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zinc(II) complexes†

Nina Podjed, a Barbara Modec, *a Maŕıa M. Alcaide b and Joaqúın López-
Serrano b

A seemingly simple combination of [Zn(quin)2(H2O)] (quin� ¼ quinaldinate) and a selected secondary cyclic

amine, piperidine (pipe), pyrrolidine (pyro) or morpholine (morph), afforded in acetonitrile a number of

products: anionic homoleptic quinaldinate, neutral heteroleptic quinaldinate/amine and quinaldinate/

amidine complexes. The piperidine and pyrrolidine systems underwent reaction with acetonitrile to give

amidines. The in situ formed piperidinoacetamidine (pipeam) or pyrrolidinoacetamidine (pyroam)

coordinated to zinc(II). Reactions with piperidine led to trans-[Zn(quin)2(pipe)2]$2CH3CN (1),

[Zn(quin)2(pipe)]$cis-[Zn(quin)2(pipe)2] (2), pipeH[Zn(quin)3]$CH3CN (3), [Zn(quin)2(pipeam)]$CH3CN (4a),

[Zn(quin)2(pipeam)]$2CHCl3 (4b), pipeamH[Zn(quin)3] (5) and pipeamH[Zn(quin)2(CH3COO)]$acetamide

(6) (pipeH+ and pipeamH+ denote protonated amine or amidine). By analogy, [Zn(quin)2(pyro)2] (7), pyroH

[Zn(quin)3]$CH3CN (8), pyroH[Zn(quin)2Cl] (9), [Zn(quin)2(pyroam)]$CH3CN$0.5pyroam$0.5H2O (10a),

[Zn(quin)2(pyroam)]$2CHCl3 (10b), [Zn(quin)2(pyroam)]$CH2Cl2 (10c) and pyroamH[Zn(quin)3] (11) were

obtained in the pyrrolidine reactions. The morpholine system allowed isolation of only two novel

products, trans-[Zn(quin)2(morph)2] (12) and morphH[Zn(quin)3]$CH3CN (13). Importantly, no amidine

could be isolated. Instead, in autoclaves at 105 �C morpholine degraded to ammonia, as confirmed by

mass spectrometry of the gas phase. pyroamH[Zn(quin)3] exists in two polymorphs which differ in the

binding modes of quinaldinate ligands. In 11triclinic, the metal ion of [Zn(quin)3]
� features a five-

coordinate environment, whereas that in 11monoclinic is surrounded by six donors. Stabilities of the

[Zn(quin)3]
� isomers were assessed with DFT calculations. The one with a six-coordinate zinc(II) ion was

found to be more stable than its five-coordinate counterpart. Favorable intermolecular interactions in

the solid state stabilize both and reduce the energy difference between them. The calculations show the

conversion of the five-coordinate [Zn(quin)3]
� into its coordinatively saturated isomer to be an almost

barrierless process.
Introduction

Zinc is an essential trace element that is vitally important for all
living beings. The fundamental motive for extensive interest in
ology, University of Ljubljana, Večna pot
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–S20); MS of the morpholine mixtures
S35); NMR spectra and chemical shis
). Files with xyz coordinates of the
31. For ESI and crystallographic data
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18221
zinc coordination chemistry is a need for a deeper under-
standing of its biological role. Its signicance was rst discov-
ered in 1869 by Raulin, who proved that zinc is necessary for the
growth of the fungus Aspergillus niger.1 Another milestone is
represented by the discovery of zinc in the enzyme carbonic
anhydrase.2 It was not until the 1960s that zinc was established
to be essential for humans and that its deciency causes serious
health problems.3,4 Since then, its presence in thousands of
human proteins was revealed5 and hundreds of zinc enzymes
were discovered,6 belonging to all six classes dened by the
International Union of Biochemistry.7 Zinc prevalence in bio-
logical systems is due to its unique chemical properties, most of
which are ascribed to a fully occupied 3d set of orbitals. The ion
Zn2+ has an electron conguration of d10 and therefore no
ligand eld stabilization effects which would lead to stereo-
chemical preferences. As a result, zinc(II) exists in various
coordination environments, from linear to octahedral.8 This
coordination exibility allows the metal ion to meet the needs
of a wide spectrum of proteins and enzymes. The ion Zn2+
This journal is © The Royal Society of Chemistry 2020
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represents a redox inactive center which cannot participate in
the processes of electron exchange. In catalytic sites, it mainly
functions as a Lewis acid.9 According to Pearson, Zn2+ is clas-
sied as neither ‘so’ nor ‘hard’,10 and as such, is almost equally
fond of oxygen donor atoms from aspartate and glutamate,
nitrogen atoms from histidine and sulfur atoms from cysteine.9

Importantly, zinc is considered to be an element with low
toxicity. It is not just harmless in moderate amounts to the host
organisms, on the contrary, its intake is even desirable.11,12

Because of the inherent coordination exibility of zinc(II), we
introduced into our reaction system quinaldinate, throughout
the text abbreviated as quin�, a ligand that is prone to bind in
a bidentate chelating manner. This was achieved by using
[Zn(quin)2(H2O)] as a starting material.13 Its main structural
fragment, {Zn(quin)2} with two tightly bound bidentate
chelating ligands, should be preserved even at fairly robust
reaction conditions. Herewith, a limit on the number of avail-
able binding sites on zinc(II) ion and the reaction outcome was
imposed. Quinaldinate is an anion of quinoline-2-carboxylic
acid, which is commonly known as quinaldinic acid. Surpris-
ingly, a search of the Cambridge Structural Database (CSD) has
revealed that its zinc(II) complexes are fairly scarce.14 There are
reports of zinc(II) quinaldinate complexes with water,13 meth-
anol,15 dimethylsulphoxide,16 imidazole,17 1-methylimidazole,18

a tridentate N,N,S ligand,19 pyridine-based ligands20 and
recently also amino alcohols.21 The latter two systems are results
of our previous work. In continuation of our research, reactions
with selected secondary cyclic amines, piperidine, pyrrolidine
and morpholine, were investigated (Scheme 1).

The amine NH group complements, in terms of a hydrogen
bonding ability, the carboxylate of the quinaldinate ligand. The
connectivity in the solid state of thus designed complexes was
expected to be governed by the N–H/COO� hydrogen bonds.
The desired amine complexes should form on a straightforward
substitution of water in [Zn(quin)2(H2O)]. Each of the amines
would bind to a metal ion via a lone pair on nitrogen atom.
Instead, two of the amines, piperidine and pyrrolidine, reacted
with acetonitrile, used as a solvent. The product of this reaction
was amidine, found as a ligand in novel zinc(II) complexes.
Scheme 2 shows the structural formulae of amidines in general
and of piperidinoacetamidine and pyrrolidinoacetamidine,
prepared in our study.

Metal complexes with piperidinoacetamidine22,23 or pyrroli-
dinoacetamidine,24 although very rare, were known prior to this
work. However, their zinc(II) complexes were not prepared
before. The amidine formation in our reaction system has
Scheme 1 Structural formulae of cyclic amines, used in this work: (a)
piperidine (pipe), (b) pyrrolidine (pyro), (c) morpholine (morph).

This journal is © The Royal Society of Chemistry 2020
implications in the synthesis of amidines in general.25 Owing to
their reactivity, amidines are valuable precursors in the
synthesis of heterocyclic compounds and as catalysts.26 Our
study aimed to uncover the role of zinc(II) in the formation of
amidines.

Herein, a series of zinc(II) compounds with quinaldinate and
amines or amidines is presented. The series encompasses
neutral mono-amine, bis-amine, amidine complexes and ionic
compounds with protonated amines or amidines. The
compounds were characterized by IR and 1HNMR spectroscopy,
mass spectrometry and X-ray structure analysis. The ionic
compound with protonated pyrrolidinoacetamidine, pyroamH
[Zn(quin)3] (11), displayed polymorphism with the most
distinctive difference between the polymorphs being in the
binding mode of quinaldinate ligands in the [Zn(quin)3]

� ions.
Stabilities of the two forms in solution and solid state were thus
evaluated by molecular modeling methods.
Experimental
General

All reagents were purchased from commercial sources and were
used as received with the exception of acetonitrile, which was
dried over molecular sieves.27 1H NMR spectra were obtained on
a Bruker Avance III 500 at 500 MHz using (CD3)2SO (DMSO-d6)
with 0.03% of tetramethylsilane (TMS) as a solvent. All proton
spectra were referenced to the central peak of the residual
resonance for DMSO-d6 at 2.50 ppm.28 Chemical shis (d) are
given in ppm and coupling constants (J) in Hz. Multiplicities are
reported as follows: s ¼ singlet, d ¼ dublet, t ¼ triplet, m ¼
multiplet and br ¼ broad signal. Data processing was per-
formed using MestReNova program (version 11.0.4).29 High-
resolution mass spectra (HRMS) were recorded on an Agilent
6224 Accurate Mass TOF LC Mass Spectrometer. Infrared
spectra were recorded on a Bruker Alpha II FT-IR spectropho-
tometer with ATR module between 4000 cm�1 and 400 cm�1. IR
spectra are presented as they were obtained without any
corrections made. Microanalyses (C, H, N) were performed on
a PerkinElmer 2400 II analyzer. Starting compound
[Zn(quin)2(H2O)] was synthesized as previously described.21

Almost all compounds crystalize with solvent molecules of
crystallization. No solvate is stable outside of the mother liquor.
In each case, a partial or a complete loss of solvent molecules of
crystallization was observed. The yields are thus given asmasses
of air-dried solids. For some compounds, specically 1, 2, 3, 8
and 13, the elemental analysis data are not given. Although
compounds were available in sufficient amounts, numerous
attempts at obtaining acceptable results were foiled by the loss
of solvent and/or high affinity for water.
Synthesis

[Zn(quin)2(pipe)2]$2CH3CN (1). Reaction mixture containing
[Zn(quin)2(H2O)] (100 mg, 0.23 mmol), piperidine (1 mL) and
acetonitrile (10 mL) was le in a closed vessel at 4 �C overnight.
Mixture of white solid and single crystals of [Zn(quin)2(pipe)2]$
2CH3CN (1) was obtained. IR (ATR, cm�1): 3221m, 3054w,
RSC Adv., 2020, 10, 18200–18221 | 18201
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Scheme 2 (a) Amidines in general, Rs denote substituents, (b) piperidinoacetamidine (pipeam), and (c) pyrrolidinoacetamidine (pyroam).
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3042w, 2937s, 2869m, 2854w, 1632vvs, 1597s, 1565s, 1509m,
1461s, 1452s, 1432m, 1365vs, 1349s, 1318m, 1297m, 1277m,
1262m, 1219w, 1190m, 1177s, 1157s, 1114w, 1090m, 1070s,
1051m, 1023s, 1000s, 961m, 942m, 893s, 871s, 851s, 801vs,
783vvs, 747m, 635s, 598s, 553w, 523m, 503s, 456m, 428w. 1H
NMR ((CD3)2SO with 0.03% v/v TMS, 500MHz): d 8.94 (2H, d, J¼
8.7 Hz, quin�), 8.79 (2H, d, J ¼ 8.4 Hz, quin�), 8.41 (2H, d, J ¼
8.4 Hz, quin�), 8.20 (2H, d, J¼ 8.1 Hz, quin�), 8.04–8.01 (2H, m,
quin�), 7.84–7.81 (2H, m, quin�), 2.62–2.60 (8H, m, pipe), 2.08
(3H, s, CH3CN), 1.45–1.40 (4H, m, pipe), 1.38–1.34 (8H, m, pipe).
ESI-HRMS m/z calcd for [C25H24N3O4Zn]

+ ¼ [Zn(quin)2(pipe) +
H]+: 494.1058, found: 494.1051.

