
01/2020

European Journal of Inorganic Chemistry

Accepted Article

Title: Correlating Structure and KA2 Catalytic Activity of Zn(II)
Hydrazone Complexes

Authors: Temiloluwa T. Adejumo, Marianna Danopoulou, Leandros
P. Zorba, Andrej Pevec, Matija Zlatar, Dušanka Radanović,
Milica Savić, Maja Gruden, Katarina K. Anđelković, Iztok
Turel, Božidar Čobeljić, and Georgios C. Vougioukalakis

This manuscript has been accepted after peer review and appears as an
Accepted Article online prior to editing, proofing, and formal publication
of the final Version of Record (VoR). The VoR will be published online
in Early View as soon as possible and may be different to this Accepted
Article as a result of editing. Readers should obtain the VoR from the
journal website shown below when it is published to ensure accuracy of
information. The authors are responsible for the content of this Accepted
Article.

To be cited as: Eur. J. Inorg. Chem. 2023, e202300193

Link to VoR: https://doi.org/10.1002/ejic.202300193

http://crossmark.crossref.org/dialog/?doi=10.1002%2Fejic.202300193&domain=pdf&date_stamp=2023-08-26


RESEARCH ARTICLE    

1 
 

Correlating Structure and KA2 Catalytic Activity of Zn(II) 
Hydrazone Complexes 
Temiloluwa T. Adejumo,[a] Marianna Danopoulou,[b] Leandros P. Zorba,[b] Andrej Pevec,[c] Matija 
Zlatar,[d] Dušanka Radanović,[d] Milica Savić,[d] Maja Gruden,[a] Katarina K. Anđelković,[a] Iztok Turel,*[c] 
Božidar Čobeljić,*[a] and Georgios C. Vougioukalakis*[b] 

[a] T. T. Adejumo, Prof. Dr. M. Gruden, Prof. Dr. K. K. Anđelković, Dr. B. Čobeljić 

Department of General and Inorganic Chemistry 

University of Belgrade - Faculty of Chemistry 

Studentski trg 12–16, 11000 Belgrade, Serbia 

E-mail: bozidar@chem.bg.ac.rs 

[b] M. Danopoulou, L. P. Zorba, Dr. G. C. Vougioukalakis 

Laboratory of Organic Chemistry, Department of Chemistry 

National and Kapodistrian University of Athens 

Panepistimiopolis, 15771 Athens, Greece 

E-mail: vougiouk@chem.uoa.gr 

[c] Dr. A. Pevec, Prof. Dr. I. Turel 

Department of Chemistry and Biochemistry 

Faculty of Chemistry and Chemical Technology, University of Ljubljana 

Večna pot 113, 1000 Ljubljana, Slovenia 

E-mail: Iztok.Turel@fkkt.uni-lj.si 

[d] Dr. M. Zlatar, Dr. D. Radanović, M. Savić, 

University of Belgrade - Institute of chemistry, technology and metallurgy 

Department of chemistry 

Njegoševa 12, P.O. Box 815, 11001 Belgrade, Serbia 

 Supporting information for this article is given via a link at the end of the document. 

Abstract: Two new Zn(II) complexes bearing tridentate hydrazone-

based ligands with NNO or NNS donor atoms were synthesised and 

characterised by elemental analysis, infrared (IR) and nuclear 

magnetic resonance (NMR) spectroscopies, and single crystal X-ray 

diffraction methods. These complexes, together with four previously 

synthesised analogues, having hydrazone ligands with a NNO donor 

set of atoms, were successfully employed as catalysts in the ketone-

amine-alkyne (KA2) coupling reaction, furnishing tetrasubstituted 

propargylamines, compounds with unique applications in organic 

chemistry. DFT calculations at the CAM-B3LYP/TZP level of theory 

were performed to elucidate the electronic structure of the 

investigated Zn(II) complexes, excellently correlating the structure of 

the complexes to their catalytic reactivity. 

Introduction 

Zn(II) complexes with hydrazone ligands bearing a NNO or NNS 

donor set of atoms have been the subject of studies over many 

years for their applications in diverse fields.[1–6] Deprotonation of 

the –NH group results in the formation of keto-enol tautomerism 

(=N–N––C=X or =N–N=C–X–) and can create a different tridentate 

NNX donor modes (X = O, S).[7–11] Zn(II) has the ability to form 

complexes with different coordination numbers and different types 

of geometries, while the flexibility of this type of multidentate-

ligands allows these complexes to act as good catalysts in many 

catalytic organic transformations.[12] Complexes encompassing 

NNX tridentate carbazone ligands form different types of 

coordination geometries. The geometry of pentacoordinated 

zinc(II) can be distorted trigonal bipyramidal,[13–19] distorted 

square pyramidal,[20–26] or somewhere between trigonal 

bipyramidal and square pyramidal.[27–29] Similarly, binuclear 

zinc(II) complexes of coordination number five with two acetate 

bridging ligands, in which three coordination sites are occupied by 

the NNS donor set of atoms, can have a trigonal bipyramidal or 

square pyramidal geometry. The analysis of previously 

synthesised ligands with NNO or NNS chromophores and their 

pentacoordinated Zn(II) complexes lead to the conclusion that 

their catalytic properties are insufficiently investigated, and only in 

a few cases a detailed catalytic evaluation has been 

performed.[30,31] 

On a different note, propargylamines are an important class of 

organic scaffolds, which can be exploited as precursors in the 

synthesis of nitrogen-containing compounds with high biological 

relevance. Tetrasubstituted propargylamines include the least 

studied family of propargylamines, which makes them particularly 

attractive for research.[32,33] These compounds are obtained via a 

three-step, one-pot reaction involving a ketone, an amine, and a 

terminal alkyne, in the presence of a transition metal catalyst 

(Scheme 1).[34] 

Scheme 1. KA2 multicomponent coupling reaction. 
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The first transition metals utilized in the KA2 reaction as catalysts 

were Au[35] and Cu.[34,36] Recently, sustainable and low cost 

Zn(II)[37] and Mn(II)[38] salts were also successfully utilized by 

some of us. In a previous work, we established a new, bench-

stable Zn(II)-hydrazone complex supported by a NNO-donor 

hydrazone ligand, able to efficiently catalyse the KA2 coupling 

reaction, affording the desired propargylamines in good yields.[30] 

Encouraged by these studies, we set out to more extensively and 

systematically investigate the catalytic properties of zinc(II) 

hydrazone complexes. In this work, we synthesised and studied 

the catalytic activity of two new (3 and 4, vide infra) and four 

previously prepared Zn(II) complexes (1, 2, 5 and 6, Scheme 

2).[24,25,27] The experimental studies on the catalytic activity of 

these Zn(II) complex is accompanied by thorough density 

functional theory (DFT) calculations. CAM-B3LYP/TZP level of 

theory was used to describe the electronic structures and 

molecular properties of the compounds of interest. Finite 

difference linearization (FDL) and frontier molecular orbital (FMO) 

approaches were used to determine the electronic chemical 

potential, μ, the molecular hardness, η, the molecular softness, S, 

and the electrophilicity index ω. 

Scheme 2. Structures of previously published Zn(II) complexes 

(1, 2, 5 and 6).[24,25,27] 

Results and Discussion 

Synthesis 

The ligand (E)-2-(1-(thiazol-2-yl)ethylidene)hydrazine-1-

carbothioamide (HL3) was obtained from the condensation of 2-

acetylthiazole and thiosemicarbazide (Scheme 3a). Upon 

reacting HL3 with Zn(BF4)2ꞏ6H2O and NaN3 in a solvent mixture of 

water/methanol, mononuclear Zn(II) complex 3 with the 
composition [ZnL3(N3)]n was obtained (Scheme 3b). In complex 

3, Zn(II) is pentacoordinated with the thiazole nitrogen, the 

azomethine nitrogen, and thiolate sulfur atoms from the 

deprotonated hydrazone ligand, as well as with two azido ligands 

which are acting as bridging ligands. 

