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Nickel, copper, and zinc dinuclear helicates: how
do bulky groups influence their architecture?+

Sandra Fernandez-Farifia, 2 ® Marcelino Maneiro, ' Guillermo Zaragoza,©
José M. Seco, ()¢ Rosa Pedrido (2 ** and Ana M. Gonzalez-Noya () *?

The ligand design factors that may influence the isolation of metallosupramolecular helicates or meso-
cates still deserve to be investigated. In this sense, dinuclear nickel(i), copper(i) and zinc(i) compounds
were obtained by electrochemical synthesis using a family of five Schiff base ligands, H,L" (n = 1-5),
derived from bisphenylmethane and functionalized with bulky tert-butyl groups in the periphery and ethyl
groups in the spacer. Six of the new complexes were characterized by X-ray crystallography, thus demon-
strating that the helicate structure is predominant in the solid state. 'H NMR studies were performed for
the zinc complexes to analyze if the helical architecture of the metal complexes is retained in solution.
These studies reveal that the presence of a tert-butyl group in the ortho position with respect to the OH
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Introduction

The knowledge and understanding of how different elements
and molecules combine through diverse self-assembly pro-
cesses has led to the emergence of a new field called supramo-
lecular chemistry." Supramolecular chemistry is focused on
the design and study of those systems formed by the spon-
taneous union of two or more components through the inter-
action of non-covalent bonds, for instance, hydrogen bonds,
van der Waals forces or n-r interactions.” These interactions
are often found in nature, such as in proteins or DNA, and are
essential for the development of their main functions.’
Metal-ligand interactions are also important tools within
the supramolecular chemistry field. Depending on the orien-
tation of the parent ligand, a wide variety of metallosupra-
molecular architectures showing interesting properties and
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group is an essential factor identified for the existence of a helicate conformation in solution.

applications®” can be obtained. Among them, helicates and

mesocates have emerged as two of the most promising func-
tional metallosupramolecular architectures. Helicates are
formed by one or more organic ligands helically wrapped
around a series of metal ions defining the axis of the
helix."®*™° In contrast, mesocates are formed by two or more
ligands coordinated to metal ions without crossing each
other."” Currently, in contrast to mesocates, helicates have
been extensively studied. In this sense, a few reviews on heli-
cates can be found in the literature."®'>™> Although the prepa-
ration of helicate/mesocate architectures is relatively simple, a
single controlled route to achieving helicate versus mesocate has
not yet been established. In recent years, some of the factors
that govern the self-assembly processes of helicates and/or
mesocates have been identified: the coordinative preferences of
the metal ion, its size'® and hard or soft characteristic,'” the
inner design of the organic ligand,>"®'®* the temperature and
the presence of anions.”* It should be highlighted that under-
standing and controlling these factors are crucial because heli-
cate/mesocate isomers may exhibit different biological beha-
viours.>> Additionally, it has been found that the isolation of
helicoidal or meso-helicoidal architectures can be controlled by
intra- and intermolecular interactions that occur between the
ligands.?®?” In the literature there is a large variety of examples
of helicoidal architectures derived from ligands whose for-
mation is favoured by the existence of weak non-covalent n-n or
CH---x interactions.”® " Along this line, it was found that the
existence of non-covalent CH---x interactions favoured the heli-
cate-type structure, contrary to expectations, since increasing
the distance between the linking domains of the ligand should
favour the mesocate conformation.*

This journal is © The Royal Society of Chemistry 2024
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With this in mind, we have decided to delve deeper into the
factors that influence both the metal ions and the ligand
design for obtaining helical or meso-helical compounds. To
achieve that, the coordination chemistry of a family of bisphe-
nylmethane-derived Schiff base ligands (H,L", Fig. 1) has been
explored towards nickel(u), copper(u) and zinc(u) metal ions.
Schiff base ligands®® constitute one of the most used
approaches for synthesizing helicates and mesocates, as they
require cheap or easy-to-prepare starting materials and short
preparation times.'*>%3*

The long and semi-rigid bisphenylmethane-derived spacers
were successfully employed by Hannon and co-workers in the
parent ligands to prepare helicates and/or mesocates.*®>>7 In
fact, these pioneering works established that functionalization
with ethyl groups in the aromatic rings of the spacer could
foreseeably favour the formation of helicoidal species instead
of mesocates.”” In addition, different bisphenylmethane-
derived ligands leading to helical-type species are found in the
literature.*"387°

Besides, the Schiff base branches in our series H,L" (Fig. 1)
have been functionalized with tert-butyl groups in the salicy-
loyl groups (Fig. 1). We will modify the position of the tert-
butyl group with respect to the hydroxy group (para for H,L*
and H,L% and ortho for Hl?> and H,L?) and introduce a
second tert-butyl group (H,L?) to determine whether the posi-
tion and number of bulky groups prevent and/or determine
the formation of helicates or mesocates. The presence of the
alkyl groups in the skeleton of these ligands could also
improve the solubility of the species formed in apolar solvents
and thus favour their crystallization.

