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ABSTRACT  

Both cyclic “crown” and acyclic “tiara” polyethers have been recognized as useful for binding 

of metal cations and enabling assembly of multimetallic complexes. However, the properties of 

heterobimetallic complexes built upon acyclic polyethers have received less attention than they 
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deserve. Here, the synthesis and characterization of a family of eight redox-active heterobimetallic 

complexes that pair a nickel center with secondary redox-inactive cations (K+, Na+, Li+, Sr2+, Ca2+, 

Zn2+, La3+ and Lu3+) bound in acyclic polyether “tiara” moieties are reported. Structural studies 

with X-ray diffraction (XRD) analysis were carried out on the monometallic nickel precursor 

complex to the heterobimetallics and the adducts with K+, Li+, Sr2+, Zn2+, and Lu3+; the results 

confirm binding of the secondary cations in the tiara site, and demonstrate that the tiara moiety is 

more conformationally flexible than the analogous 18-crown-6-like moiety of a homologous 

macrocyclic ligand. Spectroscopic and electrochemical studies show, however, that the stability 

and cation-driven tunability of the tiara-based heterobimetallic species are quite similar to those 

previously measured for crown-based species. Consequently, the tiara motif appears to be at least 

as equally useful for constructing tunable multimetallic species as the more commonly 

encountered crown motif. As use of acyclic tiaras avoids the need for tedious and/or time-intensive 

syntheses of macrocyclic structures, these findings suggest tiara motifs could be broadly 

advantageous in design of ligands to support multimetallic chemistry.  

 

INTRODUCTION 

Incorporation of secondary metal cations into parent metal-containing complexes is a proven 

and reliable method for tuning of inorganic/organometallic molecular properties. Achieving 

tunability attracts significant interest in studies of redox chemistry,1,2,3,4 molecular 

catalysis,5,6,7,8,9,10 and spectroscopy,11,12,13 and thus much effort has been devoted in recent years to 

quantifying and understanding the origins of tuning effects engendered by incorporation of 

secondary metal cations. Studies in this realm have primarily focused on the role of cation identity 

in promoting tunability. The charge, ionic radius, and Lewis acidity of cations have all been 
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considered in parametrizations of cation-driven tuning effects, as have concepts such as cation-

induced electric fields,14 cation-driven structural deformations,15 and size-dependent behaviors.5,16 

Consequently, there is now a rich appreciation of the role of cations in modulating the properties 

of multimetallic species.17  

Incorporation of secondary metal cations into tunable multimetallic species is usually achieved, 

however, through use of tailored heterotopic ligands. Heterotopic ligands present multiple sites in 

which metal cations can bind, and the most useful of these ligands display tight binding of cations, 

overcoming cation-cation repulsion and the natural tendency for metal cations to form multiple 

species in solution. Orthogonal metalation behavior in which each metal cation is incorporated 

into a specific, addressable site of given ligand is also quite useful, as it enables study of families 

of complexes that differ only in the identity of the incorporated secondary metal cation rather than 

also with regard to the site in which the cations bind. One class of macrocycles that displays these 

attractive properties was developed by Reinhoudt and co-workers in the 1980s.18 These 

heteroditopic macrocycles feature a Schiff-base binding site that favors binding of various metals, 

often of a redox-active nature, and an appended crown-ether-like site that can tightly bind 

secondary cations. A variety of systems have been explored on the Reinhoudt-type ligand 

platforms,12,14,19,20,21 including three families of homologous complexes developed by our group 

that the feature Group 10 metals (Ni2+, Pd2+, and Pt2+) in the Schiff-base site.22,23,24 We recently 

reported studies of the heterogeneous electron transfer kinetics of the nickel species from this 

broader series of complexes.22  

Non-macrocyclic, heteroditopic ligands that are structural analogues of the Reinhoudt-type 

systems have also been studied. Important and early structural observations made by Milburn, 

Truter, and Vickery showed that a trinuclear phenoxide-bridged species could be formed between 
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two equivalents of a Schiff-base copper(II) complex and one equivalent of sodium perchlorate, 

suggesting that anionic character at the phenoxide O atoms was sufficient to favor assembly of 

multinuclear species.25 Building on this early work, a range of alkoxy-substituted Schiff-base 

complexes have been developed that enable formation of heterobimetallic species in which 

secondary cations are bound in tetradentate sites formed at the periphery of Schiff-base cores. 

Ghosh and co-workers have used such ligands in a number of attractive applications.26,27 

Complexes of this type have been studied extensively in the solid state, including studies of 

magnetic properties that depend on the identity of the incorporated secondary cation; the literature 

in this area suggests that not all the systems developed and studied to date are stable in the solution 

phase.28,29,30,31 This sensitivity is reasonable, however, in light of the solvation properties of 

electropositive metal cations in coordinating media.11 Considering all this, some parallels can be 

made between the properties of non-macrocyclic Schiff-base ligands and Reinhoudt-type 

macrocycles, but such systems have usually differed in the number of chelating donor atoms and 

studies from several groups have examined reactivity and properties under distinct conditions in 

each case, precluding detailed comparisons.  
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Chart 1. Examples of non-macrocyclic heterobimetallic complexes. (a) The classic work of 

Truter and co-workers showing association of a sodium cation with copper Schiff-base 

complexes.25 (b) Ether-promoted formation of a discrete [Cu,Gd] complex.32 (c) Acyclic 

polyether-promoted formation of tunable [Ni,M] complexes.5 (d) Binding of secondary cations in 

an acyclic polyether designed by Soo and co-workers.33 (e) The series of “tiara” complexes 

reported here. 

 

https://doi.org/10.26434/chemrxiv-2024-p6wg1 ORCID: https://orcid.org/0000-0003-4172-7460 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-p6wg1
https://orcid.org/0000-0003-4172-7460
https://creativecommons.org/licenses/by-nc-nd/4.0/


 6 

However, beginning in 2016, Han Sen Soo and co-workers developed a ligand concept that 

represents a very close non-macrocyclic structural analogue of the Reinhoudt-type heteroditopic 

macrocycles that have proven so broadly useful for preparation of heterobimetallic 

complexes.33,34,35 In the ligands from Soo and co-workers, Schiff-base cores containing Ni(II) were 

appended with chelating ether moieties, affording monometallic Ni(II) precursors that could 

interact with secondary monovalent cations such as Na+ and K+, as shown through studies of 

cation-modulated catalytic hydrogen evolution. However, structures of only the monometallic 

Ni(II) complexes and their related derivatives incorporating KPF6 were prepared in the work with 

these systems, precluding the establishment of a robust structural basis upon which to interpret 

how the unusual polyether site in these complexes enables cation binding.  

On the one hand, the ligands from Soo and co-workers are very similar to those developed by 

Reinhoudt and co-workers, from the perspective that they both feature tetradentate Schiff-base 

sites appended with nearby hexadentate polyether sites. Both systems also feature phenoxide 

ligands that can bridge between metal centers and enable formation of [NiII(μ2-Ophenoxide)2Mn+] 

cores. On the other hand, they differ in that the Reinhoudt-type ligands feature a cyclic polyether 

ring that usually resembles an 18-crown-6-like moiety formed by macrocyclization during 

synthesis. The ligands from Soo feature acyclic polyether “arms” that are formed under 

operationally simpler synthetic conditions prior to assembly of the final ligand. Nonetheless, both 

the cyclic and acyclic ligands feature six oxygen donor atoms in the polyether site, making direct 

comparison of these systems quite attractive. Along this line, we anticipated that comprehensive 

studies of heterobimetallic complexes built on an acyclic platform would afford the opportunity to 

better understand how the macrocyclic, or non-macrocyclic, nature of a ligand system impacts 

studies of multimetallic chemistry. Further, we anticipated that incorporating mono-, di-, and 
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trivalent secondary cations would offer the opportunity to judge ligand behaviors with a suitably 

broad range of cations to make general conclusions about their behaviors. 

Here, we report the synthesis, isolation, and study of a family of heterobimetallic nickel 

complexes built upon an acyclic, heteroditopic ligand framework. Incorporation of a range of 

secondary metal cations was carried out (K+, Na+, Li+, Sr2+, Ca2+, Zn2+, La3+ and Lu3+) and results 

from single-crystal X-ray diffraction analysis confirmed assembly of [NiII(μ2-Ophenoxide)2Mn+] 

cores in all cases for which suitable crystals could be grown (M = K+, Li+, Sr2+, Zn2+, and Lu3+). 

Along with results for the corresponding monometallic nickel precursor, the structural data were 

used to establish an understanding of how the ligand studied here that features an acyclic polyether 

site, dubbed a “tiara” moiety, differs from more commonly studied ligands that feature cyclic 

“crown” polyether moieties. In both systems, the positions adopted by the secondary cations 

depend on their ionic radii, but in the case of the tiara complexes, the smaller secondary cations 

can approach more closely to the nickel metal center. The latter feature is attributable to greater 

flexibility in the polyether site in the case of the tiara system. Spectroscopic and electrochemical 

studies were used to probe the cation-driven tunability of the tiara-based species, and the 

similarities and differences in the tuning behavior with prior results for the crown-based analogue 

are discussed here as well.  

 

 

RESULTS 

Synthesis and Characterization. Divergent synthesis is a useful strategy for preparation of 

heterobimetallic complexes. In divergent synthesis, a monometallic precursor complex can be 

prepared, and then subsequently metalated with appropriate salts of secondary metal cations. With 
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this strategy, many derivatives incorporating a wide range of secondary cations can be prepared, 

avoiding the need for convergent methods in which heterobimetallic species are isolated in a 

piecemeal fashion with sometimes widely varying synthetic conditions being required.2,14 In prior 

work, we have found that divergent synthetic protocols enable rapid preparation of families of  

heterobimetallic nickel complexes; we have explored two Reinhoudt-type macrocyclic ligands 

(denoted H2Lsalben and H2Lsalmen) that feature 18-crown-6 like moieties for binding of secondary 

metal cations.12,20,22,23,24 However, divergent synthesis of the heterobimetallic complexes based on 

H2Lsalben and H2Lsalmen does not avoid the inherently time-intensive nature of assembling the 

macrocyclic ligands themselves. In the case of H2Lsalmen that is most closely related to the work 

described here,22 a synthetic protocol composed of two stages and four individual steps is required 

to assemble the monometallic complex, representing an investment of approximately one total 

week of time (see Scheme 1). This synthesis builds from commercially available salicylaldehyde, 

however, and leads to the quite useful monometallic complex that we denote here [Ni]C where the 

superscripted C indicates the presence of the crown-ether-like moiety in the isolated complex, 

making it suitable as a starting material for divergent metalation.  
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Scheme 1. Synthetic scheme for synthesis of [Ni]T.  

