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Abstract:



This paper concisely describes capabilities of the ‘Belok’ beamline at the Kurchatov synchrotron radiation source, related to high-throughput small-molecule X-ray crystallography. As case examples, a series of four novel transition metal complexes with azomethine ligands were selected. The complexes demonstrate somewhat unexpected changes in the coordination geometry and nuclearity in response to the introduction of substituents in the ligand’s periphery.
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1. Introduction


The use of synchrotron radiation in small-molecule crystallography has probably not provided such impressive breakthroughs as has the field of macromolecular crystallography [1], but still it remains a heavily demanded and rapidly emerging field of research [2,3,4,5]. Recently commissioned beamlines dominantly or partly dedicated to small-molecule crystallography include, among others, I19 at the Diamond Light Source [6,7], MX1 at the Australian Synchrotron [8], and BL2D-SMC at the Pohang Light Source [9]. Examples of approved and very productive dedicated instruments include beamlines 11-3-1 [10] and 12-2-2 [11] at the Advanced Light Source (Berkeley, CA, USA). The use of synchrotron radiation provides some evident advantages, such as the possibility of studying tiny and imperfect crystals, reducing mean data acquisition time, collecting diffraction data to high 2θ scattering angles to improve the quality of electron density distribution maps, etc. Real-time crystallographic studies of dynamical processes in crystals, such as solid-state reactions, phase transitions, conformational changes upon photoexcitation, become increasingly important [12,13,14,15].



Complexes of transition metals with azomethines (also referred to as Schiff bases) are the focus of contemporary research due to a number of physicochemical properties making them attractive for applications. There are numerous examples of their photoactivity (photo- or electroluminescence) enabling their use as functional layers in thin-filmed OLEDs [16,17,18].



Transition metal complexes with ML4, ML5, and ML6 coordination cores (where L is an N/O/S ligand) are of fundamental importance for structural biology as synthetic models of metalloproteins. Structural information on model complexes can be used for the interpretation, verification, and restrained fitting of experimental electron density maps of real metalloproteins derived from limited-resolution experimental diffraction data [19,20,21].



Organic ligands bearing one or several sulfonamide moieties very often induce biological activity in their derivatives [22,23]. For a series of iron-based complexes, the spin crossover effect was reported [24,25]. Polynuclear transition metal complexes with azomethines are also promising as single-molecule magnets or at least as synthetically affordable models to study exchange interactions between paramagnetic sites and to verify modern theoretical approaches to the prediction of magnetic properties [26,27,28,29,30,31,32].



The deliberate introduction of alcoholic groups into the peripheral part of azomethine ligands is a convenient route to polynuclear complexes since a hydroxy group is a versatile O-donor prone to the formation of multi-center bridging bonds. Nevertheless, modern knowledge of regularities underlying the structure formation of transition metal complexes with polydentate chelate ligands is still insufficient to enable the genuinely rational design of polynuclear complexes of required stoichiometry, nuclearity and spatial geometry.



In the present paper, we report crystal structures of a series of novel transition metal complexes of 2-N-tosylaminobenzaldehyde azomethines bearing aliphatic amino- and alcoholic groups in the ligand’s periphery 1-3, as shown in Scheme 1. More specifically, complexes 1-Fe, 2-Zn, 3-Cu and 3-Ni were synthesized from the respective free ligands and metal salts to be studied by single-crystal X-ray diffraction at a synchrotron source. To the best of our knowledge (based on an ad hoc CSD search), no crystal structures of metal complexes derived from 2-N-tosylaminobenzaldehyde azomethines with only C,N,O acyclic substituents have yet been reported. Despite the presence of a coordinately active core common for all three ligands, identical oxidation states +2 and similar ionic radii of the 3d-metals, the resultant complexes demonstrated different nuclearity, viz. 1-Fe and 2-Zn are monomers, 3-Cu is a dimer, and 3-Ni is a supramolecular assembly of tetranuclear clusters.




2. Materials and Methods


2.1. General Description of the ‘Belok’ Beamline at the Kurchatov Synchrotron Radiation Source


The Kurchatov synchrotron radiation source located in Moscow, Russia, and operated by the National Research Centre, the “Kurchatov Institute”, is a dedicated 2nd generation source based on an electron storage ring Siberia-2 (circumference 124 m, electron energy 2.5 GeV, mean current 70–100 mA). It was put into operation in early 2000 s. The total number of beamlines open to user services is 13 and several large-scale instrumentation upgrade programs are currently underway. The ‘Belok’ beamline is one of the 1st priority beamlines, commissioned in 2004 [33]. It relies on a bending magnet as a radiation source. Its optical scheme includes the following major components:

	-

	
a Si double-crystal monochromator in the (1,−1) configuration providing a fixed-exit beam position. The second crystal is sagittally bent to focus the beam in the horizontal plane with the focal spot coinciding with the 2D position-sensitive detector;




	-

	
a multi-segment total reflection mirror providing focusing in the vertical plane and higher harmonics suppression;




	-

	
a diffractometer.









A more detailed description of the beamline hardware can be found elsewhere [33]. The diffractometer itself is composed of the following components:

	-

	
a Rayonix SX-165 position-sensitive CCD detector with a dynamic range of 16 bits;




	-

	
a MARdtb single-axis goniometer. The goniometer provides a high-precision ϕ-scanning; the sample-to-detector distance can be automatically selected over a range 43–380 mm and the detector plane can be tilted up to 29.5° to extend the 2θ scattering angle range.




	-

	
LN2 low-temperature device by Oxford Cryosystems.