Experimental section
Materials and methods

All solvents, p-toluenesulfonic acid, 4,4-methylenedianiline,
4,4"-methylenebis(2,6-diethylaniline),  3-tert-butyl-2-hydroxy-
benzaldehyde, 5-tert-butyl-2-hydroxybenzaldehyde, 3,5-di-tert-
butyl-2-hydroxybenzaldehyde and nickel, copper and zinc
plates were purchased from commercial sources and were used
without purification. Melting points were determined using a
Buchi 560 instrument. Elemental analysis of compounds (C, N

o P g

2

View Article Online

Paper

and H) was carried out on a Fisons EA model 1108 analyser.
Infrared spectra were recorded from 4000 to 500 cm™" on a
Bruker FT-MIR spectrophotometer model VERTEX 70V in the
solid state using KBr pellets. Mass spectra were obtained using
Bruker Microtof spectrometers for the ESI' technique (electro-
spray ionization in positive mode) and Bruker Autoflex for the
MALDI technique (matrix assisted laser desorption/ionization),
both coupled to a time-of-flight (TOF) analyser. Room-temp-
erature magnetic susceptibilities were measured using a
digital measurement system MSB-MKI vibrating magnet-
ometer. Tetrakis(isothiocyanato)cobaltate(u) was employed as a
susceptibility standard. A Varian Inova 400 spectrometer was
employed to record the "H NMR spectra operating at room
temperature using acetone-ds as a deuterated solvent.
Chemical shifts are reported as & (in ppm).

Synthesis and characterization of the Schiff base ligands H,L"

The Schiff base ligands H,L" (n = 1-5) have been prepared by a
condensation reaction between two equivalents of the corres-
ponding hydroxyl-benzaldehyde functionalized with tert-butyl
groups and one equivalent of the amine compound
(Fig. S13t), following the same procedure previously reported
for H,L' 1 and H,L” 2 ligands.*! All the ligands have been fully
characterized by melting point determination, elemental ana-
lysis, infrared spectroscopy, mass spectrometry and "H NMR
spectroscopy techniques, as well as by X-ray diffraction in the
cases where it was possible to obtain quality crystals.

H,L? 3. Yield: 1.38 g (87%); m.p.: 190-195 °C; elemental ana-
lysis: % theoretical (C43H54N,0,) C, 81.9; N, 4.4; H, 8.6; experi-
mental C, 81.3; N, 4.4; H, 9.2; IR (cm™") v: 3435 s (O-H), 2958 vs.
(C-H), 1618 vs. (C=N), 1250 m (C-O), 820 w (CH,); MALDI-TOF
(m/z) 631.1 [H,L* + H]"; "H-NMR (400 MHz, acetone-dg, 6 (m, nH,
Hx, J)): 13.88 (s, 2H, H,), 8.90 (s, 2H, H,), 7.50 (bs, J = 2.3 Hz, 2H,
H;), 7.46 (bs, J = 2.3 Hz, 2H, H,), 7.31 (bs, 8H, H; + Hg), 4.08 (s,
2H, H,), 1.47 (s, 18H, Hy), 1.33 (s, 18H, H,).

H,L* 4. Yield: 0.405 g (81%); m.p.: 165-170 °C; elemental
analysis: % theoretical (C43H54N,0,) C, 81.9; N, 4.4; H, 8.6;
experimental C, 80.7; N, 4.3; H, 8.4; IR (cm™) v: 3395 vw (O-
H), 2963 s (C-H), 1628 vs. (C=N), 1265 s (C-0), 824 m (CH,);
ESI" (m/z) 631.4 [H,L* + H]'; "H-NMR (400 MHz, acetone-dg, &
(m, nH, Hx, J)): 12.79 (s, 2H, H,), 8.56 (s, 2H, H,), 7.61 (d, J =
2.2 Hz, 2H, H,), 7.52 (dd, J = 8.7, 2.4 Hz, 2H, H,), 7.09 (s, 4H,

\N O \N /

Fig. 1 Synthesized Schiff base ligands H,L".
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H;), 6.94 (d, J = 8.7 Hz, 2H, Hg), 3.94 (s, 2H, H;), 2.53 (4, /= 7.5
Hz, 8H, Hg), 1.47 (s, 18H, H,); 1.12 (t, J = 7.5 Hz, 12H, H,,). By
slow evaporation of the mother liquor during the synthesis of
the ligand in ethanol, colourless prisms suitable for X-ray diffr-
action studies were obtained H,L* 4*.

H,L’ 5. Yield: 0.431 g (86%); m.p.: 110-115 °C; elemental
analysis: % theoretical (C,;3H54N,0,) C, 81.9; N, 4.4; H, 8.6;
experimental C, 79.8; N, 4.5; H, 8.9; IR (cm™) v: 3433 vw (O-
H), 2964 s (C-H), 1618 vs. (C=N), 1190 s (C-0), 750 m (CH,);
ESI" (m/z) 631.4 [H,L® + H]"; "H-NMR (400 MHz, acetone-d, &
(m, nH, Hx, J)): 13.82 (s, 2H, H,), 8.54 (s, 2H, H,), 7.45 (dd, J =
7.8, 1.2 Hz, 2H, H,), 7.41 (dd, J = 7.8, 1.5 Hz, 2H, H,), 7.11 (s,
4H, Hs), 6.93 (t,J = 7.8 Hz, 2H, Hg), 3.95 (s, 2H, H;), 2.54 (¢, ] =
7.5 Hz, 8H, Hy), 1.47 (s, 18H, Hy); 1.13 (t,J = 7.5 Hz, 12H, Hy,).
By slow evaporation of the mother liquor during the synthesis
of the ligand in ethanol, colourless prisms suitable for X-ray
diffraction studies were obtained H,L® 5*.