 

Inspired by many useful features of the synthesis of [Ni]C as originally reported by Reinhoudt 

and co-workers,18,22 we developed a synthetic route here for preparation of the analogous yet non-

macrocyclic [Ni]T. As shown Scheme 1, the synthetic pathway for [Ni]T is economical from both 

the standpoint of requiring fewer operational steps and as well as requiring only two days to 

complete. The primary point of differentiation between the syntheses (Scheme 1) is the use of an 

abbreviated polyether-containing precursor, prepared according to a method similar to that used 

by Reinhoudt to generate the lariat ether needed for preparation of [Ni]C.33,36,37 Two equivalents 
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of this polyether-containing salicylaldehyde derivative were incorporated into the final 

monometallic complex with the goal of forming a new site that would be poised for binding of 

secondary metal cations. [Ni]T was thus prepared (see Experimental Section for details) and 

isolated. Single crystals suitable for X-ray diffraction (XRD) analysis were grown, and as predicted 

from nuclear magnetic resonance (NMR) data (see Figures S1 and S2), the nickel center adopts a 

square planar geometry, coordinating to the Schiff base site and not the O-atoms of the polyether 

“arms” (see Figure 1). The complex is overall neutral in the structure from XRD, but features one 

co-crystallized molecule of water bound in the polyether site. 1H NMR data suggest that [Ni]T can 

be fully dried under vacuum, in line with synthetic results for the bimetallic complexes as well 

(vide infra). However, [Ni]T is quite hygroscopic; elemental analysis data indicate that the sample 

of the complex sent for analysis took up ca. 0.5 equivalents of H2O en route to the facility that 

carried out the analysis. Considering all this, we denote the actual species that was crystallized and 

incorporates H2O as [Ni,H2O]T. 
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Figure 1. Solid-state structure (XRD) of [Ni,H2O]T. All minor components of disorder and all 
hydrogen atoms except those bonded to O1W are omitted for clarity. Displacement ellipsoids are 
shown at the 50% probability level. 

 

The XRD structure of [Ni,H2O]T reveals that, as desired, the two incorporated polyether ligand 

“arms” and the two phenoxide oxygen atoms are appropriately oriented to form a nascent cavity 

that could bind secondary metal cations. This nascent site features a total of six oxygen atoms that 

could serve as ligands for metal cations, making it analogous the 18-crown-6-like site of [Ni]C. In 

[Ni,H2O]T, however, the ethylene bridge that would connect oxygen atoms O4A and O5A in the 

crystal structure has been removed, leading to an additional degree of freedom in the structure. We 

were inspired to term the moiety developed here as a “tiara” because the terms “crown” and “tiara” 

are related, both referring to diadems that reflect dignity, sovereignty, or authority; a crown is 

conventionally formed from a closed loop, but a tiara is usually an unclosed band. As the tiara is 

unclosed, the overall complex [Ni]T is overall non-macrocyclic in nature; this difference simplifies 

the synthetic protocols significantly. No barium template is needed to form [Ni]T and no removal 

of barium is needed to access the monometallic final product. Removal of barium to form [Ni]C, 
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although a remarkably useful reaction developed by Reinhoudt and co-workers, adds significant 

time (4-5 days) to the synthetic procedure needed to access the final [Ni]C. In our route, [Ni]T can 

be isolated on the gram scale in just two days (see Experimental Section for details). 

With [Ni]T in hand, heterobimetallic complexes of the form [Ni,M]T were prepared by reaction 

of triflate salts of the desired secondary metal cations with [Ni]T in acetonitrile (MeCN). 

Specifically, 1 equiv. of the triflate salts of K+, Na+, Li+, Sr2+, Ca2+, Zn2+, La3+ and Lu3+ was reacted 

with [Ni]T to obtain 1:1 Ni:M bimetallic complexes with high yields in each case (see Scheme 2). 

As in previous work, we have chosen to use the pKa values of the metal-aqua complexes of the 

secondary cations as a measure of the effective Lewis acidities of these cations.38 The cations used 

here span a wide range of Lewis acidities; the pKa of K+ is 16.0 and the pKa of Lu3+ is 7.9. Here, 

we have expanded the number of cations explored as compared to our previous study of the [Ni]C 

system,22 in order to test the hypothesis that the tiara ligand system, with more degrees of freedom 

than the analogous crown, has the ability to bind smaller cations, such as Li+ and Zn2+, that are 

usually a poor size match for 18-crown-6 moieties. 1H, 13C{1H}, and 19F NMR studies confirmed 

formation of the desired heterobimetallic compounds in each case (see Figures S3-S26), with no 

peak broadening or unusual chemical exchange behavior detectable even in the cases of the 

smallest cations Li+ and Zn2+. As expected, the 1H-NMR results for the tiara complexes [Ni,M]T 

for which we have previously prepared the analogous [Ni,M]C complexes (K+, Na+, Sr2+, Ca2+, 

La3+, and Lu3+) showed similar spectral profiles in both cases. The 1H-NMR spectra for the 

[Ni,M]T complexes are distinguished from those for the [Ni,M]C complexes, however, by the 

resonance(s) attributable to the two terminal methyl groups on the polyether “arms” of the [Ni]T 

framework that appear in place of the single resonance for the geometrically related methylene 

protons of the corresponding ethylene bridge present in the [Ni]C framework (see Figures S3, S6, 

https://doi.org/10.26434/chemrxiv-2024-p6wg1 ORCID: https://orcid.org/0000-0003-4172-7460 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-p6wg1
https://orcid.org/0000-0003-4172-7460
https://creativecommons.org/licenses/by-nc-nd/4.0/


 13 

S9, S12, S15, S18, S21, and S24).22 In the spectra of [Ni,Ca]T, [Ni,La]T and [Ni,Lu]T, the methyl 

groups are not chemically equivalent and appear as two equally intense peaks (two resonances 

corresponding to 3H each; see Figures S15, S21, and S24), but in all the other heterobimetallic 

species, the two methyl groups appear chemically equivalent (one resonance corresponding to 6H). 

In accord with these spectroscopic findings, elemental analysis results also confirmed the 

composition and homogeneity of samples of the heterobimetallic complexes in all cases (see 

Experimental Section). No evidence of cation scrambling between the individual metal-binding 

sites was observed for any of the [Ni,M]T complexes, and the desired heterobimetallic complexes 

were obtained in good to excellent yields in each case (95-100%), confirming the ligand system 

developed here supports orthogonal metalation and divergent synthesis, despite its non-

macrocyclic nature. This is attributable to covalent bonding between nickel and the four donor 

atoms in the Schiff-base site, as well as the preference of nickel(II) to adopt a square-planar 

geometry. 

 

Scheme 2. Synthetic scheme for preparation of the heterobimetallic complexes.  

Single-crystal X-ray Diffraction Analysis. XRD analysis of the heterobimetallic complexes 

containing K+, Li+, Sr2+, Zn2+ and Lu3+ confirmed the assembly of the desired [NiII(μ2-
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Ophenoxide)2Mn+] cores in each case. Similar to the prior series of complexes [Ni,M]C, in this new 

series of structures, the Ni(II) ion remains bound in the Schiff-base cavity; the secondary metal 

cations interact in each complex with the bridging phenoxide O-atoms as well as all of the ethereal 

O-atoms (see Figure 2 for images of the heterobimetallic structures). Refinement of the occupancy 

factors of the secondary metals as well as nickel confirmed selective binding in the polyether and 

Schiff-base sites of each complex in each case.39 The structural data for each complex are also 

summarized in Table 1, and details can be found in the Supporting Information on pp. S41-S78.  
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Figure 2. Solid state structures of the heterobimetallic complexes obtained via single-crystal x-ray 
diffraction (XRD) experiments in this study. (a) [Ni,K]T; (b) [Ni,Li]T; (c) [Ni,Sr]T; (d) [Ni,Zn]T; 
(e) [Ni,Lu]T. All hydrogen atoms, outer-sphere co-crystallized solvent and atoms associated with 
minor components of structural disorder are omitted for clarity. Displacement ellipsoids are shown 
at the 50% probability level in all cases with the exception of those for [Ni,Sr]T, which are shown 
at the 20% level for clarity. 
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Table 1. Comparisons of notable structural parameters across the [Ni,M]T family obtained via 
study of XRD data.   

Compound [Ni]T [Ni,K]T [Ni,Li]T [Ni,Sr]T [Ni,Zn]T [Ni,Lu]T j 

pKa of  
[M(H2O)m]n+ a - 16.0 13.8 13.2 9.0 7.9 

Coordination 
number (CN) of M - 7 6 8 / 9 7 9 

Shannon ionic 
radius of M b - 1.46 0.76 1.26 0.82i 1.032 

O1•••O2 (Å) 2.531(8) h 2.519(3) 2.442(4) 2.501(7) 2.380(4) 2.418(4)  j 

O3•••O6 (Å) 5.343(3) 5.302(3) 5.255(5) 5.355(9) 4.613(4) 4.807(5) j 

N1•••N2 (Å) 2.517(6) h 2.529(3) 2.535(5) 2.52(1) 2.547(6) 2.53(1)  j 

Ni–Nimine (Å) 
c 1.852(4) h 1.853(3) 1.846(3) 1.846(7) 1.838(4) 1.844(6)  j  

Ni–Ophen (Å) 
c 1.866(6) h 1.854(2) 1.846(3) 1.856(5) 1.836(3) 1.847(3)  j  

M–Ophen (Å) 
c - 2.678(2) 2.005(8) 2.555(5)  2.106(3) 2.297(7)  j  

M–O3,6 (Å) 
c - 2.738(2) 2.722(9) 2.680(6)  2.380(3) 2.526(6)  j  

M–O4,5 (Å) 
c - 2.836(3) 1.96(1) 2.684(9)  2.150(3) 2.464(7)  j  

Ni•••M (Å) - 3.7038(8) 2.979(8) 3.600(1)  3.1032(8) 3.343(6)  j  

ωsalmen (Å) d 0.070 h 0.094 0.051 0.045 0.004 0.066  j 

ωtiara (Å) e 0.255 h 0.534 0.908 (0.026l) 0.124 0.740 (0.074m) 0.634  j 

τ4 (Å) f 0.062 h 0.082 0.052 0.041 0.052 0.068  j 

ψNi (Å) g 0.010 h 0.005 0.008 0.003 0.009 0.004  j 

χ (º) k 8.0 h 20.0 6.6 5.0 29.5 40.3  j 
a From reference 38. 
b From reference 40. For comparison, the ionic radius of nickel(II) with C.N. = 4 is 0.55 Å. 
c Defined as the average interatomic distances between the noted metal and the relevant oxygen/nitrogen atoms. 
d Defined as the root mean square deviation (RMSD) of the positions of the Ophen and Nimine atoms from the mean plane of 
their positions. 
e Defined as the RMSD of the positions of the atoms O1-O6 from the mean plane of their positions. 
f Geometry index for four-coordinate complexes, with a value of 1.00 indicating perfect tetrahedral geometry and zero 
indicating perfect square-planar geometry. Calculated as described in reference 41. 
g Absolute value of the distance between Ni and the mean plane of O1, O2, N1, and N2. 
h Values for [Ni]T correspond to the parameters for the major species in the structural data. See Table S4 for data regarding 
the independent molecular species. 
i Value used for the Shannon ionic radius of the seven-coordinate Zn2+ ion was calculated as the arithmetic mean of the known 
radius values corresponding to six- and eight-coordinate Zn2+ ions from reference 40. 
j Values for [Ni,Lu]T are given as the arithmetic mean of the values of the parameters for molecules A and B in the structural 
data. Stated e.s.d.’s on distances were taken as the largest among the individual values corresponding to the independent 
molecular species in the refined structural data. See Table S4 for data regarding the independent molecular species. 
k Defined as the fold angle between the mean planes calculated for the two pseudo-planar [O2,C7] moieties found in each 
structure; one contains O1, O6, and C1-C7 and the other contains O2, O3, and C14-C20.  
l Defined as the RMSD of the positions of the atoms O1, O2, O3 and O6. 
m Defined as the RMSD of the positions of the atoms O1, O2, O3, O4 and O6.  