A general view of the diffractometer at the ‘Belok’ beamline is shown in Figure 1. Single crystals under study are mounted using cryoloops of different sizes. The wavelength range is 2.5–0.5 Å, most frequently a value around 1 Å is selected. At a wavelength of 0.97 Å, a sample-to-detector distance of 43 mm, and detector plane tilt of 15°, the experimental geometry provides apparent resolution of dmin = 0.78 Å, (sinθ/λ)max = 0.65 Å−1. To ensure sufficient completeness of a diffraction dataset, at least two runs with different orientations of the single-crystal being measured are needed, which implies thawing, remounting on a cryoloop, and refreezing of the crystal. It is also often practical to perform a few independent runs with different exposure times to improve on the accuracy of intensity measurements of weak high-angle reflections.


Figure 1. General view of the diffractometer unit at the ‘Belok’ beamline.
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An assortment of freely distributed software suites are in routine use at the beamline, such as XDS [34], iMOSFLM [35] and other routines from the CCP4 package [36], and DIASL [37] (processing of raw frames, including peak search, indexing, unit cell parameters refinement, and peak intensity integration). Pointless and Scala are used for space group determination and intensity scaling [38]. Crystal structures are solved and refined with a very user-friendly GUI of Olex2 [39] that is based on original algorithms by G.M. Sheldrick [40,41,42].



The beamline was originally designed for the needs of macromolecular crystallography. Due to the actual structure of demand from the Russian users’ community, the available beamtime is now shared between MX, small-molecule crystallography, powder diffraction, and polymer scattering applications. Examples of protein structures solved and refined against experimental diffraction data collected at the ‘Belok’ beamline include: uridine phosphorylase, laccases, ribonuclease, etc. [43,44,45,46,47]. In the powder diffraction mode, the emphasis is placed on real-time studies on new phase emergence and phase transitions for functionally sound materials [48,49]. For X-ray scattering experiments on partly crystalline materials, we try to fully exploit the 2D nature of X-ray images to get insight into changes of preferred orientation and crystallinity of polymers, liquid crystals, etc. [50,51].



In the small-molecule crystallography mode, the typical size of a crystal ranges from 100 to 300 μm, although successful measurements for crystals on the order of 10 μm in at least one dimension have been documented. The minimum exposure time is 0.8 s per frame as defined by the ϕ-scan drive. Overall, the capabilities of the beamline do not exceed those of the most advanced 3rd generation synchrotron sources. Nevertheless, the apparent advantages of such a moderate-level synchrotron-based diffractometer over serial in-lab devices look attractive to numerous user groups. And the number of loyal users of the ‘Belok’ beamline has expanded explosively over the last few years since the start of operation in this mode.



The molecular structure of a crystal under study can be visualized after a couple of minutes of data collection (based on 30–40 diffraction frames), which enables a high-throughput screening of extended series of similar species in a hunt for a specific target molecular geometry. The mean productivity of the beamline in the small-molecule crystallography mode is 25–30 new crystal structures per week and roughly 500 per year. Examples of recently published challenging crystal structures include cage polynuclear metal-containing organosiloxanolates [52,53,54], synthetic analogs of naturally occurring alkaloids [55] and other biologically active substances [56], unstable catalysis-related intermediates [57,58], products of photoinitiated single crystal-single crystal solid-state reactions [59], etc.




2.2. Synthesis of Free Ligands and Their Derived Metal Complexes


Reactants and organic solvents used in the synthesis of free ligands, viz. 2-amino-2-ethyl-1,3-propanol, 3-amino-1,2-propanediol, triethylamine, L(+)-ascorbic acid, N,N-diethylethylenediamine, Fe(BF4)2·6H2O, Zn(CH3COO)2·2H2O, Cu(CH3COO)2·H2O, Ni(CH3COO)2·4H2O, and acetonitrile were purchased from Alfa Aesar (Ward Hill, MA, USA) and used without further purification. 2-(N-tosylamino)benzaldehyde was synthesized using the protocol as reported elsewhere [60].



N-[2-(2-diethylaminoethyliminomethyl)phenyl]-4-methylbenzenesulfonamide (1)


A solution of N,N-diethylethylenediamine (0.58 g, 5 mmol) in benzene (20 mL) was added to a solution of 2-(N-tosylamino)benzaldehyde (1.38 g, 5 mmol) in benzene (20 mL). The reaction mixture was boiled in a flask with a Dean-Stark head for 2 h until complete removal of water. Then the volume of the reaction mixture was reduced to 15 mL using a rotary evaporator. A precipitate formed upon cooling. Yield is 1.59 g (80%). Light brown powder, m.p. 44–45 °C. Calcd. for C20H27N3O2S: C 64.31, H 7.29, N 11.25%. Found, %: C 64.28, H 7.32, N 11.20%. IR (in the solid phase), ν, cm−1: 1600 s (CH=N), 1340 s (νasSO2), 1164 vs (νsSO2). 1H NMR (in DMSO-d6), δ, ppm: 0.94 (6H, t, 3J = 7.2 Hz, 2 CH2CH3), 2.29 (3H, s, С-СH3), 2.53 (4H, q, 3J = 7.2 Hz, 2 CH2CH3), 2.71 (2H, t, 3J = 6.3 Hz, CH2CH2N(C2H5)2), 3.68 (2H, t, 3J = 6.3 Hz, CH2CH2N(C2H5)2), 7.04 (1H, t, 3J = 7.5 Hz, CHа), 7.30 (2H, d, 3J = 8.1 Hz, CAr-H), 7.34 (1H, d, 3J = 7.5 Hz, CAr-H), 7.45 (2H, t, 3J = 6.3 Hz, CAr-H), 7.67 (2H, d, 3J = 8.1 Hz, CAr-H), 8.45 (1H, s, CH=N).