Synthesis and characterization of helicates

The electrochemical synthesis of nickel, copper, and zinc
neutral helicates was performed using an electrochemical cell
and a power supply to regulate the intensity (10 mA) and the
potential (10-15 V) of the reaction.*" The cell contains a solu-
tion of the Schiff base ligand in acetonitrile, along with a
small quantity of tetraethylammonium perchlorate (10 mg) to
act as a conductive electrolyte. The electrochemical reaction
involves reduction of the ligand at the platinum cathode and
oxidation of the metal anode. The electrochemical cell is
depicted as follows:

Pt(—)|H,L" + acetonitrile[M(+)

The proposed mechanism for the formation of the neutral
helicates [M,(L),] involves two electrons per ligand, as shown
below.

Cathode : 2H,L" 4+ 4e~ — 2(L")*” + 2H,(g)
Anode : 2M — 2M>T + 4e”
Global : 2(L")*” +2M*" — [M,(L"),]

The main analytical and characterization data of the com-
plexes are given below.

[Niy(LY),]'H,0 6. Yellow solid. Yield: 0.071 g (59%); m.p.: >
300 °C; E¢f = 0.5 mol F'; elemental analysis: % theoretical
(C70H74N405Ni,) C, 72.0; N, 4.8; H, 6.4; experimental C, 70.9;
N, 4.7; H, 6.1; IR (cm™") u: 3435 s (O-H); 2958 m (C-H); 1620
vs. (C=N); 1261 m (C-O); 833 m (CH,); MALDI-TOF (m/z):
1151.3 [Niy(LY), + H], 1726.5 [Niz(LY); + H]'; ptege = 3.1 B.M.

[Niy(L?),]'H,0 7. Orange solid. Yield: 0.069 g (58%); m.p.: >
300 °C; E¢f = 0.5 mol F'; elemental analysis: % theoretical
(C70H74N405Ni,) C, 72.0; N, 4.8; H, 6.4; experimental C, 71.3;
N, 4.7; H, 6.4; IR (cm™") v: 3433 vs. (O-H); 2957 m (C-H); 1607
vs. (C=N); 1271 w (C-O); 752 m (CH,); MALDI-TOF (m/z):
1151.5 [Niy(L?), + H]'; ptesr = 3.0 B.M. By slow evaporation of the
mother liquor during the synthesis, brown crystals suitable for
X-ray diffraction studies were obtained [Ni,(L*),]-CH;CN 7*.
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[Ni,(L?),] 8. Orange solid. Yield: 0.064 g (59%); m.p.: decom-
poses at 230 °C; Er = 0.5 mol F~*; elemental analysis: % theore-
tical (CgeH104N4O4Ni,) C, 75.1; N, 4.1; H, 7.6; experimental C,
73.0; N, 3.9; H, 7.8; IR (cm™) v: 2956 s (C-H); 1614 s (C—=N);
1255 m (C-0); 837 w (CH,); MALDI-TOF (m/z): 688.7 [Ni(L?) +
H]'; pest = 3.4 B. Recrystallization in dichloromethane yielded
yellow prisms suitable for X-ray diffraction studies
[Ni,(L?),]-2CH,Cl, 8*.

[Niy(L*),]'H,O 9. Green solid. Yield: 0.062 g (54%); m.p.:
255 °C; Ef = 0.6 mol F'; elemental analysis: % theoretical
(CgeH106N405Ni,) C, 74.1; N, 4.0; H, 7.7; experimental C, 72.6;
N, 3.9; H, 7.5; IR (cm™') v: 3442 m (O-H); 2963 s (C-H); 1618
vs. (C=N); 1267 m (C-O); 831 w (CH,); MALDI-TOF (m/z):
1375.8 [Niy(L*), + H]; pegr = 3.2 B.M.

[Ni,(L%),] 10. Brown solid. Yield: 0.065 g (59%); m.p.: 225 °C;
Ee = 0.5 mol F'; elemental analysis: % theoretical
(CgeH104N4OgNi,) C, 75.1; N, 4.1; H, 7.6; experimental C, 74.3;
N, 3.9; H, 7.3; IR (cm™") vz 2967 s (C-H); 1605 s (C—=N); 1269 w
(C-0); 853 w (CH,); MALDI-TOF (m/z): 1375.7 [Niy(L), + H[;
Hegs = 3.3 B.M.