Scheme 3. a) Synthesis of HL3 ligand and b) [ZnL3(N3)]n complex 

(3). 

The hydrazone ligand (E)-1-(2-oxo-2-(2-(1-(pyridin-2-

yl)ethylidene)hydrazinyl)ethyl)-pyridine-1-ium chloride (HL4Cl) 

was obtained from the condensation reaction of 2-acetylpyridine 

and Girard's P reagent (Scheme 4a). Reaction of HL4Cl with 

Zn(BF4)2ꞏ6H2O and NaN3, in a mixture of 

acetonitrile/water/methanol, gives mononuclear Zn(II) complex 4 

with the composition [ZnL4(N3)2] (Scheme 4b). In complex 4, the 

ligand is coordinated in its deprotonated, formally neutral, 

zwitterionic form to Zn(II) ion through the pyridine nitrogen, the 

imine nitrogen, and the carbonyl oxygen atoms, forming a 

pentacoordinated complex. 

IR spectra 

The IR spectrum of [ZnL3(N3)]n (3) confirms coordination of the 

HL3 ligand in its deprotonated form, given that the ν(N–H) band at 

3435 cm–1 is absent. Bands at 1464 and 892 cm−1 in the IR 

spectrum of 3 correspond to ν(C = S) + ν(C = N) and ν(C = S) + 

γ(CH), respectively, while in the spectrum of non-coordinated HL3 

ligand ν(C = S) + ν(C = N) and ν(C = S) + γ(CH) bands appear at 

1481 and 1068 cm−1. 

The vibration band originating from the NH moiety at 3425 cm–1 

in the IR spectrum of the HL4Cl ligand is absent in the spectrum 

of complex 4 [ZnL4(N3)2], confirming coordination of the ligand in 

its deprotonated form. Bands at 1462 and 892 cm−1 in the IR 

spectrum of complex 4 correspond to ν(C = O) + ν(C = N) and ν(C 

= O) + γ(CH), respectively, while in the spectrum of non-

coordinated HL4Cl ligand ν(C = O) + ν(C = N) and ν(C = O) + 

γ(CH) bands appear at 1485 and 1068 cm−1. 

In the IR spectra of 3 and 4 strong bands at 2084 cm−1 and 2079 

cm−1, respectively, correspond to the vibration of coordinated 

azido ligands. 

Scheme 4. a) Synthesis of the HL4Cl ligand and b) [ZnL4(N3)2] 

complex (4). 

In the IR spectrum of complex 4, a band at 1629 cm−1 

corresponding to the ν(−O –C = N) vibration of the deprotonated 

α-oxyazine form of ligand appears, instead of the carbonyl group 

band of non-coordinated HL4Cl at 1699 cm−1. The coordination of 

azomethine nitrogen imposes a shift of the v(C = N) vibration from 

1630 cm−1 in the spectrum of HL4Cl to 1595 cm−1 in the spectrum 

of complex 4. 

NMR spectra 

The presence of the NH signal in the 1H NMR spectrum of ligand 

HL3 at 10.6 ppm was not observed in the 1H NMR spectrum of 

complex 3, suggesting that the ligand HL3 is coordinated in its 

deprotonated form L3. In the 13C NMR spectrum it was observed 

that complex 3 coordination sites are the thiazole nitrogen, the 

azomethine nitrogen, and the thiolate sulfur atoms. The downfield 

shift of the thiolate carbon (C6) from 179.4 ppm in the spectrum 
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of HL3 to 181.6 ppm in the spectrum of 3, suggests coordination 

of the thiolate sulfur atom. The signal of the azomethine carbon 

atom (C2) at 144.7 ppm in the spectrum of the ligand is shifted 

upfield, in comparison to the spectrum of complex 3, where it 

resonates at 138.9 ppm. From the 1H NMR spectrum of complex 

4 it can be deduced that the ligand HL4Cl is also coordinated in 

its deprotonated form, as the signal from the NH group at 11.5 

ppm is absent. Coordination of HL4Cl through the oxygen atom of 

the carbonyl moiety results in upfield shift of signals of methylene 

C8-H protons from 6.1 ppm to 5.4 ppm in the spectrum of complex 

4. In the 13C NMR spectrum of HL4Cl, C1 carbon resonates at 

154.9 ppm, whereas the same carbon in complex 4 is observed 

at 149.3 ppm. Coordination of HL4Cl through the nitrogen atom of 

the azomethine group results in a downfield shift of the signal of 

C6, from 150.9 ppm to 161.3 ppm in the spectrum of complex 4. 

Coordination of the carbonyl oxygen results in a downfield shift of 

C12 from 168.1 ppm in the spectrum of HL4Cl to 172.5 ppm in the 

spectrum of complex 4. 

Crystal structures of [ZnL3(N3)]n (3) and [ZnL4(N3)2] (4) 
complexes 

Complex 3 crystallises in the monoclinic crystal system with space 

group No.14 (P21/c cell setting). The unit cell of 3 contains four 

[ZnL3(N3)] asymmetric units. In complex 3, the Zn(II) site shows a 

distorted geometry, almost midway between the square pyramid 

and trigonal bipyramid, established on the basis of a calculated 5 

parameter of 0.46 (Table S1 in the Supplementary material). 

Zn(II) is coordinated by NNS-set of donor atoms of L3 and two 

nitrogen atoms (N5 and N7i where i = x, 1/2–y, –1/2+z) from 

symmetry related azide anions. The coordination environment of 

Zn(II) ion in 3 is depicted in Figure 1. The bond lengths and 

valence angles of complexes 3 and 4 are listed in Table S2. 

Figure. 1. Coordination environment of Zn(II) in complex 3. 

Thermal ellipsoids are drawn at the 30% probability level. 

The azide anions bridge Zn(II) ions in a 1,3 fashion so as to 

generate zigzag polymeric chains extending parallel with the c 

crystallographic axis (Figure 2). Further, the zigzag polymeric 

chains are assembled into a 3D network via hydrogen bonds 

involving terminal NH2 group, thioamide nitrogen and one azide 

nitrogen (Table S3). The tridentate coordination of L3 implies the 

formation of two fused five-membered chelate rings Zn–N–C–C–

N and Zn–N–N–C–S, which are almost co-planar, as indicated by 

the dihedral angle of 2.2. The Zn–L bond lengths (Zn–NAr 

2.1390(18) Å, Zn–Sthiolate 2.3516(6) and Zn–Nimine 2.1231(18) Å) 

observed in 3 fit into the range of values 2.125(4)–2.227(3), 

2.324(2)–2.431(6) and 2.03(2)–2.156(4) Å, respectively, 

observed for the five-coordinate Zn(II) complexes with related 

tridentate NNS hydrazone-based ligands.[26–28,39–46] The azido 

ligands are coordinated to the Zn(II) in the bent mode, with N–N–

Zn angles of 115.62(16) and 123.08(17). 

 
Figure 2. Zigzag polymeric chain generated by the 1,3 bridging 

function of the azide anions in complex 3. 

Complex 4 crystallises in the same space group as complex 3, 

with four neutral [ZnL4(N3)2] complex molecules in the unit cell. 

