these complexes can be used as candidates for cellular
imaging. Thermal study evidenced a decrease in the stability by
complexation. Both, ligands and metal complexes were evaluated
against bacteria and fungi species and the tests indicated a higher
biological activity as compared with the standard compounds
Kanamycin and Caspofungin.
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