[Cuy(L?),]'H,0 11. Brown solid. Yield: 0.075 g (65%); m.p.:
200 °C; Ef = 0.5 mol F'; elemental analysis: % theoretical
(CgeH106N405Cu,) C, 73.6; N, 4.0; H, 7.6; experimental C, 74.3;
N, 3.9; H, 7.4; IR (KBr, cm '): v = (O-H) 3444 (d), (C-H) 2954
(f), (C=N) 1614 (f), (C-0) 1255 (m), (CH,) 833 (d); MALDI-TOF
(m/z) 694.5 [Cu(L?) + H], 1386.9 [Cuy(L?), + H]'; per = 1.7 BM.
By slow evaporation of the mother liquor during the synthesis,
brown crystals suitable for X-ray diffraction studies were
obtained [Cu,(L?),]-2CH;CN 11*,

[Cuy(L*),] 12. Brown solid. Yield: 0.059 g (51%); m.p.:
260 °C; Ef = 0.5 mol F'; elemental analysis: % theoretical
(CgeH104N404Cu,) C, 71.4; N, 3.9; H, 7.8; experimental C, 68.8;
N, 3.7; H, 7.5; IR (KBr, cm™"): v = (C-H) 2963 (m), (C=N) 1618
(m), (C-0) 1267 (d), (CH,) 835 (d); MALDI-TOF (m/z) 691.5 [Cu
(LY + H]', 1386.9 [Cu,(L*), + H]'; pregr = 1.9 B.M.

[Cuy(L),]'H,0 13. Brown solid. Yield: 0.074 g (67%); m.p.:
220 °C; Ef = 0.5 mol F'; elemental analysis: % theoretical
(CgeH104N404Cu,) C, 71.4; N, 3.9; H, 7.8; experimental C, 72.3;
N, 3.9; H, 7.3; IR (KBr, cm™"): v = (C-H) 2963 (m), (C=N) 1603
(mf), (C-0O) 1184 (m), (CH,) 750 (d); MALDI-TOF (m/z) 691.3
[Cu(L®) + HJ", 1386.6 [Cu,(L®), + H]". pegr = 1.8 B.M. By slow
evaporation of the mother liquor during the synthesis, brown
crystals suitable for X-ray diffraction studies were obtained
[Cu,(L°),]-2CH;CN 13*,

[Zny(LY),] 14. Yellow solid. Yield: 0.071 g (59%); m.p.: >
300 °C; Ef = 0.5 mol F'; elemental analysis: % theoretical
(C70H7,N404Zn,) C, 72.2; N, 4.8; H, 6.2; experimental C, 70.1;
N, 4.5; H, 6.6; IR (cm™) v: 3435 s (O-H); 2959 m (C-H); 1618 s
(C=N); 1263 m (C-O); 833 m (CH,); MALDI-TOF (m/z): 581.9
[Zn(L") — HJ', 1165.3 [Zny(LY), + H]', 1745.4 [Zn,4(L"); + H];
"H-NMR (400 MHz, acetone-d¢) §/ppm: 8.63 (sp, 2H, H,), 7.50
(S, 2H, Hyy), 7.39 (Sp, 2H, Ha,), 6.94 (s, 8H, Hyay), 6.84 (s, 2H,
Hy.), 3.87 (s, Hg), 1.32 (sp, 18H, Hy). Recrystallization in a
mixture of dichloromethane:methanol (1:1) yielded yellow
prisms suitable for X-ray diffraction studies
[Zn,(L"),]-2.8CH;0H 14*.

This journal is © The Royal Society of Chemistry 2024
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[Zny(L?),] 15. Yellow solid. Yield: 0.065 g (58%); m.p.: >
300 °C; E¢f = 0.5 mol F'; elemental analysis: % theoretical
(C70H7,N404Zny,) C, 72.2; N, 4.8; H, 6.2; experimental C, 69.1;
N, 5.0; H, 6.0; IR (cm™") v: 2955 w (C-H); 1614 w (C=N); 1292
yw (C-0); 752 w (CH,); MALDI-TOF (m/z): 581.9 [Zn(L?) — H]',
1165.3 [Zny(L?), + H]', 1745.4 [Zns(L*); + H]; 'H-NMR
(400 MHz, acetone-dg) 6/ppm: 8.59 (s, 2H, H,), 7.42 (m, Hy,),
7.28 (d, 2H, Hy,), 6.94 (s, 8H, H; + Hy), 6.63 (t, 2H, H,), 3.87 (s,
Hg), 1.48 (s, 18H, Hy).

[Zny(L%),] 16. Yellow solid. Yield: 0.071 g (72%); m.p.:
270 °C; E¢f = 0.5 mol F'; elemental analysis: % theoretical
(CgeH112N405Zn,) C, 70.7; N, 3.8; H, 7.7; experimental C, 68.6;
N, 3.6; H, 7.3; IR (cm™") v: 3442 m (O-H); 2958 m (C-H); 1616
s (C=N); 1253 m (C-0); 789 w (CH,); MALDI-TOF (m/z): 1389.0
[Zn,(L?), + H]"; "H-NMR (400 MHz, acetone-d,) §/ppm: 8.60 (s,
2H, Hy), 7.56 (sa, 2H, H3), 7.26 (s,, 2H, Hy), 6.94 (s,, 8H, Hy,),
3.87 (s, Hs), 1.50 (s, 18H, Hg), 1.33 (s, 18H, H-).

