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ABSTRACT: We herein introduce a new unsymmetric ligand, 

PDIpCY, that offers two distinct, non-coupled coordination sites. 

A series of homo- and hetero-bimetallic complexes, 

[Zn2(PDIpCy)(THF)(OTf)4] (1), 

[Ni2(PDIpCy)(THF)(OTf)2](OTf)2 (2), and 

[NiZn(PDIpCy)(THF)(OTf)4] (3), are described. The compounds 

were structurally characterised and their redox properties were 

examined. The PDI unit of the ligand supports a number of lig-

and-centered redox processes. The one-electron reduced bimetal-

lic compounds, [Zn2(PDIpCy)(OTF)3] (4),  

[Ni2(PDIpCy)(OTf)](OTf)2 (5), and [NiZn(PDIpCy)(OTf)3] (6),  

were successfully isolated, and their electronic structures verified 

by absorption and EPR spectroscopy. The reduced compounds are 

charge-separated species, with electron storage at either the PDI 

ligand (4) or at the PDI-bound metal ion (5, 6). 

An impressive assortment of multi-nuclear complexes has been 

reported over the years, the synthesis of which frequently was 

motivated by multi-electron reaction targets (e.g. O2, N2 activa-

tion). Multi-metallic compounds may be ideally suited for chemis-

try involving manifold redox processes, as such systems offer a 

wider range of redox states and a more varied coordination envi-

ronment than a single metal ion. Cooperative interactions between 

the metal centers also can be beneficial for reactivity. Indeed, the 

enzymes that catalyze small molecule reactions commonly em-

ploy multiple metal cofactors, and both of the aforementioned 

effects are key to the reactivity of the biological active sites.1 

Consequently, numerous biomimetic homo- and hetero-nuclear 

complexes have been synthesized in particular.1b, 2 

A number of contemporary molecular design strategies have 

focused specifically on the assembly of varying combinations of 

metal ions that each adopt distinct coordination environments and 

functions. Notable examples include the growing series of M-M 

bonded complexes, which feature modular combinations of early 

to late transition metal ions and main group elements, encapsulat-

ed within a single ligand scaffold.3 A number of unique unsym-

metric ligands also have been synthesized, that support a neigh-

bouring arrangement of two different transition metal ions via 

coupled M-Y-M motifs.4 Multinuclear complexes that pair transi-

tion metal centers with alkali metal, alkaline earth elements or 

lanthanide binding sites – again, mainly via M-Y-M bridging 

motifs – also have become more abundant.5 Such platforms with 

distinct metal binding sites offer advantages for reactivity.5b, 5d, 6 

As part of our own efforts to generate complexes for multi-

electron reactions, we now have synthesized a new ligand scaf-

fold, PDIpCy (Scheme 1), that provides a platform for unsymmet-

ric bimetallic compounds. The molecule contains two discrete 

coordination sites furnished by pyridyldiimine (PDI) and tetraaza-

decane (cyclam; Cy) groups, separated by a flexible propyl linker. 

A related PDI-based ligand tethered to a crown ether unit for 

coordination of alkali metals was previously reported by Delgado 

et al.5c PDIpCy, however, was generated with the aim of binding 

transition metal ions at both coordination sites, and the potential 

to support redox reactivity at both centers; coordination complex-

es of each ligand type are well known.7 and have demonstrated 

promise for reactions that include CO2 reduction, H2 evolution 

and olefin epoxidation.8  PDIpCy offers a framework for non-

coupled binuclear centers, in contrast to the aforementioned M–M 

and M-Y-M motifs. We envisioned that the motif would allow 

each metal center to individually be tuned both with respect to 

electronic properties and function. An additional feature of the 

PDIpCy ligand is the redox-active PDI group. The non-innocent 

unit can supply up to four electrons, independent of the coordinat-

ed metal. The combination of redox-active and -innocent ligands 

may permit charge-localization, enabling the formation of formal 

mixed valent compounds via ligand-centered reduction. We here-

in describe the first homo- and hetero-bimetallic Zn- and Ni-

PDIpCy complexes, which provide initial insight into the coordi-

nation chemistry and redox properties of our new multidentate 

ligand.   

 

Scheme 1. The unsymmetric ligand PDIpCy 

PDIpCy was synthesized via two consecutive condensation re-

actions of 2,6-diacetylpyridine  with 2,6-diisopropylaniline9 and 

3-(1,4,8,11-tetraazacyclotetradecan-1-yl)propan-1-amine, respec-

tively (Scheme S1). The latter N4-macrocyclic precursor was 

obtained by a Michael addition of acrylonitrile to cyclam, fol-

lowed by reduction of the nitrile group using Raney nickel. Only 

70% conversion to product was achieved in the final reaction step, 



 

however, the target ligand was cleanly isolated upon recrystalliza-

tion from acetonitrile at low temperatures (−30°C). The 1H NMR 

spectrum of PDIpCy (Figure S11) was assigned using additional 

data from 13C, COSY, HSQC and HMBC NMR measurements 

(Figures S12 – S15). Nearly all of the individual proton signals 

could be assigned, with the exception of the methylene protons of 

the cyclam group, most of which are encompassed by a broad 

multiplet at 2.50 – 2.78 ppm. 

The bimetallic complexes were subsequently synthesized upon 

addition of M(OTf)2 salts to PDIpCy (Scheme S2). The synthesis 

of the dizinc compound, [Zn2(PDIpCy)(THF)(OTf)4] (1), pro-

ceeded at room temperature, whereas the coordination of nickel to 

generate [Ni2(PDIpCy)(THF)(OTf)2](OTf)2 (2) required heating 

of the reaction mixture (80 °C). The heterobimetallic complex 

[NiZn(PDIpCy)(THF)(OTf)4] (3) was obtained by simultaneous 

addition of one equiv. of each M(OTf)2 salt to the ligand in EtOH. 