[Zn(quin)2(pipe)]$cis-[Zn(quin)2(pipe)2] (2). [Zn(quin)2(H2O)]
(100 mg, 0.23 mmol), piperidine (0.5 mL) and acetonitrile (10
mL) were added to a ask. The contents were stirred at room
temperature for 3 days. White solid, [Zn(quin)2(pipe)]$cis-
[Zn(quin)2(pipe)2] (2), was ltered off (58 mg) and the ltrate
was stored at 4 �C. Aer a few days single crystals of 2 were
obtained. Yield: 58 mg, 46%. Note. The ltrate can contain
another crystalline phase, pipeH[Zn(quin)3]$CH3CN (3). IR
(ATR, cm�1): 3215w, 3122w, 3061w, 2968w, 2931m, 2853w,
1663s, 1646vs, 1634vvs, 1596s, 1564s, 1507m, 1460s, 1446m,
1368vs, 1359vvs, 1343vs, 1299w, 1263m, 1207w, 1177s, 1149m,
1110m, 1086m, 1073w, 1047m, 1022m, 998m, 963w, 944w, 896s,
881s, 872s, 864m, 855s, 800vvs, 788vs, 777vvs, 749m, 742s, 637s,
601s, 559w, 522m, 498s, 466m, 440w, 429w, 404s. 1H NMR
((CD3)2SO with 0.03% v/v TMS, 500 MHz): d 8.94 (2H, d, J ¼
8.7 Hz, quin�), 8.80 (2H, d, J ¼ 8.4 Hz, quin�), 8.42 (2H, d, J ¼
8.4 Hz, quin�), 8.21 (2H, d, J¼ 8.1 Hz, quin�), 8.04–8.01 (2H, m,
quin�), 7.84–7.81 (2H, m, quin�), 2.63–2.61 (6H, m, pipe), 1.43–
1.40 (3H, m, pipe), 1.39–1.34 (6H, m, pipe). ESI-HRMS m/z calcd
for [C25H24N3O4Zn]

+ ¼ [Zn(quin)2(pipe) + H]+: 494.1058, found:
494.1061.

pipeH[Zn(quin)3]$CH3CN (3). Reaction mixture containing
[Zn(quin)2(pipe)]$cis-[Zn(quin)2(pipe)2] (50 mg, 0.05 mmol),
quinaldinic acid (32 mg, 0.18 mmol) and acetonitrile (10 mL)
was stirred for 3 days at room temperature in a closed ask.
Precipitate, compound 3, was ltered off. Yield: 31 mg. IR
(ATR, cm�1): 3056w, 3003w, 2943w, 2857w, 2739w, 2534w,
1631vs, 1595s, 1561s, 1506m, 1460s, 1429m, 1389vs, 1375s,
1355vs, 1339vs, 1257m, 1217m, 1204m, 1173s, 1149s, 1110m,
1083w, 1032w, 1021w, 995w, 964w, 945w, 897s, 880m, 858s,
805vvs, 774vvs, 750s, 741s, 635s, 602vs, 558s, 522s, 496s, 441s.
1H NMR ((CD3)2SO with 0.03% v/v TMS, 500 MHz): d 8.59 (3H, d,
J ¼ 8.6 Hz, quin�), 8.55 (3H, d, J ¼ 8.4 Hz, quin�), 8.20 (3H, d, J
18202 | RSC Adv., 2020, 10, 18200–18221
¼ 8.4 Hz, quin�), 8.05 (3H, d, J ¼ 8.2 Hz, quin�), 7.75–7.72 (3H,
m, quin�), 7.67–7.64 (3H, m, quin�), 2.98–2.96 (4H, m, pipeH+),
1.62–1.57 (4H, m, pipeH+), 1.52–1.48 (2H, m, pipeH+). ESI-
HRMS m/z calcd for [C30H18N3O6Zn]

� ¼ [Zn(quin)3]
�:

580.0487, found: 580.0493.
[Zn(quin)2(pipeam)]$CH3CN (4a). Procedure A. A Teon

container was loaded with [Zn(quin)2(H2O)] (100 mg, 0.23
mmol), piperidine (0.5 mL) and acetonitrile (7 mL). The
container was closed and inserted into a steel autoclave which
was heated for 24 hours at 105 �C. The reaction mixture was
cooled to room temperature and crystalline solid, [Zn(quin)2(-
pipeam)]$CH3CN (4a), was ltered off (93 mg). The ltrate was
stored at 4 �C overnight. Single crystals of 4a were obtained.
Note 1. 4a also forms if the reaction time is longer (3 days) or the
temperature is higher (120 �C). Note 2. The ltrate can contain
another crystalline phase, pipeamH[Zn(quin)3] (5). Procedure B.
Mixture of [Zn(quin)2(H2O)] (100 mg, 0.23 mmol), piperidine
(0.5 mL) and acetonitrile (10 mL) was heated under reux for 8
hours. The yellow solution was rst le to cool down to room
temperature and was then stored at 4 �C. Single crystals of 4a
were obtained. Procedure C. [Zn(quin)2(H2O)] (100 mg, 0.23
mmol), piperidine (1 mL), acetonitrile (5 mL) and ethanol (5
mL) were added to a ask and stirred at room temperature for 3
days. The ltrate was stored at 4 �C and single crystals of 4awere
obtained. IR (ATR, cm�1): 3387w, 3282m, 3064w, 3021w, 2934m,
2856w, 2249w, 1635vs, 1584vs, 1569vs, 1562vs, 1506m, 1477s,
1459s, 1434s, 1352vs, 1335vs, 1280m, 1258m, 1217s, 1180s,
1138m, 1113m, 1044m, 1022s, 990m, 968m, 950w, 896s, 853m,
832m, 801vvs, 771vvs, 737s, 637s, 602s, 560m, 522s, 497s. 1H
NMR ((CD3)2SO with 0.03% v/v TMS, 500MHz): d 8.78 (2H, d, J¼
8.4 Hz, quin�), 8.50 (2H, d, J ¼ 8.6 Hz, quin�), 8.35 (2H, d, J ¼
8.4 Hz, quin�), 8.21 (2H, d, J¼ 8.2 Hz, quin�), 8.00–7.97 (2H, m,
quin�), 7.83–7.80 (2H, m, quin�), 6.98 (1H, br s, pipeam), 3.25–
3.23 (4H, m, pipeam), 2.07 (residual CH3CN), 1.90 (3H, s,
pipeam), 1.46–1.42 (2H, m, pipeam), 1.23 (4H, br m, pipeam).
ESI-HRMS m/z calcd for [C27H27N4O4Zn]

+ ¼ [Zn(quin)2(pipeam)
+ H]+: 535.1324, found: 535.1305. Elemental analysis calcd for
C27H26N4O4Zn (%): C, 60.51; H, 4.89; N, 10.45. Found (%): C,
60.18; H, 5.06; N, 10.90.

[Zn(quin)2(pipeam)]$2CHCl3 (4b). A small amount of 4a was
dissolved in chloroform and aerwards diethyl ether was care-
fully layered on top. Single crystals of 4b were thus obtained. IR
(ATR, cm�1): 3300m, 3065w, 2971m, 2864w, 1661m, 1644vs,
1584vs, 1570vs, 1509m, 1492m, 1460s, 1432m, 1365s, 1355vs,
1343vs, 1337vs, 1285m, 1254m, 1239s, 1217m, 1178s, 1150m,
This journal is © The Royal Society of Chemistry 2020
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1114m, 1049w, 1025m, 992m, 967m, 953w, 897m, 876m, 854m,
801vs, 774vs, 752vvs, 736vvs, 660s, 638s, 603s, 560m, 523m,
498s, 481m.

pipeamH[Zn(quin)3] (5). Dried 4a (50 mg, 0.09 mmol), qui-
naldinic acid (32 mg, 0.18 mmol) and acetonitrile (10 mL) were
added to a ask and stirred at room temperature for 3 days.
White crystalline solid, pipeamH[Zn(quin)3] (5), was ltered off.
Yield: 44 mg, 67%. IR (ATR, cm�1): 3052w, 3002w, 2935w,
2360w, 1703w, 1658s, 1627vs, 1561s, 1509m, 1463m, 1441w,
1428w, 1369s, 1345vs, 1308m, 1267w, 1214m, 1176m, 1167m,
1150m, 1110w, 1053w, 1022w, 995w, 958w, 894s, 878w, 855s,
806s, 797vs, 776vvs, 742s, 638s, 629s, 604s, 567w, 523m, 500m,
422w. 1H NMR ((CD3)2SO with 0.03% v/v TMS, 500 MHz): d 9.01
(2H, br s, pipeamH+), 8.58 (3H, d, J¼ 8.6 Hz, quin�), 8.53 (3H, d,
J ¼ 8.4 Hz, quin�), 8.18 (3H, d, J ¼ 8.4 Hz, quin�), 8.04 (3H, d, J
¼ 8.1 Hz, quin�), 7.74–7.71 (3H, m, quin�), 7.66–7.63 (3H, m,
quin�), 3.51–3.49 (4H, m, pipeamH+), 2.23 (3H, s, pipeamH+),
2.07 (residual CH3CN), 1.62–1.55 (6H, m, pipeamH+). Note.
Broad signal around 9.01 ppm belongs to exchangeable protons
of amidine ligand, therefore the integral deviates from its true
value. ESI-HRMSm/z calcd for [C30H18N3O6Zn]

� ¼ [Zn(quin)3]
�:

580.0487, found: 580.0499. Elemental analysis calcd for
C37H33N5O6Zn (%): C, 62.67; H, 4.69; N, 9.88. Found (%): C,
62.23; H, 4.60; N, 9.89.

pipeamH[Zn(quin)2(CH3COO)]$acetamide (6). A Teon
container was loaded with zinc(II) acetate dihydrate (50 mg, 0.23
mmol), piperidine (0.5 mL) and acetonitrile (7 mL). The
container was closed and inserted into a steel autoclave which
was heated for 24 hours at 105 �C. The reaction mixture was
cooled to room temperature and aerwards quinaldinic acid
(80 mg, 0.46 mmol) was added. The resulting yellow-orange
solution was stored in a closed vessel at 4 �C. Obtained crys-
tals were a mixture of pipeamH[Zn(quin)2(CH3COO)]$acet-
amide (6) and 4a. 1H NMR ((CD3)2SO with 0.03% v/v TMS, 500
MHz): d 8.72–8.71 (4H, m, quin�), 8.31 (2H, d, J ¼ 8.4 Hz,
quin�), 8.16 (2H, d, J¼ 8.2 Hz, quin�), 7.93–7.90 (2H, m, quin�),
7.79–7.76 (2H, m, quin�), 7.28 (1H, br s, acetamide), 6.68 (1H,
br s, acetamide), 3.49–3.47 (4H, m, pipeamH+), 2.22 (3H, s,
pipeamH+), 2.07 (residual CH3CN), 1.75 (3H, s, acetamide),
1.62–1.55 (6H, m, pipeamH+), 1.53 (3H, s, acetate).