[Zny(L*),] 17. Yellow solid. Yield: 0.060 g (54%); m.p.:
265 °C; Ef = 0.6 mol F'; elemental analysis: % theoretical
(Cg6H104N404Zn,) C, 74.4; N, 4.0; H, 7.5; experimental C, 73.1;
N, 3.9; H, 7.3; IR (cm™") v: 2963 s (C-H); 1622 vs. (C=N);
1260 m (C-O); 833 w (CH,); MALDI-TOF (m/2): 1389.6 [Zn,(L*),
+ H]'; "H-NMR (400 MHz, acetone-dg) §/ppm: 8.25 (s, 2H, H,),
7.61-6.66 (m, 10H, Hy,), 3.99 (s, H;), 2.53 (¢, 8H, Hg), 1.27 (m,
18H, Ho), 0.77 (t, 12H, Hy,).

[Zn,(L),]-H,0 18. Yellow solid. Yield: 0.052 g (46%); m.p.:
225 °C; Ef = 0.7 mol F'; elemental analysis: % theoretical
(Cg6H106N405Zn,) C, 73.4; N, 4.0; H, 7.6; experimental C, 73.1;
N, 3.8; H, 7.4; IR (cm™") v: 3442 m (O-H); 2965 s (C-H); 1607
vs. (C=N); 1180 m (C-O); 750 m (CH,); MALDI-TOF (m/z):
1388.6 [Zn,(L%), + H]"; "H-NMR (400 MHz, acetone-de) 6/ppm:
8.22 (s, 2H, H,), 7.46-7.36 (m, Hy,), 7.20 (d, Hy,), 7.15-7.13 (m,
Hy,), 6.69 (Sa, Har), 6.55 (t, 2H, Hy), 4.01 (s, H;), 2.54 (¢, Hg),
1.44 (s, Hy), 0.84 (t, Hyo). By slow evaporation of the mother
liquor during the synthesis, brown crystals suitable for X-ray
diffraction studies were obtained [Zn,(L%),]-2CH;CN 18*,

Crystallographic data collection

Crystallographic data for ligands H,L* 4* and H,L’ 5* and
compounds 7*, 8% 11* 13*, 14* and 18* were collected at
100 K on a Bruker D8 VENTURE diffractometer equipped with
a CCD detector, using a MoK(a) graphite monochromator (1 =
0.71073 A). The data were treated using APPEX3v2018.7-2 soft-
ware for all compounds, except for complex 8* and 11*, which
were treated using APPEX2 (Bruker AXS). In all cases, an
absorption correction (SADABS)*? was applied to the measured
reflections. The H,L> structure was solved using SHELXT 2014/
5, while the remaining structures were solved with
SHELXT2018/2.2. All structures were refined using
SHELXL2018/3,"* with the exception of the 11* structure,
which was refined using SHELX12016/6.*> Hydrogen atoms
were included in the model at geometrically calculated and
refined positions. The images included in this chapter were
prepared using Mercury.*> CCDC 2321087-2321094 contain
the supplementary crystallographic data for the compounds.

This journal is © The Royal Society of Chemistry 2024
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Results and discussion
Schiff base ligands H,L"

The family of Schiff base ligands named H,L" (n = 1-5, Fig. 1)
is potentially dianionic with two bidentate [NO] domains sep-
arated by a semi-rigid aromatic spacer. The ligands were fully
characterized using a wide variety of techniques, as detailed in
the Experimental section and in Fig. S1-S3 and Tables S1 and
S2, (ESI).t

The study of the ligand crystal structures is relevant since it
allows us to explore the conformational changes that should
be undergone to coordinate to the metal ions. Previous studies
showed that the presence of a large spacer determined that
each of the [NO] linker domains of the ligand coordinated to
different metal ions, giving rise to dinuclear helicoidal or
meso-helicoidal structures.*®

Quality crystals valid for X-ray diffraction studies of ligands
H,L* 4* (Fig. 2) and H,L®> 5* (Fig. 3) were obtained by slow
evaporation of the ethanol mother liquors during the syn-
thesis. Due to the similarity of their structures, both will be
discussed together below.

The structures show discrete molecules crystallizing in the
triclinic P1 system. In both ligands the two branches exhibit
an E configuration with respect to the imine bonds and a syn-
type conformation, with respect to the spacer, with the two
ligand branches oriented toward the same side. This confor-
mation is achieved by the establishment of strong intra-
molecular hydrogen bonds*” involving the imine nitrogen of
each ligand branch and the phenol group (H,L* 4*: 02-
H20---N2 2.574 A, O1-H10---N1 2.615 A and H,L’ 5% O2-
H20---N1 2.586 A, O1-H10---N2 2.565 A). These interactions
are different in the two ligands due to the opposite orientation
adopted by the phenol ring as a consequence of the position
of the tert-butyl group (ortho or para). In the case of an ortho

Fig. 2 Stick representation of the ligand H,L* 4* showing the syn
configuration of its branches and the intramolecular hydrogen bonds.

Fig. 3 Stick representation of the ligand H,L® 5* showing the syn
configuration of its branches and the intramolecular hydrogen bonds.
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substitution a rotation around the C=N bond is required to
avoid unfavourable steric hindrance. The imine and phenol
distances are in the usual range found in Schiff base
ligands.*®*°

Assembly of nickel(u), copper(u) and zinc(u) complexes

The next step was the preparation of the nickel, copper and
zine derived complexes with the ligands of the series H,L". It
is well known that metal ions would have their own coordina-
tive preferences and different affinities to donor atoms, so the
use of metal ions with different electronic configurations
could lead to distinct metallosupramolecular structures.