https://doi.org/10.26434/chemrxiv-2024-p6wg1 ORCID: https://orcid.org/0000-0003-4172-7460 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-p6wg1
https://orcid.org/0000-0003-4172-7460
https://creativecommons.org/licenses/by-nc-nd/4.0/


 17 

On the one hand, within the series of structures presented here, the value of the formal 

coordination number (C.N.) for the secondary cation in each structure appears influenced by both 

its ionic radius-driven bonding preferences as well as the steric requirements of the ligand. The 

influence of the ligand structure is especially pronounced for the smaller cations. For the structures 

containing monovalent secondary cations, the larger K+ ion adopts a C.N. = 7 (see pp. S46-S49 for 

details), while the smaller Li+ adopts C.N. = 6. In the Li+ structure, this coordination number is 

achieved due to the flexibility of the polyether site; the polyether “arms” can wrap tightly around 

Li+ because of their freedom to move out of the plane defined by the rather co-planar atoms of the 

Schiff-base site. This tendency toward encapsulation of the monovalent cations by the polyether 

“arms” is also apparent in the location of the triflate counter-anions in the outer coordination 

spheres; the triflates appear pushed to the outer sphere since the tiara ligand system can adapt to 

the natural bonding preferences of the cations in each case. The two planar phenoxide-containing 

components of the Schiff-base site can and do fold about their O•••N polyhedral edges, however, 

due to the saturated nature of the ethylene link between the two nitrogens; this is apparent in both 

the fold angles (χ) defined by those planar components as well as the O3•••O6 separation that 

varies across the series of complexes (see Figure S110). 

The structures of [Ni,Sr]T and [Ni,Zn]T support these interpretations, with the larger Sr2+ ion 

adopting C.N. = 8/9 through coordination of all 6 O-atoms of the polyether site as well as two 

triflate counter-anions ([κ1,κ1] for C.N. = 8 and [κ1,κ2] for C.N. = 9). Smaller Zn2+, however, 

appears more encapsulated in the polyether site, with one of the ligand “arms” pulled out of the 

ligand plane to form a metal-binding cradle. The other ligand “arm” remains in the plane to 

coordinate Zn2+, leaving the top hemisphere open for binding of a κ1-triflate that that gives a total 

C.N. = 7. The trivalent complex [Ni,Lu]T adopts C.N. = 9, as the ligand “arms” wrap laterally 
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around the sides of Lu3+ in the ligand plane, leaving ample space on the coordination sphere for 

binding of all three accompanying triflate counteranions in the κ1-fashion. Only one molecule of 

each complex was found in the corresponding asymmetric units, except in the case of [Ni,Lu]T. 

However, the two molecules of [Ni,Lu]T found in the asymmetric unit of the corresponding 

structure appear structurally quite similar, supporting the robustness of the conclusions drawn here 

(see Figure S100).  

On the other hand, the structural properties of the nickel center in the Schiff-base binding site 

do not appear strongly influenced by the secondary metal cations. The Ni–Nimine and Ni–Ophen 

distances are indistinguishable across the series (3σ criterion), and the τ4 geometry indices remain 

near zero for all the complexes, suggesting that the environment of the Ni center does not change 

significantly upon incorporation of the secondary cations.41 This is attributable to the chelating 

and rather rigid nature of the Schiff-base site, a finding similar to that encountered in the analogous 

heterobimetallic complexes based on the [Ni]C system. This concept is supported here by the ψNi 

values, which show that the nickel center remains near to the mean plane defined by the donor 

atoms of the Schiff-base site (O1, O2, N1, and N2). Similarly, there is virtually no out-of-plane 

distortion of the Nimine and Ophen atoms defining the Schiff-base site (defined as the ωsalmen 

parameter, see Table 1), confirming the flatness and covalent nature of this site across all the 

derivatives explored here. Considering all of these quantitative metrics, the nickel sites in the 

[Ni,M]T series of complexes appear quite structurally consistent in the solid state. The similarity 

of the bond distances about nickel does not extend to the aforementioned polyhedral edge fold 

angle, which increases most significantly for [Ni,Zn]T and [Ni,Lu]T; this is attributable to the 

moderately small size and high Lewis acidity of these cations. 
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The overall tiara ligand system developed in this work appears quite flexible and is able to 

cleanly bind even the smaller cations Li+ and Zn2+. This ability, in turn, has enabled exploration 

of charge-dependent structural parameters over a wider span of cation sizes than what was 

achieved in the prior work with the complexes [Ni,M]C.22 This is exemplified by the dependence 

of the Ni•••M distances for the heterobimetallic complexes in the [Ni,M]T family on the Shannon 

ionic radii40 of the corresponding secondary cations (see Figure 4). This relationship was 

quantified by the slope (unitless) of the relationship, which has the value of 0.95 (± 0.01); the 

uncertainty on this value is only 1.1%, in accord with the good correlation displayed in the data 

(R2 = 0.99). In the prior work with the complexes [Ni,M]C, a similar linear relationship was 

encountered, albeit with a more modest slope of 0.70 ± 0.03. These linear relationships can be 

ascribed to the tendency of the secondary cations to nestle into the binding site defined by the 

phenoxide O-atoms (O1 and O2); we have previously ascribed this tendency in the [Ni]C series of 

complexes to anionic character on these atoms induced by phenol deprotonation upon binding of 

nickel(II) to the Schiff base site, a phenomenon that is also operative here for the [Ni]T series. It is 

sensible that this behavior is common to both [Ni]T and [Ni]C since the Schiff-base nickel sites in 

both complexes are structurally similar.  
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Figure 4. Trend between the Shannon ionic radius and Ni•••M distances. Despite the similarities, 

there is a slight deviation of the tiara family from the crown family, resulting in a slightly higher 

sensitivity of change in Ni•••M distance when a change in Shannon ionic radius is seen.  

 

In line with these observations, the O1•••O2 separation displays a highly correlated but non-

linear dependence on the ionic radius of M for the complexes [Ni,K]T, [Ni,Sr]T, and [Ni,Lu]T (see 

Figure S108). As was observed for all the complexes studied in the [Ni,M]C series, the smaller 

secondary cations draw together O1 and O2 upon binding, tightening the diamond core motif by 

nestling more tightly into the site. In the case of the [Ni]T ligand, however, we could probe the 

consequences of binding even smaller cations than those used in the [Ni,M]C series, namely Li+ (r 

= 0.76 Å for C.N. = 6) and Zn2+ (r = 0.82 Å for C.N. = 7, see Table 1 for details). Perhaps 

unsurprisingly, the O1•••O2 separation is actually smallest for [Ni,Zn]T with a distance of 2.380(4) 
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Å, much smaller than the van der Waals limit for oxygen of 2.8 Å.42 This is presumably due to the 

high charge and small radius of zinc, as well as the unusual pentagonal bipyramidal geometry (see 

Figure S91).  

In the case of even smaller Li+, the O1•••O2 distance increases to 2.442(4) Å; this observation 

is attributable to the lower charge on the lithium cation (in comparison to Zn2+) as well as the non-

C2-symmetric bicapped tetrahedral coordination of Li+ in [Ni,Li]T (see Figures S81 and S82). This 

coordination environment is achieved by interaction of the cation with O1, O2, O4, and O5 in the 

tetrahedral polyhedron and with O3 and O6 as capping ligands on opposing faces as highlighted 

in Figure S81. Li+ is too small to interact symmetrically with both phenoxide O-atoms, as the Li–

O1 and Li–O2 distances are 1.977(8) and 2.051(9) Å, respectively. As a result, the O1•••O2 

separation trends longer for the adduct of Li+ in comparison for the adduct of Zn2+; this is 

apparently a consequence of the very small size of this cation that causes it to slip toward one side 

of the pseudo-C2-symmetric polyether site. This tendency to slip to one side is confirmed by the 

observation of a Li–O6 contact of 2.646(8) Å and a longer contact for Li•••O3 of 2.780(9) Å. 

Along the same line, we note that even though O3 and O6 are constrained by the tiara ligand to be 

positioned far apart when the Schiff base is coordinated to a metal, the O3•••O6 separation ranges 

from 4.613 Å for [Ni,Zn]T to 5.353 Å for [Ni,Sr]T (see Figure S110). This range can be attributed 

to the tendency of the smaller and more effectively Lewis acidic cations to induce the 

aforementioned folding along the N•••O polyhedral edges of the nickel site. The modest value of 

the fold angle for [Ni,Li]T of 6.6° is attributable, however, to the weak interactions of Li+ with O3 

and O6 owing to its small size.  

In order to execute a structural comparison of the macrocyclic and non-macrocyclic polyether 

sites present in the crown- and tiara- ligands, respectively, we examined the so-called ωtiara 
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parameter for each of the complexes [Ni,M]T. The ωtiara parameter was calculated as the root mean 

square deviation (RMSD) of atoms O1–O6 from the average plane defined by their positions, 

making it a measure of the co-planarity of these atoms in the polyether site. We note here that ωtiara 

represents the analogue of our previously described parameter ωcrown, as described first in reference 

12; ωtiara and ωcrown are closely related variants of what could be termed as ωO6 for general 

comparisons between cyclic and acyclic polyether sites. Because of the close similarity of the 

metalloligands [Ni]T and [Ni]C, examination of this parameter affords a quantitative measure of 

the greater flexibility of the tiara system compared to the crown analogue. For the derivatives of 

both [Ni,M]T and [Ni,M]C for which we have structural data, the ωO6 parameter is systematically 

greater for the tiara system in all cases. For K+, ωtiara is 0.534 and ωcrown is 0.107; for Sr2+, ωtiara is 

0.124 and ωcrown is 0.090; and for Lu3+, ωtiara is 0.634 and ωcrown is 0.585. Consequently, the tiara 

ligand can be concluded to be better suited to structurally encapsulating cations in comparison 

with its crown analogue. The macrocyclic crown system tends to pull the donor atoms in the ring 

into a plane defined by its structural connectivity pattern; this is even reflected in the ωtiara and 

ωcrown values of 0.245 and 0.255, respectively, for [Ni,H2O]T and [Ni,H2O]C, the structures of 

which both feature water molecules bound in the polyether sites. Considering all this, it is sensible 

that adducts of the smaller cations Li+ and Zn2+ could be isolated cleanly, and that they do not 

appear to show dynamic exchange behavior in NMR studies (vide supra). This capability could be 

useful considering the Lewis acidic properties of these cations, and the poor size match of Li+ and 

Zn2+ with conventional 18-crown-6 systems. We note this because it represents an advantage 

associated with building heterometallic systems with more flexible tiara-type ligand systems rather 

than conventional, macrocyclic crown-type systems that have so far attracted greater interest in 

the literature.  
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Electronic Absorption Spectroscopy. In the field, tunable heterobimetallic complexes 

assembled with a range of secondary metal cations are typically prepared in order to access 

chemical properties that are inaccessible for the monometallic precursors/analogues. With the 

ability to prepare heterobimetallics on the tiara platform now established across a wide range of 

metal cations, quantification of the influence of the cations on the electronic properties of the 

assembled complexes was next pursued. The monometallic complex [Ni]T exhibited a moderately 

intense absorption feature with wavelength of maximum absorption (λmax) value of 418 nm (see 

Figure S27); this feature was assigned as a charge-transfer (CT) transition on the basis of its 

moderate molar absorptivity (ε) of 5,800 M−1 cm−1. The assignment of this CT feature is in also in 

accord with prior work on Schiff-base complexes featuring crown-containing macrocyclic ligands 

similar to the tiara present in [Ni]T.23,22,43 The CT transition measured for [Ni]T is quite similar to 

an analogous transition measured for [Ni]C with λmax = 418 nm and ε418 = 5400 M−1 cm−1. The 

presence of similar transitions for [Ni]T and [Ni]C is consistent with the virtually indistinguishable 

structural characteristics of the Schiff-base site in which nickel(II) is bound in both systems (see 

Tables S5 and S6 for details).  