The formation of the heterobimetallic complex was confirmed by 

mass spectrometry (MS, Figure S29 and S30). We also examined 

mixtures of 1 and 2, to see whether exchange of the metal ions, 

and formation of 3, can occur under various conditions (Figures 

S31 and S32). Metal ion exchange was not observed for mixtures 

of the homobimetallic complexes in MeCN at room temperature, 

as verified by MS. However, formation of the heterobimetallic 

species does occur upon heating of an MeCN solution (60 °C), as 

well as in MeOH (rt and 60 °C). 

 

Figure 1. Molecular structures of 1 – 3 (50% probability ellip-

soids). Hydrogen and solvent molecules are omitted for clarity.  

Figure 1 depicts the molecular structures of all three binuclear 

compounds (see Table S1 – S2 for crystallographic information). 

The metal centers of 1 – 3 are separated by ca. 8 Å. Both Zn ions 

of 1 adopt a six-coordinate tetragonal geometry. The N-atoms of 

the cyclam and PDI units form the equatorial plane of each site, 

with an additional THF molecule coordinated to ZnPDI. Two 

triflate anions also are coordinated to each metal ion (ZnPDI∙∙∙Oavg 

~ 2.16 Å; Zncy∙∙∙Oavg ~ 2.32 Å) in a trans-arrangement. The 

dinickel compound is structurally similar to 1. However, the 

triflate ions localized near the cyclam unit are only weakly associ-

ated with the NiII ion (NiCy∙∙∙Oavg ~ 2.7 Å), such that the geometry 

of NiCy is effectively square planar. The bond lengths of all Ni–N 

bonds of 2 are shorter than the analogous Zn–N distances, as 

expected given the smaller ionic radius of the ZnII ion. The bond 

distances are in agreement with literature values for related mon-

onuclear PDI and cyclam compounds.10 The molecular structure 

of 3 highlights preferred coordination of the NiII ion to the PDI 

site, whereas the N4-macrocycle is occupied by the zinc atom. As 

in 1 and 2, the chiral cyclam adopts the R,S,S,R configuration. 

The macrocyclic unit is situated ‘above’ the plane of the M-PDI 

moiety, in contrast to its orientation in the homobimetallic struc-

tures. 

The solution 1H NMR spectrum of the diamagnetic 1 (Figure 

S16) shows a slight upfield shift of all proton resonances, vs. the 

corresponding signals of the PDIpCy spectrum, due to the pres-

ence of the dicationic metal centers. Two distinct signals are 

observed for H9 and H18, and several other resonances exhibit 

more complex splitting patterns, indicating an overall loss of 

symmetry upon coordination of the zinc ions. A signal for the 

coordinated THF molecule, as seen in the solid state structure, is 

not observed in the NMR spectrum. The solvent molecule appears 

to be highly labile. Compounds 2 and 3 are paramagnetic. Evans 

magnetic susceptibility measurements yielded a magnetic moment 

of 3.2 μB for both compounds. The value is consistent with an S = 

1 NiII ion in the PDI site, alongside a diamagnetic MII
Cy center (M 

= NiII (2); ZnII (3)). The resonances of the 1H NMR spectra (Fig-

ure S21) appear in a broad range from −7 – 210 ppm. The largest 

shifts and significant broadening are observed for the PDI pro-

tons, while the protons closest to the diamagnetic M-cyclam unit 

are less affected. 

The electronic spectrum of 1 exhibits a characteristic trio of in-

tense transitions centered at 300 nm, along with a lower energy 

feature at 352 nm, which all can be assigned as π-π* transitions 

associated with the Zn-PDI unit.11 The Ni-containing 2 and 3 

likewise exhibit PDI-based π-π* bands in this region.12 The spec-

trum of 2 features additional absorptions at longer wavelengths 

(λmax = 369, 461 nm), as observed among Ni-cyclam complexes.13 

The spectrum of 3, in contrast, lacks these distinctive visible 

absorption bands, whereas the higher energy spectral region (< 

350 nm) is nearly superimposable with that of 2, providing further 

evidence that the NiII ion of the heterobimetallic complex resides 

in the PDI site. The Ni-containing compounds additionally exhibit 

broad bands in the NIR region, with λmax = 948 (2) and 960 (3) nm 

(Figure S23).  

The incorporation of the redox-active PDI unit in the bimetallic 

framework offers access to a series of ligand-centered redox 

processes. In principal, the ligand can accept up to four electrons 

via its diimine π* orbitals, associated with the electron transfer 

series, [PDI]0 → [PDI]4−. Metal complexes coordinated by the 

mono- through tri-anionic forms have been identified.14 The PDI 

unit acts as the sole electron storage site in the dizinc-containing 

1. Thus, the first one-electron reduction at −1.3 V in the CV of 1 

(CVs shown in Figure 2) corresponds to the formation of the 

monoanionic PDI•−, while the ensuing quasi-reversible couple at 

−1.7 V can be assigned to the PDI•−/PDI2− couple. Compound 2, 

on the other hand, contains two NiII ions that can compete with 

the ligand for electrons. The CV of 2 depicts multiple redox 

events including a reversible metal-centered oxidation at +0.8 V, 

as well as three reversible reductions at −0.9, −1.4, and −1.6 V. 