The Cu®" metal ion is a d° system that could exhibit
different coordination geometries: square-planar or tetrahedral
(four-coordinate), square pyramidal or trigonal bipyramidal
(five-coordinate) or octahedral (six-coordinate). It is important
to mention that the Cu(u) complexes derived from the ligands
H,L' and H,L? were previously reported by us.*' Both com-
plexes were found to be similar tetracoordinated helicates
[Cu,(L'?),]-xCH;CN showing a distorted tetrahedral environ-
ment. In that work we observed that the position of the bulky
t-butyl groups influenced the intermolecular Cu-Cu distance
in the extended structures and their magnetic behaviour.

Our study was completed with Ni*", whose electronic con-
figuration is d®. The preferential coordination spheres of Ni**
are six-coordinate (octahedral geometry)'®*° or four-coordinate
complexes with planar-square if the ligand-field is strong.>!
However, there are also some examples of tetrahedral geome-
tries.”*> We have also chosen the softer acid Zn** ion, a d'°
system whose geometrical preferences are more variable: octa-
hedral (six-coordinate),>® pentacoordinate with a square-based
pyramidal geometry,>*>> or the most common type, the tetra-
hedral geometry (four-coordinate)."®>*

The neutral nickel, copper and zinc complexes derived from
the Schiff base ligand series H,L" were prepared using an
electrochemical methodology.*' The isolated complexes are
powdery solids stable to light and air. Both analytical and spec-
troscopic data allow us to propose dinuclear stoichiometry
[M,(L"),] for the complexes, with the ligands being bound to
the metal ions in their dianionic [L”]*~ form. The IR spectra of
the complexes exhibit some shifting in the 1(C=N) and v(C-0O)
bands, thus indicating that the ligand coordinates to the metal
ion via the imine nitrogen and phenolic oxygen atoms. The
dinuclear nature of these complexes was additionally con-
firmed by MALDI-TOF (+) mass spectrometry experiments as
peaks corresponding to the dinuclear fragments [M,(L"), + H]*
were observed (Fig. S4-S87).

X-ray diffraction studies

The X-ray diffraction technique allowed us to analyse whether
the number and position of the bulky groups of the ligands
and the nature and coordinative preferences of the metal ion
influence the final architecture of the complexes. Slow evapor-
ation of the mother liquors during the synthesis of 7, 11, 13
and 18, and recrystallization in dichloromethane (solid 8) or
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Fig. 4 Spacefill representation of the [Ni(L?),]-CHsCN 7* complex,
showing the helicoidal structure common to all the complexes studied
by X-ray diffraction.

dichloromethane : methanol (solid 14) allowed us to obtain
valid crystals for X-ray diffraction studies.

All the structures show four-coordinate dinuclear neutral
helicate-type architecture (Fig. 4) formed by two strands of the
dianionic ligand [L"]*~, which cross-coordinate around the two
M(u) ions [M = Ni, Cu, and Zn].

Specifically, the structures revealed the formation of dinuc-
lear neutral helicates [Niy(L?),]CH;CN 7* (Fig. 5),
[Niy(L*),]-2CH,Cl, 8* (Fig. 6), [Cu,(L*),]-2CH;CN 11* (Fig. 7),
[Cuy(L%),]-3CH;CN  13* (Fig. 8), [Zn,(L'),]-2.8CH;0H 14*
(Fig. 9) and [Zn,(L°),]-2CH;CN 18* (Fig. 10). Tables S3-S87
summarize the most relevant distances and angles.

The six crystal structures are similar so, in order to avoid
repetitive descriptions, we will only describe in detail the zinc
complex [Zn,(L"),]-2.8CH;0H 14* (Fig. 9), highlighting only
some structural facts that could be attributed to the substi-
tution in the remaining complexes.

The molecular structure of 14* (Fig. 9) shows a non-centro-
symmetric dinuclear neutral Zn** complex. The two H,L'
ligands are helically arranged around the two Zn>* ions, so
these metal centres have the same absolute configuration. The
two enantiomers are present in the crystal cell as a racemate.
The Schiff base ligands act in such a way that each of their
bidentate [NO] branches coordinate to a different metal ion

Fig. 5 Crystal structure of the nickel(n) helicate [Ni(L?),-CHsCN 7*.
Solvent molecules and hydrogen atoms have been omitted for clarity.

This journal is © The Royal Society of Chemistry 2024
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Fig. 6 Crystal structure of the nickel(i) helicate [Ni»(L®),]-2CH,Cl, 8*.
Solvent molecules and hydrogen atoms have been omitted for clarity.

Fig. 7 Crystal structure of the copper(i) helicate [Cu,(L®),]-2CH5CN 11*.
Solvent molecules and hydrogen atoms have been omitted for clarity.

Fig. 8 Crystal structure of the copper(i) helicate [Cu,(L%),]-3CH3CN
13*. Solvent molecules and hydrogen atoms have been omitted for
clarity.

giving rise to a distorted tetrahedral geometry [#109.5°]. The
O-M-N bond angles clearly show the distortion of the tetra-
hedral geometry (Table S71). The main bond distances Zn-O
and Zn-N are in the expected ranges for complexes derived
from Schiff base ligands with phenol groups®® with the Zn-O

This journal is © The Royal Society of Chemistry 2024
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Fig. 9 Crystal structure of the zinc(i) helicate [Zn,(LY),]-2.8CH3OH 14*.
Solvent molecules and hydrogen atoms have been omitted for clarity.