The molecular structure of [ZnL4(N3)2] with the atom numbering 

scheme is shown in Figure 3. In complex 4, the Zn(II) ion has 

fivefold coordination with NNO-set of donor atoms of L4 and two 

nitrogen atoms (N5 and N8) from the azido ligands. The 

calculated 5 value of 0.08 for [ZnL4(N3)2] indicates that the five-

coordination geometry of the Zn(II) ion is slightly distorted square 

pyramidal. The dihedral angle of 9.2 between two five-membered 

chelate rings (Zn–N–C–C–N and Zn–N–N–C–O) shows the non-

coplanar nature of the metal–ligand system in 4. The Zn–L bond 

lengths (Zn–NPy 2.1759(18) Å, Zn–Nimine 2.0430(19) Å and Zn–

Oenolate 2.2401(16) Å) observed in 4 are comparable with those 

found in five-coordinate Zn(II) complexes with related tridentate 

NNO hydrazone-based ligands. (2.08(3)–2.219(9), 2.044(2)–

2.088(6) and 2.079(8)–2.21(2) Å,[13,18,47–51] respectively), although 

in complex 4 the Zn–Oenolate bond is somewhat longer. The bond 

angles N6–N5–Zn1 and N9–N8–Zn of 128.9(2) and 134.8(3) 
suggest the bent coordination mode of the azide anions. In the 

crystals of 4, the complex molecules [ZnL4(N3)2] are assembled 

into 3D supramolecular structure by means of weak 

intermolecular C–HN and C–HO hydrogen bonds (Table S4). 

Figure 3. ORTEP[52] representation of the [ZnL4(N3)2] (4) complex. 

Thermal ellipsoids are drawn at the 30 probability level. 

A geometrical analysis of five-coordinate Zn(II) complexes with 

tridentate NNS and/or NNO hydrazone-based ligands was based 

on a Cambridge Structural Database (CSD)[53] search and on X-

ray data for 3 and 4 reported herein. The survey of the Cambridge 

Structural Database revealed 30 structures of five-coordinate 

Zn(II) complexes with NNS and 50 structures with NNO 

hydrazone-based ligands; the other two coordination sites being 

occupied by monodentate ligands. Details of CSD search are 

given in the Supplementary material together with the angular 

structural parameters (5) calculated for the corresponding 

complexes (Table S1). The geometric parameters have been 
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Table 1. Optimisation of the KA2 reaction conditions. 

 

Entry Catalyst Loading mol% Additives (0.5 eq) % Isolated Yield 

1 2 5 MgSO4 80 

2 2 10 MgSO4 62 

3 2 5 MgSO4 70 1 

4 2 5 Ti(OC2H5)4 86 

5 2 5 Ti(OC2H5)4 82 2 

6 1 5 Ti(OC2H5)4 66 

7 3 5 Ti(OC2H5)4 63 

8 4 5 Ti(OC2H5)4 92 

9 HL4 5 Ti(OC2H5)4 Traces 3 

10 5 5 Ti(OC2H5)4 56 

11 6 5 Ti(OC2H5)4 54 

12 Zn(OAc)2 5 Ti(OC2H5)4 30 3 

13 - - Ti(OC2H5)4 No reaction  

All reactions were performed in a flame dried Schlenk under inert conditions on a 0.5 mmol scale. The drying reagent was added on 0.5 eq (0.25 mmol) scale unless 

otherwise noted. 1 The reaction was performed in open air.2 Titanium(IV) ethoxide 1 eq. (0.5 mmol). 3 Detected by GC-MS analysis. 

 

calculated using the crystallographic program PLATON.[54] On the 

basis of the calculated 5 values, it can be concluded that the 

geometry of five-coordinate Zn(II) complexes with NNS 

hydrazone-based ligands varies from perfect square pyramidal to 

distorted trigonal bipyramidal and for five-coordinate Zn(II) 

complexes with NNO hydrazone-based ligands from perfect 

square pyramidal to very distorted square pyramidal forms. 

Catalytic activity evaluation in the KA2 coupling reaction 

Cyclohexanone, piperidine, and phenylacetylene were chosen as 

model substrates to initially evaluate the catalytic activity of the 

Zn(II) hydrazone complexes in the KA2 reaction.[33] By using 5 

mol% of complex 2 as catalyst and MgSO4 as drying reagent, the 

reaction proceeds smoothly, allowing the formation of the desired 

propargylamine in 80% isolated yield (Entry 1, Table 1). It is well 

known that the KA2 cross-coupling reaction releases water as the 

sole byproduct and, therefore, the use of a drying reagent is 

usually beneficial, improving the yield of the desired product.[33] 

Increasing the catalyst loading to 10 mol% resulted in a reduction 

of the isolated yield (Entry 2, Table 1). When the reaction was 

performed under open-air conditions, the desired propargylamine 

was isolated in 70% yield (Entry 3, Table 1). Using 0.5 equivalents 

of titanium ethoxide [Ti(OEt)4] as additive, along with a 5 mol% 

catalyst loading, led to an 86% isolated yield (Entry 4, Table 1). 

Titanium ethoxide is a Lewis acid, playing a dual role in promoting 

the reaction: On one hand, it exhibits a great water-scavenging 

ability that promotes the reaction by “protecting” the catalytic 

system, especially when this is relatively sensitive to the presence 

of water. On the other hand, Ti(OEt)4 assists to overcome the low 

reactivity of ketones, by coordinating with their carbonyl group, 

thus improving their reactivity towards the formation of the 

ketimine intermediate and, subsequently, the desired 

propargylamine formation.[55] 

Increasing the amount of titanium ethoxide to 1 equivalent had a 

negative result on the reaction outcome (Entry 5, Table 1). Next, 

we evaluated the catalytic performance of Zn(II) complexes 1 and 

3-6, by adopting the optimised conditions developed for complex 

2, i.e. using 5 mol% catalyst loading and 0.5 equivalents of 

Ti(OEt)4. When complex 4 was used as the catalyst, it led to a 

92% isolated yield of the desired propargylamine, exhibiting the 

highest reactivity among all complexes tested (Entry 8, Table 1). 

Complexes 1 and 3 furnished the product in 66 and 63% yield 

(Entry 6 and 7, respectively, Table 1), while complexes 5 and 6 

showed even lower catalytic performance, namely, 56% and 54%, 

respectively (Entry 10 and 11, Table 1). To confirm that the 

coordination of the ligand to the zinc center is responsible for the 

high catalytic activity of complex 4, a reaction was set up 

employing 5 mol% of Zn(OAc)2 as catalyst,[37,38] resulting in the 

formation of the desired product in a lower, 30% yield, as 

measured by GC‒MS analysis. Traces of the propargylamine 

product were observed when HL4Cl ligand was used alone, in the 

absence of a zinc source (Entry 9, Table 1), which is attributed to 

a very low yielding reaction due to the elevated temperature. A 

blank reaction was also set up, in the absence of complex 4 (Entry 

13, Table 1), resulting in the retrieval of starting materials. 