 

The CV of 3 further helps to elucidate the nature of the redox 

processes. An oxidative event is absent in both the CVs of 1 and 

3, such that the one-electron oxidation of 2 ensues at the cyclam 

bound nickel center (NiCy
III/II). The absence of the oxidative cou-

ple in the CV of 3 is further evidence that the heterobimetallic 

complex is stable in solution – scrambling of the metal centers 

does not occur. The redox couples at −0.9 V in the CV of both 2 

and 3 seemingly can be attributed to the NiPDI
II/I couple, followed 

in each case by one-electron reduction of the PDI ligand 

(PDI/PDI•−) at −1.4 V. However, both ligand- and metal-centered 

one-electron reduced Ni-PDI complexes are described in the 

literature.12, 15 The addition of the third electron to 2 occurs at 

−1.6 V, and can be attributed to either the PDI•−/PDI2− or Nicy
II/I 

couples. The potential for one-electron reduction of related mono-

nuclear cyclam compounds is highly dependent on the nature of 

additional ligands, but similar values were reported.16 Since a 

third reductive event is not observed in the CV of 3, reduction of 

the cyclam bound NiII ion likely accounts for the final redox 

process in the CV of 2. 

Figure 2. Cyclic voltammograms of 1 – 3 (MeCN, 0.5 mM com-

plex 0.1 V s-1, 0.1 M [N(n-Bu)4]PF6.  

We have thus far successfully isolated the one-electron forms 

of all three bimetallic compounds. The reduction of 1 was carried 

out using decamethylcobaltocene and yielded the bright orange 

complex [Zn2(PDIpCy)(OTF)3] (4). Compounds 2 and 3, which 

possess more positive one-electron reduction potentials, were 

reduced using cobaltocene to produce the dark blue 

[Ni2(PDIpCy)(OTf)](OTf)2 (5)  and ([NiZn(PDIpCy)(OTf)3] (6) 

(Scheme S3). CHN analytical and mass spectrometry data (see SI) 

verify the composition of the reduced compounds.  

The solution electronic spectra of 4 – 6 (Figure S24) differ 

markedly from those of 1 – 3. In contrast to the divalent 1, the 

reduced 4 exhibits visible bands at λmax = 492 and 566 nm. The 

spectra of 5 and 6 display multi-structured features that encom-

pass the full visible region, as well as NIR transitions up to ca. 

1200 nm. The spectra of 4 – 6 further indicate that reduction of 

the divalent PDIpCy complexes occurs at the M(PDI) site in all 

three complexes.12, 15, 17 However, with the exception of 4, the 

question of ligand- vs. metal-centered reduction cannot be settled 

on the basis of the absorption spectra alone. 

EPR spectroscopy resolves the electronic structures of 4 – 6. A 

near anisotropic spectrum for 4 with g = (2.0105, 2.0060, 2.0005) 

is synonymous with a ligand-centered radical confined to the PDI 

portion of the ligand that is attached to a ZnII ion (Figure S27). 

The room temperature spectra of 5 and 6 exhibit isotropic signals 

with g-values of 2.1512 and 2.1510, respectively, consistent with 

a d9 paramagnetic center (Figure 3, left). This electronic structure 

is confirmed by the frozen solution spectra recorded in an 

MeCN/toluene glass at 140 K (Figure 3, right). These spectra are 

identical, and essentially axial with g = (2.2363, 2.1310, 2.0858) 

for 5, and g = (2.2336, 2.1412, 2.0901) for 6. The g > g > ge 

pattern is the hallmark of a NiI species with an unpaired electron 

in the σ* MO of the Ni-PDI unit (dz2 in C2v symmetry). Therefore, 

5 and 6 are mixed valent [NiINiII(PDIpCy)]3+ and [NiIZ-

nII(PDIpCy)]3+, with a four-coordinate NiI ion at the PDI site, with 

the inclusion of a solvent molecule (MeCN) in the coordinaton 

sphere.15, 18  

 

Figure 3. X-band EPR spectra of 5 and 6. Left panel: MeCN 

solution at 293 K; right panel: MeCN/toluene frozen glass at 140 

K. Experimental data are shown by the solid line; simulation 

depicted by the dashed trace (experimental conditions: frequency, 

9.410 GHz; modulation, 0.5 mT; power, 0.63 mW). 

The results of studies with the series of M-PDIpCy compounds 

already highlight several unique features of our new ligand sys-

tem. The metal ions in 1 – 3 are physically connected via the 

propyl linker, but electronically uncoupled. The compounds af-

ford disparate coordination environments, including variations in 

the number and orientation of labile coordination sites. It should-

indeed be feasible to individually tune the properties of each site 

for discrete functions. Nevertheless, we speculate that the flexible 

propyl bridge separating the two coordination sites might permit 

cooperative interactions under appropriate conditions, e.g. in the 

presence of suitable substrates or added ligands that could bind in 

a bridging fashion. Compounds 5 and 6 represent conventional 

metal-centered, one-electron, mixed valence (NiPDI
INiCy

II, 

NiPDI
IZnCy

II) complexes. In contrast, charge localization also 

ensues in 4, but via electron storage at the PDI ligand ([ZnII 

((PDI•−)pCy)ZnII]+).  All three complexes are thus primed for 

redox reactions at the MPDI site; the MCy center could potentially 

act in a lewis acid capacity. The electrochemistry data imply that 

two-electron charge localized species also are accessible, since at 

least the first two electrons are consistently taken up by the M-

PDI unit of 1 – 3. The generation of such formally two-electron 

mixed-valent M0
PDI∙∙∙MII

Cy species could offer significant ad-

vantages for multi-electron reactions.19 Aspects concerning reac-

tivity, as well as the formation of additional heterobimetallic 

compounds, will subsequently be explored. 
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The new ligand, PDIpCy, offers two distinct, non-coupled coordination sites: a redox-active pyridyldiimine (PDI) group and 

a cyclam (Cy) unit. The series of homo- and heterobimetallic Ni- and Zn-PDIpCy complexes described herein, includes 

charge-separated forms. 
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General Considerations.  

 

Chemicals were purchased from Sigma Aldrich and used as received unless otherwise noted. 