Bis-[2-(2-diethylaminoethyliminomethyl)phenyl]-4-methylbenzenesulfonamidato}iron(II) (1-Fe)


A solution of Fe(BF4)2·6H2O (0.168 g, 0.5 mmol) in methanol also containing L-ascorbic acid (0.088 g, 0.5 mmol) was mixed with a solution of free ligand 1 (0.37 g, 1 mmol) in methanol (20 mL). To adjust pH of the reaction mixture, a solution of triethylamine (0.1 g, 1 mmol) in methanol (10 mL) was added. The mixture was stirred for 1 h at room temperature. Brick red precipitate formed was filtered off and recrystallized from methanol. All synthesis steps were performed in an argon atmosphere using the Schlenk technique. Yield is 60%. M.p. > 260 °C. Calcd. for C40H52N6O4S2Fe: C 59.99, H 6.54, N 10.49, Fe 6.97%. Found, %: C 60.10, H 6.48, N 10.55, Fe 7.02%. IR (in nujol), ν, cm−1: 1608 (CH=N), 1299 (νasSO2), 1127 (νsSO2).




N-[2-[(E)-2,3-dihydroxypropyliminomethyl]phenyl]-4-methylbenzenesulfonamide (2)


A solution of 3-amino-1,2-propandiol in 1:1 toluene-ethanol mixture (5 + 5 mL) was added to a solution of 2-N-tosylaminobenzaldehyde (2.75 g, 10 mmol) in toluene (20 mL). The mixture was refluxed for 3 h. The volume of the reaction mixture was reduced to 15 mL using a rotary evaporator. A precipitate formed upon cooling. The precipitate was filtered off, washed with toluene, dried, and recrystallized from ethanol. Pale yellow powder. Yield is 3.25 g (94%). M.p. 149–150 °C. Cacld. for С17H20N2O4S: C, 58.60; H, 5.79; N, 8.04. Found: C, 58.54; H, 5.85; N, 8.19. IR, ν, cm−1: 3219 broad m (OH, NH), 1633 s (CH=N), 1335 s (νasSO2), 1158 vs (νasSO2). 1H NMR (in DMSO-d6), δ, ppm: 2.35 (3H, s, CH3), 3.47–3.54 (3H, m, CH2, СH), 3.84 (2H, q, 3J = 7.2 Hz, CH2), 4.50 (1H, s, OH), 4.68 (1H, s, OH), 7.02 (1H, t, 3J = 7.5 Hz, CAr-H), 7.27 (3H, t, 3J = 8.4 Hz, CAr-H), 7.39 (1H, d, 3J = 7.8 Hz, CAr-H), 7.49 (1H, d, 3J = 8.4 Hz, CAr-H), 7.68 (2H, d, 3J = 8.1 Hz, CAr-H), 8.36 (1H, s, CH=N), 13.23 (1H, s, NH).




Bis{N-[2-[(E)-2,3-dihydroxypropyliminomethyl]phenyl]-4-methylbenzenesulfonamidato} zinc(II), DMF solvate (2-Zn)


A hot solution of zinc acetate dihydrate (0.275 g, 0.75 mmol) in 1:1 ethanol-acetonitrile mixture (3 + 3 mL) was added to a hot solution of the free ligand 2 (0.553 g, 1.5 mmol) in acetonitrile (5 mL). The reaction mixture was refluxed for 2 h. A precipitate formed upon cooling. The precipitate was filtered off, washed with acetonitrile and recrystallized from 25:2 acetonitrile-DMF mixture. Coroless crystals. Yield is 0.403 g (65%). M.p. > 260 °C. Calcd. for С35.5H41.5N4.5O8.5S2Zn: C, 55.73; H, 5.64; N, 8.79; Zn, 8.21. Found: C, 53.27; H, 5.49; N, 8.49; Zn, 7.91 (the experimental chemical composition better corresponds to DMF monosolvate rather than hemisolvate as determined crystallographically, which probably indicates a slow solvent loss during storage of the crystals under ambient conditions). IR, ν, cm−1: 3367 broad m (OH), 1631 vs (CH=N), 1287 vs (νasSO2), 1133 vs (νasSO2). 1H NMR (in DMSO-d6), δ, ppm: 2.25 (6H, s, CH3), 2.72 and 2.88 (3H, s, (CH3)2NCHO of DMF), 3.10–3.26 (4H, m, CH2), 3.46–3.95 (4H, m, CH2), 4.27–4.36 (2H, m, CH), 4.58 (2H, d, 3J = 5.1 Hz, OH), 5.05 (2H, d, 3J = 8.7 Hz, OH), 6.86 (2H, t, 3J = 7.2 Hz, CAr-H), 7.16–7.36 (8H, m, CAr-H), 7.49 (2H, d, 3J = 7.8 Hz, CAr-H), 7.91 (2H, d, 3J = 8.1 Hz, CAr-H), 7.96 (2H, d, 3J = 8.1 Hz, CAr-H), 8.45 (2H, s, CH=N).