We then probed the reactivity of a number of substrates under the 

optimised conditions, by employing a variety of secondary amines, 

aliphatic ketones, and alkynes, obtaining the corresponding 

propargylamines in moderate to excellent yields. Compared to 

piperidine, morpholine exhibited reduced reactivity, allowing the 

formation of 4b in 67% isolated yield (Table 2), which resembles 

the reactivity shown in the case of Zn‒based ligand‒free KA2 

system,[33] whereas the challenging primary amine 1-octylamine 

and di-n-propylamine allowed the isolation of products 4c and 4d 

in 42% and 40% yield, respectively. The relatively low isolated 

yield of 4c can be rationalised by the relatively high stability of the 
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intermediate imine formed, whereas, in the case of 4d, formation 

of an allene byproduct was also observed (Table 2).[56] p-Tolyl-

acetylene and p-chloro-phenylacetylene furnished products 4e 

and 4f both in moderate yields, with pyrrolidine and 

cyclohexanone, despite the fact that the former bears an electron 

donating group at the para position. Reaction of cyclohexanone 

with p-methoxy-phenylacetylene and piperidine afforded 4g in 

96% yield, which was anticipated, given that the alkyne employed 

is substituted with a strongly electron donating group at the para 

position, thus allowing an efficient nucleophilic attack of the zinc 

acetylide to the ketiminium cation. 1-Octyne allowed the isolation 

of 4h in moderate yields (Table 2). Regarding the reactivity of 

ketones, reaction of 3-pentanone, phenylacetylene, and 

pyrrolidine allowed the formation of 4i in 75% yield. Overall, 

complex 4 shows a very satisfactory catalytic efficiency in the KA2 

reaction, also taking into account the current state of the art in the 

field. 

Table 2. Substrate scope of the reaction with ketones, secondary 

amines and alkynes.a,b 

 

 Isolated yields are shown in parenthesis. bReaction conditions: catalyst (5 

mol%), 0.5 mmol ketone, 0.5 mmol amine, 0.5 mmol alkyne, 0.25 mmol additive, 

neat (130 ℃, 16 h). cAddition of 200 μL dry toluene. 

Computational results 

DFT calculations were performed to elucidate the electronic 

structure of investigated Zn(II) complexes 1–6 and to correlate 

their structure with their reactivity. The X-ray determined 

structures of all complexes was used, and CAM-B3LYP/TZP level 

of theory was employed. In all complexes, the central Zn(II) ion is 

coordinated with a tridentate Schiff base type ligand and two 

monodentate anions. Electrostatic potential surfaces of all six 

complexes are presented in Figure 4. Mapped surfaces are 

presented with a "divergent colormap", with red and blue regions 

indicating negatively and positively charged areas, respectively. 

These maps illustrate the charge distributions in all six complexes. 

Negatively charged areas are, in all cases, concentrated around 

the monodentate anionic ligands. As expected, in complexes 1, 2, 

and 4–6, positively charged regions are distributed mainly on the 

quaternary ammonium moiety. 

 

 

Figure 4. Electrostatic potential surfaces (at 0.01 au) of 

complexes 1–3 (up row) and 4–6 (down). Divergent color map 

from −0.20 (red) to +0.21 (blue) a.u. is used. 

 

 

Figure 5. Frontier orbitals (HOMO, LUMO) of Zn(II) complexes 1–

6 (isosurfaces 0.03 a.u.). 

 

Descriptors within the groundwork of Conceptual DFT[57,58] allow 

interpreting and predicting the reactivity of molecules.[30,59] The 

descriptors are intrinsic properties of a molecule directly obtained 

from DFT calculations.[60] In this work, we studied the electronic 

chemical potential, μ, the molecular hardness, η, the molecular 

softness, S, and the electrophilicity index ω. 

These parameters are evaluated by two different approaches,[61] 

the finite difference linearisation (FDL) and the frontier molecular 

orbital (FMO) approaches: 

𝜇 ൌ
𝐸௘ሺ𝑁 ൅ 1ሻെ 𝐸௘ሺ𝑁 െ 1ሻ

2
ൎ

𝑒ுைெை ൅ 𝑒௅௎ெை

2
Eq. 1 

𝜂 ൌ 𝐸௘ሺ𝑁 ൅ 1ሻെ 2𝐸௘ሺ𝑁ሻ ൅  𝐸௘ሺ𝑁 െ 1ሻ ൎ  𝑒௅௎ெை െ 𝑒ுைெை Eq. 2 

𝑆 ൌ
1
η

Eq. 3 

𝜔 ൌ  
𝜇ଶ

2𝜂
Eq. 4 

The FDL approach is based on the calculations of the electronic 

energy of a molecule studied and the molecule with one more and 

one less electron (N, N+1, and N-1 electron systems). The FMO 
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approach is based on the Kohn-Sham orbital energies of the 

highest occupied MO and the lowest unoccupied one (eHOMO and 

eLUMO). The negative value of chemical potential is related to the 

chemical stability of a molecule. Hardness and softness pertain to 

molecular reactivity. Molecules with a higher degree of softness 

are more polarizable and more reactive. On the contrary, hard 

molecules have lower polarizability, high kinetic stability, and low 

chemical reactivity. From the orbital point of view, a HOMO-LUMO 

gap is attributed to the molecular hardness (Eq. 2). 

The frontier molecular orbitals (HOMO, LUMO) of investigated 

complexes are shown in Figure 5. The HOMOs are localised at 

the monodentate anionic ligands, with slight delocalisation toward 

the metal center. In the case of 3, HOMO is on both azide ligands. 

HOMO of 2 and 4 is localized on a single azide ligand. For 1, 5, 

and 6, the delocalisation of HOMO within two monodentate 

ligands is asymmetric. LUMOs of 1 and 4 are localised on the 

pyridinium cationic part of the chelate ligands. LUMOs of other 

complexes are delocalised at tridentate ligands. 

Table 3. Conceptual DFT reactivity descriptors (in a.u.) of studied complexes 1–6. All descriptors are calculated using the X-ray 

geometries at the CAM-B3LYP/TZP level of theory based on finite difference linearisation (FDL) and frontier molecular orbital 

approximation (FMO). 

  1 2 3 4 5 6 

FDL 

μ -0.165 -0.13 -0.044 -0.156 -0.152 -0.166 

η 0.181 0.163 0.208 0.137 0.204 0.252 

S 5.531 6.137 4.801 7.311 4.898 3.971 

ω 0.075 0.052 0.005 0.089 0.056 0.055 

FMO 

μ -0.168 -0.129 -0.044 -0.157 -0.151 -0.167 

η 0.137 0.122 0.173 0.090 0.169 0.218 

S 7.305 8.165 5.777 11.074 5.926 4.579 

ω 0.103 0.067 0.006 0.137 0.068 0.064 

The conceptual DFT reactivity descriptors of complexes 1–6, 

evaluated at CAM-B3LYP/TZP level of theory, in both FDL and 

FMO approaches, are shown in Table 3. Complex 4 has the 

highest value of the molecular softness, i.e., it is the softest of the 

considered Zn(II) complexes. Obviously (Eq. 3), complex 4 has 

the lowest value of molecular hardness. Note that complex 4 is 

indeed the one showing the highest catalytic performance (Table 

3). 

The hardest of studied molecules is complex 6, also showing the 

lowest catalytic efficiency. The key descriptor for the reactivity of 

the herein studied complexes, i.e., for their catalytic activity, is 

molecular softness. There is a linear relationship between the 

molecular softness (Table 3) and the catalytic performance 

described by the % isolated yield of the desired propargylamine 

product (Table 1), as shown in Figure 6 (R2 = 0.8900). Thus, the 

higher the molecular softness of a complex, the more pronounced 

its catalytic efficiency. 

Figure 6. The linear relationship between the % isolated 

yield of the desired propargylamine product and the 

molecular softness (S) calculated in the FDL approach at 

CAM-B3LYP/TZP level of theory.  

Numerical values of descriptors obtained in FDL and FMO 

approaches are different, because they are estimated differently. 

Still, what is very important is that the trends are the same. There 

is a linear relationship between the two sets of data, as 

exemplified for μ, S, and ω, in Figure 7 (R2 = 0.9991, R2 = 0.9878, 

R2 = 0.9630, respectively). This justifies the common use of the 

simpler FMO approximation. 