Solvents were dried by passage over activated alumina columns from MBraun and stored over 3 

Å (MeCN, EtOH) or 4 Å molecular sieves. 1-(6-(1-((2,6-diisopropylphenyl)imino) ethyl)pyridin-

2-yl)ethan-1-one was prepared as described in the literature.1 

 

Solution state NMR spectra were recorded on a Bruker Avance Ultrashield (400 MHz 1H, 100 

MHz 13C). Electronic spectra were recorded on an Agilent Cary 60 UV-visible 

spectrophotometer, equipped with a UNISOKU CoolspeK cell for low temperature 

measurements. Electronic spectra for the NIR region were recorded with a Shimadzu UV3600 

Plus. ESI (electrospray ionization) mass spectra were measured using a LCQ fleet (solvent: 

MeCN + 0.1% formic acid, flow rate 0.35 ml/min and UV-detector at 220 and 280 nm). LIFDI 

(liquid injection field desorption ionization) mass spectra were measured with a Waters LCT; 

special ionization cell obtained from Linden CMS GmbH, Leeste, Germany. IR measurements 

were performed on a PerkinElmers FT IR Frontiers spectrometer with a ZnSe ATR unit. 

Microanalyses were carried out at the Technische Universität München. Electrochemical 

measurements were carried out using an EmStat3+ potentiostat using a three-electrode cell 

equipped with glassy carbon electrodes as counter and working electrodes and Ag/AgNO3 as 

reference electrode. Potentials are reported with reference to an internal standard of 

ferrocenium/ferrocene (Fc+/0). X-band EPR spectra were collected on a Bruker ELEXSYS E500 

or a JEOL JES-FA 200 spectrometer and simulations were performed using Bruker’s Xsophe 

software package.2 
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Crystallographic data were collected on an X-ray single crystal diffractometer equipped with a 

CMOS detector (Apex III, κ-CMOS), an IMS microsource with CuKα radiation (λ = 1.54178 Å) 

and a Helios optic using the Apex III software package.3 The measurements were performed on a 

single crystal coated with perfluorinated ether. The crystal was fixed on top of a glass fiber and 

transferred to the diffractometer. The crystal was cooled under a stream of cold nitrogen. A 

matrix scan was used to determine the initial lattice parameters. Reflections were merged and 

corrected for Lorenz and polarization effects, scan speed, and background using SAINT.4 

Absorption corrections, including odd and even ordered spherical harmonics were performed 

using SADABS.4 Space group assignments were based upon systematic absences, E statistics, 

and successful refinement of the structures. Structures were solved by direct methods with the 

aid of successive difference Fourier maps, and were refined against all data using SHELXLE5 in 

conjunction with SHELXL-2014.6 Hydrogen atoms were assigned to ideal positions and refined 

using a riding model with an isotropic thermal parameter 1.2 times that of the attached carbon 

atom (1.5 times for methyl hydrogen atoms). If not mentioned otherwise, non-hydrogen atoms 

were refined with anisotropic displacement parameters. Due to the limited quality of the crystal 

and multiple positionally disordered residues and solvent/anion molecules, multiple restraints 

(DELU, RIGU, SAME) and constraints (EADP) were used in the final model. Full-matrix least-

squares refinements were carried out by minimizing Σw(Fo
2-Fc

2)2 with SHELXL-977 weighting 

scheme. Neutral atom scattering factors for all atoms and anomalous dispersion corrections for 

the non-hydrogen atoms were taken from International Tables for Crystallography.8 Images of 

the crystal structures were generated by Mercury.  
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Syntheses 

 

Scheme S1. Synthesis of PDIpCy. 
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3-(1,4,8,11-tetraazacyclotetradecan-1-yl)propanenitrile was prepared according to literature 

procedure with minor modification.9 1,4,8,11-tetraazacyclotetradecane (0.5 g, 2.5 mmol, 1.2 eq) 

was dissolved in 30 mL  of EtOH and acrylonitrile (110 mg, 136 μL, 2.1 mmol, 1.0 eq) was 

added. The mixture was stirred at RT for 86 h. The solvent was removed and the product was 

purified by column chromatography (CHCl3:MeOH:i-PrNH2 = 10:1:1; Rf = 0.31) to give a white 

solid (320 mg, 1.3 mmol, 60%). 1H NMR δ (400 MHz, CDCl3) 2.78 (t, J = 7.0 Hz, 2H, H4), 2.76-

2.73 (m, 6H, H6,6’), 2.70 (t, J = 5.5 Hz, 2H, H6’), 2.66-2.64 (m, 4H, H6), 2.58-2.55 (m, 4H, H6,6’), 

2.53 (t, J = 7.0 Hz, 2H, H3), 2.41 (br s, 3H, H7), 1.76 (quint, J = 5.5 Hz, 2H, H8), 1.71 (quint, J = 

5.2 Hz, 2H, H8); 
13C (100 MHz, CDCl3) 119.12 (C2), 54.77, 52.78, 51.28, 49.60, 48.78, 48.36 

(C4), 47.89, 47.44, 28.83, 28.81 (C8), 26.38 (C8), 15.42 (C3); LRMS (ESI+) m/z: 254.29 [M+H]+; 

HRMS (ESI+) m/z: 254.2338 [M+H]+; IR (cm-1, neat): 3331(m), 3280(m), 3263(m),3171(w), 

2933(m), 2890(m), 2809(s), 2737(m), 2656(w), 2249(w),1656(w), 1460(s), 1381(w), 1366(w), 

13498(w), 1334(w), 1300(w), 1276(m), 1259(m), 1235(w), 1225(w), 1211(m), 1190(w), 

1168(w), 1131(s), 1122(s), 1111(s), 1084(m), 10738(m), 1044(s), 1006(s), 955(m), 929(m), 

886(m), 868(w), 829(s), 816(s), 777(s), 750(s). 