Bis{N-[2-[(E)-2,2-bis(hydroxymethyl)butyliminomethyl]phenyl]-4-methylbenzenesulfonamide}dicopper(II) (3-Cu)


The synthesis of a 3-Cu complex was performed in situ without a dedicated stage of free ligand isolation. A solution of 2-amino-2-ethyl-1,3-propandiol 0.12 g (1 mmol) in methanol was added to a solution of 2-N-tosylaminobenzaldehyde (0.28 g, 1 mmol) in methanol (20 mL). The mixture was boiled for 2 h then a solution of copper acetate monohydrate (0.2 g, 1 mmol) in methanol (20 mL) was added. The reaction mixture was boiled again for 1 h and a green precipitate formed upon cooling. The precipitate was filtered off, washed with hot ethanol and dried in vacuo at 100 °C. Green powder yield is 65%. M.p. > 250 °C. Calcd. for C38H44N4O8S2Cu2: C 52.10, H 5.06, N 6.40, Cu 14.51%. Found: C 52.17, H 5.18, N 6.52, Cu 14.21%. IR (in nujol), ν, cm−1: 3500 broad (OH), 1637 vs (CH=N), 1281 vs (νasSO2), 1133 vs (νsSO2).




Tris{μ4-[2-((E)-2,2-bis(hydroxymethyl)butyliminomethyl)phenyl]-4-methylbenzenesulfonamide-κN,N′,κ3O}ethanolato)-(μ3-oxo)-tris(aqua)-tetra-nickel, adduct with KOAc, (HNEt3)OAc, acetic acid solvate (3-Ni)


The synthesis of 3-Ni complex was performed in situ without a dedicated stage of free ligand isolation. A solution of 2-amino-2-ethyl-1,3-propandiol (0.12 g, 1 mmol) in ethanol was added to a solution of 2-N-tosylaminobenzaldehyde (0.28 g, 1 mmol) in ethanol (20 mL). The reaction mixture was boiled for 2 h then a solution of nickel acetate tetrahydrate (0.248 g, 1 mmol) in ethanol (5 mL) also containing triethylamine (0.1 g, 1 mmol) was added and the mixture was boiled again for 1 h. Since no precipitate formed spontaneously upon cooling to room temperature, the reaction mixture was additionally basified by adding a solution of KOH (0.11 g, 2 mmol) in ethanol (5 mL). Green precipitate formed was filtered off and dried in vacuo at 100 °C. Green crystals. Yield is 60%. M.p. > 260 °C. Since the actual stoichiometry and structure of the complex as established by single-crystal X-ray diffraction (see below) appeared totally different from expectations, no chemical analysis was performed. IR (in nujol), ν, cm−1: 1679 vs (CH=N), 1297 vs (νasSO2), 1130 vs (νsSO2).





2.3. Chemical and Spectroscopic Characterization


C, H, N, elemental analyses were carried out with a TCM 480 apparatus (Carlo Erba Instrument, Milan, Italy) using sulfanilamide as a reference. The metal content was determined gravimetrically in the analytical laboratory of the Institute of Physical and Organic Chemistry (SFU, Rostov-on-Don, Russia). Melting points were measured on a Kofler hot bench (Wagner & Munz GmbH, Munich, Germany). Infrared spectra (4000–400 cm−1) were recorded on an Excalibur-3100 FT-IR spectrophotometer (Varian Inc., Palo Alto, CA, USA) for powders suspended in nujol in the total external reflection mode. 1H NMR spectra were measured on an Unity 300 spectrometer (Varian Inc., Palo Alto, CA, USA) at ambient temperature in DMSO-d6 using the signal of residual 2H of the solvent as an internal reference.




2.4. Crystal Structure Determinations


X-ray diffraction data were collected at the ‘Belok’ beamline (λ = 0.96990 Å) of the Kurchatov Synchrotron Radiation Source. All datasets were collected at 100 K. In total, 480–720 frames were collected with an oscillation range of 1.0° in the φ scanning mode using two different orientations for each crystal. The semiempirical correction for absorption was applied using the Scala program [38].



The data were indexed and integrated using the utility iMOSFLM from the CCP4 software suite [35,36]. For details, see Table 1. The structures were solved by intrinsic phasing modification of direct methods [42] and refined by a full-matrix least-squares technique on F2 with anisotropic displacement parameters for all non-hydrogen atoms and hydrogen atoms involved in H-bonding. H-bonding-silent hydrogen atoms were placed in calculated positions and refined within the riding model with fixed isotropic displacement parameters. All calculations were carried out using the SHELXTL program [40,41].



Table 1. General crystallographic information on complexes studied.







	
Compound

	
1-Fe

	
2-Zn

	
3-Cu

	
3-Ni






	
Empirical formula

	
C40H52FeN6O4S2

	
C35.5H41.5N4.5O8.5S2Zn

	
C38H44Cu2N4O8S2

	
C718H931K4N73Ni48O220S36




	
fw

	
800.84

	
796.72

	
875.97

	
18232.06




	
T, K

	
100 (2)

	
100 (2)

	
100 (2)

	
100 (2)




	
Crystal size, mm

	
0.20 × 0.15 × 0.02

	
0.20 × 0.15 × 0.05

	
0.20 × 0.15 × 0.10

	
0.12 × 0.10 × 0.02




	
Crystal system

	
Monoclinic

	
Triclinic

	
Monoclinic

	
Trigonal




	
Space group

	
C2/c

	
P [image: ]

	
P21/n

	
R [image: ]c




	
a, Å

	
17.231 (3)

	
8.4379 (17)

	
9.1000 (18)

	
23.754 (3)




	
b, Å

	
23.699 (5)

	
11.489 (2)

	
13.647 (3)

	
23.754 (3)




	
c, Å

	
11.442 (2)

	
20.085 (4)

	
15.877 (3)

	
139.71 (3)




	
α, °

	
90

	
78.68 (3)