Figure 7. The linear relationship between a) the electronic 

chemical potential, μ, calculated with FMO and FDL 

approaches (left), b) the molecular softness, S, calculated 

with FMO and FDL approaches (middle), c) the 

electrophilicity index, ω, calculated with FMO and FDL 

approaches (right). 

 

Conclusions 

Upon reacting (E)-2-(1-(thiazol-2-yl)ethylidene)hydrazine-1-

carbothioamide (HL3) with Zn(BF4)2ꞏ6H2O and NaN3, complex 3 
with the composition [ZnL3(N3)]n was obtained. The geometry 

around Zn(II) is distorted, between the square pyramid and 

trigonal bipyramid. The azide anions bridge Zn(II) ions in a 1,3 

fashion, so as to generate zigzag polymeric chains. The reaction 

of (E)-1-(2-oxo-2-(2-(1-(pyridin-2-yl)ethylidene)hydrazinyl) 

ethyl)pyridin-1-ium chloride (HL4Cl) with Zn(BF4)2ꞏ6H2O and NaN3 

provides Zn(II) complex 4 with composition [ZnL4(N3)2]. The five-
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coordination geometry of the Zn(II) ion is distorted square 

pyramidal. In both 3 and 4, the tridentate ligand is coordinated in 

its deprotonated form to the Zn(II) ion. In addition to complexes 3 

and 4, we also thoroughly studied, experimentally and 

theoretically, four previously synthesised Zn(II) complexes: 1, 2, 

5, and 6. 

Evaluation of the catalytic properties of the Zn(II) complexes in 

the KA2 reaction shows that the most active compound, when 

used as a catalyst, is complex 4. It leads to a 92% isolated yield 

of the desired propargylamine product. Complexes 1 and 3 

provide the product in 66% and 63% yield respectively, while the 

least effective catalysts are complexes 5 and 6 (yields 56 and 

54%, respectively). 

The catalytic activity results are in full agreement with the findings 

of the DFT calculations. Complex 4 shows the highest value of 

molecular softness and the lowest value of molecular hardness. 

The hardest molecule, among those studied herein, is complex 6, 

with the poorest catalytic performance. This correlation, between 

experimental and theoretical results, is excellently visualised in 

the linear relationship between the isolated yield of the desired 

propargylamine product and the calculated molecular softness, S. 

Experimental Section 

Materials and Methods 

2-Acetylpyridine (≥99%), thiosemicarbazide (99%), and NaOCN 

(96%) were obtained from Aldrich, 2-acetylthiazole (99%) from 

Acros Organics, Girard’s T reagent (99%) from TCI, Girard’s P 

reagent (>95%) from Fluorochem, 2-quinolinecarboxaldehyde 

(97%) from Alfa Aesar, NaN3 (99%) Riedel-de Haën, and 

NH4SCN (99%) Zorka Šabac. All chemicals and reagents used 

for the catalytic evaluation experiments were purchased from 

Sigma-Aldrich, Fluorochem, Across Organics or Alfa-Aesar and 

were used without further purification, except for cyclohexanone, 

piperidine, pyrrolidine, and morpholine, which were purified by 

distillation prior to use. Toluene was dried based on standard 

literature procedures. IR spectra were recorded on a Nicolet 6700 

Fourier transform infrared (FT-IR) spectrometer using the 

attenuated total reflectance (ATR) technique in the region 4000–

400 cm–1 (vs-very strong, s-strong, m-medium, w-weak, bs-broad 

signal). 1H and 13C NMR spectra were recorded on Varian 400/54 

PS spectrometer (1H at 400 MHz; 13C at 125 MHz) at room 

temperature using TMS as internal standard in DMSO-d6. 

Chemical shifts are expressed in ppm (δ) values and coupling 

constants (J) in Hz. Elemental analyses (C, H, N and S) were 

performed by standard micro-methods using the 

ELEMENTARVario ELIII C.H.N.S.O analyser. 

Synthesis of ligand HL1Cl: The ligand HL1Cl was synthesised 

by the reaction of 2-quinolinecarboxaldehyde and Girard’s P 

reagent in ethanol according to the previously described 

method.[6] Elemental analysis calcd. for C17H15N4OCl: C 62.48%, 

H 4.63%, N 17.15%; found: C 62.50%, H 4.65%, N 17.11%. IR 

(ATR, cm–1): 3418 (s), 3133 (s), 3065 (s), 2958 (s), 1695 (vs), 

1487 (s), 1428 (w), 1389 (s), 1274 (s), 1125 (m), 773 (m), 750 (w). 
1H NMR (400 MHz, DMSO-d6), δ (ppm): 6.13 (s, 2H, C11-H), 7.64 

(t, 1H, C6-H), 7.79 (t, 1H, C7-H), 8.01 (m, 2H, C5-H, C8-H), 8.12 

(d, 1H, C3-H), 8.23 (t, 2H, C13-H), 8.32 (s, 1H, C9-H), 8.47 (d, 1H, 

C4-H), 8.69 (t, 1H, C14-H), 9.07 (d, 2H, C12-H). 

Synthesis of complex 1: Complex 1 was synthesised by the 

reaction of HL1Cl, Zn(BF4)2ꞏ6H2O and NH4SCN in methanol 

according to the previously described method.[24] Elemental 

analysis calcd. for C19H15N6OS2Zn: C 48.26%, H 3.20%, N 

17.75%, S 13.56%; found: C 48.30%, H 3.25%, N 17.68%, S 

13.49%. IR (ATR, cm-1): 3060 (m), 2075 (vs), 1562 (m), 1518 (s), 

1488 (s), 1433 (w), 1360 (m), 1271 (w), 1084 (m), 829 (w), 737 

(w). 1H NMR (400 MHz, DMSO-d6), δ (ppm): 5.60 (s, 2H, C11-H), 

7.70 (t, 1H, C6-H), 7.85 (d, 1H, C3-H), 7.94 (t, 1H, C7-H), 8.09 (d, 

1H, C5-H), 8.19 (t, 2H, C13-H), 8.24 (d, 1H, C8-H), 8.56 (s, 1H, 

C9-H), 8.65 (t, 1H, C14-H), 8.70 (d, 1H, C4-H), 9.12 (d, 2H, C12-

H). 

Synthesis of ligand HL2Cl: The ligand HL2Cl was synthesised 

by the reaction of Girard’s reagent T and 2-acetylthiazole in water 

according to the previously described method.[30] Elemental 

analysis calcd. for C10H17N4OSCl: C 43.40%, H 6.19%, N 20.24%, 

S 11.58%; found: C 43.45%, H 6.21%, N 20.20%, S 11.52%. IR 

(ATR, cm−1): 3092 (m), 3018 (m), 2955 (s), 1702 (vs), 1550 (vs), 

1487 (s), 1401 (m), 1201 (s), 1135 (w), 787 (w). 1H NMR (400 

MHz, DMSO-d6), δ (ppm): 2.41 (s, 3H, C5-H), 3.30 (s, 9H, C8-H), 

4.60 (s, 2H, C7-H), 4.82 (s, 2H, C7-H), 7.85 (d, 1H, C2-H), 7.93 

(d, 1H, C3-H), 11.61 (s, 1H, N-H). 

Synthesis of complex 2: Zn(II) complex 2 was synthesised by 

the reaction of HL2Cl, Zn(BF4)2ꞏ6H2O and NaN3 in methanol 

according to the previously described method.[27] Elemental 

analysis calcd. for C10H16N10OSZn: C 30.82%, H 4.14%, N 

35.94%, S 8.23%; found: C 30.76%, H 4.18%, N 35.83%, S 8.21%. 