 

3-(1,4,8,11-tetraazacyclotetradecan-1-yl)propan-1-amine  

3-(1,4,8,11-tetraazacyclotetradecan-1-yl)propanenitrile (320 mg, 1.3 mmol, 1.0 eq) and NaOH 

(120 mg, 3.0 mmol, 2.3 eq) were dissolved in 25 mL EtOH. Hydrazine monohydrate (64-65%, 

1.0 mL, 19.5mmol, 15.0 eq) and Raney Nickel (400 mg) were added alternately to the mixture, 

which was subsequently stirred for 3 h at RT. The suspension was filtered over celite and the 

solvent removed in vacuo. The residue was dissolved in hot hexane and the solvent removed 

before purification of the product by distillation (250 °C, 1 x 10-3 bar) to give a white solid (268 
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mg, 1.0 mmol, 80 %). 1H NMR δ (400 MHz, CDCl3) 2.76-2.64 (m, 14H, H4+H6), 2.54-2.46 (m, 

6H, H6), 2.27 (br s, 5H, H1+H7), 1.79-1.70 (m, 4H, H8), 1.62 (quint, J = 7.3 Hz, 2H, H3); 
13C 

(100 MHz, CDCl3) 54.49 (C6), 54.10 (C6), 51.42 (C3), 50.26 (C6), 49.83 (C6), 49.73 (C6), 48.93 

(C6), 48.15 (C6), 47.78 (C6), 42.43 (C6), 40.47 (C4), 30.00 (C2), 28.82 (C8), 26.27 (C8), the data is 

in good agreement with data reported for this compound, as synthesized by a different method;10 

LRMS (ESI+) m/z: 258.33 [M+H]+; HRMS (ESI+) m/z: 258.2651 [M+H]+; IR (cm-1, neat): 

3266(m), 3184(m), 3001(w), 2922(m), 2865(s), 2800(s), 2731(m), 2656(w), 1596(w), 1519(w), 

1475(s), 1462(s), 1451(s), 1432(m), 1374(w), 1332(m), 1279(m), 1253(w), 1206(m), 1121(s), 

1069(s), 990(w), 966(s), 937(m), 910(m), 894(m), 881(m), 828(s), 792(s), 745(s). 

 

N-(3-(1,4,8,11-tetraazacyclotetradecan-1-yl)propyl)-1-(6-(1-((2,6-diisopropylphenyl)imino) 

ethyl)pyridin-2-yl)ethan-1-imine (PDIpCy) 

3-(1,4,8,11-tetraazacyclotetradecan-1-yl)propan-1-amine (520 mg, 2.0 mmol, 1.0 eq) was 

dissolved in 5 mL of anhydrous MeOH and 1-(6-(1-((2,6-diisopropylphenyl)imino)ethyl)pyridin-

2-yl)ethan-1-one (652 mg, 2.0 mmol, 1.0 eq) was added. The mixture was heated to 60 °C for 16 

h, cooled to -78 °C and filtered. The filtrate was concentrated in vacuo and the product purified 

by recrystallization in MeCN at -30 °C to give a yellow solid (370 mg, 0.65 mmol, 33%). 1H 

NMR δ (400 MHz, DCM-d2) 8.34 (d, J = 7.7 Hz, 1H, H4), 8.21 (d, J = 7.2 Hz, 1H, H4), 7.83 (t, J 

= 7.8 Hz, 1H, H5), 7.16 (d, J = 7.4 Hz, 2H, H19), 7.07 (dd, J = 8.3 Hz, J = 6.9 Hz, 1H, H20), 3.55 

(t, J = 6.9 Hz, 2H, H9), 2.78-2.50 (m, 23H, H11+H12+H14+H17), 2.41 (s, 3H, H8), 2.23 (s, 3H, H1), 

1.91 (tt, J = 7.1 Hz, J = 7.1 Hz, 2H, H10), 1.72 (tt, J = 5.6 Hz, J = 5.6 Hz, 2H, H13), 1.65 (tt, J = 

5.5 Hz, J = 5.5 Hz, 2H, H13) 1.19-1.16 (m, 12 H, H18); 
13C (100 MHz, DCM-d2) 167.72 (C2), 

166.56 (C7), 157.20 (C6), 155.35 (C3), 147.18 (C15), 137.12 (C5), 136.35 (C16), 124.02 (C20), 
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123.49 (C19), 122.15 (C4), 121.76 (C4), 51.36, 51.17, 51.08 (C9), 49.56, 49.46, 49.29, 48.26, 

48.25, 48.51, 28.81 (C13+C17), 27.62 (C10), 26.79 (C13), 23.54 (C18), 23.12 (C18), 17.49 (C1), 

14.00 (C8); UV/Vis, λmax (THF)/nm 297 and 281 (ε/M-1 cm-1 6450, 9910); LRMS (LIFDI) m/z: 

562.7 [M]; IR (cm-1, neat):3280(w), 3194(w), 3063(w), 2959(m), 2925(m), 2868(m), 2800(m), 

1701(m), 1645(s), 1578(m), 1568(m), 1459(s), 1437(m), 1381(m),1363(s), 1331(m), 1318(m), 

1299(m), 1253(m), 1238(m), 1192(m), 1120(s), 1078((m), 1044(m), 1020(w), 994(m), 956(w), 

935(w), 883(w), 847(w), 824(s), 791(s), 760(s), 741(s), 705(m). 

  



 S9 

 

Scheme S2. Synthesis of 1 – 3. 