	
90

	
90




	
β, °

	
118.93 (3)

	
86.99 (3)

	
103.10 (3)

	
90




	
γ, °

	
90

	
75.58 (3)

	
90

	
120




	
V, Å3

	
4089.7 (17)

	
1849.1 (7)

	
1920.3 (7)

	
68270 (26)




	
Z

	
4

	
2

	
2

	
3




	
dc, g cm−3

	
1.301

	
1.431

	
1.515

	
1.330




	
F(0 0 0)

	
1696

	
832

	
908

	
28518




	
μ, mm−1

	
1.200

	
1.920

	
2.945

	
2.651




	
θmax, °

	
38.40

	
38.44

	
38.20

	
38.54




	
Index range

	
−20 < h < 20

−28 < k < 28

−14 < l < 4

	
−10 < h < 8

−12 < k < 14

−25 < l < 25

	
−9 < h < 10

−17 < k < 11

−19 < l < 19

	
−25 < h < 30

−29 < k < 25

−176 < l < 176




	
No. of reflections collected

	
24323

	
17994

	
12853

	
223428




	
No. of unique reflections (Rint)

	
4333 (0.077)

	
7593 (0.117)

	
3777 (0.080)

	
16597 (0.104)




	
No. of reflections with (I > 2σ(I))

	
3329

	
4327

	
2436

	
8427




	
Data/restraints/parameters

	
4333/11/240

	
7593/22/387

	
3777/38/233

	
16597/31/714




	
R1; wR2 (I > 2σ(I))

	
0.0568; 0.1433

	
0.1175; 0.2425

	
0.0768; 0.1762

	
0.0983; 0.1870




	
R1; wR2 (all data)

	
0.0764; 0.1568

	
0.1655; 0.2822

	
0.1124; 0.1980

	
0.1662; 0.1967




	
Goodness-of-fit (GOF) on F2

	
1.171

	
1.046

	
1.057

	
1.084




	
Tmin; Tmax

	
0.791; 0.976

	
0.700; 0.900

	
0.550; 0.750

	
0.740; 0.940




	
Δρmax; Δρmin, eÅ−3

	
0.613; −0.802

	
1.530; −1.319

	
0.800; −0.920

	
1.206; −0.880












3. Results and Discussion


3.1. Spectroscopic Properties


The following changes in infrared (IR) spectra are observed ongoing, from free ligand 1 to complex 1-Fe: the vibration band assigned to νNH disappears and the νCH=N band experiences a blueshift by 8 cm−1, whereas νasSO2 and νsSO2 on the contrary experience redshifts from 1340 cm−1 and 1164 cm−1 in 1 to 1299 and 1127 cm−1 in 1-Fe, respectively. Stretching vibrations of the imino group in 2-N-tosylaminobenzaldehyde azomethines are typically observed at 1600–1630 cm−1 and they do not shift significantly upon complex formation [16,61,62,63]. The spectral changes observed are consistent with the deprotonation and direct involvement of the tosylamino group into the metal binding. The imino group of the azomethine moiety as well as oxygen atoms of the sulfo groups also participate in the complexation implying the formation of a chelate complex.



In the IR spectrum of the free ligand 2, vibration bands are observed at 3219 cm−1 (unresolved superposition of νOH and νNH signals), 1633 cm−1 (νCH=N), 1335 cm−1 (νasSO2), and 1158 cm−1 (νsSO2). Upon formation of the complex 2-Zn, a new band at 3367 cm−1 (ν OH) appears, thereas absorption bands νCH=N, νasSO2, and νsSO2 redshift to 1631 cm−1, 1287 cm−1, and 1133 cm−1, respectively. In the 1H NMR spectrum, a proton signal of the NH group observed for the free ligand at 13.23 ppm disappears in the complex. Proton signals of the CH=N groups shift downfield from 8.36 ppm to 8.45 ppm upon complexation. Proton signals of the OH group shift similarly from 4.50 ppm and 4.68 ppm (in 2) to 4.58 and 5.05 ppm (in 2-Zn). This indicates that both hydroxyl groups in 2 remain free and do not participate in metal binding in 2-Zn.



In the IR spectra of 3-Cu and 3-Ni, absorption bands assigned to symmetric (νsSO2) and asymmetric (νasSO2) stretching vibrations of the sulfo group redshift from 1335 cm−1 and 1156 cm−1 (in 3) to 1281 cm−1 and 1133 cm−1 (in 3-Cu) and to 1297 cm−1 and 1130 cm−1 (in 3-Ni), respectively. The intense and broad absorption band of νOH groups at 3426 cm−1 in 3 blushifts to 3500 cm−1 and decreases in intensity in 3-Cu but completely disappears in 3-Ni. A series of partly resolved bands νCH=N observed at 1650–1633 cm−1 in 2 changes to well defined intense bands at 1637 cm−1 and 1679 cm−1 in 3-Cu and 3-Ni, respectively.




3.2. Structure Description


Monomeric complexes 1-Fe and 2-Zn


The molecular structure of 1-Fe is shown in Figure 2 along with the atom numbering scheme and selected bond lengths and angles. The full list of geometrical parameters for 1-Fe is available as Supplementary Materials. The molecular structure of 1-Fe is relatively simple and similar to a series of other related compounds characterized earlier [64,65,66,67,68,69,70,71].