[Zn(quin)2(pyro)2] (7). Reaction mixture containing
[Zn(quin)2(H2O)] (100 mg, 0.23 mmol), pyrrolidine (0.5 mL) and
acetonitrile (10 mL) was stirred for 3 days in a closed ask.
White solid, [Zn(quin)2(pyro)2] (7), was ltered off and air-dried.
The ltrate was stored at 4 �C overnight. Crystals of 7, not
suitable for X-ray diffraction analysis on single crystal, were
obtained. Yield: 78 mg, 60%. Note. The same product,
compound 7, forms also at 4 �C. IR (ATR, cm�1): 3188w, 3051w,
2953w, 2873w, 1633vs, 1597m, 1567s, 1507m, 1462m, 1430w,
1362vs, 1349s, 1301w, 1270w, 1208w, 1177m, 1156m, 1105w,
1063m, 1024w, 964w, 911s, 892s, 855s, 809s, 797s, 782s, 775vvs,
743m, 634s, 599s, 522m, 502s, 484m, 407m. 1H NMR ((CD3)2SO
with 0.03% v/v TMS, 500 MHz): d 8.93 (2H, d, J ¼ 8.2 Hz, quin�),
8.79 (2H, d, J ¼ 8.4 Hz, quin�), 8.40 (2H, d, J ¼ 8.4 Hz, quin�),
8.20 (2H, d, J ¼ 8.1 Hz, quin�), 8.03–8.00 (2H, m, quin�), 7.84–
7.81 (2H, m, quin�), 2.64–2.62 (8H, m, pyro), 1.52–1.47 (8H, m,
pyro). ESI-HRMS m/z calcd for [C24H22N3O4Zn]

+ ¼
This journal is © The Royal Society of Chemistry 2020
[Zn(quin)2(pyro) + H]+: 480.0902, found: 480.0897. Elemental
analysis calcd for C28H30N4O4Zn (%): C, 60.93; H, 5.48; N, 10.15.
Found (%): C, 60.28; H, 5.55; N, 9.86.

pyroH[Zn(quin)3]$CH3CN (8). Reaction mixture containing
[Zn(quin)2(pyro)2] (50 mg, 0.09 mmol), quinaldinic acid (31 mg,
0.18 mmol) and acetonitrile (10 mL) was stirred for 3 days at
room temperature in a closed ask. Microcrystalline solid,
pyroH[Zn(quin)3]$CH3CN (8), was ltered off (43 mg) and the
ltrate was stored at 4 �C. Two polymorphic modications of
pyroH[Zn(quin)3]$CH3CN crystalized from the solution,
a triclinic (8triclinic) and monoclinic one (8monoclinic). IR
(ATR, cm�1): 3470w, 2967w, 2762w, 2470w, 1612vs, 1595s,
1559s, 1507m, 1461s, 1431m, 1367vs, 1342vs, 1298m, 1259m,
1217m, 1176s, 1150s, 1113w, 1022w, 994w, 963w, 897s, 856s,
804vvs, 775vvs, 743s, 636s, 602s, 572m, 552m, 522s, 496s. 1H
NMR ((CD3)2SO with 0.03% v/v TMS, 500MHz): d 8.58 (3H, d, J¼
8.5 Hz, quin�), 8.55 (3H, d, J ¼ 8.5 Hz, quin�), 8.19 (3H, d, J ¼
8.5 Hz, quin�), 8.05 (3H, d, J¼ 7.9 Hz, quin�), 7.76–7.73 (3H, m,
quin�), 7.68–7.65 (3H, m, quin�), 3.09–3.06 (4H, m, pyroH+),
1.83–1.78 (4H, m, pyroH+). ESI-HRMS m/z calcd for [C30H18N3-
O6Zn]

� ¼ [Zn(quin)3]
�: 580.0487, found: 580.0494.

pyroH[Zn(quin)2Cl] (9). Procedure A. Zinc(II) chloride (25 mg,
0.18 mmol), quinaldinic acid (64 mg, 0.37 mmol), pyrrolidine
(0.25 mL) and acetonitrile (10 mL) were mixed together and le
in a closed vessel at room temperature overnight. Single crystals
of 9 were ltered off. Yield: 32 mg, 34%. Procedure B. Reaction
mixture containing [Zn(quin)2(H2O)] (100 mg, 0.23 mmol),
pyrrolidine (1 mL), acetonitrile (5 mL) and dichloromethane (5
mL) was stirred for 3 days at room temperature in a closed ask.
The resulting yellowish solution was stored at 4 �C and single
crystals of 9 were obtained. IR (ATR, cm�1): 3079w, 2968w,
2718m, 2630w, 2580w, 2465m, 1615vs, 1599s, 1566s, 1509m,
1467s, 1435m, 1388vs, 1376vs, 1351s, 1274m, 1219m, 1206m,
1182m, 1156s, 1116m, 1027m, 1004w, 988m, 965m, 926w, 899s,
857s, 811vs, 803vs, 774vvs, 743s, 634s, 607s, 562m, 522s, 501s,
403s. 1H NMR ((CD3)2SO with 0.03% v/v TMS, 500 MHz): d 8.78–
8.74 (4H, m, quin�), 8.51 (2H, br s, pyroH+), 8.32 (2H, d, J ¼
8.3 Hz, quin�), 8.19 (2H, d, J¼ 8.1 Hz, quin�), 7.99–7.96 (2H, m,
quin�), 7.82–7.79 (2H, m, quin�), 3.10–3.06 (4H, m, pyroH+),
2.08 (residual CH3CN), 1.83–1.78 (4H, m, pyroH+). ESI-HRMSm/
z calcd for [C20H12ClN2O4Zn]

� ¼ [Zn(quin)2Cl]
�: 442.9777,

found: 442.9796. Elemental analysis calcd for C24H22ClN3O4Zn
(%): C, 55.73; H, 4.29; N, 8.12. Found (%): C, 55.77; H, 4.40; N,
8.14.

[Zn(quin)2(pyroam)]$CH3CN$0.5pyroam$0.5H2O (10a).
Procedure A. A Teon container was loaded with [Zn(quin)2(-
H2O)] (100 mg, 0.23 mmol), pyrrolidine (0.5 mL) and acetoni-
trile (7 mL). The container was closed and inserted into a steel
autoclave which was heated for 24 hours at 105 �C. The reaction
mixture was cooled to room temperature and crystalline solid,
[Zn(quin)2(pyroam)]$CH3CN$0.5pyroam$0.5H2O (10a), was
ltered off (79 mg). The ltrate was stored at 4 �C for four days.
Single crystals of 10a were obtained. Note. 10a also forms if the
reaction time is longer (3 days) or the temperature is higher (120
�C). Procedure B. Mixture of [Zn(quin)2(H2O)] (100 mg, 0.23
mmol), pyrrolidine (0.5 mL) and acetonitrile (10 mL) was heated
under reux for 8 hours. The solution was le to cool down to
RSC Adv., 2020, 10, 18200–18221 | 18203

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra03192e


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
M

ay
 2

02
0.

 D
ow

nl
oa

de
d 

on
 6

/1
8/

20
25

 3
:3

8:
47

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
room temperature overnight. Crystalline solid, compound 10a,
was ltered off (73 mg) and the ltrate was stored at 4 �C. Single
crystals of 10a were obtained. Note. The ltrate can contain
another two crystalline phases, either 11monoclinic or
11triclinic. Procedure C. [Zn(quin)2(H2O)] (100 mg, 0.23 mmol),
pyrrolidine (1 mL), acetonitrile (5 mL) and ethanol (5 mL) were
added to a ask and stirred at room temperature for 3 days.
Filtrate was stored at 4 �C and single crystals of 10a were ob-
tained. IR (ATR, cm�1): 3262m, 3063w, 2987w, 2929w, 2873w,
2249w, 1637s, 1591vs, 1570s, 1505m, 1478m, 1460s, 1429s,
1354vs, 1339vs, 1324s, 1255m, 1234m, 1218m, 1182s, 1173s,
1154m, 1137m, 1116m, 1069m, 1025m, 991w, 965m, 922w,
897s, 873m, 853m, 835m, 803vs, 781vs, 772vvs, 739m, 648m,
638s, 602s, 566m, 522s, 497s, 448w, 405s. 1H NMR ((CD3)2SO
with 0.03% v/v TMS, 500 MHz): d 8.77 (2H, d, J ¼ 7.8 Hz, quin�),
8.54 (2H, d, J ¼ 8.7 Hz, quin�), 8.34 (2H, d, J ¼ 7.8 Hz, quin�),
8.20 (2H, d, J ¼ 8.0 Hz, quin�), 7.98 (2H, br m, quin�), 7.81 (2H,
br m, quin�), 3.28 (2H, br m, pyroam), 3.10 (2H, br m, pyroam),
1.94 (3H, s, pyroam), 1.76–1.73 (4H, m, pyroam). ESI-HRMS m/z
calcd for [C26H25N4O4Zn]

+ ¼ [Zn(quin)2(pyroam) + H]+:
521.1167, found: 521.1165. Elemental analysis calcd for
C26H24N4O4Zn (%): C, 59.84; H, 4.64; N, 10.74. Found (%): C,
59.54; H, 4.45; N, 10.72.

[Zn(quin)2(pyroam)]$2CHCl3 (10b). A small amount of 10a
was dissolved in chloroform and aerwards hexane was care-
fully layered on top. Single crystals of 10bwere thus obtained. IR
(ATR, cm�1): 3284w, 3069w, 2965m, 2871w, 1663m, 1645s,
1590vs, 1571s, 1510m, 1492m, 1481m, 1461s, 1430m, 1365s,
1355s, 1344s, 1333s, 1256m, 1237m, 1217m, 1178s, 1150m,
1113m, 1068m, 1024m, 967m, 922w, 898m, 875m, 855m, 801s,
781s, 774s, 751vs, 735vvs, 659s, 638s, 629s, 603s, 590m, 573m,
560m, 523m, 498s, 482m, 445w.

[Zn(quin)2(pyroam)]$CH2Cl2 (10c). A small amount of 10a
was dissolved in dichloromethane and aerwards hexane was
carefully layered on top. Single crystals of 10c were thus
obtained.

pyroamH[Zn(quin)3] (11). Dried 10a (50 mg, 0.10 mmol),
quinaldinic acid (33 mg, 0.19 mmol) and acetonitrile (10 mL)
were added to a ask and stirred at room temperature for 3
days. White solid, pyroamH[Zn(quin)3] (11), was ltered off.
Yield: 50 mg, 75%. IR (ATR, cm�1): 3233w, 3050m, 1695m,
1658s, 1613vs, 1559s, 1509m, 1462s, 1429w, 1387s, 1373vs,
1359s, 1347s, 1307w, 1262w, 1216m, 1184m, 1176m, 1168m,
1151s, 1115w, 1035w, 1023w, 966w, 953w, 895s, 878m, 854m,
808s, 801vs, 777vvs, 745m, 700m, 638s, 630s, 599s, 523s, 501s,
478m, 421m. 1H NMR ((CD3)2SO with 0.03% v/v TMS, 500 MHz):
d 8.93 (2H, br s, pipeamH+), 8.58 (3H, d, J ¼ 8.6 Hz, quin�), 8.53
(3H, d, J ¼ 8.4 Hz, quin�), 8.18 (3H, d, J ¼ 8.4 Hz, quin�), 8.04
(3H, d, J ¼ 7.9 Hz, quin�), 7.74–7.71 (3H, m, quin�), 7.66–7.63
(3H, m, quin�), 3.54 (2H, t, J ¼ 6.8 Hz, pipeamH+), 3.32 (2H,
overlapped t, J ¼ 6.8 Hz, pipeamH+), 2.21 (3H, s, pipeamH+),
1.97–1.86 (4H, m, pipeamH+). Note. Broad signal around
8.93 ppm belongs to exchangeable protons of amidine ligand,
therefore the integral deviates from its true value. ESI-HRMS m/
z calcd for [C30H18N3O6Zn]

� ¼ [Zn(quin)3]
�: 580.0487, found:

580.0501. Elemental analysis calcd for C36H31N5O6Zn (%): C,
62.21; H, 4.50; N, 10.08. Found (%): C, 61.73; H, 4.39; N, 9.92.
18204 | RSC Adv., 2020, 10, 18200–18221
trans-[Zn(quin)2(morph)2] (12). Procedure A. Reaction
mixture containing [Zn(quin)2(H2O)] (100 mg, 0.23 mmol),
morpholine (0.5 mL) and acetonitrile (10 mL) was stirred for 3
days in a closed ask. White precipitate, [Zn(quin)2(morph)2]
(12), was ltered off and air-dried (101 mg). The ltrate was
stored at 4 �C overnight and single crystals of 12 were obtained.
Yield: 101 mg, 74%. Note. The same product, compound 12,
forms also at 4 �C. Procedure B. Mixture of [Zn(quin)2(H2O)]
(100 mg, 0.23 mmol), morpholine (0.5 mL), acetonitrile (9 mL)
andmethanol (1 mL) was heated under reux for 8 hours. White
solid, compound 12, was ltered off (68 mg). The resulting
ltrate was stored at 4 �C overnight. Single crystals of 12 were
obtained. Yield: 68 mg, 50%. Procedure C. A Teon container
was loaded with [Zn(quin)2(H2O)] (100 mg, 0.23 mmol), mor-
pholine (0.5 mL) and acetonitrile (7 mL). The container was
closed and inserted into a steel autoclave which was heated for
24 hours at 105 �C. The reaction mixture was cooled to room
temperature. A mixture of crystalline [Zn(quin)2(NH3)] and
[Zn(quin)2(morph)2] (12) was obtained. IR (ATR, cm�1): 3180m,
3060w, 2964w, 2944m, 2925m, 2850w, 1631vs, 1598m, 1568s,
1553m, 1509m, 1461m, 1438s, 1365vs, 1332m, 1322m, 1299w,
1271w, 1258m, 1221m, 1208m, 1198m, 1175m, 1160s, 1114s,
1100s, 1057m, 1049m, 1032s, 996w, 960w, 894m, 876vs, 855s,
829w, 808s, 794s, 775vvs, 742m, 636s, 627s, 600m, 554w, 523w,
499s, 490w, 482w, 431w. 1H NMR ((CD3)2SO with 0.03% v/v TMS,
500 MHz): d 8.86 (2H, d, J ¼ 8.6 Hz, quin�), 8.79 (2H, d, J ¼
8.4 Hz, quin�), 8.41 (2H, d, J ¼ 8.4 Hz, quin�), 8.20 (2H, d, J ¼
8.0 Hz, quin�), 8.03–8.00 (2H, m, quin�), 7.83–7.81 (2H, m,
quin�), 3.49–3.47 (8H, m, morph), 2.65–2.63 (8H, m, morph).
ESI-HRMS m/z calcd for [C24H22N3O5Zn]

+ ¼ [Zn(quin)2(morph)
+ H]+: 496.0851, found: 496.0845. Elemental analysis calcd for
C28H30N4O6Zn (%): C, 57.59; H, 5.18; N, 9.59. Found (%): C,
57.58; H, 5.00; N, 9.37.

morphH[Zn(quin)3]$CH3CN (13). Reaction mixture contain-
ing [Zn(quin)2(morph)2] (50 mg, 0.09 mmol), quinaldinic acid
(30 mg, 0.17 mmol) and acetonitrile (10 mL) was stirred for 3
days at room temperature in a closed ask. White solid,
compound 13, was ltered off. Yield: 46 mg. Preparation of single
crystals of 13. Zinc oxide (814 mg, 10 mmol) was mixed with
methanoic acid (5 mL, 0.13 mol). The mixture was reuxed in
dichloromethane for 6 hours and aerwards cooled to room
temperature. White solid was ltered off and air-dried. A Teon
container was loaded with a 50 mg sample of the solid, mor-
pholine (0.5 mL) and acetonitrile (7 mL). The container was
closed and inserted into a steel autoclave which was heated for
24 hours at 105 �C. The reaction mixture was cooled to room
temperature and aerwards quinaldinic acid (100 mg, 0.58
mmol) was added. The resulting yellow solution was stored in
a closed vessel at 4 �C. Obtained crystals were a mixture of
morphH[Zn(quin)3]$CH3CN (13), trans-[Zn(quin)2(morph)2] (12)
and morpholinium quinaldinate. IR (ATR, cm�1): 3499m,
3422m, 2970w, 2859w, 2742w, 2660w, 2503w, 1738w, 1623vs,
1613vs, 1562s, 1507m, 1462s, 1432m, 1394s, 1371vs, 1342s,
1303m, 1261w, 1238w, 1218m, 1178m, 1152m, 1107s, 1044w,
1022w, 963w, 897s, 882m, 874m, 858s, 805vvs, 775vvs, 747s,
636s, 602vs, 522s, 497s, 447vs, 424s. 1H NMR ((CD3)2SO with
This journal is © The Royal Society of Chemistry 2020
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0.03% v/v TMS, 500 MHz): d 8.60–8.57 (6H, m, quin�), 8.21 (3H,
d, J ¼ 8.4 Hz, quin�), 8.07 (3H, d, J ¼ 7.9 Hz, quin�), 7.79–7.76
(3H, m, quin�), 7.70–7.67 (3H, m, quin�), 3.71–3.69 (4H, m,
morphH+), 3.03–3.01 (4H, m, morphH+). ESI-HRMS m/z calcd
for [C30H18N3O6Zn]

� ¼ [Zn(quin)3]
�: 580.0487, found: 580.0500.

X-ray structure analysis

Single crystal X-ray diffraction data were collected on an Agilent
SuperNova diffractometer with molybdenum (Mo-Ka, l ¼ 0.71073
Å) or copper (Cu-Ka, l¼ 1.54184 Å)micro-focus sealed X-ray source
at 125 or 150 K. Each crystal was placed on a tip of a glass ber
using silicone grease and then mounted on the goniometer head.
Data processing was performed with CrysAlis PRO.30 The struc-
tures were solved with Olex soware31 using ShelXT32 and rened
using the least squares methods in ShelXL.33 Anisotropic
displacement parameters were determined for all non-hydrogen
atoms. The modest quality of the crystal of 11triclinic resulted in
large R1 and wR2 residuals. In spite of the latter, its composition,
determined to be pyroamH[Zn(quin)3], is not questionable.
Repeated attempts to obtain crystals with better diffraction data
were not successful. The majority of compounds crystallized as
solvates. For many, the interstitial solvent molecules were disor-
dered. Positional disorder was observed for solvent molecules of
4b, 10b and 10c which are either chloroform or dichloromethane
solvates. In each case, the disorder was successfully modelled
using PART instruction. For 10a, a symmetry-imposed disorder of
a non-coordinated pyroam molecule with a hydrogen bonded
water molecule was resolved using PART-1 instruction. The
disorder of acetonitrile in 1 could not be modelled. The contri-
bution of the disordered solvent to the scattering factors was
therefore accounted for by the SQUEEZE program.34 The same
procedure was applied for 4a where one of the two solvent mole-
cules appeared in a severe disorder. With a few exceptions, the NH
or NH2

+ hydrogen atoms of amines, protonated amines, amidines
or protonated amidines, located in the nal stages of renement
from difference Fourier maps, were rened with isotropic
displacement parameters. The remaining hydrogen atoms were
added in calculated positions. Programs Platon,35 Ortep36 and
Mercury37 were used for crystal structure analysis and preparation
of gures. Crystallographic data are collected in Tables 1 and 2. All
crystal structures were deposited to the CCDC and were assigned
deposition numbers 1973015 (1), 1973016 (2), 1973017 (3),
1973018 (4a), 1973019 (4b), 1973020 (5), 1973021 (6), 1973022
(8monoclinic), 1973023 (8triclinic), 1973024 (9), 1973025 (10a),
1973026 (10b), 1973027 (10c), 1973028 (11monoclinic), 1973029
(11triclinic), 1973030 (12) and 1973031 (13).

Detection of ammonia by mass spectrometry

Four samples were subjected to analysis. First sample consisted
of neat acetonitrile, second and third were mixtures of aceto-
nitrile and morpholine in the 7 : 1 and 1 : 1 volume ratios,
respectively, and the fourth was pure morpholine. The Teon
containers with liquid samples were closed and inserted into
steel autoclaves which were heated for 24 hours at 105 �C. Aer
an overnight cooling to room temperature, each container was
quickly sealed with a foil. A thin capillary with an inner
This journal is © The Royal Society of Chemistry 2020
diameter of 220 mm was inserted through the foil and placed
above the liquid phase. The gases were then pumped though
a 75 cm long capillary, heated to 150 �C, into Pfeiffer Vacuum
ThermoStar mass spectrometer where electron impact ioniza-
tion took place. The operation pressure was approximately 2.0
� 10�6 mbar. The m/z ¼ 17, 41 and 87 ion currents were
monitored with time. The m/z ¼ 17 mass spectrum peak
belongs to ammonia, 41 to acetonitrile and 87 to morpholine.38

Measurement of each sample lasted 5 minutes and was fol-
lowed with a 5 minute purging by air.
DFT calculations

Geometry optimization of minima and transition states was
carried out with the Gaussian soware package.39 Optimiza-
tions were carried out without symmetry restrictions using the
uB97xD40 functional that includes empirical dispersion
corrections.41 The all electron basis set 6-31+g(d,p)42–45 was used
for all atoms. Bulk solvent effects (acetonitrile) were included
during optimization with the SMD continuum model.46 The
nature of the stationary points as minima of the potential
energy surface was conrmed with vibrational analysis, which
was also used to calculate the thermal corrections to free energy.
Analysis of the electron density was performed within the Atoms
In Molecules (AIM) theory of R. F. W. Bader47,48 using the Mul-
tiwfn program.49 The CYLview50 and VMD51 visualization so-
ware have been used to create some of the gures.
Results and discussion
Syntheses and reactivity

The following discussion is divided into two parts. The rst one
pertains to reactions which were carried out at ambient or lower
temperature and whose outcome were the amine complexes.
The second part is focused on the reactions which afforded
amidines and were typically carried out under forcing condi-
tions, at reux or in the autoclave at 105 �C. These were put in
the context of known syntheses of amidines. The medium,
acetonitrile, was chosen on the account of its usual inertness at
mild conditions and has been for that reason even exploited as
a solvent in the conversions of amines and activated nitriles
into amidines.52 A substitution chemistry on [Zn(quinal)2(H2-
O)], our starting material, was expected to proceed smoothly,
with no interfering reactions. The replacement of water with
amine could produce three complexes, a mono-substituted
amine complex with the [Zn(quinal)2(amine)] composition
and a di-substituted [Zn(quinal)2(amine)2] which could exist as
cis and trans geometric isomers. However, only the piperidine
system allowed isolation of all three. When the reaction
temperature was 4 �C or lower, trans-[Zn(quinal)2(pipe)2]$
2CH3CN (1) was obtained. Interestingly, at ambient conditions
the other two complexes co-crystallized in [Zn(quinal)2(pipe)]$
cis-[Zn(quinal)2(pipe)2] (2). The isolation of the co-crystal 2
speaks of a transient nature of the mono-piperidine complex
which under given conditions could not be isolated in pure
form. Instead, it reacted further with piperidine to
[Zn(quinal)2(pipe)2] until the concentration of the two species
RSC Adv., 2020, 10, 18200–18221 | 18207
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reached a critical point and 2 started to precipitate. The
remaining ltrate contained yet another complex species,
a [Zn(quinal)3]

� ion, which crystallized as pipeH[Zn(quinal)3]$
CH3CN (3). Its formation raises two questions. One concerns
a proton source and the other a fate of a quinaldinate source.
Namely, the composition of the [Zn(quinal)3]