 

[Zn2(PDIpCy)(THF)(OTf)4], 1 

PDIpCy (100 mg, 0.17 mmol, 1.0 eq) was dissolved in 15 mL MeCN and Zn(OTf)2 (129 mg, 

0.34 mmol, 2.0 eq) was added. The mixture was stirred for 4 h. Yellow single crystals of 1 were 

obtained by slow diffusion of pentane into a concentrated solution of the product in THF (112 

mg, 0.09 mmol, 51%). Anal. calcd. for C38H55F12N7O12S4Zn2: C, 35.41; H, 4.30; N, 7.61. Found: 

C, 35.34; H, 4.33; N, 7.61. The molecular formula describes the dizinc complex without a 

coordinated THF molecule, which is present in the molecular structure, but is readily removed 

when the sample is handled under vacuum. UV/Vis λmax (THF)/nm 352, 311sh, 300 and 297sh 

(ε/M-1 cm-1 591, 5080, 6880, 5750); 1H NMR δ (400 MHz, DCM-d2) 8.54 (t, J = 7.9 Hz, 1H, H5), 

8.29-8.24(m, 2H, H4), 7.32-7.24 (m, 3H, H19+ H20), 4.06 (td, J = 11.3 Hz, J = 4.7 Hz, 1H, H9), 
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3.91 (td, J = 11.5 Hz, J = 5.0 Hz, 1H, H9’), 3.26-2.55 (m, 24H, H11 + H12 + H14 + H17), 2.65 (s, 

3H, H8), 2.42 (s, 3H, H1), 2.08-1.64 (m, 6H, H10 + H13), 1.21-1.19 (m, 3H, H18), 1.07-1.01 (m, 

3H, H18); 
13C (100 MHz, DCM-d2) 168.90 (C2) , 167.33 (C7), 148.54 (C6), 146.45 (C3) , 145.65 

(C5), 141.11 (C15) , 139.56 (C17), 139.29(C17), 127.71 (C20), 126.66 (C4),  126.59 (C4), 125.80 

(C19), 124.64 (C19),  121.48 (C16), 118.95 (C16), 52.49, 51.59, 50.22 (C9), 50.46, 49.69, 49.38, 

49.00, 47.20, 45.92, 45.81 (C12), 28.87(C11), 26.10 (C18), 24.18 (C18), 23.67 (C13), 23.46 (C13), 

20.10 (C10), 18.79 (C1), 15.60 (C8); LRMS (LIFDI) m/z: 1138.46 [M-(OTf)+] ; IR (cm-1, neat): 

3250(w), 2970(w), 2880(w), 1639(w), 1590(w), 1470(w), 1373(w), 1293(m), 1234(s), 1205(s), 

1164(s), 1096(m), 1025(s), 939(w), 875(w), 815(w), 798(w), 763(m), 745(w), 701(w). 

 

[Ni2(PDIpCy)(THF)(OTf)2](OTf)2, 2 

PDIpCy (80 mg, 0.14 mmol, 1.0 eq) was dissolved in 5 ml of EtOH and Ni(OTf)2 (102 mg, 

0.28 mmol, 1.0 eq) was added. The reaction mixture was stirred for 16 h at 80 °C to give a 

brown solution. The solvent was removed in vacuo, the crude product was dissolved in THF and 

brown crystals of 2 were obtained by slow diffusion of pentane into the solution (84 mg, 0.06 

mmol, 45%). Anal. calcd. for C42H63F12N7Ni2O13S4: C,37.43; H,4.71; N,7.28. Found: C, 37.08; 

H, 4.81; N, 7.45 ; UV/Vis, λmax (THF)/nm (ε/M-1 cm-1) 948, 461, 369, 323sh, 311sh and 297 (40, 

280, 820, 2890, 3920 and 4590); 1H NMR δ (400 MHz, DCM-d2) 210.81, 88.94, 81.97, 18.52, 

14.09, 5.93, 3.64, 3.33, 3.09, 2.79, 2.48, 2.25, 2.04, 1.87, 1.56, 0.88, 0.66, -0.55, -5.26, -6.49; 

LRMS (LIFDI) m/z: 1123.87 [M-(OTf+THF)]+, 975.11 [M-(2OTf+THF)]+, 487.85 [M-

(2OTf+THF)]2+; IR (cm-1, neat): 3176(w), 2967(w), 2880(w), 1637(w), 1590(w), 1469(w), 

1374(s), 1213(s), 1160(s), 1102(m), 1025(s), 937(w), 880(w), 817(w), 799(w), 760(m), 702(w). 
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[NiZn(PDIpCy)(THF)(OTf)4], 3 

PDIpCy (70 mg, 0.12 mmol, 1.0 eq) was dissolved in 5 ml of EtOH and Ni(OTf)2 (44 mg, 0.12 

mmol, 1.0 eq) and Zn(OTf)2 (45 mg, 0.12 mmol, 1.0 eq) were added simultaneously. The 

reaction mixture was stirred for 16 h at 80 °C to give a brown solution. The solvent was removed 

in vacuo, the crude product was dissolved in THF and brown to yellow crystals of 3 were 

obtained by slow diffusion of pentane into the solution (68 mg, 0.05 mmol, 42%). Anal. calcd. 

for C42H63F12N7NiO13S4Zn: C, 37.25; H, 4.69; N, 7.24. Found: C, 37.20; H, 4.84; N, 7.22; 

UV/Vis, λmax (THF)/nm (ε/M-1 cm-1) 960, 323, 311 and 297 (25, 2830, 3840 and 4540); 1H NMR 

δ (400 MHz, DCM-d2) 157.20, 143,33, 89.51, 87.71, 83.02, 78.86, 18.51, 18.35, 14.21, 13.60, 

12.92, 12.61, 5.49, 4.78, 3.38, 3.23, 3.12, 2.98, 2.87, 2.79, 2.63, 2.40, 2.03, 1.69, 1.30, 1.20, 1.05, 

1.00, 0.86, 0.67, -0.45, -4.51, -5.11, -5.35, -6.17; LRMS (LIFDI) m/z: 1130.17 [M-(OTf+THF)]+; 

IR (cm-1, neat): 3245(w), 2968(w), 2878(w), 1635(w), 1589(w), 1469(w), 1374(w), 1287(m), 

1234(s), 1211(s), 1160(s), 1097(w), 1025(s), 939(w), 876(w), 814(w), 799(w), 759(w), 702(w). 