Similar spectral properties were measured for the [Ni,M]T complexes in all cases. Upon 

installation of the secondary metal cations in the polyether site, the CT band measured for [Ni]T 

was blueshifted as seen in Figure 5. The most significant shift, to λmax = 372 nm, was measured for 

the most Lewis acidic metal cation, Lu3+. As was measured previously for the [Ni,M]C series, the 

most charge-dense secondary metal cations induce the most significant spectral changes.12,22,23,43 

Plotting the energy of the CT transition as a function of the pKa value of the corresponding 

secondary metal cation revealed a linear dependence as seen in Figure 6, in line with reports 

regarding the optical properties of other systems based on Reinhoudt-type ligands. The slope of 
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the dependence of the energy of the CT transition on the cation pKa value is −35±2 meV / pKa; 

this value is statistically indistinguishable from the value reported for the [Ni,M]C series, −36±5 

meV / pKa, within the variance associated with the correlation (quoted at the 1σ level in both 

cases). These virtually identical findings across the two ligand systems indicate that electronic 

properties of the two resulting classes of complexes are quite similar.  
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Figure 5. Electronic absorption spectra of the [Ni,M]T complexes. The features for [Ni,La]T and 

[Ni,Lu]T given in the red lines were fit using gaussian peak deconvolution in order to obtain a 

reliable value for the lowest-energy CT transition as discussed in the main text.  
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Figure 6. Plot showing the dependence of the CT transition energies on the pKa values of the metal 

aqua complexes corresponding to the cations incorporated into the [Ni,M]T complexes.  

 

In prior work on the [Ni,M]C complexes, d-d transitions were measured between 545 and 532 

nm. Corresponding d-d transitions could not be measured in the cases of the [Ni,M]T complexes, 

however, a finding attributable to greater broadness of the charge-transfer features in the spectra 

for the non-macrocyclic complexes (see Figure S47). At this stage, we anticipate that the greater 

broadness of the absorption features encountered with these complexes is attributable to a greater 

degree of structural flexibility, as engendered by the tiara ligand system; the “arms” of the tiara 

polyether moiety can adopt more structurally diverse conformations than the crown-type polyether 

motif, as shown in the structural data. We anticipate that this is also true in solution, in that the 
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tiara-type polyether moieties in the [Ni,M]T complexes could be more flexible and dynamic. 

Although d-d transitions could not be conclusively identified for most of the [Ni,M]T complexes, 

it was possible to observe shoulder features on the lowest energy CT transitions around 560 nm in 

the case of [Ni]T and around 540 nm in the case of [Ni,Lu]T. As the d-d transitions in the [Ni,M]C 

complexes spanned a range of λmax of 550 to 532 nm, the noted shoulders measured for the tiara-

type systems are likely attributable to d-d transitions. The observation of possible d-d transitions 

for the [Ni,M]T complexes is in accord with the general conclusion that the electronic properties 

of the tiara complexes are quite similar to their crown analogues.  

Electrochemical Studies. Given the similarity in the electronic spectra for the [Ni,M]T and 

[Ni,M]C complexes, the electrochemical properties of the complexes were anticipated to be similar 

for the two families as well. Although in the case of the [Ni,M]T complexes, one might hypothesize 

that there could be a greater propensity toward electrochemically induced reactivity considering 

the lack of macrocyclic stabilization of the complexes in comparison to prior crown-based systems, 

we have not found the [Ni,M]T complexes to display problematic or suboptimal electrochemical 

properties indicative of redox induced reactivity/speciation, except in the case of [Ni,Zn]T.  

Analysis of the electrochemical properties of the non-macrocyclic complexes studied here 

began with the monometallic precursor complex [Ni]T. Cyclic voltammetry (CV) data collected 

for [Ni]T exhibited a quasi-reversible reduction at E1/2 = −2.10 V vs. the ferrocenium/ferrocene 

couple (hereafter referred to as Fc+/0) as shown in Figure 7. The measured couple retained its quasi-

reversible nature across the range of scan rates used in this study (50-1000 mV/s; see Figure S49). 

These data also confirmed the freely diffusional and soluble nature of both the oxidized, Ni(II), 

and reduced, putative Ni(I), forms of the complex in solution, as well as high stability of the 

reduced species on the timescale of the CV experiments. The reduction potential measured for 
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[Ni]C was E1/2 = −2.14 V vs. Fc+/0, in accord with very similar redox properties in both cases (ΔE1/2 

= 40 mV). The peak-to-peak separations (ΔEp values) for both [Ni]T and [Ni]C were 84 and 75 mV 

when measured at 100 mV/s (see Table 2), indicating reasonably fast electron transfer for our 

experimental configuration in both cases.44 Based on the profiles of the voltammetry data, both 

[Ni]T and [Ni]C display well-behaved, chemically reversible reduction waves. 
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Figure 7. Plot showing the cyclic voltammograms for [Ni]T and the heterobimetallic complexes 

in the [Ni,M]T family. All voltammograms were collected at a scan rate of 100 mV/s with [Ni] = 

2 mM in acetonitrile containing 0.1 M tetrabutylammonium hexafluorophosphate as supporting 

electrolyte.   
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Table 2. Comparison of electrochemical paramaters obtained via cyclic voltammetry 

Compound M used pKa of 
[M(H2O]n]n+ a 

E1/2 (V) ΔE1/2 vs 
[Ni] (mV)b 

ΔEp 
(mV)b 

%Vf 

[Ni]T - - –2.10 0 75 45.8 c 

[Ni,K]T K 16 –1.94 157 96 37.2 

[Ni,Na]T Na 14.7 –1.91 182 93 - 

[Ni,Li]T Li 13.8 –1.83 274 105 39.8 

[Ni,Sr]T Sr 13.2 –1.70 396 76 33.8 c 

[Ni,Ca]T Ca 12.7 –1.69 414 78 - 

[Ni,Zn]T Zn 9.0 –1.54 565 170 32.1 

[Ni,La]T La 9.1 –1.42 680 99 - 

[Ni,Lu]T Lu 7.9 –1.43 673 130 23.4 c 

a From reference 38.  b Measured at 100 mV/s. c Values obtained as an average of 
multiple molecules in the solid-state structure. The span between the two values that 
were averaged are as follows: 0.2% for [Ni]T; 0.6% for [Ni,Sr]T; 0.8% for [Ni,Lu]T. 

 

For the heterobimetallic complexes in the [Ni,M]T family, electrochemical reduction waves 

were measured in each case that appeared quasi-reversible at 100 mV/s (see Figure 7 and Table 

2). Incorporation of secondary metal cations resulted in shifts in the reduction potentials of the 

complexes to more positive voltages in all cases. Each individual redox couple was interrogated 

with scan-rate dependent studies, and both the oxidized and reduced forms of each species were 

shown to be freely diffusional and soluble in each case (see SI, pp. S30-S39). The cyclic 

voltammetric profile of [Ni,Zn]T was the only one to deviate from conventional behaviors; in this 

case, the complex displayed a rather broad cathodic peak compared to the other complexes in this 

study, as shown in Figure S61. A minor reaction channel involving reduction-induced speciation 
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could be involved in this system, as voltammograms collected at slower scan rates displayed a 

greater deviation from conventional wave shape and a minor shoulder feature on the low potential 

side of the anodic return wave. When the switching potential was set to less negative potentials, 

the additional oxidative feature was minimized, suggesting the involvement of reduction-induced 

reactivity (see Figure S62). However, this complication did not impede the electrochemical work 

with [Ni,Zn]T, enabling us to examine this complex similar to all the other derivatives prepared 

here. 

For the complexes of the [Ni,M]T family, the more positive potentials are associated with the 

derivatives incorporating metal cations that feature greater effective Lewis acidity, as judged by 

the pKa values of the corresponding metal aqua complexes. This result is similar to that 

encountered in the [Ni,M]C family of complexes, in which the reduction potential appeared to 

depend on the charge of the secondary metal cations; the cations with greater positive charges 

resulted in more positive reduction potentials.2,4,22 However, in the present study, the use of the 

tiara ligand system enabled us to explore a wider range of metal cations that span a greater range 

of Lewis acidity values than in the studies of the [Ni,M]C family, particularly among the 

monovalent and divalent cations. Among monovalents, [Ni,K]T and [Ni,Li]T were prepared, 

representing a span of corresponding pKa values from 16.0 to 13.8, respectively. Among divalents, 

[Ni,Sr]T and [Ni,Zn]T were prepared, representing a span of pKa values from 13.2 to 9, 

respectively. As a result, the most acidic monovalent cation (Li+) is nearly as acidic as the least 

acidic divalent cation (Sr2+). Similarly, the most acidic divalent cation (Zn2+) is more acidic than 

the least acidic trivalent cation used in this study (La3+, pKa = 9.1). As a result of the exploration 

of this diverse set of cations, the relationship between reduction potential and Lewis acidity could 

be examined across sufficiently diverse cations that the cations are not clustered according to 
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valence in the data, but rather widely spaced in the broader chemical space of cation-dependent 

acidity (see Figure 8).  

 

Figure 8. Trend showing the similarities between the electrochemical behavior of the crown and 

tiara families.  

 

The data given in Figure 8 shows that the reduction potential for the heterobimetallic complexes 

does not depend linearly on charge as has been found in some prior studies. We hypothesize that 

findings of charge-dependent redox properties may be attributable to the collection of data on 

insufficiently diverse complexes. Additionally, we note, as we did in a recent prior study, that it is 

difficult (or even impossible) to rigorously ascribe a change in a reduction potential when both the 

oxidized and reduced forms of the complexes in question have not been characterized.22 At this 

stage, we can only speculate about the origins of charge- vs. acidity-dependent data, but we 
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anticipate however, that charge-dependent behaviors may be displayed by systems in which 

cations can readily shift upon electron transfer to new preferred positions; systems that can more 

effectively encapsulate cations, restricting their movement to some degree before/after reduction, 

could enable acidity-dependent behaviors to appear more clearly in electrochemical data. 

Regardless, we anticipate that the tiara complexes explored here represent a useful family of 

compounds upon which to base explorations of the redox chemistry of heterobimetallic complexes, 

because the tiara motif is capable of binding a wide range of metal cations. 