� ion entails
a presence of the quinaldinate-depleted zinc(II) species in the
remaining solution. Unable to identify either, a rational
synthesis of pipeH[Zn(quinal)3]$CH3CN (3) was carried out by
reacting [Zn(quinal)2(pipe)]$cis-[Zn(quinal)2(pipe)2] (2) with
quinaldinic acid. The acid combines both required reagents for
this reaction in one compound. With the piperidine system, the
well-known coordination exibility of zinc(II) came to light,
since the reaction mixtures oen contained several species.
This arises from the ability of zinc ion to easily alter its coor-
dination geometry, either through contraction or expansion of
its coordination sphere or through the ligand exchange.53 On
the contrary, pyrrolidine produced at mild conditions only one
product, a bis-amine complex [Zn(quinal)2(pyro)2] (7).
Currently, its stereochemistry remains unknown, as we did not
succeed in growing single crystals of acceptable quality. Based
on the NMR and IR spectra,54 we are condent of its composi-
tion to be [Zn(quinal)2(pyro)2]. Among several attempts to
prepare single crystals of [Zn(quinal)2(pyro)2] (7), two stand out.
When the zinc(II) starting material was replaced with zinc(II)
chloride, an ionic compound with the pyroH[Zn(quinal)2Cl] (9)
composition formed. Same product resulted from the reaction
of [Zn(quinal)2(H2O)] with pyrrolidine in the 1 : 1 volume
mixture of dichloromethane and acetonitrile. Chloride is
a product of the known dichloromethane reaction with amine
which typically results in 1,10-methylenebis(pyrrolidine), known
as aminal, and pyrrolidinum hydrochloride.55,56 Similarly to
piperidine complexes, addition of quinaldinic acid to the
acetonitrile suspension of [Zn(quinal)2(pyro)2] (7) afforded
pyroH[Zn(quinal)3]$CH3CN (8) which, interestingly, crystallized
in two polymorphic forms. By analogy, a bis-morpholine
complex trans-[Zn(quinal)2(morph)2] (12) reacted with the acid
to morphH[Zn(quinal)3]$CH3CN (13). Nevertheless, the mor-
pholine system differs radically from its predecessors. First,
trans-[Zn(quinal)2(morph)2] (12), was obtained both at mild and
at harsh conditions. An eight-hour reaction at reuxing condi-
tions or a 24 hour autoclave reaction at 105 �C produced an
amine complex instead of the expected amidine complex.
However, the autoclave reaction yielded another product,
[Zn(quinal)2(NH3)], a known zinc(II) complex with ammonia.21

The formation of ammonia was further conrmed by the MS
analysis of the gaseous phase obtained when pure morpholine
was heated in the autoclave under the same conditions
(Fig. S21†). Ammonia was identied by its m/z ¼ 17 peak.38 MS
analysis of the acetonitrile/morpholine mixtures in a 7 : 1 and
in a 1 : 1 volume ratios showed the increase in the m/z ¼ 17 ion
currents to be proportional to the morpholine content. In the
control sample, e.g. neat acetonitrile treated in the same way, no
ammonia was detected. The morpholine degradation at 105 �C,
although not complete within 24 h, could obstruct reactions
which eventually lead to amidine. More importantly, a smaller
nucleophilic character of morpholine, when compared to
18208 | RSC Adv., 2020, 10, 18200–18221
piperidine, could account for different reactivity. The oxygen
atom in the heterocyclic ring, due to its electronegativity, causes
nitrogen to be less basic and less reactive towards acetonitrile.57

Conversely, the piperidine or pyrrolidine reaction mixtures that
were heated in autoclaves produced zinc(II) complexes with
amidines which are products of the amine addition across the
triple C^N bond of acetonitrile. The composition of complexes
was [Zn(quinal)2(amidine)]. Frustratingly, they crystallized with
weakly-bound solvent molecules, i.e., [Zn(quinal)2(pipeam)]$
CH3CN (4a) and [Zn(quinal)2(pyroam)]$CH3CN$0.5pyroam$0.5H2-
O (10a). Their generous solubility in dichloromethane or chloro-
form allowed their re-crystallization and highly unstable crystals of
[Zn(quinal)2(pipeam)]$2CHCl3 (4b), [Zn(quinal)2(pyroam)]$2CHCl3
(10b) and [Zn(quinal)2(pyroam)]$CH2Cl2 (10c) were obtained.
Neither the outcomenor the yields ofmodied reactions, when the
reaction temperature was raised to 120 �C or the reaction time was
extended from 1 to 3 days, changed. Amidines formed also when
the reactions were carried out at reuxing conditions for 8 hours.
The initial assumption that their formation requires forcing
conditions was challenged when the acetonitrile/ethanol solvent
mixtures at ambient condition and a three-day reaction time
produced amidine complexes 4a and 10a. The use of 2-propanol
had the same effect, whereas methanol coordinated to metal and
trans-[Zn(quin)2(CH3OH)2] was obtained.15 The benecial effect of
alcohols over the amidine synthesis has already been recognized.58

In some instances, the ltrates afforded another product, a salt of
the [Zn(quinal)3]

� ion with a protonated amidine as a counter-
cation. Salts of both amidines, pipeamH[Zn(quinal)3] (5) and
pyroamH[Zn(quinal)3] (11), were isolated. The pyroamH+

compound crystallized in two polymorphic forms, denoted as
11triclinic and 11monoclinic. As will be shown presently, the
polymorphs markedly differ in their [Zn(quinal)3]

� ions, thereby
giving evidence to the structural variety of the [Zn(quinal)3]

� ion
and its labile nature in the solution. The protonation of amidines
has occurred at the imine nitrogen. Again, similarly to systems
which afforded protonated amines, an imminent question
pertains to the source of protons. A rational synthesis of pipeamH
[Zn(quinal)3] (5) and pyroamH[Zn(quinal)3] (11) was accomplished
at ambient conditions by the addition of quinaldinic acid to
a corresponding amidine compound. In order to gain information
about the signicance of the zinc(II) starting material in the ami-
dine formation, an alternative, zinc(II) acetate dihydrate, was used.
Aer a work-up of the autoclave-treated mixture, which included
the addition of quinaldinic acid, a resulting solution produced
a mixture of the amidine compound 4a and pipeamH
[Zn(quinal)2(CH3COO)]$acetamide (6). The pair unequivocally
conrms the amidine formation. Compound 6 possesses two
constituents that merit comment. It retained the acetate, the
ligand introduced through the parent material. More interestingly,
it contained acetamide, most likely a result of the amidine
hydrolysis. The isolation of 6 could not be reproduced and
remains, unfortunately, a one-time event.

The formation of amidines in our system is a result of
a nucleophilic addition of piperidine or pyrrolidine to acetoni-
trile in the presence of zinc(II). Our knowledge of the amidine
formation remains limited. With morpholine, no amidine in
any form could be isolated. In a control experiment without
This journal is © The Royal Society of Chemistry 2020
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Fig. 1 ORTEP drawing of trans-[Zn(quin)2(pipe)2], a complexmolecule
of 1. Displacement ellipsoids are drawn at the 50% probability level.
Hydrogen atoms are shown as spheres of arbitrary radii.
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zinc(II), neither piperidine nor pyrrolidine produced amidine.
Furthermore, in autoclave reactions with catalytic amounts of
zinc(II), i.e., one h of the amount used in the prototypic
reaction, no amidine could be detected by 1H NMR spectros-
copy. The formation of amidines in the presence of transition
metals is hardly without precedence, as shown by a recent
review.59 Namely, a direct addition of amine, a nucleophile, to
nitrile, is only possible when the C^N carbon atom is made
electron-decient.52 Ordinary nitriles that lack electron-
withdrawing substituents, such as acetonitrile, require a pres-
ence of a Lewis acid such as AlCl3, ZnCl2 60 or other metal-based
activating agents such as lanthanide(iii) triates,61 CuI,24 CuCl,58

SmI2 62 or ytterbium amides,63 combined with lengthy reaction
times and harsh conditions. Another strategy exploits the fact
that the coordination of nitrile to a metal ion considerably
enhances electrophilicity of its carbon atom and thereby facil-
itates its reaction with amines.64,65 Thus formed amidines acted
as ligands to W(II),66 Ir(III),67 Pt(II),68 Ni(II),23 Re(I)22 and Pt(IV).69

Interestingly, acetonitrile in fac-[Re(CO)3(5,50- or 6,60-Me2-
bipyridine)(CH3CN)]BF4 reacted also with morpholine to a cor-
responding acetamidine complex.22 Only recently, a diamine,
N,N-diethyl-1,2-diaminoethane, combined at ambient condi-
tions in the methanol solution of zinc(II) acetate with 2-cyano-
pyridine.70 Notable differences of the latter system, when
compared to ours, are that nitrile group in 2-cyanopyridine is
activated and, secondly, since a primary amine was used, the in
situ formed amidine underwent a 1,3-H shi.63
Fig. 2 ORTEP drawing of [Zn(quin)2(pipe)], one of the two complex
species in 2. Displacement ellipsoids are drawn at the 50% probability
level. Hydrogen atoms are shown as spheres of arbitrary radii.
Crystal structures

Three compounds that contain coordinated amines were
structurally characterized: trans-[Zn(quin)2(pipe)2]$2CH3CN (1),
[Zn(quin)2(pipe)]$cis-[Zn(quin)2(pipe)2] (2) and trans-
[Zn(quin)2(morph)2] (12). In all, the quinaldinate binds in the
usual N,O-bidentate chelating mode and the amine ligands
coordinate via their nitrogen donor atom. Compounds 1 and 2
contain all three possible piperidine complexes, a mono-amine
complex [Zn(quin)2(pipe)], cis and trans geometric isomers of
a bis-amine complex [Zn(quin)2(pipe)2]. Their ORTEP drawings
are shown in Fig. 1–3, and their most relevant geometric
parameters are summed up in Table 3. Trans disposition of
ligands was observed also for the morpholine complex,
[Zn(quin)2(morph)2] (12). Both trans complexes are centrosym-
metric with the N4O2 donor set occupying vertices of a distorted
octahedron. Their geometric parameters are very similar and
are different from those of [Zn(quin)2(pipe)] and cis-
[Zn(quin)2(pipe)2], the complex species of 2. The amine-to-zinc
bond lengths span a wide range, from 2.0670(18) Å to
2.2168(15) Å. The shortest bond is, as expected, in a ve-
coordinate [Zn(quin)2(pipe)]. As all literature examples are
either four- or ve-coordinate zinc(II) species, a relevant
comparison exists for [Zn(quin)2(pipe)] only. Very similar
distances, i.e., 2.0743(6) and 2.0793(8) Å, were displayed in ve-
coordinate dialkyldithiocarbamate complexes with the
[Zn(pipe)(S2CNR2)2] (R ¼ CH3 or C2H5) composition.71 Some-
what longer bonds, 2.094(4) and 2.102(4) Å, are in a four-
coordinate [Zn(pipe)2(C6F5)2].72 The N3O2 donor set of the
This journal is © The Royal Society of Chemistry 2020
mono-piperidine complex occupies vertices of a distorted
square pyramid, as shown by the s parameter which amounts to
0.35.73 It is to be noted that cis-[Zn(quin)2(pipe)2] features the
longest bonds between zinc(II) ion and quinaldinate nitrogen,
i.e., 2.3241(19) and 2.3453(18) Å. In another zinc(II) quinaldinate
compound with cis arrangements of ligands, cis-[Zn(quin)2(-
Him)2] (Him ¼ imidazole), the Zn–N distance is even longer,
2.418(4) Å.17 The lengthening is presumably due to the larger
trans inuence of piperidine in 2 or imidazole in the literature
example vs. that of quinaldinate.74 Namely, in 1 and 12 where
the corresponding bonds are shorter, 2.2520(14)–2.2696(16) Å,
RSC Adv., 2020, 10, 18200–18221 | 18209
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Fig. 3 ORTEP drawing of cis-[Zn(quin)2(pipe)2], one of the two
complex species in 2. Displacement ellipsoids are drawn at the 50%
probability level. Hydrogen atoms are shown as spheres of arbitrary
radii.

Fig. 4 ORTEP drawing of [Zn(quin)2(pyroam)], a complex molecule of
10a. Displacement ellipsoids are drawn at the 50% probability level.
Hydrogen atoms are shown as spheres of arbitrary radii.
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the quinaldinate nitrogens are trans to each other. The qui-
naldinate ligands in the series of our amine complexes are not
strictly planar. Their deviation from planarity can be given by
the dihedral angle between the carboxylate and the bicyclic
system, which occupies a 3.7(2)–10.6(3)� range.