  



 S12 

 

Scheme S3. Synthesis of 4 – 6 (proposed structures of products depicted). 

 

[Zn2(PDIpCy)(OTf)3], 4 

1 (30 mg, 0.02 mmol, 1.0 eq) was dissolved in 4 ml THF and decamethylcobaltocene (8 mg, 

0.02 mmol, 1.0 eq) was added. The reaction mixtue was stirred for 4 h at rt. 

Decamethylcobaltocenium triflate was removed by filtration. The solvent was removed from the 

filtrate in vacuo and the crude product was dissolved in THF. The compound was recrystallized 

by slow diffusion of pentane into the THF solution to give the orange crystalline 4 (12 mg, 0.01 

mmol, 46 Anal. calcd. for C37H55F9N7O9S3Zn2·THF: C, 40.63; H, 5.24; N, 8.09. Found: C, 
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40.39; H, 5.21; N, 8.04; UV/Vis, λmax (THF)/nm (ε/M-1 cm-1) 1523, 1104, 500, 367 and 284 (630, 

230, 3270, 3980 and 8140). 

 

[Ni2(PDIpCy)(OTf)](OTf)2, 5 

2 (50 mg, 0.04 mmol, 1.0 eq) was dissolved in 4 ml THF and cobaltocene (7 mg, 0.04 mmol, 

1.0 eq) was added. The reaction mixtue was stirred for 6 h at rt. Cobaltocenium triflate was 

removed by precipitation with pentane. The solvent was subsequently removed from the filtrate 

in vacuo and the crude product was dissolved in THF. The compound was recrystallized by slow 

diffusion of pentane into the THF solution to give dark blue crystals of 5 (21 mg, 0.02 mmol, 

50%) Anal. calcd. for C37H55F9N7Ni2O9S3: C, 39.45; H, 4.92; N, 8.70. Found: C, 39.52; H, 5.03; 

N, 8.34; UV/Vis, λmax (THF)/nm (ε/M-1 cm-1), 1075, 880, 624, 560, 492, 413 and 300 (550, 1510, 

1610, 1350, 1420, 1010 and 7850); LRMS (ESI) m/z: 1124.02 [M] +. 

 

[NiZn(PDIpCy)(OTf)3], 6 

3 (50 mg, 0.04 mmol, 1.0 eq) was dissolved in 4 ml THF and cobaltocene (7 mg, 0.04 mmol, 

1.0 eq) was added. The reaction mixture was stirred for 6 h at rt. Cobaltocenium triflate was 

removed by precipitation with pentane. The solvent was subsequently removed from the filtrate 

in vacuo and the crude product was dissolved in THF. The compound was recrystallized by slow 

diffusion of pentane into the THF solution to give the dark blue crystalline 6 (16 mg, 0.01mmol, 

37%) Anal. calcd. for C37H55F9N7NiO9S3Zn: C, 39.22; H, 4.89; N, 8.65. Found: C, 39.07; H, 

4.79; N, 8.31; UV/Vis, λmax (THF)/nm (ε/M-1 cm-1), 1099, 884, 627, 494, 412 and 294 (380, 790, 

960, 1410, 1520, and 8500); LRMS (ESI) m/z: 1130.10 [M] +. 
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Figure S1. 1H-NMR (400 MHz, CDCl3) of 3-(1,4,8,11-tetraazacyclotetradecan-1-yl)propanenitrile,  = residual solvent signal. 
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Figure S2. 13C-NMR (100 MHz, CDCl3) of 3-(1,4,8,11-tetraazacyclotetradecan-1-yl)propanenitrile,  = residual solvent signal. 

 



 S16 

Figure S3. COSY-NMR (CDCl3) of 3-(1,4,8,11-tetraazacyclotetradecan-1-yl)propanenitrile,  = residual solvent signal. 
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Figure S4. HSQC-NMR (CDCl3) of 3-(1,4,8,11-tetraazacyclotetradecan-1-yl)propanenitrile,  = residual solvent signal. 
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Figure S5. HMBC-NMR (CDCl3) of 3-(1,4,8,11-tetraazacyclotetradecan-1-yl)propanenitrile,  = residual solvent signal. 
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Figure S6. 1H-NMR (400 MHz, CDCl3) of 3-(1,4,8,11-tetraazacyclotetradecan-1-yl)propan-1-amine,  = residual solvent signal. 
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Figure S7. 13C-NMR (100 MHz, CDCl3) of 3-(1,4,8,11-tetraazacyclotetradecan-1-yl)propan-1-amine,  = residual solvent signal. 
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Figure S8. COSY-NMR (CDCl3) of 3-(1,4,8,11-tetraazacyclotetradecan-1-yl)propan-1-amine,  = residual solvent signal. 
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Figure S9. HSQC-NMR (CDCl3) of 3-(1,4,8,11-tetraazacyclotetradecan-1-yl)propan-1-amine,  = residual solvent signal. 
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Figure S10. HMBC-NMR (CDCl3) of 3-(1,4,8,11-tetraazacyclotetradecan-1-yl)propan-1-amine,  = residual solvent signal. 
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Figure S11. 1H-NMR (400 MHz, DCM-d2) of PDIpCy,  = residual solvent signal. 
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Figure S12. 13C-NMR (100 MHz, DCM-d2) of PDIpCy,  = residual solvent signal. 
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Figure S13. COSY-NMR (DCM-d2) of PDIpCy,  = residual solvent signal. 
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Figure S14. HSQC-NMR (DCM-d2) PDIpCy,  = residual solvent signal. 
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Figure S15. HMBC-NMR (DCM-d2) of PDIpCy,  = residual solvent signal. 
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Table S1. Crystallographic data for 1 – 3. 