IR (ATR, cm−1): 3378 (w), 2057 (vs), 1600 (w), 1540 (s), 1481 (w), 

1433 (w), 1407 (w), 1339 (m), 1285 (w), 1203 (w), 1153 (w), 1116 

(w), 1079 (w), 880 (w). 1H NMR (400 MHz, DMSO-d6), δ (ppm): 

2.53 (s, 3H, C5–H), 3.23 (s, 9H, C8–H), 4.13 (s, 2H, C7–H), 7.92 

(d, 1H, C2– H), 8.04 (d, 1H, C3–H). 

Synthesis of ligand HL3: The ligand HL3 was synthesised by the 

reaction of 2-acetylthiazole (1.040 mL, 10 mmol) dissolved in 

water (20 ml) with solid thiosemicarbazide (0.911 g, 10 mmol) 

according to the previously described method (Scheme 3a).[60] 

Yield: 1.842 g (92%). IR (ATR, cm−1): 3435 (s), 3248 (s), 3188 (s), 

3099 (m), 3071 (m), 2983 (m), 2065 (w), 1647 (w), 1589 (s), 1510 

(s), 1482 (s), 1452 (m), 1425 (s), 1365 (m), 1282 (m), 1166 (m), 

1107 (m), 1069 (m), 1039 (m), 958 (w), 881 (w), 847 (w), 755 (w), 

712 (w), 638 (w). Elemental analysis calcd. for C6H8N4S2: C 

35.98%, H 4.03%, N 27.98%, S 32.02%; found: C 35.84%, H 

4.10%, N 27.89%, S 31.98%. 1H NMR (400 MHz, DMSO-d6), δ 

(ppm): 2.43 (s, 3H, C1-H), 7.80 (d, 1H, C4-H), 7.89 (d, 1H, C5-H), 

7.69; 8.53 (s, NH2), 10.67(s, 1H, NH). 13C NMR (125 MHz, DMSO-

d6), δ (ppm): 14.1 (C1), 123.1 (C4), 144.7 (C2), 143.7 (C5), 167.5 

(C3), 179.4 (C6). 
Synthesis of complex [ZnL3(N3)]n (3): The ligand HL3 (0.040 g, 

0.20 mmol) was dissolved in solvent mixture of MeOH/H2O (25/5 

mL) and solid Zn(BF4)2ꞏ6H2O (0.069 g, 0.20 mmol) was added 

(Scheme 3b). After complete dissolution of Zn(BF4)2ꞏ6H2O in 

reaction mixture, NaN3 (0.052 g, 0.80 mmol) dissolved in water (5 

mL) was added. The mixture was refluxed for 2 h. After slow 

evaporation of solvent at room temperature for one day, yellow 

crystals were obtained. Yield: 60 mg (87%). Elemental analysis 
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calcd. for C6H7N7S2Zn: C 23.50%, H 2.30%, N 31.97%, S 20.91%; 

found: C 23.47%, H 2.33%, N 31.91%; S 20.87%. IR (ATR, cm−1): 

3419 (s), 3399 (m), 3291 (m), 3227 (w), 3169 (m), 3104 (m), 3089 

(m), 2084 (s), 2048 (s), 1997 (m), 1625 (s), 1585 (m), 1499 (m), 

1428 (s), 1388 (s), 1369 (m), 1342 (m), 1301 (m), 1204 (m), 1167 

(m), 1112 (m), 1035 (w), 998 (w), 886 (w), 790 (m), 746 (m), 684 

(m), 643 (w), 596 (w), 495 (w), 472 (w). 1H NMR (400 MHz, 

DMSO-d6), δ (ppm): 2.38 (s, 3H, C1-H), 7.38 (s, 2H, NH2), 7.83 

(d, 1H, C5-H), 7.89 (d, 1H, C4-H). 13C NMR (125 MHz, DMSO-d6), 

δ (ppm): 15.75 (C1), 123.18 (C4), 138.93 (C2), 142.27 (C5), 

167.08 (C3), 181.61 (C6). 

Synthesis of ligand HL4Cl: 2-Acetylpyridine 0.363 g (3.00 mmol) 

and Girard's P reagent 0.563 g (3.00 mmol) were dissolved in 

ethanol (40 mL) and 1-2 drops of cc. HCl were added (Scheme 

4a). The mixture was refluxed for 2 h. After cooling to the room 

temperature, a white precipitate was filtered and washed with 

ethanol. Yield: 0.451 g (52%). Elemental analysis calcd. for 

C14H15ClN4O: C 57.83%, H 5.20%, N 19.27%; found: C 57.80%, 

H 5.23%, N 19.25%. IR (ATR, cm−1): 3425 (s), 3273 (m), 3125 (m), 

3054 (s), 2949 (w), 1699 (vs), 1630 (s), 1582 (m), 1485 (vs), 1453 

(m), 1433 (s), 1384 (s), 1323 (w), 1263 (s), 1221 (m), 1197 (m), 

1150 (w), 1111 (m), 1081 (w), 848 (w), 790 (m), 774 (m), 725 (w), 

702 (m), 646 (m), 600 (w), 569 (w). 1H NMR (400 MHz, DMSO-

d6), δ (ppm): 2.37 (s, 3H, C7-H), 6.14 (s, 2H, C8-H), 7.41 (t, 1H, 

C4-H), 7.85 (t, 1H, C3-H), 8.13 (d, 1H, C2-H), 8.21 (t, 2H, C10-H), 

8.60 (d, 1H, C5-H), 8.67 (t, 1H, C11-H), 9.09 (d, 2H, C9-H), 11.55 

(s, 1H, NH). 13C NMR (125 MHz, DMSO-d6), δ (ppm): 12.76 (C7), 

62.35 (C8), 120.66 (C2), 124.76 (C4), 128.01 (C10), 137.09 (C3), 

146.67 (C11), 146.89 (C9), 149.15 (C5), 150.94 (C6), 154.99 (C1), 

168.19 (C12). 

Synthesis of complex [ZnL4(N3)2] (4): Zn(II) complex 4 was 

synthesised by the reaction of HL4Cl (87 mg, 0.30 mmol) and 

Zn(BF4)2ꞏ6H2O (104 mg, 0.30 mmol) in a solvent mixture of 

MeOH/CH3CN/H2O (20/10/5 mL, (Scheme 4b). After complete 

dissolution of Zn(BF4)2ꞏ6H2O in reaction mixture, NaN3 (78 mg, 

1.20 mmol) was added. The mixture was refluxed for 2 h. After 

slow evaporation of solvent at room temperature for one day, 

yellow crystals were obtained. Yield: 87 mg (67 %). Elemental 

analysis calcd. for C14H14N10OZn: C 41.65%, H 3.49%, N 34.69%; 

found: C 41.45%, H 3.51%, N 34.61%. IR (ATR, cm−1): 3390 (w), 

3137 (w), 3092 (w), 2997 (w), 2937 (w), 2079 (s), 2055 (s), 1630 

(w), 1595 (w), 1569 (w), 1538 (m), 1485 (w), 1462 (m), 1440 (w), 

1362 (m), 1320 (w), 1261 (w), 1208 (w), 1189 (w), 1153 (w), 1091 

(w), 1021 (w), 785 (w), 724 (w), 677 (w), 634 (w). 1H NMR (400 

MHz, DMSO-d6), δ (ppm): 2.31 (s, 3H, C7-H), 5.48 (s, 2H, C8-H), 

7.62 (dd, 1H, C4-H), 7.89 (d, 1H, C2-H), 8.08 (t, 1H, C3-H), 8.13 

(t, 2H, C10-H), 8.43 (d, 1H, C5-H), 8.61 (t, 1H, C11-H), 9.03 (d, 

2H, C9-H). 13C NMR (125 MHz, DMSO-d6), δ (ppm): 12.74 (C7), 

62.77 (C8), 123,26 (C2), 126.1 (C4), 127.77 (C10), 140.62 (C3), 

146.21 (C11), 146.53 (C9), 148.79 (C5), 149.32 (C1), 161.39 (C6), 

172.52 (C12). 