Figure 2. Molecular structure of 1-Fe. Only one orientation of the disordered diethylaminoethyl substituents is presented for clarity. Displacement ellipsoids are shown at the 50% probability level. The label A denotes symmetrically equivalent atoms generated by the two-fold axis. Dashed lines indicate secondary Fe···O interactions. Selected bond lengths and angles (Å and °): Fe1–N1 2.070(2), Fe1–N2 2.102(2), Fe1···O1 2.4667(18), N1–C1 1.407(3), N2–C7 1.296(3), C1–C6 1.433(4), C6–C7 1.456(3), N1–Fe1–N2 86.41(8), N1–Fe1–N2A 107.55(8), N1–Fe1–N1A 156.79(12), N2–Fe1–N2A 107.16(11), Fe1–N1–C1 133.05(17), Fe1–N2–C7 126.95(18), N1–C1–C6 117.9(2), N2–C7–C6 128.6(2), C1–C6–C7 125.6(2).
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The iron complex 1-Fe with a metal-to-ligand ratio 1:2 is described by an idealized C2 (2) symmetry and crystallizes in the monoclinic space group C2/c. The molecular C2 point symmetry is preserved in the crystal, i.e., the molecule occupies a special position on the two-fold axis so as only a half of it is symmetrically independent.



The iron atoms therein adopt a distorted bicapped tetrahedral “4+2” coordination environment formed by four nitrogen atoms of the tosylamino and imine groups and two weaker bonding interactions with oxygen atoms of the sulfo groups. The bond angles within the FeN4 core range from 86.41(8) to 156.79(12)° with a dihedral angle between the almost planar six-membered chelating rings (rms deviation is 0.058 Å) of 81.36(6)°. The smallest N–Fe–N angles are the intrachelate ones, whereas the largest one is that formed by the sulfonamide N atoms, i.e., N1–Fe1–N1A. Such an angle significantly increased with respect to the ideal tetrahedral value of 109.5° is determined by quite short intramolecular secondary Fe···O interactions, which are substantially shorter than those observed in related transition metal complexes. The molecular geometry observed for complex 1-Fe is supported by four intramolecular C2–H2···O2/C2A–H2A···O2A [C···O 3.096(3), H···O 2.45 Å, ∠C–H···O 126°] and C9–H9···O1A/C9A–H9A···O1 [C···O 3.271(3), H···O 2.36 Å, ∠C–H···O 160°] hydrogen bonds.



In the crystal, molecules of 1-Fe form stacks along the crystallographic c axis. The molecules are arranged at van der Waals distances.



The molecular structure of 2-Zn is shown in Figure 3 along with the atom numbering scheme and selected bond lengths and angles. Despite the introduction of two hydroxy groups instead of a less coordinatively active tertiary amine, the monomeric structure similar to that in 1-Fe is preserved. In the case of 2-Zn, however, the molecule resides at a general position and all atoms are symmetrically independent since the structure is triclinic.


Figure 3. Molecular structure of 2-Zn. The alternative orientation of the disordered 2,3-dihydroxypropyl substituent as well as the solvate dimethylformamide molecule are not shown for clarity. Displacement ellipsoids are shown at the 50% probability level. Dashed lines indicate secondary Zn…O interactions. Selected bond lengths and angles (Å and °): Zn1–N1 2.035(5), Zn1–N2 2.039(6), Zn1–N3 2.027(8), Zn1–N4 2.057(7), Zn1…O1 2.704(5), Zn1…O6 2.644(6), N1–C1 1.413(9), N2–C7 1.288(10), N2–C15 1.483(13), N3–C18 1.401(10), N4–C32 1.476(3), C6–C7 1.449(19), N1–Zn1–N2 91.8(2), N1–Zn1–N3 146.4(3), N1–Zn1–N4 104.9(3), N2–Zn1–N3 108.0(3), Zn1–N1–C1 126.7(5), Zn1–N2–C7 124.6(6), N1–C1–C6 119.8(6), N2–C7–C6 127.4(8), C1–C6–C7 127.8(7).
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As in the case of 1-Fe, the zinc atom in 2-Zn adopts a distorted bicapped tetrahedral “4+2” coordination environment formed by four nitrogen atoms of the tosylamino and imine groups and two weaker bonding interactions with oxygen atoms of the sulfo groups. The bond angles within the ZnN4 core range from 91.9(3) to 146.4(3)°, with a dihedral angle between the flattened six-membered chelating rings (rms deviations are 0.070 and 0.101 Å) of 78.3(2)°. It is interesting to note that the intramolecular secondary Zn···O interactions in 2-Zn are substantially shorter and, consequently, the degree of distortion of the ZnN4 tetrahedron is larger than those observed in related zinc complexes [64,67,70]. This fact can be explained by specific packing effects due to the intermolecular hydrogen bonds (Table 2, Figure 4). The molecular geometry observed for complex 2-Zn is supported by four intramolecular C2–H2···O2 [C···O 3.062(9), H···O 2.39 Å, ∠C–H···O 128°], C19–H19···O5 [C···O 3.021(11), H···O 2.39 Å, ∠C–H···O 124°], C13–H13···O6 [C···O 3.212(9), H···O 2.27 Å, ∠C–H···O 170°] and C26–H26···O1 [C···O 3.281(9), H···O 2.36 Å, ∠C–H···O 163°] hydrogen bonds.


Figure 4. The centrosymmetric H-bonded dimers of 2-Zn. The solvate dimethylformamide molecules with the partial occupations are depicted by thick dashed lines. Thin dashed lines indicate the intermolecular hydrogen bonds; dotted lines indicate the secondary Zn···O interactions.
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Table 2. Intermolecular hydrogen bonds in 2-Zn [Å and °].