The amidine complexes, [Zn(quin)2(pipeam)] and
[Zn(quin)2(pyroam)], were found to crystallize with solvent
Table 3 Relevant bond lengths [Å] and angles [�] in complexes with am

Compound 1 2
Complex trans-[Zn(quin)2(pipe)2] [Zn(quin)2(p
Donor set N4O2 N3O2

s parameter — 0.35
Zn–O(quin�) 2.0526(12) 1.9785(15), 1
Zn–N(quin�) 2.2520(14) 2.1906(18), 2
Dihedral anglea 0.00(7) 35.09(6)
Non-planarity of quin�b 6.1(3) 6.90(18), 10.
Zn–L 2.2168(15) 2.0670(18)

a Angle between a pair of quinaldinates. b Calculated as an angle between

Table 4 Relevant bond lengths [Å] and angles [�] in complexes with am

Compound 4a 4b
Complex [Zn(quin)2(pipeam)] [Zn(quin)2(pipeam)]
Donor set N3O2 N3O2

s parameter 0.54 0.59
Zn–O(quin�) 2.0114(11), 2.0038(12) 2.0028(12), 2.0118(12)
Zn–N(quin�) 2.1844(13), 2.1486(13) 2.1917(14), 2.1787(14)
Dihedral anglea 71.43(3) 60.53(3)
Non-planarity of quin�b 11.73(17), 3.34(12) 9.9(3), 8.3(2)
Zn–N(amidine) 1.9877(14) 1.9845(15)

a Angle between a pair of quinaldinates. b Calculated as an angle between

18210 | RSC Adv., 2020, 10, 18200–18221
molecules of crystallization. The dimensions of the
[Zn(quin)2(pipeam)] molecules of 4a and 4b are almost the
same. The same observation pertains to the pyroam complex of
10a, 10b and 10c as is evident from the Table 4. Fig. 4 shows the
ORTEP drawing of [Zn(quin)2(pyroam)] (10a). The ve-
numbered coordination of zinc(II) consists of two bidentate
chelating quinaldinates and amonodentate amidine, bound via
ines

2 12
ipe)] cis-[Zn(quin)2(pipe)2] trans-[Zn(quin)2(morph)2]

N4O2 N4O2

— —
.9888(14) 2.0080(14), 2.0449(13) 2.0703(13), 2.0589(13)
.1962(17) 2.3241(19), 2.3453(18) 2.2582(15), 2.2696(16)

63.17(4) 0.00(7), 0.00(6)
6(3) 10.6(2), 10.02(17) 3.7(2), 4.9(3)

2.1799(18), 2.1755(19) 2.1959(16), 2.1918(16)

the carboxylate and the quinaldinate bicyclic system.

idines

10a 10b 10c
[Zn(quin)2(pyroam)] [Zn(quin)2(pyroam)] [Zn(quin)2(pyroam)]
N3O2 N3O2 N3O2

0.66 0.56 0.48
2.0088(16), 2.0209(15) 2.0033(17), 2.0093(17) 2.0105(16), 2.0191(15)
2.1589(18), 2.1730(18) 2.175(2), 2.1786(19) 2.1578(17), 2.1763(17)
58.46(5) 63.69(5) 67.16(4)
8.52(17), 4.86(11) 12.1(4), 5.7(3) 8.98(13), 7.1(2)
1.9991(19) 1.974(2) 1.9952(18)

the carboxylate and the quinaldinate bicyclic system.

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 ORTEP drawing of the [Zn(quin)3]
� ion of 5. Displacement

ellipsoids are drawn at the 50% probability level. Hydrogen atoms are
shown as spheres of arbitrary radii.
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its imine nitrogen. The s parameters in the 0.48–0.66 range
suggest that the N3O2 donors describe a polyhedron that may be
considered as an intermediate between a square pyramid and
a trigonal bipyramid. The quinaldinate-to-zinc bonds are
comparable to those in other ve-coordinate species. A dihedral
angle of 58.46(5)–71.43(3)� is formed between the quinaldi-
nates. Similarly to the amine complexes, quinaldinates in
amidine complexes are not strictly planar. The amidine-to-zinc
bond, which occupies a 1.974(2)–1.9991(19) Å range, is shorter
Table 5 Relevant bond lengths [Å] and angles [�] in five-coordinate [Zn(

Compound 5 11triclinic
pipeamH[Zn(quin)3] pyroamH[Zn(quin)

Donor set N2O3 N2O3

s parameter 0.50 0.49
Zn–O(quin�) 2.0150(11), 2.0179(11) 2.005(8), 2.011(8)
Zn–N(quin�) 2.1478(13), 2.1463(13) 2.174(10), 2.126(13
Dihedral anglesa 60.16(3) 58.4(2)

80.37(3) 79.5(2)
77.41(3) 71.4(3)

Non-planarity of quin�b 3.8(3) – c

7.58(15)
4.0(2)

Zn–O(RCOO�)d 1.9780(11) 1.934(9)
RCOO� quin� quin�

Zn/O(RCOO�)e 2.8838(14) 2.854(10)
Zn–Cl — —

a Angle between a pair of quinaldinates. For 5 and 11triclinic, the rst liste
between the carboxylate and the quinaldinate bicyclic system. c Not given.
were too large. d RCOO� that is bound in a monodentate manner. e Dista

This journal is © The Royal Society of Chemistry 2020
than the piperidine-to-zinc bond in a ve-coordinate
[Zn(quin)2(pipe)] of 2, 2.0670(18) Å. Bonds in the piper-
idinoacetamidine and pyrrolidinoacetamidine ligands are very
much alike. The sp2 hybridized carbon is bonded to the imine
with bonds in the 1.289(2)–1.304(3) Å range and to the amine
with slightly longer bonds, i.e., 1.334(3)–1.352(2) Å. Their
lengths are very similar to the ones observed for [Al(pipeam)4]
Cl3$CH3CN.75 Owing to the double-bond character of the C–
imine bond, the amidine can exist in two, E or Z, congurations,
with E isomers being the kinetically favoured products.68 Our
pipeam and pyroam ligands are all E isomers. Similarly, the E
conguration was observed for a series of bipyridine-based
rhenium(I) complexes with piperidinoacetamidine and mor-
pholinoacetamidine. The absence of Z isomers was explained
with steric interactions between the bulky ring moiety of the
axial amidine and bipyridine ligands in the equatorial plane.22 A
cationic nickel(II) complex, [Ni(HNP2)(pipeam)]2+ (HNP2 ¼ a tri-
dentate N,P,P-ligand), also featured pipeam in E conguration,23

whereas pyroam ligands of [Cu(pyroam)2]I were in Z conguration.24

pipeamH[Zn(quin)3] (5) and pyroamH[Zn(quin)3]
(11triclinic) consist of the [Zn(quin)3]

� ions with a ve-
coordinate zinc(II) and protonated amidine molecules as
countercations. The zinc(II) ion is bound to two bidentate
chelating quinaldinates and a monodentate quinaldinate via
one carboxylate oxygen. The ORTEP drawing of the [Zn(quin)3]

�

ion of 5 is shown in Fig. 5. Relevant geometric parameters for
ve-coordinate zinc(II) complexes are summarized in Table 5.
The distribution of N2O3 donor atoms in 5 and 11triclinic is
exactly half-way between a square-pyramid and a trigonal
bipyramid. The monodentate quinaldinate binds to zinc(II) with
a somewhat shorter bond, 1.9780(11) Å (compound 5) or
1.934(9) Å (11triclinic), than the bidentate chelating quinaldi-
nates. The other oxygen of the monodentate quinaldinate does
not make a signicant bonding interaction as the Zn–O
distance exceeds 2.8 Å. The bonding pattern in the complex
anion of pipeamH[Zn(quin)2(CH3COO)]$acetamide (6) bears
quin)3]
� compounds, 5 and 11triclinic, and in 6 and 9

6 9
3] pipeamH[Zn(quin)2(CH3COO)]$acetamide pyroH[Zn(quin)2Cl]

N2O3 N2ClO2

0.52 0.33
1.9965(12), 2.0288(12) 1.9976(14)

) 2.1608(14), 2.1363(15) 2.2352(15)
53.89(3) 14.303(17)

2.80(16) 3.66(11)
2.5(3)

1.9766(12) —
CH3COO

� —
3.1652(13) —
— 2.2670(11)

d angle is between the bidentate quinaldinates. b Calculated as an angle
Owing to weak data set, the standard deviations of the calculated angles
nce of a non-coordinated carboxylate oxygen to zinc(II).

RSC Adv., 2020, 10, 18200–18221 | 18211
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Fig. 7 ORTEP drawing of the [Zn(quin)3]
� ion of 3. Displacement

ellipsoids are drawn at the 50% probability level. Hydrogen atoms are
shown as spheres of arbitrary radii.

Fig. 6 ORTEP drawing of the [Zn(quin)2(CH3COO)]� ion of 6.
Displacement ellipsoids are drawn at the 50% probability level.
Hydrogen atoms are shown as spheres of arbitrary radii.
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a striking similarity to that in 5: it also features a ve-coordinate
environment consisting of two bidentate chelating quin�

ligands and amonodentate acetate. The s parameter of 0.52 also
shows structural resemblance to complexes of 5 and 11triclinic.
The ORTEP drawing of the [Zn(quin)2(CH3COO)]

� ion is shown
in Fig. 6. The acetate-to-zinc(II) bond length is 1.9766(12) Å,
whereas the non-bonding acetate oxygen is at a distance of
3.1652(13) Å. On protonation, the C–N bonds in amidinium
cations became more alike: the originally C]N double bond of
neutral amidine slightly lengthened, whereas the C–N bond
became shorter. Opposite trend was reported for the amidinium
salt with nitrate, where the character of the C–N bonds on
protonation became even more localized with a difference
between them amounting to 0.07 Å. The parent amidine,
formed in the presence of platinum(II), was a condensation
product of the benzonitrile reaction with 1-methylcytosine.76

For comparison, in our compounds with amidinium cations,
the difference between the C–N bonds was not larger than
0.014 Å.

The isostructural pipeH[Zn(quin)3]$CH3CN (3), a monoclinic
polymorph of pyroH[Zn(quin)3]$CH3CN (8monoclinic) and
morphH[Zn(quin)3]$CH3CN (13) contain [Zn(quin)3]

� ions with
zinc(II) in a six-numbered coordination environment. The same
complex anions were found in two more compounds, a triclinic
polymorph of pyroH[Zn(quin)3]$CH3CN (8triclinic) and
a monoclinic polymorph of pyroamH[Zn(quin)3] (11mono-
clinic). The dimensions of the [Zn(quin)3]

� ions are essentially
the same in all compounds. ORTEP drawing of the [Zn(quin)3]

�

ion of 3 is shown in Fig. 7, and the most relevant geometric
parameters are given in Table 6. All three quinaldinate ligands
of the [Zn(quin)3]

� ion are bound in a bidentate chelate
manner. Some of the quinaldinates are nearly planar, for
others, the deviation from planarity is more pronounced. The
N3O3 donor set occupies vertices of a distorted octahedron. The
distribution of the donors is mer: two quinaldinate nitrogens
are trans to each other, and the third is trans to quinaldinate
oxygen. Of the three Zn–N bonds, the one that is trans to oxygen,
18212 | RSC Adv., 2020, 10, 18200–18221
is by ca. 0.2 Å longer than the other two. A tightly bound
carboxylate apparently weakens the Zn–N bond opposite to
itself. The lengthening of this bond has wider consequences. Its
cleavage, as the extreme case of the bond labilization, results in
a ve-coordinate [Zn(quin)3]

� species, the one that was actually
observed in 5 and in the other polymorph of pyroamH
[Zn(quin)3] (11triclinic).