The reduction potentials of complexes in the [Ni,M]T family display a dependence of –67 ± 6 

mV/pKa unit when examined in this way. The modest variance on the slope of the correlation, 

corresponding to ±9% and reported as ±1σ, was calculated in this case from the standard error on 

the least-squares linear fitting to the data. This low value is in accord with the good estimated fit 

of each E1/2 value to the trend (R2 = 0.947). In the crown-based analogues of the [Ni,M]C family, 

the slope displayed by the related data was –69 ± 7 mV/pKa unit, a value that is within one standard 

deviation of the value measured here.22 The indistinguishable slopes of these plots indicates that 

the influence wrought by the secondary metal cations on the redox-active nickel cores of each 

family of complexes are similar in each case. This is sensible given the similar structures of the 

heterobimetallic complexes, a finding exemplified by the data given in Figure 4. The cations in 

the complexes are located at very similar positions relative to the redox-active nickel center in 

each case. Of course, the tiara ligand is capable of greater encapsulation of the secondary cations 

than the crown ligand, but this appears to be a minor difference from the perspective of the redox 

chemistry. In both cases, the cations bind adjacent to the nickel site and from this vantage point 

are able to systematically shift the reduction potential on the basis of their effective Lewis acidities. 

Additionally, it should be noted explicitly that similar tuning effectiveness can be achieved in the 
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tiara complexes compared to the crown complexes; the tiara complexes are simpler to prepare than 

their crown analogues but appear equally as useful for applications in study of cation-induced 

tuning. Along this line, the tiara ligand system may be concluded to be superior given its 

demonstrated ability to bind a wide range of cations, both in terms of Lewis acidity and in terms 

of size (see Table 1).  

Topographical Analysis of the Schiff-base Sites. One important finding of the previous study of 

the crown-based [Ni,M]C family of complexes was attenuation of the heterogeneous electron 

transfer rate constant (hereafter referred to as k0) in cases in which trivalent secondary metal 

cations were utilized.22 This phenomenon was found to be correlated with structural data, in that 

the triflate counteranions bound to the redox-inactive trivalent cations La3+ and Lu3+ were found 

to impinge on the microenvironment (i.e., secondary coordination sphere) of the nickel center. 

This structural crowding could induce increased reorganization energy penalties or diminish 

electronic coupling of the redox-active nickel cores with the electrode; in either of these scenarios, 

k0 would be diminished as measured. The noted steric crowding effect was quantified in a 

topographical buried volume analysis that was completed using the SambVca 2.1 webtool 

developed by Cavallo and co-workers.45,46 In this prior work, the free volume about the nickel 

center (denoted %Vf) was diminished only in the cases in which trivalent cations were bound in 

the crown-like site, due to both the high intrinsic steric demand of triflate as a counteranion as well 

as the tendency of the crown-based ligand to drive a lateral movement of the cations and their 

triflates toward the nickel center in a manner that depends on ionic radius. Considering all this, we 

anticipated that a topographical analysis of the tiara-based [Ni,M]T family of complexes would be 

instructive, particularly from the perspectives that triflate counteranions were used in the new 
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complexes as well as the similar propensity of the tiara ligand to drive lateral movement of the 

secondary cations toward the nickel center, as shown in Figure 4. 

The peak-to-peak separation (denoted ΔEp) was tabulated from the electrochemical data for 

each heterobimetallic complex in the present study at 100 mV/s, in order to estimate the facility of 

heterogeneous electron transfer to the complexes. In this approach, faster ET kinetics are 

associated with smaller ΔEp values, as demonstrated in foundational work from Nicholson.47 

Examining the data, it is apparent that there is a reasonable linear correlation between the ΔEp 

values for the complexes and the O1•••O2 separation measured in the solid-state structures (see 

Figure S112). This indicates that the complexes in which there is the most significant disruption 

of the structure of the nickel-containing core structure (as quantified by the cation-induced 

diminishment of O1•••O2 separation, see Tables 1 and 2) are associated with the slowest electron-

transfer kinetics. The derivatives incorporating Zn2+ and Lu3+ which display rather high ΔEp values 

also feature %Vf values that are the smallest in the full set of data, but otherwise there is no 

significant trend in the topographical results for the [Ni,M]T family of complexes. This may be 

attributable to the quite significant decrease in the O1•••O2 separation that are induced in the cases 

of [Ni,Li]T and [Ni,Zn]T, in that upon reduction, there could be significant electrostatic repulsion 

induced between O1 and O2; reducing Ni(II) to Ni(I) would almost certainly cause significant 

movements of atoms on the lithium and zinc coordination spheres by opening up the common 

phenoxide polyhedral edge and pushing the polyether arms away.  This would result in significant 

structural reorganization upon reduction and thereby influence the diminished electron transfer 

kinetics. However, as we have not pursued isolation of the reduced forms of the complexes, we do 

not speculate further here regarding the origins of the modulated electron transfer kinetics apart 

from noting the observed trend.   
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Considering solely the structural properties of the isolated Ni(II) complexes enables comparison 

of the complexes [Ni]T and [Ni]C, as well as the heterobimetallic complexes of K+, Sr2+, and Lu3+ 

for which X-ray structural data are available for both ligand systems. This comparison study 

revealed that the free volume about the Schiff-base site is influenced by the ligand backbones used 

in the two families of complexes as seen in Figure 9. In accord with the greater tendency of the 

tiara ligand to drive lateral movement of the secondary cations (and their bound triflates) toward 

the Schiff-base site, both [Ni,Sr]T and [Ni,Lu]T have diminished free volume values compared to 

their analogues [Ni,Sr]C and [Ni,Lu]C (33.8 vs. 37.4 for Sr2+, and 23.4 vs. 24.5 vs. Lu3+). The 

diminished free volume about nickel in the tiara case is sensible given the finding that the triflate 

counteranions are bound to the secondary cations in all these structures. The free volume values 

about the nickel centers in the monometallic complexes are also identical in both [Ni]T and [Ni]C, 

underscoring the structural similarity of the Schiff-base sites in the two ligand systems. [Ni,K]T 

and [Ni,K]C display quite similar free volume data (37.2 vs. 36.5), but feature a minor difference 

that is reflective of the unique structures of the complexes in the solid state; the difference is 

attributable in part to the preference of K+ to adopt C.N. = 8 for [Ni,K]T and C.N. = 9 for [Ni,K]C. 

The diminished structural freedom of the crown system appears to drive the lower free volume 

about nickel in the crown case; the structure of [Ni,K]C features a bound triflate that interacts with 

the K+ in the uncommon κ3-[O,O,F]-mode, drawing the triflate closer to the nickel center to satisfy 

the coordination needs of K+ in the crown site. By contrast, in the tiara system, triflate binding to 

K+ is not preferred, as the polyether site is more flexible and appears to contribute more 

significantly to filling the coordination sphere of this cation by out-of-plane distortion, as 

quantified in the ωO6 parameters for the complexes (see Table S5). The K+ ions in both [Ni,K]T 

and [Ni,K]C engage in weak intermolecular interactions that stabilize dimeric structures in the 
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solid state in both cases, but [Ni,K]T features an outer-sphere triflate and a marginally greater free 

volume about nickel as a result.  

 

Figure 9. Figure showing a comparison of the %Vf values for the bitmetallic analogues from both 

the crown and tiara series. Average values are given for [Ni]T, [Ni,Sr]T and [Ni,Lu]T, 

corresponding to the arithmetic mean of the values of %Vf values calculated from the structural 

data from X-ray diffraction analysis.  

DISCUSSION 

The non-macrocyclic tiara ligand system explored in the work described here shows all 

indications of being a satisfactory replacement for analogous macrocyclic ligands containing 

crown-ether-like motifs. First, the tiara system reported here can be prepared by a significantly 

more straightforward synthetic route that is both operationally simpler and requires a shorter time 

than that required for the analogous crown system. Second, the tiara system reported here appears 

well suited to generation of diverse heterobimetallic complexes that incorporate a wide range of 
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secondary metal cations. Here, the stable binding of monovalent (K+, Na+, and Li+), divalent (Sr2+, 

Ca2+, and Zn2+), and trivalent cations (La3+ and Lu3+) was demonstrated, meaning that a wide range 

of Lewis acidities (spanning pKa values of the corresponding aqua complexes from 7.9 to 16.0), 

cation sizes (Shannon ionic radii from 0.59 to 1.51 Å), and cation coordination numbers from 5 to 

9. This demonstrated ability to form stable heterobimetallics suggests that tiara-type ligand 

systems could find applications in chemistries in which secondary cations afford tunability to core 

metal complex structures. Third and finally, the heterobimetallic complexes reported here 

displayed tunable electronic and electrochemical properties, as quantified through UV-visible 

absorption spectroscopy and electrochemical measurements. In particular, we highlight that in the 

findings obtained from both these techniques, satisfactory linear correlations between observed 

properties (CT-transition energy and reduction potential, respectively) and the effective Lewis 

acidity of the incorporated cation. Thus, the tiara ligand system appears to engender usefully 

predictable tuning that could be expanded to other cations and/or redox-active metals in future 

work. All these benefits represent new opportunities to advance the rich area of heterobimetallic 

chemistry.  

In order to facilitate structural, spectroscopic, and electrochemical comparisons between the 

tiara and crown complexes in the [Ni,M]T and [Ni,M]C families, 1,1-dimethyl-1,2-

ethylenediamine was used to install the diimine bridge at the Schiff-base site in both sets of 

complexes. Additionally, to facilitate comparison of heterobimetallic species that differ only by 

the composition of the polyether site, we prepared complexes incorporating K+, Sr2+ and Lu3+ to 

compare across the two ligand systems; we could also compare the structures of the corresponding 

monometallic complexes [Ni]T and [Ni]C. When the structures of the monometallic complexes are 

superimposed, the closed related nature of the two complexes becomes readily apparent (see 
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Figure 10a). Both complexes feature rigorously square planar Schiff-base sites, and also feature 

water molecules engaged in H-bonding interactions with one phenoxide O-atom and one ethereal 

O-atom in the polyether site. The weighted root mean square deviation (RMSD) of the atoms Ni, 

N1, N2, O1, O2, O3, O4, O5, and O6 between the two structures is only 0.159 Å, in accord with 

the recognized influence of the Schiff-base site in both complexes to promote co-planarity among 

the O atoms of the polyether sites in both cases (ωO6 = 0.255 and 0.245 for the [Ni]T and [Ni]C, 

respectively). The bound water molecules could also assist in enforcing the similar conformations 

of these complexes in the solid state. The heterobimetallic complexes based on Sr2+ and Lu3+ are 

similar in the tiara and crown systems in both cases, with RMSD values comparing the positions 

of atoms Ni, M, N1, N2, O1, O2, O3, O4, O5, and O6 being only 0.128 Å and 0.159 Å in the two 

cases. [Ni,Sr]T and [Ni,Sr]C are the most similar across the series of comparable complexes, a 

feature attributable to the placement of one triflate on each hemisphere of the strontium cation in 

each case. This motif appears to enforce co-planarity of the O atoms in the polyether site, a 

tendency that should contribute to the modest RMSD for the structures compared here. [Ni,Lu]T 

and [Ni,Lu]C appear quite similar to each other as well; two triflates are bound in the κ1 mode to 

Lu3+ on one hemisphere while the third triflate is bound on the opposite hemisphere in the  κ1 

mode. In both cases, the greater steric bulk on the first hemisphere that is driven by the binding of 

two triflates appears to engender a preference for the conformations of the diimine bridge of the 