Synthesis of ligand HL5Cl: The ligand HL5Cl was synthesised 

by the reaction of 2-quinolinecarboxaldehyde and Girard's T 

reagent according to the previously described method.[61] 

Elemental analysis calcd. for C15H19ClN4O: C 58.73%, H 6.24%, 

N 18.26%, found: C 58.96%, H 6.13%, N 18.02%. IR (ATR, cm–

1): 3414 (m), 3062 (m), 2970 (m), 2939 (m), 2831 (m), 1699 (s), 

1595 (m), 1562 (w), 1497 (m), 1414 (m), 1379 (w), 1340 (w), 1301 

(m), 1230 (m), 1135 (m), 989 (w), 950 (w), 916 (w), 868 (w), 832 

(w), 758 (m), 656 (w), 633 (w), 533 (w). 1H NMR (400 MHz, 

CD3OD), d (ppm) 3.47 (s, 9H, C12-H), 4.94 (s, 2H, C11-H), 8.17 

(s, 1H, C9-H), 8.18 (d, 1H, 3JC3-H/C4-H = 10 Hz, C3-H), 8.36 (d, 

1H, C4-H), 7.94 (d, 1H, C5-H), 7.62 (t, 1H, C6-H), 7.78 (t, 1H, C7-

H), 8.03 (d, 1H, C8-H). 

Synthesis of complex 5: Zn(II) complex 5 was synthesised by 

the reaction of HL5Cl, Zn(BF4)2ꞏ6H2O, and NaN3 according to the 

previously described method.[25] Elemental analysis calcd. for 

C15H18N10OZn: C 42.92%, H 4.32%, N 33.37%, found: C 43.03%, 

H 4.56%, N 33.35%. IR (ATR, cm−1): 3310 (w), 3027 (w), 2939 

(w), 2817 (w), 2169 (w), 2067 (s), 1923 (w), 1748 (w), 1645 (w), 

1612 (w), 1566 (s), 1535 (s), 1398 (m), 1344 (w), 1300 (s), 1232 

(w), 1125 (w), 1086 (s), 1032 (w), 972 (w), 925 (m), 873 (w), 833 

(w), 785 (w), 757 (m), 632 (w), 589 (w). 1H NMR (400 MHz, 

DMSO-d6), δ (ppm) 3.28 (s, 9H, C12-H), 4.17 (s, 2H, C11-H), 

8.38 (s, 1H, C9-H), 7.71 (d, 1H, C3-H), 8.09 (d, 1H, C4-H), 8.70 

(d, 1H, C5-H), 7.91(m, 1H, C6-H), 7.91 (m, 1H, C7-H), 8.70 (d, 

1H, C8-H). 

Synthesis of complex 6: Zn(II) complex 6 was synthesised by 

the reaction of HL5Cl, Zn(BF4)2ꞏ6H2O, and NaOCN according to 

the previously described method.[25] Elemental Anal. Calcd for 

C17H18N6O3Zn: C 48.64%, H 4.32%, N 20.02 %, found: C 48.73%, 

H 4.47%, N 19.98%. IR (ATR, cm−1): 3536 (w), 3063 (w), 2966 

(w), 2203 (s), 1611 (w), 1563 (m), 1530 (s), 1482 (w), 1400 (w), 

1343 (w), 1305 (w), 1242 (w), 1203 (w), 1124 (w), 1080 (w), 1026 

(w), 995 (w), 972 (w), 931 (w), 830 (w), 807 (w), 785 (w), 752 (w), 

629 (w). 1H NMR (400 MHz, DMSO-d6), δ (ppm) 3.27 (s, 9H, C12-

H), 4.15 (s, 2H, C11-H), 8.34 (s, 1H, C9-H), 7.71 (d, 1H, C3-H), 

8.09 (d, 1H, C4-H), 8.66 (d, 1H, C5-H), 7.91 (m, 1H, C6-H), 7.91 

(m, 1H, C7-H), 8.66 (d, 1H, C8-H). 

X-Ray Crystallography 

Crystal data and refinement parameters of compounds 3 and 

4 are listed in Table 4. Single crystal X-ray diffraction data 

were collected at room temperature on an Agilent 

SuperNova dual-source diffractometer with an Atlas detector 

equipped with mirror-monochromated Mo–Kα radiation (λ = 

0.71073 Å).  

Table 4. Crystal data and structure refinement details for 3 

and 4 

 3 4 

formula  C6H7N7S2Zn C14H14N10OZn 
Fw (g mol–1) 306.68 403.72 
crystal size (mm) 0.500.300.10 0.500.100.10 
crystal color yellow colourless 
crystal system monoclinic monoclinic 
space group P 21/c P 21/c 
a (Å) 7.4254(3) 12.3417(5) 
b (Å) 18.6798(8) 8.9990(5) 
c (Å) 7.9925(4) 15.3451(6) 
β (º) 100.930(4) 101.169(4) 
V (Å3) 1088.49(9) 1671.99(13) 
Z 4 4 
calcd density (g cm-3) 1.871 1.604 
F(000) 616 824 
no. of collected reflns 10146 15739 
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no. of independent 
reflns 

2503 3828 

Rint 0.0349 0.0320 
no. of reflns observed 2190 3007 
no. parameters 152 236 
R[I> 2σ (I)]a 0.0289 0.0331 
wR2(all data)b 0.0720 0.0823 
Goof, Sc 1.089 1.052 
maximum/minimum 
residual electron 
density 
(e Å–3)  

+0.33/–0.54 +0.38/–0.30 

aR = ∑||Fo| – |Fc||/∑|Fo|. bwR2 = {∑[w(Fo
2 – Fc

2)2]/∑[w(Fo
2)2]}1/2. 

cS = {∑[(Fo
2 – Fc

2)2]/(n/p}1/2 where n is the number of reflections and p is 
the total number of parameters refined. 

Data processing was performed with CrysAlis PRO.[63] The 

structures were solved by direct methods (SHELXS-

2013/1)[64] and refined by a full-matrix least-squares 

procedure based on F2 using SHELXL-2018/3.[65] All non-

hydrogen atoms were refined anisotropically. The nitrogen 

bonded hydrogen atoms were located in the difference map 

and refined with the distance restraints (DFIX) with d(N–H = 

0.86 Å and with Uiso(H) = 1.2Ueq(N). All other hydrogen atoms 

were included in the model at geometrically calculated 

positions and refined using a riding model. Crystallographic 

data for complexes 3 and 4 have been deposited with the 

Cambridge Crystallographic Data Centre as CCDC 2244671 

and 2244672, respectively. 

Catalysis General Procedure 

All manipulations were performed under an Ar atmosphere using 

standard Schlenk techniques. To avoid undesired solidification of 

the reaction mixtures, a few substrates required the use of a 

solvent and, in this case, a small amount of dry toluene was added. 