	
D–H···A

	
d(D–H)

	
d(H···A)

	
d(D···A)

	
<(DHA)






	
O3–H3A···O7A a

	
0.90

	
2.08

	
2.834(17)

	
140




	
O4–H4A···O8 a

	
0.90

	
1.95

	
2.84(2)

	
170




	
O4–H4A···O8A a

	
0.90

	
1.94

	
2.73(2)

	
145




	
O7–H7A···O3 b

	
0.90

	
1.56

	
2.44(2)

	
165




	
C24–H24···O8 c

	
0.95

	
2.34

	
3.23(2)

	
156




	
O3–H3A···O9 c

	
0.90

	
2.14

	
2.88(2)

	
139




	
C35–H35···O4 c

	
0.95

	
2.25

	
3.11(2)

	
151








Symmetry transformations used to generate equivalent atoms: a −x+2, −y+1, −z+2; b x−1, y, z; c −x+1, −y+1, −z+2; D—proton donor; A—proton acceptor.








In the crystal structure of 2-Zn, monomeric zinc complexes and solvate dimethylformamide molecules form centrosymmetric dimers by the intermolecular C–H···O and O–H···O hydrogen bonds (Table 2, Figure 4). Additionally, the H-bonded dimers are linked by intermolecular O–H···O hydrogen bonds into chains propagating along the (100) direction (Figure 5).


Figure 5. Crystal packing of 2-Zn demonstrating the H-bonded chains of the H-bonded dimers along (100).
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Dimeric complex 3-Cu


The molecular structure of 3-Cu is shown in Figure 6 along with the atom numbering scheme and selected bond lengths and angles. The full list of geometrical parameters for 3-Cu is available as Supplementary Materials.


Figure 6. Molecular structure of 3-Cu. Displacement ellipsoids are shown at the 50% probability level. The label A denotes symmetrically equivalent atoms generated by the inversion centre. Dashed lines indicate secondary Cu…O interactions. The alternative positions of the disordered p-tolyl fragments with the lesser occupations are shown by dashed lines and the respective atoms are primed. Selected bond lengths and angles (Å and °): Cu1–O1 1.918(3), Cu1–O1A 1.948(2), Cu1–N1 1.952(3), Cu1–N2 1.949(3), Cu1···O4 2.862(3), Cu1···Cu1A 2.9484(10), O1–Cu1–O1A 80.62(11), O1–Cu1–N1 84.22(12), N1–Cu1–N2 92.52(13), N2–Cu1–O1A 106.38(11), N2–Cu1–O4 56.82(10).
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The ligand 3 differs from 2 in a configuration of the aliphatic diol moiety. Two OH groups in ligand 3 are located at a longer distance from each other than in 2, which increases the conformational flexibility of the ligand, enabling it to form energetically favorable coordination bonds. As a result, a dimeric complex is formed with the nominal stoichiometry Cu2L2 (L stands for the ligand 3) with one of two hydroxy oxygen atoms within each ligand deprotonated and involved in the formation of a bridging bond between two copper atoms. The complex 3-Cu crystallizes in the monoclinic space group P21/n and occupies a special position on the inversion centre. The coordination polyhedron of the copper atoms can be described as a strongly distorted square pyramid “4+1”. Its base is formed by two nitrogen atoms (tosylamino and imine) and two hydroxy oxygen atoms. One of two oxygen atoms of the sulfo group forms a secondary bonded contact Cu···O4 as an apical vertex. P-tolyl fragments of the tosyl groups are disordered over two orientations related to each other by bending the (N2)-S1-C13 bond with the occupations of 0.75:0.25 (atoms belonging to the less occupied conformation have primed numbers in Figure 6).



Dimer structures also quite frequently occur among transition metal complexes with related azomethine ligands [72,73,74,75]. A close proximity of two or more metal atoms determines the magnitude of exchange interactions between paramagnetic sites and further apparent magnetic properties. In compound 3-Cu, the Cu···Cu separation is equal to 2.9484(10) Å, which is somewhat larger than that in other reported copper complexes [74,75].



In contrast to 1-Fe and 2-Zn, the six-membered chelate rings in 3-Cu are non-planar but adopt a sofa conformation with the deviation of the copper atom by 0.690(2) Å from the planes passed through the other atoms of the rings.



In the crystal, molecules of 3-Cu form H-bonded layers parallel to (1 0 [image: ]) by the intermolecular O2–H2O···O4 [O···O 3.189(4), H···O 2.28 Å, ∠O–H···O 175°] hydrogen bonds (Figure 7).


Figure 7. Crystal packing of 3-Cu demonstrating the H-bonded layers parallel to (1 0 [image: ]).
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Supramolecular assembly of tetrameric clusters in 3-Ni


The synthesis of 3-Ni was performed similarly to 3-Cu with one exception. An apparently high solubility of the product of direct interaction of free ligand 3 with a nickel salt required a pH adjustment to a more basic medium to induce the product precipitation. But the resultant structure of complex 3-Ni revealed by single-crystal X-ray diffraction study appeared totally unexpected. The complex crystallizes in the rhombohedral space group R [image: ]c. The overall chemical composition of 3-Ni is rather complex and can be formulated as K(HNEt3)0.25[Ni4L3(μ3-O)(H2O)3]3(OAc)1.25 2.25AcOH. Cubane-like tetranuclear clusters Ni4L3(μ3-O)(H2O)3 act as the main building blocks of the structure. Formally, they are electroneutral. Each cubane-like unit is built up of four nickel atoms, a μ3-oxo oxygen atom and three deprotonated hydroxy-groups of the ligands. All nickel atoms adopt a slightly distorted octahedral NiN2O4 coordination environment (Figure 8).