The structure of pyroH[Zn(quin)2Cl] (9) consists of pyrroli-
dinium cations and the [Zn(quin)2Cl]

� complex anions (shown
in Fig. 8). The distribution of the N2ClO2 donor set resembles
most a distorted square pyramid, as conrmed by the value of
0.33 for s parameter. The quinaldinate donor atoms dene its
basal plane, whereas chloride occupies its apical position. The
chloride complex features the smallest dihedral angle between
the quinaldinate ligands, 14.303(17)�, in all complexes with
coordination number ve. The chloride-to-zinc bond length of
2.2670(11) Å is very similar to Zn–Cl bonds in other complexes
with chloride located at the apex of a square pyramid.77,78
Intermolecular interactions

The title compounds possess structural elements that are good
hydrogen bond donors and/or acceptors. As a result, intricate
patterns of intermolecular connectivity are observed in solid
state. An exhaustive list of hydrogen bonding interactions in 1
to 13 is given in Tables S2 and S3 (see ESI†). Two types of
connectivity patterns prevail: the complex species are either
linked into innite chains or into dimeric clusters. Both motifs
are encountered in the structure of [Zn(quin)2(pipe)]$cis-
[Zn(quin)2(pipe)2] (2) which contains two different complex
species. Piperidine ligands act as hydrogen bond donors via
their N–H moieties. On the other hand, the non-coordinated
oxygen atoms of quinaldinate carboxylates act as the accep-
tors. Surprisingly, hydrogen bonds link one type of complex
This journal is © The Royal Society of Chemistry 2020
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Fig. 8 ORTEP drawing of the [Zn(quin)2Cl]
� ion of 9. Displacement

ellipsoids are drawn at the 50% probability level. Hydrogen atoms are
shown as spheres of arbitrary radii.
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molecules only: [Zn(quin)2(pipe)] molecules are linked via N–
H/COO� interactions into chains, whereas cis-[Zn(quin)2(-
pipe)2] molecules are linked into dimers. Both pack with the
formation of layers which stack along b-axis. In this stack,
a layer of the [Zn(quin)2(pipe)] molecules alternates with the
layer of the cis-[Zn(quin)2(pipe)2] molecules. Weak intermolec-
ular interactions occur between the layers. The hydrogen
bonding pattern in compound 2 is shown in Fig. 9. The linking
patterns, described in graph set notation, are C1

1(6) and
R2
2(12), respectively.79

In many structures, the chains pack with the formation of
channels that accommodate solvent molecules of crystalliza-
tion. With their location in channels, facile escape routes are
provided. This explains the instability of the crystals of all
solvates when taken out from mother liquors. pyroH
[Zn(quin)3]$CH3CN merits further comment, as it displays
a true polymorphism. It crystallizes in a monoclinic P21/n
(8monoclinic) or in a triclinic P�1 (8triclinic) cell. The dimen-
sions of the [Zn(quin)3]

� ions in its polymorphs are essentially
the same. A major difference between the polymorphs may be
observed in intermolecular connectivity, shown in Fig. 10. In
the monoclinic polymorph, four N–H(pyroH+)/COO� contacts
with lengths not longer than 2.776(4) Å link two [Zn(quin)3]

�

ions with two pyrrolidinium cations into a cyclic motif, denoted
as R4

4(20). In the triclinic polymorph, one N–H/COO� contact
is longer, it amounts to 2.926(3) Å. The complex anions and the
pyroH+ cations are linked into innite chains, denoted as
C2
2(8). The chains pack in a parallel fashion forming channels

that accommodate solvent molecules of acetonitrile.
Drawings of supramolecular motifs in other compounds are

given in ESI.†
DFT calculations on the polymorphic forms of pyroamH
[Zn(quin)3] (11)

pyroamH[Zn(quin)3] (11) was also found in two polymorphic
forms, referred to as 11triclinic and 11monoclinic. A major
difference between the polymorphs exists in their [Zn(quin)3]

�

ions. The anion of the triclinic form features a ve-coordinate
environment of zinc(II), consisting of two bidentate chelating
and a monodentate quinaldinate. The latter is bound through
the carboxylate oxygen. For convenience, this isomer was
RSC Adv., 2020, 10, 18200–18221 | 18213
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Fig. 9 Hydrogen bonding in [Zn(quin)2(pipe)]$cis-[Zn(quin)2(pipe)2] (2): (i) section of a chain of the [Zn(quin)2(pipe)] molecules, (ii) a dimer of the
cis-[Zn(quin)2(pipe)2] molecules, and (iii) alternating layers of [Zn(quin)2(pipe)] (light grey) and cis-[Zn(quin)2(pipe)2] molecules (gold).
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labelled as 5-[Zn(quin)3]
�. The same ion, the ve-coordinate

[Zn(quin)3]
�, was found in pipeamH[Zn(quin)3] (5).

Conversely, in the [Zn(quin)3]
� ion of the monoclinic form, all

three quinaldinates are bidentate chelating and the metal ion is
18214 | RSC Adv., 2020, 10, 18200–18221
in a six-coordinate environment. The complex anion was
labelled as 6-[Zn(quin)3]

�. The six-coordinate [Zn(quin)3]
� ions

were also found in salts with protonated amines: 3, 8mono-
clinic, 8triclinic and 13. The two [Zn(quin)3]

� structural
This journal is © The Royal Society of Chemistry 2020
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Fig. 10 Connectivity patterns in polymorphic forms of pyroH[Zn(quin)3]$CH3CN: (i) a cluster of two complex anions and two pyroH+ ions in
8monoclinic, and (ii) a short section of a chain of alternating complex anions and pyroH+ cations in 8triclinic.
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isomers, a remarkable demonstration of a exidentate80

behaviour of the quinaldinate ligand, were subjected to theo-
retical DFT calculations. Since the calculations were performed
also on short hydrogen bonded segments, the X-ray structures
of polymorphs were inspected in a more detailed manner. First
observation pertains to their densities which do not differ
signicantly and as such speak of a similar packing efficiency.
Differences in the constituent [Zn(quin)3]

� ions entail
a different intermolecular connectivity. In both structures,
hydrogen bonding between the [Zn(quin)3]

� ions and the
pyroamH+ countercations produces innite chains of alter-
nating anions and cations, shown in Fig. 11. The six-coordinate
[Zn(quin)3]

� ions of 11monoclinic form two hydrogen bonds,
both of the N–H/COO� type, with amidinium cations. The
linking motif may be described as C2

2(10). Within a chain,
a methyl hydrogen of the pyroamH+ ion makes a C–H/p

interaction with the nearest quinaldinate, i.e., H/Cg ¼ 2.87 Å,
C–H/Cg ¼ 120�.81 The chains, packed in a parallel fashion
along the a-axis, are held together with p/p stacking [param-
eters of the shortest interaction are Cg/Cg ¼ 3.648(2) Å and
a dihedral angle of 4.2(2)�] and C–H/p interactions [H/Cg ¼
2.69 Å and C–H/Cg ¼ 168�].81,82 Hydrogen bonds of the ve-
coordinate [Zn(quin)3]

� ion in 11triclinic are markedly
different as they involve a non-coordinated nitrogen of the
monodentate quinaldinate. The [Zn(quin)3]

� ion forms two
This journal is © The Royal Society of Chemistry 2020
hydrogen bonds with the pyroamH+ ions, one is of the N–H/
COO� type and the other is of the N–H/N type. The repeating
pattern is described as C2

2(11). Within a chain, a methylene
hydrogen of the pyroamH+ ion makes a short contact to one
aromatic ring, i.e., H/Cg ¼ 2.88 Å and C–H/Cg ¼ 154�. The
other two quinaldinates are engaged in the p/p stacking with
aromatic rings belonging to adjacent chains. In the shortest
interaction, the centroid/centroid distance amounts to
3.578(7) Å and a dihedral angle is 2.4(6)�.

The relative stability of the six- and ve-coordinate
[Zn(quin)3]

� complexes in acetonitrile was assessed with DFT
calculations {SMD(acetonitrile)-uB97XD/6-31+g(d,p)}. Thus,
while the optimized geometry of 5-[Zn(quin)3]

� does not depart
signicantly from the solid state geometry of the ion, taken as
the starting point for the optimization (RMS deviation ¼ 0.44 Å,
excluding hydrogens), optimization of 6-[Zn(quin)3]

� results in
a severe distortion of the solid state geometry with the orien-
tation of two quinaldinate ligands changing from an almost
perpendicular one to a quasi-parallel one, i.e., a dihedral angle
between the planes changes from 86.6� to 27.6� (Fig. 12). This
distortion hints at, as we shall comment later, an important role
of noncovalent p/p and C–H/p interactions, including
intramolecular and anion–cation interactions, in the overall
stability of both polymorphs of pyroamH[Zn(quin)3].
RSC Adv., 2020, 10, 18200–18221 | 18215
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Fig. 11 Infinite chains in pyroamH[Zn(quin)3] polymorphs: (i) 11monoclinic, (ii) 11triclinic.
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In bulk acetonitrile, as expected, 6-[Zn(quin)3]
� is the most

stable by 5.6 kcal mol�1 (DZPE). Moreover, 5-[Zn(quin)3]
� may

convert into its coordinatively saturated isomer through an
almost barrierless process, according to the relaxed scan of the
Potential Energy Surface (PES) (see the ESI for details†). Inter-
estingly, a new minimum, labelled 5b-[Zn(quin)3]

�, was located
on the way from the ve- to the six-coordinate species. In this
new minimum, again, two quinaldinate ligands are found with
Fig. 12 Optimized geometry of 6-[Zn(quin)3]
� (green) overlaid with

the X-ray solid state geometry (red).

18216 | RSC Adv., 2020, 10, 18200–18221
their planes in a nearly parallel alignment (the corresponding
dihedral angle amounts to 9.4�). The stability order (with rela-
tive zero-point-energies in kcal mol�1) is as follows: 6-
[Zn(quin)3]

� (0.00) > 5b-[Zn(quin)3]
� (1.79) > 5-[Zn(quin)3]

�

(5.56). With the 5b-[Zn(quin)3]
� intermediate being

1.8 kcal mol�1 above the six-coordinate species, it can be
inferred that p/p stacking of quinaldinates stabilizes the
Fig. 13 Optimized geometry of 5b-[Zn(quin)3]
� with AIM bcps and

bond paths, and NCI plot revealing weak attractive interactions.

This journal is © The Royal Society of Chemistry 2020
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system by ca. 4 kcal mol�1. Atoms In Molecules (AIM)47,48 and
Non Covalent Interactions (NCI)83 analyses clearly reveal this
type of contacts in 5b-[Zn(quin)3]

�. Fig. 13 shows its optimized
geometry, superimposed on its molecular graph and NCI plot,
with yellow dots and orange traces representing bond critical
points (bcps) and bond paths respectively, green surfaces cor-
responding to NCIs. Up to four bond paths and bcps connect
one of the two k2-bound quinaldinates with the k1-quinaldinate,
revealing weak, closed shell interactions between the aromatic
rings. All four bcps between quinaldinates lie on the green
surface, which, in the colour code used for the NCI plot,49

corresponds to weak attractive interactions.
Since the X-ray structures of the pyroamH[Zn(quin)3] poly-

morphs have revealed hydrogen bonds between the anionic
complexes and the pyroamH+ countercations, two short chains
with each containing two cations and the anionic complex,
either a ve- or a six-coordinate one, were freely optimized in
acetonitrile. Fig. 14 compares the X-ray determined (red) and
DFT-optimized (green) geometries of these chain fragments. In
both cases, in the optimized geometry at least one hydrogen
bond between each cation and the [Zn(quin)3]

� ion is main-
tained. Themost conspicuous difference between the solid state
and the calculated geometry is observed for 11monoclinic
where one pyroamH+ cation forms a hydrogen bond with the
zinc-coordinated carboxylate oxygen (green arrow). Further-
more, both cations shi considerably their relative positions
from the solid state geometry and form new C–H/p interac-
tions with quinaldinates, as revealed by AIM and NCI analyses
(see the ESI for details†). In these contacts, the shortest H/
C(sp2) distance is 2.85 Å, the H/Cg distances occupy a 2.70–
2.78 Å range, and the C–H/Cg angles are 117.5–125.8�. The
latter descriptors are consistent with weak interactions.81,82 The
discrepancies between the experimentally observed and the
Fig. 14 Optimized (green) and X-ray solid state (red) chain fragments of
solid state structures.