Schiff-base site (see Figures S90 and S93) to feature one pseudo-axial methyl group that faces 

toward the hemisphere of the lutetium center that contains only one bound triflate. On steric 

grounds, this structural feature found for [Ni,Lu]T and [Ni,Lu]C can be concluded to promote 

satisfactory solid-state packing  
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Figure 10. Superimposed solid-state structures of the [Ni,M]T and [Ni,M]C species for which 

analogous derivatives are available. For each pair of structures, the weighted root mean square 

deviation (RMSD) of the positions of atoms Ni, N1, N2, O1, O2, O3, O4, O5, and O6 were 

calculated; the secondary cation M was also included in the RMSD calculation for the 

heterobimetallic complexes. Structure (a): [Ni]T and [Ni]C, RMSD = 0.159 Å; (b) [Ni,K]T and 

[Ni,K]C, RMSD = 0.440 Å; (c) [Ni,Sr]T and [Ni,Sr]C, RMSD = 0.128 Å; (d) [Ni,Lu]T and 

[Ni,Lu]C, RMSD = 0.158 Å. Solid bonds to atoms shaded bottom left to top right are shown for 

the tiara structures, while dashed bonds to atoms with a regular dot pattern are shown for the crown 

structures.  
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We note that the symmetric bi-hemispheric triflate binding motif has been observed previously 

in derivatives [Ni,Ca]C,22 [Pd,Ca]C,22 and [Pd,Sr]C as well,22 but in the calcium cases, formation 

of this motif resulted in significant crystallographic disorder. In the case of [Ni,Sr]T, we also note 

that a disorder pattern was encountered in which the triflate (associated with S2) of the major co-

crystallized isomer of the complex was found to be bound to Sr2+ in the κ1 mode (shown in Figure 

10, structure c) while the minor co-crystallized isomer features the same triflate bound to Sr2+ in 

the κ2 mode. We were initially surprised to note that the related triflate in [Ni,Sr]C did not display 

disorder and was found to be bound to Sr2+ only in the κ2 mode; thus, we sought to identify another 

interaction with the triflate that might prompt the preference for the κ1 binding mode in the major 

isomer of [Ni,Sr]T. On close inspection of the structural data, the triflate associated with S2 in the 

major isomer of [Ni,Sr]T was found to be engaged in an intrinsically weak C–H•••O hydrogen 

bond with the terminal methyl group (associated with C11) of the nearby polyether arm (see Figure 

S87). This interaction appears to be inaccessible in the analogous complex [Ni,Sr]C based on the 

crown platform, owing to both the more tightly enforced co-planarity of the atoms in the 

macrocyclic crown-like site and also the replacement of the terminal methyl groups with a bridging 

ethylene moiety that appears unable to reach upward sufficiently far to directly interact with the 

corresponding triflate O-atoms. It appears that a subtle conformational shift occurs when the 

triflate interacts directly with the polyether site via this intrinsically weak C–H•••O hydrogen bond, 

because the atomic displacement ellipsoid for O5 is distorted in the final model for [Ni,Sr]T, 

suggestive of corresponding conformations of the tiara ligand being present in the solid state but 

not sufficiently resolved in the data to be modeled appropriately for full correlation with the unique 

triflate positions of the major and minor co-crystallized isomers that were found in the same 

volume of the asymmetric unit. The observation of this subtle conformational flexibility of the 
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polyether site in the tiara ligand further supports the conclusion that this ligand features greater 

degrees of freedom that the crown analogue. 

The work described here was inspired in large measure by the work of Han Sen Soo and co-

workers.33,34,35 In this work, the structures of several complexes were reported that are based upon 

heteroditopic tiara-type ligands. Like those reported here, the complexes from Soo and co-workers 

feature nickel(II) centers in Schiff-base sites and polyether sites based upon six oxygen donors. 

However, the complexes from Soo and co-workers feature fully conjugated salophen-type Schiff-

base sites bridged by phenylene diamine moieties rather than unconjugated, aliphatic diamine 

bridges as employed in the complexes reported here. This change in diimine bridge does not appear 

to affect the validity of the general conclusions that we have established using the new family of 

tiara structures reported here. For example, in the two structures of monometallic nickel complexes 

reported by Soo and co-workers, the ωO6 values corresponding to the polyether sites are 0.249 in 

a structure from 2016 and 0.63(9) for a disordered structure from 2019 (see Figure S113). The 

observation that the co-planarity of the O atoms in the polyether site can vary so greatly 

underscores the conformational flexibility of the polyether site within the tiara framework. Soo 

and co-workers have also reported structures of heterobimetallic complexes incorporating K+ (see 

Figure S114). In one of these, K+ features C.N. = 8, a Ni•••M distance of 3.730 Å, and an ωtiara 

value of 0.284. In [Ni,K]T, the ωtiara value is greater at 0.534, but the structure features K+ with 

C.N. = 7 and a Ni•••M distance of 3.704 Å. The greater ωO6 value in our structure is attributable to 

the triflate counteranion being located in the outer coordination sphere. As with the structure from 

Soo and co-workers, the corresponding PF6– is located in the inner coordination sphere and 

interacts with K+ in the κ2 mode via bridging F-atoms; binding of the PF6– in an inner-sphere 

fashion likely contributes to pushing the O atoms of the polyether site into the ligand plane. 
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Supporting this conclusion, we also examined the other heterobimetallic structure from Soo and 

co-workers that features a bound K+ cation in a tiara-type ligand; in this other case, K+ features 

C.N. = 9, a Ni•••M distance of 3.746 Å, and an ωO6 value of 0.289. In this structure, the PF6– 

counteranion is bound in the inner coordination sphere to K+ via three bridging F-atoms, increasing 

the formal C.N. of K+ to 9. Nonetheless, the Ni•••M distance and ωO6 values are similar to those 

found in the other structures. Specifically, we note that the observation of Ni•••M distances that 

span a narrow range of less than 0.05 Å supports our general conclusion that secondary cations 

prefer to nestle into the nascent diamond core motif defined by the two phenoxide O atoms in both 

the tiara and crown ligand systems. This preference likely strongly influences the cation-driven 

tuning properties of complexes based on these ligand systems, and the ability of these ligands to 

successfully bind a variety of secondary cations. Along this line, we have recently reported stable 

binding of the uranyl dication in the polyether site of [Pt]C, a phenomenon that appears to be 

promoted by both the partial anionic character of the phenoxide O atoms in the monometallic 

precursor and the co-planarity of the O-atoms in the crown-like-site that is enforced by the metal-

containing accessory Schiff-base site.22  

Most recently, Williams and co-workers reported the solid-state structures of three 

heterobimetallic cobalt(III) complexes based on a tiara-type ligand.48 The derivatives from 

Williams and co-workers feature an aliphatic diimine bridge in the Schiff-base site of the tiara 

ligand, but much like in the structures from Soo and co-workers, two polyether arms that define a 

site with a total of six oxygen donors. The structures from Williams and co-workers are intriguing 

for comparison to those reported here, because they feature acetate counteranions in all cases that 

balance both the positive charges associated with the Co(III) center and the incorporated secondary 

metal cations. These derivatives were prepared only with monovalent cations, namely Na+, K+, 
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and Rb+; Williams and co-workers found that these species displayed attractive properties for 

studies of low-pressure propylene oxide and carbon dioxide ring opening polymerization catalysis. 

However, despite the disparate features of their acetate counteranions and our triflate 

counteranions, comparison of the available structures to our own confirms similar structural trends 

in each case. Comparing the adducts of Na+, K+, and Rb+ in the Williams tiara ligand, the ωtiara 

values are 1.038, 0.271, and 0.269; this trend of greater out-of-plane deviation for the O atoms in 

the polyether site is in accord with our findings here, confirming that even in the presence of 

strongly coordinating acetate, the tiara ligand motif displays substantial ability for encapsulation 

of small cations like Na+ (see Figure S115). The Co•••M distances of 3.282, 3.750, and 3.875 Å 

in the Williams tiaras with bound Na+, K+, and Rb+, respectively are also in accord with our finding 

of ionic-radius dependent intermetallic separation in the [Ni,M]T complexes; for the Williams 

complexes, a linear relationship between ionic radius and Co•••M separation was measured, with 

a unitless slope of 1.207 ± 0.008 (see Figure S116). This value is significantly higher than that 

found for the [Ni,M]T series of 0.95 ± 0.01, likely due to the presence of one bridging acetate 

counteranion in each of the Williams complexes. The bridging counteranion could effectively pull 

the cobalt center and the associated secondary metal cation closer together in each case. The 

observation of this linear relationship, in any case, underscores that the behaviors measured in our 

[Ni,M]T and [Ni,M]C systems are not artefacts of any of the specific features of our complexes 

(selection of Ni(II) for placement in the Schiff-base site; utilization of triflate salts of the secondary 

cations; inclusion of the two methyl groups on the diimine backbone to facilitate synthesis of the 

monometallic precursors [Ni]T and [Ni]C). Taking all these structural results together, we conclude 

that our findings discussed here are general in nature, and could be used to understand behaviors 

in structurally analogous tiara-type heteroditopic ligands as well as in heterobimetallic derivatives 
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based upon different cations with triflates or different salts entirely that feature anions that might 

be substantially different from triflate. 

The results in this work are potentially impactful because of the recognized usefulness of 

heteroditopic ligands for binding of two or more metal cations to study of heterobimetallic 

chemistry. Some ligands used for this purpose have tended until the present to be based on 

macrocyclic systems that are less flexible and impose possibly significant restrictions on metal 

coordination numbers and geometries. In the work presented here, the relaxation of one of these 

restrictions, namely the macrocyclic nature of the ligand and the crown-ether-like nature of the 

polyether site, was found to result in only minor perturbations of the structures of the 

heterobimetallic complexes. Likely as a consequence of these similar structural properties, similar 

spectroscopic and electrochemical findings for both the new non-macrocyclic complexes based on 

the tiara motif and the prior macrocyclic complexes based on the crown motif were obtained across 

the full series. Generally, the coordination number of M was found to be decreased in the case of 

the tiara complexes, likely a consequence of the more flexible tiara polyether environment. 

However, the reduction in coordination number in the tiara family is probably more directly a 

consequence of eliminating one ethylene linker from the prototypical crown motif. Removal of 

this linker removes the macrocyclic effect that constrains the O4•••O5 separation in the crown 

system to be a 4-atom "bite". One could promote higher coordination numbers for cations by using 

compact bidentate (or higher denticity) anionic ligands; space on the metal coordination sphere is 

almost certainly the critical factor in determining whether monodentate or bidentate triflates occur 

in these structures. Triflate presents a small three-atom bite (in principle, at least) but it is not as 

ideally shaped or as compact as other candidate ligands (e.g., acetate, nitrate) to promote high 

coordination numbers.  
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In both the tiara and crown complexes, the ligands promote lateral movement of the cations 

with respect to the Schiff-base site containing nickel that is dependent on their ionic radii. [Ni]T 

and [Ni]C take what would conventionally be three-dimensional electrostatic effects between 

cations interacting through two or more bridging ligands and constrain them by vectorization into 

approximately two-dimensional planes defined by the structures of [Ni]T and [Ni]C. This work 

thus highlights that macrocyclic ligands may not be required for all applications in heterobimetallic 

chemistry; desirable results are clearly obtainable with more flexible systems, particularly in cases 

where bridging ligands with partial anionic character may be present to guide formation of 

heterometallic cores. We anticipate that an appealing direction for future research could include 

examination of ligand variations that modulate the anionic character of such bridging groups, an 

approach that could directly examine the role of bridging ligands in mediating the conceptual 

metal-to-metal communication in heterobimetallic species. Examination of such influences on the 

vectorization of cation-induced effects is currently underway in our laboratory.  