 1·THF 2·THF [3]2·THF 

Empirical formula C46H71F12N7O14S4Zn2 C46H71F12N7 Ni2O14S4 C88H134F24N14 Ni2 

O27S8Zn2 

fw 1433.07 1419.72 2780.74 

Cryst. syst. monoclinic monoclinic monoclinic 

Space group P 1 21/c 1 P 1 21/c 1 P 1 21/n 1 

a (Å) 15.3270(5) 15.238(2) 29.8465(13) 

b (Å) 16.5758(5) 16.867(2) 16.5015(8) 

c (Å) 29.9196(10) 29.145(4) 30.6747(15) 

α (°) 90 90 90 

β (°) 103.8050(10) 103.365 104.814(3) 

γ (°) 90 90 90 

Volume (Å3) 7381.7(4) 7288.0(16) 14605.5(12) 

Z 4 4 4 

ρcalc (mg mm-3) 1.289 1.294 1.265 

μ (mm-1) 2.606 2.471 2.532 

F (000) 2960 2944 5744 

Reflns. collected 95912 62002 135925 

Indep. reflns/Rint 13646 13771 26704 

Data/restraints/param. 13646/385/854 13771/965/1072 26704/1066/1734 

GOF on F2 1.072 1.083 1.044 

Final R1 indexes [I ≥ 

2σ(I)] 
0.0925 0.1002 0.1066 

Final wR2 indexes (all 

data) 

0.2507 0.2677 0.2796 

Δρmin/max (e Å3) 0.115 0.098 0.121 
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Table S2. Selected bond length (Å) and angles (°) for 1 – 3. 

 1 2 3 

M1-N1 2.259(4) 2.195(5) 2.193(6) 

M1-N2 2.043(4) 1.971(4) 1.964(5) 

M1-N3 2.146(4) 2.107(4) 2.095(5) 

M1-O13 2.034(4) 2.094(12) 2.043(5) 

M1-O1 2.088(4) 2.065(9) 2.139(5) 

M1-O4 2.233(10) 2.114(10) 2.073(5) 

M2-N4 2.153(4) 1.975(4) 2.157(5) 

M2-N5 2.088(6) 1.957(5) 2.090(6) 

M2-N6 2.096(6) 1.947(5) 2.076(6) 

M2-N7 2.079(6) 1.942(6) 2.077(6) 

M2-O7 2.249(4) - 2.382(5) 

M2-O10 2.390(4) - 2.222(5) 

N1-M1-N2 75.36(16) 77.88(17) 77.5(2) 

N2-M1-N3 77.19(16) 78.23(15) 79.0(2) 

N4-M2-N5 94.14 (19) 92.9(2) 94.0(2) 

N5-M2-N6 85.4 (2) 86.1(2) 84.8(3) 

N6-M2-N7 94.2 (2) 93.1(2) 94.8(2) 

N7-M2-N4 86.00 (19) 87.8(2) 86.0(2) 
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Figure S16. 1H-NMR (400 MHz, DCM-d2) of 1. 
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Figure S17. 13C-NMR (100 MHz, DCM-d2) of 1. 
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Figure S18. COSY-NMR (DCM-d2) of 1. 
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Figure S19. HSQC-NMR (DCM-d2) of 1. 
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Figure S20. HMBC-NMR (DCM-d2) of 1. 
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Figure S21. 1H NMR-spectrum of 2 and 3 (400 MHz, DCM-d2). 

 

 

 

  



 S37 

Figure S22. Electronic spectrum of PDIpCy in THF. 
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Figure S23. Electronic spectra of 1 (black), 2 (blue) and 3 (red) in THF. A: UV-vis spectra including magnified region (inset) from 

325 nm – 650 nm, B: NIR bands. 

  

     A        B 
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Figure S24. Electronic spectra of 4 (black), 5 (blue) and 6 (red) in EtCN. 
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Figure S25. ESI-MS of 5 in MeCN. 

 

 

Figure S26. ESI-MS of 6 in MeCN. 
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Figure S27. X-band EPR spectrum of 4 in THF at 140 K. Experimental data are shown by the 

black line; simulation depicted by the red trace (experimental conditions: frequency, 9.3174 

GHz; modulation, 0.5 mT; power, 0.63 mW). 
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Figure S28. Infrared spectra of 1 – 3 (neat). 

 

 

 
  



 S43 

Figure S29. LIFDI-MS of 1 and 2 in DCM; expected isotope pattern above each spectrum. 
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Figure S30. LIFDI-MS of 3 in MeCN; top: samples of crude solid from reaction mixture; 

bottom: recrystallized sample; expected isotope pattern above each spectrum (the accuracy of the 

mass is ±1 for these LIFDI measurements). 
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Figure S31. LIFDI-MS of mixtures of 1 and 2 in MeCN at 60 °C (A) and at room temperature (B); (the accuracy of the mass is ±2 for 

these LIFDI measurements); expected isotope pattern for 3 (C), 2 (D) and 1 (E) are also shown. 
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Figure S32. LIFDI-MS of mixtures of 1 and 2 in MeOH at 60°C (A) and at room temperature (B); (the accuracy of the mass is ±2 for 

these LIFDI measurements); expected isotope pattern for 3 (C), 2 (D) and 1 (E) are also shown. 
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