Figure 8. Molecular structure of 3-Ni. Displacement ellipsoids are shown at the 50% probability level.
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The Ni–O and Ni–N bond distances in 3-Ni are 2.028(6)–2.178(5) Å and 2.005(6)–2.101(6) Å, respectively. The observed Ni–O and Ni–N bond lengths are close to those reported for a similar Ni(II) tetranuclear cubane cluster [76]. The Ni–O–Ni and O–Ni–O angles in the Ni4O4 cubane cores are 95.77(18)–99.9(2)° and 79.9(2)–83.7(2)° respectively, showing a strong deviation from the idealized cubic shape. The Ni···Ni contacts in the cubane cores lie in a range 3.098(2)–3.133(2) Å.



Each Ni4L3(μ3-O)(H2O)3 is located on the three-fold axis passing through one of the Ni atoms and the μ3-oxo group. Potassium cations and nitrogen atoms of the triethylammonium cations also reside at the three-fold axis. Triethylammonium cations are strongly disordered by the imposed S6 ( [image: ]) crystallographic symmetry. To achieve acceptable thermal ellipsoids, a partial occupation of the HNEt3 was suggested. The net zero electrical charge of the structure is balanced by acetate anions positionally disordered with neutral acetic acid molecules.



The cubane units are linked by a cation (either K+ or HNEt3+) into dimers via oxygen atoms of the sulfo groups. The coordination of potassium atoms is also close to an octahedron. In turn, the dimers are joined into a chain propagating toward the crystallographic c axis by acetate anions via H-bonds (Table 3) involving hydroxy-groups of the ligands. The distance between centers of cubane moieties linked via K+ and HNEt3+ are 11.086(2) Å and 13.430(2) Å, respectively. The shortest distance is realized for cubane moieties contacting via acetate anions/neutral acetic acid molecules. The respective distance between the centers of cubanes is 9.745(2) Å.



Table 3. Hydrogen bonds for 3-Ni [Å and °].







	
D–H···A

	
d(D–H)

	
d(H···A)

	
d(D···A)

	
<(DHA)






	
O3–H3O···O19

	
0.92

	
1.72

	
2.616(8)

	
164




	
O6–H6A···O4

	
0.91

	
1.96

	
2.745(7)

	
145




	
O6–H6B···O5 a

	
0.91

	
2.22

	
2.916(8)

	
132




	
O9–H9O···O21

	
0.91

	
1.77

	
2.67(2)

	
169




	
O12–H12D···O10

	
0.90

	
1.98

	
2.743(7)

	
142




	
O12–H12E·· O11 b

	
0.92

	
2.34

	
2.950(7)

	
124




	
O15–H15O···O19

	
0.92

	
1.69

	
2.580(8)

	
163




	
O18–H18A···O17

	
0.92

	
1.90

	
2.697(7)

	
145




	
O18–H18B···N6 b

	
0.92

	
2.20

	
3.051(7)

	
153








Symmetry transformations used to generate equivalent atoms: a -y+1, x-y+1, z; b -x+y, -x+1, z.








P-tolyl fragments of the tosyl groups forming non-polar hydrophobic exterior of the cylindrical ionically bound chains are thus responsible for the interchain packing. This packing resembles a hexagonal columnar phase (Figure 9).


Figure 9. Crystal packing of 3-Ni along the crystallographic c axis.
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4. Conclusions


In this paper, we reported detailed crystal structures of four new transition metal complexes with 2-N-tosylaminobenzaldehyde azomethines bearing aliphatic amino- and alcoholic groups in the ligand’s periphery. Among them, the complexes 1-Fe and 2-Zn are monomers with the respective metal atoms adopting distorted bicapped tetrahedral configurations with very short secondary M···O contacts involving the oxygen atoms of sulfo groups. Two complexes of copper and nickel derived from the same ligand 3, viz. 3-Cu and 3-Ni, are very different structurally. Peripheral OH-groups within the ligand 3 get involved in bridging metal binding to afford a dimer with the Cu···Cu distance of 2.9484(10) Å in 3-Cu. Meanwhile, the crystal structure of 3-Ni reveals an unprecedented supramolecular architecture of Ni4O4 cubane-type cores assembled by guest cations (K+ and HNEt3+) and acetate anions. We attribute this difference in the molecular structures to different coordination preferences of Cu2+ and Ni2+. Copper ions tend to form a square planar configuration with elongated secondary interactions, whereas regular octahedral environment is strongly preferred by nickel. The abundance of water molecules in the reaction medium in the case of 3-Ni (nickel acetate tetrahydrate was used as a Ni source) is probably responsible for the fact that water is found in the composition of the complex.



This structural variability of complexes of the title family enables fine tuning of their structure-induced practically important properties, e.g., magnetic or luminescent. The respective studies are currently in progress and their results will be a subject of future papers.








Supplementary Materials


Crystallographic data for all four complexes studied have been deposited with the Cambridge Crystallographic Data Center, CCDC 1578970-1578973. Copies of this information may be obtained free of charge from the Director, CCDC, 12 Union Road, Cambridge CB2 1EZ, UK (Fax: +44 1223 336033; e-mail: deposit@ccdc.cam.ac.uk or www.ccdc.cam.ac.uk). Full crystallographic tables for the four complexes studied, including atomic coordinates, bond distance and angles are also available online at www.mdpi.com/2073-4352/7/11/325/s1.
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Scheme 1. Chemical diagrams of azomethine ligands with amine and alcoholic substituents used for the synthesis of complexes. 
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