This journal is © The Royal Society of Chemistry 2020
calculated geometries are mostly due to the absence of the
extended contacts array in the chain segments. Nevertheless,
the calculations inform of the importance of the noncovalent
interactions in this system and conrm the anion–cation
hydrogen bonding pattern.

More importantly, the zero-point energy difference between
the short chain of 11monoclinic and that of 11triclinic is
reduced to 1.6 kcal mol�1, with the six-coordinate species still
being the most stable. Although when DG is considered, the
stability order is reversed and the ve-coordinate system
appears as the most stable by 0.7 kcal mol�1. We completed the
above study with NCI analysis at the promolecular level of
frozen fragments of the crystal structures of 11monoclinic and
11triclinic which has conrmed an extended array of weak
attractive interactions: (i) intermolecular p/p stacking
between quinaldinate ligands of neighbouring complex anions,
(ii) C–H/p interactions, and (iii) N–H/O/N hydrogen bonds
between the pyroamH+ cations and the complex anions with the
latter having an obvious electrostatic component. These results
suggest that the isolation of the structural isomers of the
[Zn(quin)3]

� ion is a likely result of a ne balance between the
difference in the stability of the ve- and six-coordinate complex
and the attractive noncovalent interactions in the crystal lattice.
Infrared spectroscopy

The most intense absorption bands in the spectra of title
compounds are due to vibrations of the carboxylate moiety,
commonly known as the nas(COO

�) and ns(COO
�) vibrations.84

Their positions are listed in Table 7. The nas(COO
�) vibrations

fall between 1646 and 1612 cm�1, whereas the ns(COO
�) vibra-

tions may be seen as several bands in the 1394–1324 cm�1

region. Although the quinaldinate binding mode is not the
same in all compounds, the binding manner of the carboxylate
11triclinic (left) and 11monoclinic (right). The insets correspond to the

RSC Adv., 2020, 10, 18200–18221 | 18217
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Table 7 The nas(COO�) and ns(COO�) absorption bands [cm�1] in the
spectra of title compounds

Compound nas(COO
�)a ns(COO

�)a

1 1632 1365, 1349
2 1646, 1634 1368sh, 1359, 1343
3 1631 1389, 1375sh, 1355, 1339
4a 1635 1352sh, 1335
4b 1644 1365sh, 1355, 1343, 1337
5 1627 1369, 1345
7 1633 1362, 1349sh
8 1612 1367, 1342
9 1615 1388, 1376, 1351
10a 1637 1354, 1339, 1324
10b 1645 1365sh, 1355, 1344, 1333
11 1613 1387sh, 1373, 1359sh,

1347
12 1631 1365
13 1623sh, 1613 1394, 1371, 1342

a sh ¼ shoulder.
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moiety is. In all, the carboxylate is engaged in coordination
through one oxygen atom, whereas the other participates in
hydrogen bonding interactions. Monodentate carboxylate
coordination is typically reected in a large difference between
the position of the nas(COO

�) and ns(COO
�) absorption bands,

conveniently denoted as a splitting value D.84 In the spectra of
our compounds, the splitting values occupy a 264–313 cm�1

interval, which agrees with a monodentate binding mode.
A band of weak to medium intensity at ca. 3200 cm�1 in the

spectra of 1, 2, 7 and 12 is indicative of the presence of amine
ligands (Table 8). The band nds its origin in the N–H
stretching vibrations.85 In the spectrum of [Zn(quin)2(pipe)]$cis-
[Zn(quin)2(pipe)2] (2) which contains two complex species, two
bands are observed in this region. Amine ligands are further
corroborated by medium absorptions of the methylene C–H
stretching vibrations. The spectra of salts with protonated
amines, 3, 8, 9 and 13, display very broad bands in the 3500–
2400 cm�1 region. The bands are due to the N–H stretching
vibrations of the NH2

+ group which is engaged in hydrogen
bonding interactions.85 The corresponding bending vibrations
Table 8 Typical amine and amidine absorption bands [cm�1]

Compound n(N–H) n(C–H) n(C]N)

Amine complexes
1 3221 2937, 2869, 2854 —
2 3215, 3122 2931, 2853 —
7 3188 2953, 2873 —
12 3180 2964, 2944, 2925, 2850 —

Amidine complexes
4a 3282 2934, 2856 1584, 1569, 1562sha

4b 3300 2971, 2864 1584, 1570
10a 3262 2929, 2873 1591, 1570
10b 3284 2965, 2871 1590, 1571

a sh ¼ shoulder.

18218 | RSC Adv., 2020, 10, 18200–18221
of the NH2
+ group are hidden by the carboxylate nas(COO

�)
band. In the spectrum of piperidinium nitrate, the latter
absorption occurred at 1619 cm�1.86 The spectra of amidine
compounds, 4a, 4b, 10a and 10b, reveal a shi of the n(N–H)
bands to higher frequencies. They are found in the 3300–
3262 cm�1 region as compared to 3221–3122 cm�1 for
complexes with amines. A series of Pt(IV) complexes with ami-
dines, formed from propionitrile and nitroanilines, revealed
n(N–H) bands at even higher wavenumbers, 3435–3289 cm�1.69

The presence of amidine ligands, pipeam and pyroam, leaves
another imprint upon the spectra, a strong and split absorption
band at ca. 1580 cm�1 that may be associated with the
stretching absorption of the C]N amidine bond.87

The spectra of compounds with protonated amidines, 5 and
11, are different. A very broad band appears at ca. 3000 cm�1

that obscures the n(N–H) absorptions. A new band at 1658 cm�1

may be observed in the spectra of both compounds. The liter-
ature reports that in amidine salts with the C]NH2

+ structural
fragment an interaction occurs between the stretching of the
C]N bond and the NH2

+ deformation vibration.85 As a result,
the spectra of amidinium salts lack the n(C]N) band that was
observed for amidine complexes at 1580 cm�1.

Many of the title compounds contain solvent molecules of
crystallization. Because of the instability of the acetonitrile
solvates outside of the mother liquors, the solvent bands are
usually absent from the spectra. Surprisingly, for 4b and 10b,
traces of chloroform could be seen as a band of moderate
intensity at ca. 660 cm�1. Its position agrees well with the
literature data.88 Remaining chloroform bands cannot be
unambiguously assigned because of the overlap with other
absorption bands.
1H NMR spectroscopy

The 1H NMR spectra conrm the composition of the complex
species. The integrals of the quinaldinate and amine or amidine
signals are in the correct ratio. The chemical shis for both the
quinaldinate and piperidine ligands in the spectra of trans-
[Zn(quin)2(pipe)2]$2CH3CN (1) and [Zn(quin)2(pipe)]$cis-
[Zn(quin)2(pipe)2] (2) are the same suggesting that their DMSO-
d6 solutions contain the same complex, most likely an already
known DMSO complex.16 The signals of the quinaldinate
ligands for the [Zn(quin)3]

� compounds, where zinc(II) features
in the solid state a six-numbered coordination environment, are
slightly upeld when compared to the spectra of the
[Zn(quin)2(amine)2] complexes, i.e., 8.60–7.64 ppm vs. 8.94–
7.81 ppm, respectively. It is to be noted that the spectrum of
pipeamH[Zn(quin)3] (5) with a ve-numbered zinc(II) coordi-
nation has quinaldinate signals at almost the same position.
The latter agrees either with the presence of one form of the
[Zn(quin)3]

� ion in the solution or the DMSO reaction of both
[Zn(quin)3]

� forms yielding the same product. The spectra of
pipeamH[Zn(quin)2(CH3COO)]$acetamide (6) and pyroH
[Zn(quin)2Cl] (9) compounds, which contain Zn(II) complexes
with two quinaldinate ligands and a third negatively charged
ligand, are ostensibly similar: the quinaldinate signals, ve of
them, are for both in the 8.78–7.76 ppm range. Same range,
This journal is © The Royal Society of Chemistry 2020
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8.78–7.80 ppm, is observed for quinaldinates in the amidine
compounds 4a and 10a. The amidine ligands leave a character-
istic ngerprint in the spectra of both. Pipeam is characterized
by a set of ve resonances. The signals at 3.25–3.23, 1.46–1.42
and 1.23 ppm are assigned to methylene groups with the rst
listed multiplet belonging to hydrogen atoms of the methylene
groups that are closest to the ring nitrogen. The resonance at
6.98 ppm belongs to the azomethine hydrogen and the one at
1.90 ppm to the methyl group. Similar chemical shi is
observed for the pyroam methyl group in the spectrum of 10a,
i.e., at 1.94 ppm. The resonances at 3.28, 3.10 and 1.76–
1.73 ppmmay be ascribed to the pyroammethylene groups. It is
of interest to note that two signals may be observed for the
methylene groups that are closest to nitrogen. Upon proton-
ation, the amidine signals shi downeld, i.e., as exemplied by
the spectrum of pipeamH[Zn(quin)3] (5) with resonances at
3.51–3.49, 2.23 and 1.62–1.55 ppm. A broad resonance at
9.01 ppm is probably due to the NH2

+ moiety.

Conclusions

A series of compounds obtained from the reaction of
[Zn(quin)2(H2O)], a selected secondary cyclic amine and aceto-
nitrile has demonstrated two important properties of the zinc(II)
coordination chemistry: the ability of zinc(II) to adopt different
coordination environments and to activate normally inert
organic substrates, in our case, acetonitrile towards the nucle-
ophilic attack by the amine. The products of the straightforward
substitution of water by amine include all possible species,
from the mono-amine complex with the composition
[Zn(quin)2(amine)] to the two geometric isomers of the bis-
amine complex, cis- and trans-[Zn(quin)2(amine)2]. In the pres-
ence of zinc(II), piperidine and pyrrolidine reacted with aceto-
nitrile to corresponding amidines. The resulting
piperidinoacetamidine and pyrrolidinoacetamidine were found
as ligands in the neutral [Zn(quin)2(amidine)] complexes, which
were unknown prior to this study. The presence of zinc(II)
compounds was conrmed as a prerequisite for the acetonitrile
reaction with amine. In addition, the reactions had to be carried
out either under forcing conditions or in the presence of
ethanol or 2-propanol. Morpholine, a homologous amine, did
not produce amidine. In autoclaves at 105 �C, its decomposition
to ammonia and coordination of the latter to zinc(II) took place.
The homoleptic anionic complex [Zn(quin)3]

� was found in the
solid state in two isomeric forms which differ in the quinaldi-
nate binding manner. The DFT study has shown the isomer
with a six-coordinate zinc(II) and all quinaldinates bidentate
chelating to be by 5.6 kcal mol�1 more stable than the one with
a ve-coordinate zinc(II) and one of the three ligands bound in
a monodentate manner. The conversion between the two in the
solution seems to be almost barrier-free. Intermolecular inter-
actions in the crystal structures of both have a stabilizing effect
which reduces the energy difference between the pair.
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17 D. Dobrzyńska, T. Lis and L. B. Jerzykiewicz, Inorg. Chem.
Commun., 2005, 8, 1090–1093.

18 T. A. Zevaco, H. Görls and E. Dinjus, Inorg. Chim. Acta, 1998,
269, 283–286.

19 U. Brand and H. Vahrenkamp, Inorg. Chem., 1995, 34, 3285–
3293.

20 B. Modec, Crystals, 2018, 8, 52.
21 N. Podjed, P. Stare, R. Cerc Korošec, M. M. Alcaide, J. López-
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