Fig. 10 Crystal structure of the zinc(i) helicate [Zn,(L%),]-2CHsCN 18*.
Solvent molecules and hydrogen atoms have been omitted for clarity.

distance being slightly shorter than Zn-N distance (Table S77).
The intermetallic distance Zn----Zn (11.639 A) is similar to the
distance between the zinc ions in dinuclear helicoidal com-
pounds and does not deserve further comments.>®

On the other hand, hydrogen bonds are established
between the O3 and O4 phenolic oxygens of the helicate
ligands and two methanol molecules. In line with this, one of
the solvent molecules forms a hydrogen bond with an adjacent
methanol molecule [06-H6---03 2.74 A, 05-H5---04 2.76 A
and 06-H6---07 2.74 A] (Fig. S91). Additionally, the existence
of eight aromatic rings in each helicate makes it necessary to
explore aromatic n-n or CH----x stacking interactions. Thus,
there are weak n—7 interactions between the aromatic rings of
the two ligands that contribute to the stabilization of the heli-
coidal structure [the distance between centroids: 4.48 A and
4.63 A] (Fig. S91).

In the case of the crystal lattice of [Zn,(L"),]-2.8CH;OH 14*
(Fig. 11), intermolecular n—rn interactions are observed between
the aromatic rings of the spacer of adjacent helicates (a cen-
troid—centroid distance of 3.95 A), with these interactions
being stronger than the intramolecular ones (centroid to cen-
troid distances: 4.2 and 4.6 A).°” Additionally, these inter-
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Fig. 11 Intermolecular n-stacking interactions in the crystal lattice of
the complex [Zn,(LY),]-2.8CHsOH 14*,

actions are observed between one of the phenyl rings of the
spacer and the aromatic ring of a linker domain (centroid—cen-
troid distances of 3.59 and 3.44 A).

In addition, CH---n interactions between the aromatic ring
of one of the ligand branches and one of the tert-butyl substi-
tuents of the adjacent helicate can be observed in the crystal-
line packing of [Zn,(L"),]-2.8CH;OH 14*, (Fig. S107).

It should be noted that the six helicoidal structures studied
exhibit similar packing patterns to the 14* helicate, except in
the case of the [Zn,(L*),]-2CH;CN 18* helicate (Fig. 10), where
the stacking distances are much longer.

Additionally, as can be seen in Fig. S11-S147, the complexes
with tert-butyl groups in the ortho position to the phenol groups
(7*, 8%, 11*, 13*, and 18*) exhibit hydrogen bonds between the
CH; of the tert-butyl groups and the phenolic oxygens.
Additionally, the crystal structure derived from the H,L’> ligand
functionalized with ethyl groups on the spacer exhibits CH:---n
interactions between the ethyl groups and the aromatic rings of
the adjacent ligand spacer (Fig. S13 and S147).

The obtainment of dinuclear helicates in all these cases
shows that the position and/or the number of bulky groups in
the ligands does not affect the type of structure isolated, but it
does affect the microstructure of the helicates.

Our results demonstrated that the functionalization of the
ligands with ethyl substituents in the spacer (H,L4 and H,L’)
generates new intramolecular non-covalent CH:--x interactions
between the CH, of the ethyl groups and the aromatic rings of
the spacer of the adjacent ligand, which could additionally
favour the helicoidal conformation in the compounds.

Furthermore, the results demonstrate that the use of metal
ions with different natures (Cu®>*, Ni** and Zn>") does not
affect the arrangement of the ligands around the metal
centres. In all cases, helicate architectures were achieved, indi-
cating that the variation from Cu®* to Ni*" to a similar-sized
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metal ion Zn**, with no ligand-field stabilization energy, does
not affect the macrostructure of the compounds.

If we check the coordination kernels in the two pairs of Ni
(1), Cu(u) and Zn(u) helicates we can see that the Zn(u) heli-
cates show a distorted tetrahedral geometry in both cases (14*:
7Znl = 0.85, 7Zn2 = 0.76, Table S7;i 18% 7Znl = 0.82,
Table S8t), and the metal ions in the Cu(u) helicates exhibit
intermediate 7, values (11*: zCul = 0.43; 13*: zCul = 0.58,
7Cu2 = 0.42).°® However, in the case of the Ni(u) helicate
[Niy(L?),]-CH5CN 7*, this exhibits a distorted tetrahedral geo-
metry around one of the nickel ions (Ni1) and a distorted
square-planar geometry around the second metal ion
(Table S3,f 7Ni1 = 0.76; zNi2 = 0.30) whereas a distorted
square-planar environment around both Ni** metal ions was
found in the case of [Niy(L%),]-2CH,Cl, 8* (Table S4,} ¢Ni1 =
0.28). In this case, the presence of one (H,L?) or two tert-butyl
groups (H,L?) in the periphery of the ligands does affect the
microstructure of the nickel complexes obtained.