CONCLUSION 

In this work, a series of nickel-based heterobimetallic complexes were prepared with a non-

macrocyclic ligand that presents a polyether site that has been found suitable for binding mono-, 

di-, and trivalent metal cations (M). The solid-state structures of the complexes reveal that the 

Ni•••M distance is driven by the ionic radius of the secondary metal cations, mirroring results 

obtained previously in macrocyclic ligands in which the polyether site is defined with a crown-

ether-like cyclic structure. The acyclic polyether moiety in the ligand reported here, dubbed a tiara 

motif in recognition of its structural similarity to the more commonly studied crown motif, 

performed quite similarly when comparing spectroscopic and electrochemical results to prior 

studies with crown ethers. This similar level of performance that can be attributed to the similar 
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structures of the heterobimetallic species based upon the tiara and crown complexes surveyed here, 

highlighting a role for anionic character on bridging phenoxide ligands in driving the properties of 

the heterobimetallic cores assembled with both ligands. As substantial “tuning power” can be 

obtained from incorporated secondary metal cations when using the non-macrocyclic ligand 

reported here, such ligands can be concluded to represent an attractive general class that is worthy 

of further development for applications in the field of tunable heterobimetallic chemistry.  

EXPERIMENTAL SECTION 

General Considerations. All manipulations were carried out in dry N2-filled gloveboxes 

(Vacuum Atmospheres Co., Hawthorne, CA) or under N2 atmosphere using standard Schlenk 

techniques unless otherwise noted. All solvents were of commercial grade and those used in air-

free conditions were dried over activated alumina using a PPT Glass Contour (Nashua, NH) 

solvent purification system prior to use, and were stored over molecular sieves. All chemicals were 

purchased from major commercial suppliers and used as received or after extensive drying. 2,3-

dihydroxybenzaldehyde was sublimed in vacuo before use. CD3CN was purchased from 

Cambridge Isotope Laboratories and dried over 3 Å molecular sieves. 1H, 13C, and 19F NMR 

spectra were collected on a 500 MHz Bruker spectrometer and referenced to the residual protio-

solvent signal in the case of 1H and 13C. 19F NMR spectra were referenced and reported relative to 

CCl3F as an external standard following the recommended scale based on ratios of absolute 

frequencies (Ξ). Chemical shifts (δ) are reported in units of ppm and coupling constants (J) are 

reported in Hz. NMR spectra are given in the Supporting Information (Figures S1 to S26). 

Electronic absorption spectra were collected with an Ocean Optics Flame spectrometer, in a 1-cm 

path length quartz cuvette. Elemental analysis results for [Ni]T and the series of complexes 

[Ni,M]T (where M = K+, Na+, Li+, Sr2+, Ca2+, Zn2+, La3+, Lu3+) were provided by Midwest 
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Microlab, Inc. (Indianapolis, IN, USA), the samples for which were dried in vacuo at 60 °C 

overnight. Details on the use of the SambVca 2.1 webtool can be found in a prior report22 and are 

discussed in the Supporting Information on page S83.  

Electrochemistry. Electrochemical experiments were carried out in a N2-filled glovebox in 

dry, degassed CH3CN. 0.10 M tetra(n-butylammonium) hexafluorophosphate ([nBu4N]+[PF6]–); 

Sigma-Aldrich, electrochemical grade) served as the supporting electrolyte. Measurements were 

made with a Gamry Reference 600+ Potentiostat/Galvanostat using a standard three-electrode 

configuration. The working electrode was the basal plane of highly oriented pyrolytic graphite 

(HOPG) (GraphiteStore.com, Buffalo Grove, Ill.; surface area: 0.09 cm2), the counter electrode 

was a platinum wire (Kurt J. Lesker, Jefferson Hills, PA; 99.99%, 0.5 mm diameter), and a silver 

wire immersed in electrolyte served as a pseudoreference electrode (CH Instruments). The 

reference was separated from the working solution by a Vycor frit (Bioanalytical Systems, Inc.). 

Ferrocene (Sigma Aldrich; twice-sublimed) was added to an electrolyte solution sans the 

compounds tested prior to the beginning of each experiment; the midpoint potential of the 

ferrocenium/ferrocene couple (denoted as Fc+/0) served as an external standard for comparison of 

the recorded potentials. Concentrations of analyte for cyclic voltammetry were ca.  2 mM unless 

otherwise noted. Compensation for solution resistance (measured by impedance spectroscopy to 

be small, ca. 110–150 Ω) was not carried out for any of the data presented here; based on 

preliminary comparisons, the data quality was higher without applying compensation.  

Synthesis and Characterization 

Caution! Sodium hydride (NaH) and hydrochloric acid (HCl) are used to prepare 3-(2-

methoxyethoxy)-2-hydroxybenzaldehyde. NaH is a flammable solid. Hydrogen gas is released 
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upon contact of NaH with water and the gas may ignite spontaneously. NaH causes severe skin 

burns and eye damage. Store in a dry place and in a closed container with a corrosion-resistant 

liner. Hydrochloric acid (HCl) is a corrosive and strong acid. Metal instruments may be damaged 

upon contact with HCl. HCl causes severe skin burns and eye damage. Store and use HCl in 

appropriate containers that are corrosion resistant. Wear protective gloves, a suitable laboratory 

coat, and eye protection when using NaH and/or HCl.  

Synthesis of 3-(2-methoxyethoxy)-2-hydroxybenzaldehyde. This compound has been 

previously reported, and the currently reported synthesis is adapted from a source in the 

literature.33 Under an inert nitrogen atmosphere, a dried Schlenk flask was loaded with 0.58 g (24 

mmol) of NaH. To this mass was added 5 mL of dry THF to form a suspension. Under a light flow 

of nitrogen and with an ice bath was added dropwise a solution consisting of 1.5 g (11 mmol) of 

2,3-dihydroxybenzaldehyde and 20 mL of THF over the course of 1 hour. After this addition, the 

solution was left to stir without the ice bath for an additional 1.5 hours. A solution of 2.58 g (0.11 

mmol) of 2-methoxyethyl-p-toluenesulfonate diluted to 20 mL with THF was then added slowly 

to the Schlenk flask. After 30 additional minutes of nitrogen flow, the flask was sealed and allowed 

to stir react for 96 hours under heating to 40 °C, eventually forming a deep-yellow, opaque 

solution. After stirring, any extra NaH was quenched with the addition of 110 mL of water causing 

a color change to dark brown. This solution was extracted twice with chloroform to remove any 

unreacted organic material. The aqueous layer was then acidified to a pH of 2 using 6-M HCl. 

After acidification, another extraction was done with chloroform. The organic layer was then 

washed with 1-M HCl and dried with MgSO4. The chloroform was removed in vacuo until an 

orange oil remained, which solidified on standing at room temperature and was used without 
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further purification. Yield: 82%. Spectroscopic characterization via 1H NMR are in agreement with 

similar complexes from the literature.33 

Synthesis of [Ni]T. To a round-bottom flask were added 1 gram (5 mmol) of 3-(2-

methoxyethoxy)-2-hydroxybenzaldehyde, 0.225 grams (2.6 mmol) of 1,2-diamino-2-

methylpropane and 0.634 grams (2.6 mmol) of Ni(OAc)2•4(H2O) all dissolved in 100 mL of 

ethanol. This reaction was allowed to stir and reflux for 20 hours, after which the ethanol was 

removed in vacuo. The material was then dissolved in a minimal amount of CHCl3 and triturated 

with cold ether to precipitate the product, which was then obtained via vacuum filtration over a 

frit. Crystals suitable for X-ray diffraction were obtained under ambient atmosphere via diffusion 

of pentane into chloroform at −20 °C. 

[Ni]T. Yield: 75.2%.  1H NMR (500 MHz, CD3CN) δ (ppm): 7.61 (s, 1H, H3), 7.59 (s, 1H, H3), 

6.92 (d, 3JH,H = 7.45 Hz, 1H, H4), 6.85 (d, 3JH,H = 7.93 Hz, 1H, H4), 6.79 (d, 3JH,H = 7.58 Hz, 2H, 

H6), 6.45 (t, 3JH,H = 7.48 Hz, 1H, H5), 6.43 (t, 3JH,H = 7.45 Hz, 1H, H5), 4.08 (m, 4H, H7), 3.65 

(m, 4H, H8), 3.35 (s, 6H, H9), 3.25 (s, 2H, H2), 1.45 (s, 6H, H1). 13C {1H} NMR (126 MHz, 

CD3CN) δ (ppm): 136.28, 160.23, 157.48, 156.87, 150.88, 150.75, 126.54, 125.91, 122.05, 121.85, 

117.82, 117.66, 114.67, 71.99, 71.53, 68.93, 68.87, 66.76, 58.99, 25.86. Anal. Calcd. for 

C24H30N2O6Ni ([Ni]T): C 57.51, H 6.03, N 5.59; Found: C 55.60, H 5.86, N 5.64. Calcd. for 

C24H30N2O6Ni + 0.75 H2O: C 56.00, H 6.17, N 5.64. Water inclusion in the sample likely resulted 

from shipping, as this complex can bind water as seen in the crystal structure. Cyclic Voltammetry 

(0.1 M [nBu4N]+[PF6]– in CH3CN): E1/2 = –2.100 V vs. Fc+/0. Electronic absorption spectrum in 

CH3CN (M–1 cm–1): 472 (5853) nm. 
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Synthesis of [Ni,M]T heterobimetallic complexes. Under an inert atmosphere of nitrogen to a 

solution of 100 mg of [Ni]T in ~5 mL of MeCN, a solution of M(OTf)n in ~5 mL of MeCN was 

added and stirred for at least 30 minutes. The solvent was removed in vacuo and the product was 

massed. Yields were quantitative. Crystals suitable for X-ray diffraction for compounds 

[Ni,K]T,[Ni,Li]T,[Ni,Sr]T and [Ni,Zn]T were obtained via a vapor diffusion of Et2O into MeCN. 

Suitable crystals for compound [Ni,Lu]T were obtained via diffusion of  Et2O into CH2Cl2 at −30 

°C for several months. 

[Ni,K]T. Yield: 96%. 1H NMR (500 MHz, CD3CN) δ (ppm): 7.65 (s, 1H, H3), 7.64 (s, 1H, H3), 

6.99 (d, 3JH,H = 8.00 Hz, 1H, H4), 6.92 (d, 3JH,H = 8.00 Hz, 1H, H4), 6.89 (d, 3JH,H = 7.80 Hz, 2H, 

H6), 6.59 (t, 3JH,H = 7.90 Hz, 1H, H5), 6.58 (t, 3JH,H = 7.85 Hz, 1H, H5), 4.10 (m, 4H, H7), 3.73 

(m, 4H, H8), 3.38 (s, 6H, H9), 3.28 (s, 2H, H2), 1.48 (s, 6H, H1). 13C {1H} NMR (126 MHz, 

CD3CN) δ (ppm): 164.16, 161.13, 155.01, 154.35, 149.94, 149.83, 126.54, 125.95, 121.69, 121.50, 

115.83, 115.80, 115.56, 71.49, 70.73, 67.37, 67.25, 58.59, 25.76. 19F NMR (470 MHz, CD3CN) δ 

–80.18. Anal. Calcd. for C25H30N2O9F3SNiK ([Ni,K]T): C 43.56, H 4.39, N 4.06; Found: C 43.19, 

H 4.44, N 4.11.  Cyclic Voltammetry (0.1 M [nBu4N]+[PF6]– in CH3CN): E1/2 = –1.943 V vs. Fc+/0. 