In a J Young tube which was flame dried (×3) and equipped with 

a stirring bar, were added 5 mol% of the catalyst and 0.5 mmol of 

the amine. The mixture was stirred until the solid was partially 

dissolved. Then, 0.5 mmol of the alkyne and 0.5 mmol of the 

ketone were added, following the addition of dry toluene (if so 

required) and the drying agent in the pressure tube. The reaction 

mixture was stirred for 16 hours at 130 ℃ in an oil bath. After 

cooling to room temperature, ethyl acetate was added and the 

reaction mixture was filtered through a pad of celite. The solvent 

was removed under reduced pressure and was subjected to 

column chromatography, using petroleum ether/ethyl acetate to 

afford the pure propargylamine substrates. All products were 

characterised by 1H‒NMR and the results are in full agreement 

with the data reported in the literature. 

Characterisation data of the propargylamine products 

1-(1-(phenylethynyl)cyclohexyl)piperidine (4a): Obtained as a 

yellow oil in 85% isolated yield (112 mg, 0.41 mmol). 1H-NMR 

(200 MHz, CDCl3) δ 7.45 ‒ 7.40 (m, 2H), 7.35 ‒ 7.23 (m, 3H), 2.66 

(t, J = 5.4 Hz, 4H) 2.10 (d, J = 11.4 Hz, 2H), 1.68 ‒ 1.37 (m, 14H, 

overlapping peaks).[66] 

4-(1-(phenylethynyl)cyclohexyl)morpholine (4b): Obtained as 

an orange oil in 67% isolated yield (91 mg, 0.33 mmol). 1H-NMR 

(400 MHz, CDCl3) δ 7.43 (dt, J = 6.0, 3.8 Hz, 2H), 7.29 (q, J = 3.3, 

2.3 Hz, 3H), 3.77 (t, J = 4.8 Hz, 4H), 2.73 (t, J = 4.7 Hz, 4H), 2.07 

– 2.00 (m, 2H), 1.73 (dt, J = 10.3, 5.0 Hz, 2H), 1.63 (dd, J = 12.6, 

3.1 Hz, 2H), 1.56 – 1.47 (m, 2H), 1.28 (s, 1H).[35] 

N-octyl-1-(phenylethynyl)cyclohexan-1-amine (4c): Obtained 

as a yellow oil in 42% isolated yield (64 mg, 0.20 mmol). 1H-NMR 

(400 MHz, CDCl3) δ 7.42 (dd, J = 6.7, 3.1 Hz, 2H), 7.33–7.23 (m, 

3H), 2.79 (t, J = 7.1 Hz, 2H), 1.94 (d, J = 11.6 Hz, 2H), 1.74–1.07 

(m, 20H), 0.88 (m, 3H).[38] 

1-(phenylethynyl)-N,N-dipropylcyclohexan-1-amine (4d): 

Obtained as an orange oil in 40% isolated yield (57 mg, 0.20 

mmol). 1H-NMR (200 MHz, CDCl3) δ 7,47 – 7,37 (m, 2H), 7,33 – 

7,24 (m, 3H), 2,62 (t, J = 7,8 Hz, 4H), 2,05 (d, J = 11,8 Hz, 2H), 

1,76 – 1,42 (m, 12H), 0,87 (t, J = 7,3 Hz, 6H).[38] 

1-(1-(p-tolylethynyl)cyclohexyl)pyrrolidine (4e): Obtained as a 

yellow oil in 50% isolated yield (67 mg, 0.49 mmol). 1H-NMR (400 

MHz, CDCl3) δ 7.32 (d, J = 7.8 Hz, 2H), 7.11 (d, J = 7.8 Hz, 2H), 

2.90 (d, J = 6.3 Hz, 4H), 2.35 (s, 3H), 2.04 – 1.98 (m, 2H), 1.84 – 

1.81 (m, 4H), 1.70‒1.60 (m, 8H).[38] 

1-(1-((4-chlorophenyl)ethynyl)cyclohexyl)pyrrolidine (4f): 

Obtained as an orange oil in 38% isolated yield (54 mg, 0.20 

mmol). 1H-NMR (200 MHz, CDCl3) δ 7.40 ‒ 7.31 (m, 2H), 7.22 ‒ 

7.18 (m, 2H), 2.76 ‒ 2.67 (m, 4H), 2.00 ‒ 1.88 (m, 2H), 1.81 ‒ 

1.38 (m, 12H).[38] 

1-(1-((4-methoxyphenyl)ethynyl)cyclohexyl)piperidine (4g): 

Obtained as an orange oil in 96% isolated yield (142 mg, 0.48 

mmol). 1H-NMR (400 MHz, CDCl3) δ 7.37 (d, J = 8.6 Hz, 2H), 6.83 

(d, J = 8.5 Hz, 2H), 3.81 (s, 3H), 2.73 (s, 4H), 2.10 (d, J = 11.8 Hz, 

2H), 1.78 – 1.37 (m, 15H, overlapping peaks).[67] 

1-(1-(oct-1-yn-1-yl)cyclohexyl)pyrrolidine (4h): Obtained as a 

yellow oil in 43% isolated yield (62 mg, 0.23 mmol). 1H-NMR (400 

MHz, CDCl3) δ 2.78 (d, J = 6.1 Hz, 4H), 2.23 (t, J = 6.8 Hz, 2H), 

1.89 (d, J = 11.6 Hz, 2H), 1.78 (s, 4H), 1.67 – 1.43 (m, 14H), 0.91 

(dt, J = 12.8, 6.8 Hz, 7H).[68] 

1-(3-ethyl-1-phenylpent-1-yn-3-yl)pyrrolidine (4i): Obtained as 

a yellow oil in 75% isolated yield (94 mg, 0.38 mmol). 1H-NMR 

(400 MHz, CDCl3) δ 7.45 – 7.38 (m, 2H), 7.28 (d, J = 5.4 Hz, 3H), 

2.76 (s, 4H), 1.76 (m, 8H), 0.96 (t, J = 7.5 Hz, 6H).[37] 

Computational Details 

All DFT calculations were done with the ADF[69,70] engine in 

Amsterdam Modeling Suite (version 2022.102).[71] Relativistic 

effects were accounted for by the scalar-relativistic Zeroth-Order 

Regular Approximation (ZORA).[71–74] The positions of hydrogen 

atoms were optimised with the Fast Inertial Relaxation Engine[75] 

based optimizer in Cartesian coordinates. All other atoms were 

kept fixed at the positions from X-ray determined geometries of 

Zn(II) complexes 1–6. For optimisation of hydrogen atoms, 

general gradient approximation consisting of Becke's exchange[76] 

and Perdew's correlation[77] with Grimme's fourth generation 

dispersion energy corrections,[78] (BP86-D4) was used. The all-

electron double-zeta Slater-type orbitals plus one polarisation 

function (DZP) basis set was used. Global reactivity descriptors 

in the framework of Conceptual DFT were calculated.[59] The finite 

difference linearisation (FDL) and frontier molecular orbital 

approximation (FMO) were used to estimate descriptors.[59] For 

calculations of energies of complexes with one electron more or 

less, as needed for the FDL approach, unrestricted formalism was 

used. Range-separated hybrid CAM-B3LYP[79] functional, all-
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electron triple-zeta Slater-type orbitals plus one polarisation 

function (TZP) basis set and an increased numerical grid ("Becke 

grid Quality good " in ADF) were used for Conceptual DFT 

calculations. The LibXC library[80] was used for calculations 

employing CAM-B3LYP functional. 

Supporting Information 

See Supporting Information for the structural parameters, the 

selected bond lengths and angles and the raw data of the IR and 

NMR spectra for complexes 3 and 4 and their corresponding 

ligands (HL3 and HL4Cl, respectively). 
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