H NMR studies

Hannon and co-workers®” have a wide experience in the prepa-
ration of helicate/mesocate complexes with bisphenylmethane
derived ligands. In these studies, they stated that a careful ana-
lysis of the "H NMR spectrum in the aliphatic region may be
indicative of the exclusive presence of the mesocate and heli-
cate conformations (Fig. 12) in solution, or the coexistence of
both forms.

In this sense, they concluded that if the ligand spacer is not
functionalised with alkyl substituents in the phenyl rings, a
mixture of helicate-mesocate is shown, whereas when adding
bulky groups (ethyl and methyl) to the ligand spacer, the
mesocate architecture is precluded. This could be explained by
the ligand twisting induced by the alkyl groups and also by the
establishment of new CH:--m intermolecular interactions
which favour the helicate-type architecture (dinuclear and tri-
nuclear with Me, and dinuclear with Et).

What happens if we also introduce bulky groups in the
ligand branches? Trying to go a step further we studied the ali-
phatic methylene region for the series of the zinc complexes
14, 15, 16, 17 and 18 in order to explore whether the helical
structure observed in the solid state is maintained in solution.

The zinc complex 14 [Zn,(L"),] derived from the ligand with
the para tert-butyl group position shows a central singlet signal
corresponding to the helicate-type conformation and four
additional satellite signals that could correspond to mesocate
species (Fig. 13), thus confirming that both species co-exist in
solution. Therefore, the presence of an external tert-butyl
group together with the non-substituted spacer does not tip

X X X &

Helicate Mesocate

Fig. 12 Helicate (left) and mesocate (right) conformations.

This journal is © The Royal Society of Chemistry 2024
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Fig. 13 'H NMR spectrum of the CH, group aliphatic region of
[Zn,(LY),] 14 (400 MHz, r.t., acetone-de).

Helicate

3 ot 3% 3o ™ 37 7
ppm

Fig. 14 'H NMR spectrum of the CH, group aliphatic region of
[Zn,(L),] 18 (400 MHz, r.t., acetone-ds).
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the balance towards the mesocate or helicate species that co-
exist in solution.

In contrast, the zinc complexes 15, 16, 17 and 18 show one
singlet, thus indicating the exclusive presence of the helicate
species in solution only (Fig. 14). These experimental obser-
vations indicate that in the absence of bulky groups in the
spacer, the equilibrium of helicate/mesocate is displaced to
helicate after functionalization of the external rings with a tert
butyl group in the ortho position to the phenol.

Likewise, in the case of the zinc complexes derived from
the ligands functionalised with the ethyl groups in the spacer
rings, [Zn,(L*),] 17 and [Zn,(L%),] 18, the helicate-type struc-
ture is also confirmed by the appearance of four signals corres-
ponding to diastereotopic ethyl CH, protons (Fig. 15).

Thus, two of the signals appear at low field with respect to
the free ligand and the remaining two signals appear at high

Table 1 Summary of the deduced helix of the meso-helical nature of
the Zn(1) compounds 14—18 from *H NMR spectroscopy

Complex Species Spacer rings Salicyloyl rings

14 Hel/Mes ﬁ@k
HO’

15 Hel ﬁA ® A
Ho Y

16 Hel /j/‘E)<
HO'

17 Hel t ' ) ' J ﬁ©)<
HO

18 Hel \E,A,i /jEE

SAS o

Hel = Helicate; Mes = Mesocate.

35 3.2 29

26 2.3 2.0 17 14 1.1 0.8
ppm

Fig. 15 'H NMR spectrum of the aliphatic region of [Zn»(L%),] 18 (400 MHz, r.t., acetone-dsg).

This journal is © The Royal Society of Chemistry 2024
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field. In addition, two signals corresponding to the CH; of the
ethyl groups are observed, one of which appears unshielded
with respect to the free ligand due to the existence of
n-stacking interactions along the crystal lattice.””

Therefore, the results of these NMR studies allow us to
deduce that the driving factor determining the existence in
solution of helicate or a helicate-mesocate mixture does not
reside exclusively in the spacer, as the introduction of an ortho
bulky group on the external surface of the helicate displaces
the equilibrium of helicate-mesocate towards the helicate
(Fig. 14 and Table 1). However, the introduction of ethyl
groups in the ligand spacer still sterically favours the for-
mation of helicates, independently of the presence of bulky
groups in the periphery of the complex (Fig. 15 and Table 1).

Conclusions

Dinuclear nickel(u), copper(n) and zinc(u1) complexes were iso-
lated using an electrochemical methodology from a family of
five Schiff base ligands derived from bisphenylmethane and
functionalized with bulky tert-butyl groups. The introduction
of bulky groups on both the spacer and ligand branches
favours the formation of dinuclear helicates. From the six
crystal structures reported in this work, we can conclude that
small modifications of the ligands do not affect the macro-
structure of the compounds, all of them being helicates.
However, the microstructure, e.g., the metal ion environment,
could be altered in some cases. Besides, the introduction of
ethyl substituents in the spacer provides new intramolecular
interactions that stabilize the helicate-type architecture of the
compounds. Furthermore, the 'H NMR study reveals that the
presence of the tert-butyl group in the ortho position with
respect to the OH group is essential for the maintenance of
the helicate conformation in solution.
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