Electronic absorption spectrum in CH3CN (M–1 cm–1): 409 (6700) nm. 

[Ni,Na]T. Yield: 95%. 1H NMR (500 MHz, CD3CN) δ (ppm): 7.74 (s, 1H, H3), 7.72 (s, 1H, 

H3), 7.08 (d, 3JH,H = 8.05 Hz, 1H, H4), 7.01 (d, 3JH,H = 8.05 Hz, 3H, H4 H6), 6.62 (t, 3JH,H = 7.95 

Hz, 1H, H5), 6.61 (t, 3JH,H = 7.80 Hz, 1H, H5), 4.15 (m, 4H, H7), 3.64 (m, 4H, H8), 3.14 (s, 6H, 

H9), 3.36 (s, 2H, H2), 1.50 (s, 6H, H1). 13C {1H} NMR (126 MHz, CD3CN) δ (ppm): 164.06, 

161.04, 155.25, 154.66, 149.48, 149.36, 127.47, 126.88, 121.94, 121.76, 118.95, 118.88, 116.20, 

71.36, 70.90, 69.89, 69.86, 67.80, 59.22, 25.86. 19F NMR (470 MHz, CD3CN) δ –80.18. Anal. 

Calcd. for C25H30N2O9F3SNiNa ([Ni,Na]T): C 44.60, H 4.49, N 4.16; Found: C 44.20, H 4.71, N 
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4.16. Cyclic Voltammetry (0.1 M [nBu4N]+[PF6]– in CH3CN): E1/2 = –1.918 V vs. Fc+/0. Electronic 

absorption spectrum in CH3CN (M–1 cm–1): 406 (6466) nm. 

[Ni,Li]T. Yield: 98%. 1H NMR (500 MHz, CD3CN) δ (ppm): 7.78 (s, 1H, H3), 7.77 (s, 1H, H3), 

7.19 (d, 3JH,H = 7.85 Hz, 1H, H4), 7.17 (d, 3JH,H = 7.60 Hz, 2H, H6), 7.12 (d, 3JH,H = 8.05 Hz, 1H, 

H4), 6.70 (t, 3JH,H = 7.80 Hz, 1H, H5), 6.69 (t, 3JH,H = 7.85 Hz, 1H, H5), 4.17 (m, 4H, H7), 3.59 

(m, 4H, H8), 3.43 (s, 6H, H9), 3.39 (s, 2H, H2), 1.52 (s, 6H, H1). 13C {1H} NMR (126 MHz, 

CD3CN) δ (ppm): 164.45, 161.43, 154.88, 149.41, 149.27, 129.35, 128.75, 124.36, 122.44, 122.27, 

117.44, 73.08, 71.37, 71.22, 68.28, 59.63, 25.78. 19F NMR (470 MHz, CD3CN) δ –80.16. Anal. 

Calcd. for C25H30N2O9F3SNiLi ([Ni,Li]T): C 45.69, H 4.60, N 4.26; Found: C 45.43, H 4.66, N 

4.57. Cyclic Voltammetry (0.1 M [nBu4N]+[PF6]– in CH3CN): E1/2 = –1.826 V vs. Fc+/0. Electronic 

absorption spectrum in CH3CN (M–1 cm–1): 395 (5457)  nm. 

[Ni,Sr]T. Yield: 98%. 1H NMR (500 MHz, CD3CN) δ (ppm): 7.73 (s, 1H, H3), 7.72 (s, 1H, 

H3), 7.13 (d, 3JH,H = 7.95 Hz, 1H, H4), 7.05 (d, 3JH,H = 8.00 Hz, 1H, H4), 7.04 (d, 3JH,H = 7.90 Hz, 

2H, H6), 6.76 (t, 3JH,H = 7.95 Hz, 1H, H5), 6.74 (t, 3JH,H = 7.90 Hz, 1H, H5), 4.27 (m, 4H, H7), 

3.92 (m, 4H, H8), 3.54 (s, 6H, H9), 3.35 (s, 2H, H2), 1.52 (s, 6H, H1). 13C {1H} NMR (126 MHz, 

CD3CN) δ (ppm): 164.96, 161.85, 151.68, 151.00, 148.66, 148.54, 127.43, 126.89, 121.42, 121.24, 

117.55, 116.12, 71.25, 70.93, 70.88, 68.06, 67.02, 66.99, 59.83, 59.79. 19F NMR (470 MHz, 

CD3CN) δ –79.98. Anal. Calcd. for C26H30N2O12F6S2NiSr ([Ni,Sr]T): C 35.21, H 3.41, N 3.16; 

Found: C 34.81, H 3.52, N 3.17. Cyclic Voltammetry (0.1 M [nBu4N]+[PF6]– in CH3CN): E1/2 = –

1.704 V vs. Fc+/0. Electronic absorption spectrum in CH3CN (M–1 cm–1): 392 (5978)  nm. 

[Ni,Ca]T. Yield: 99%. 1H NMR (500 MHz, CD3CN) δ (ppm): 7.75 (s, 1H, H3), 7.75 (s, 1H, 

H3), 7.18 (d, 3JH,H = 8.05 Hz, 1H, H4), 7.09 (d, 3JH,H = 7.95 Hz, 3H, H4 H6), 6.78 (t, 3JH,H = 7.95 
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Hz, 1H, H5), 6.77 (t, 3JH,H = 7.90 Hz, 1H, H5), 4.35 (m, 4H, H7), 3.88 (m, 4H, H8), 3.56 (s, 3H, 

H9), 3.55 (s, 3H, H9), 3.37 (s, 2H, H2), 1.52 (s, 6H, H1). 13C {1H} NMR (126 MHz, CD3CN) δ 

(ppm): 164.77, 161.57, 150.61, 148.27, 148.10, 127.75, 127.12, 121.51, 121.29, 117.84, 117.82, 

117.09, 116.81, 71.13, 71.04, 70.95, 68.41, 67.95, 67.77, 60.33, 25.53. 19F NMR (470 MHz, 

CD3CN) δ –79.98. Anal. Calcd. for C26H30N2O12F6S2NiCa ([Ni,Ca]T): C 37.20, H 3.60, N 3.34; 

Found: C 37.60, H 3.79, N 3.53. Cyclic Voltammetry (0.1 M [nBu4N]+[PF6]– in CH3CN): E1/2 = –

1.686 V vs. Fc+/0. Electronic absorption spectrum in CH3CN (M–1 cm–1): 389 (5679) nm. 

[Ni,Zn]T. Yield: 99%. 1H NMR (500 MHz, CD3CN) δ (ppm): 7.88 (s, 1H, H3), 7.87 (s, 1H, 

H3), 7.32 (d, 3JH,H = 8.10 Hz, 1H, H4), 7.27 (d, 3JH,H = 7.55 Hz, 2H, H6), 7.25 (d, 3JH,H = 7.55 Hz, 

1H, H4), 6.88 (t, 3JH,H = 8.05 Hz, 1H, H5), 6.88 (t, 3JH,H = 8.00 Hz, 1H, H5), 4.38 (m, 4H, H7), 

3.90 (m, 4H, H8), 3.62 (s, 6H, H9), 3.53 (s, 2H, H2), 1.55 (s, 6H, H1). 13C {1H} NMR (126 MHz, 

CD3CN) δ (ppm): 165.07, 162.16, 148.98, 148.49, 146.62, 146.50, 128.99, 128.38, 122.33, 122.18, 

119.25, 71.66, 71.46, 70.23, 69.99, 69.67, 61.56, 25.74. 19F NMR (470 MHz, CD3CN) δ –80.14. 

Anal. Calcd. for C26H30N2O12F6S2NiZn ([Ni,Zn]T): C 36.11, H 3.50, N 3.24; Found: C 36.01, H 

3.99, N 3.32. Calcd. for C26H30N2O12F6S2NiZn + 0.65 H2O: C 35.63, H 3.60, N 3.20. Water 

inclusion in the sample likely resulted from shipping, as these bimetallic complexes are 

hygroscopic.  Cyclic Voltammetry (0.1 M [nBu4N]+[PF6]– in CH3CN): E1/2 = –1.535 V vs. Fc+/0. 

Electronic absorption spectrum in CH3CN (M–1 cm–1): 376 (5822) nm. 

[Ni,La]T. Yield: 100%. 1H NMR (500 MHz, CD3CN) δ (ppm): 8.09 (s, 1H, H3), 8.05 (s, 1H, 

H3), 7.27 (d, 3JH,H = 8.00 Hz, 1H, H4), 7.20 (d, 3JH,H = 8.05 Hz, 2H, H6), 7.18 (d, 3JH,H = 7.95 Hz, 

1H, H4), 6.94 (t, 3JH,H = 7.95 Hz, 1H, H5), 6.91 (t, 3JH,H = 7.95 Hz, 1H, H5), 4.51 (m, 4H, H7), 

4.22 (m, 4H, H8), 3.75 (s, 3H, H9), 3.74 (s, 3H, H9), 3.41 (s, 2H, H2), 1.55 (s, 6H, H1). 13C {1H} 

NMR (126 MHz, CD3CN) δ (ppm): 165.66, 162.34, 148.93, 148.79, 148.35, 147.64, 128.48, 
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128.02, 121.20, 121.03, 119.86, 119.69, 117.04, 116.96, 72.21, 71.92, 70.61, 68.73, 68.35, 68.14, 

62.22, 62.05, 25.31. 19F NMR (470 MHz, CD3CN) δ –79.88. Anal. Calcd. for C27H30N2O15-

F9S3NiLa ([Ni,La]T): C 29.88, H 2.79, N 2.58; Found: C 29.83, H 2.92, N 2.60.  Cyclic 

Voltammetry (0.1 M [nBu4N]+[PF6]– in CH3CN): E1/2 = –1.420 V vs. Fc+/0. Electronic absorption 

spectrum in CH3CN (M–1 cm–1): 375 (4354) nm. 

[Ni,Lu]T. Yield: 100%. 1H NMR (500 MHz, CD3CN) δ (ppm): 7.85 (s, 1H, H3), 7.84 (s, 1H, 

H3), 7.33 (d, 3JH,H = 8.05 Hz, 1H, H4), 7.25 (d, 3JH,H = 7.95 Hz, 3H, H4 H6), 6.97 (t, 3JH,H = 7.90 

Hz, 1H, H5), 6.95 (t, 3JH,H = 7.95 Hz, 1H, H5), 4.57 (m, 4H, H7), 4.17 (m, 4H, H8), 3.74 (s, 3H, 

H9), 3.73 (s, 3H, H9), 3.40 (s, 2H, H2), 1.55 (s, 6H, H1). 13C {1H} NMR (126 MHz, CD3CN) δ 

(ppm): 165.20, 162.00, 147.91, 147.86, 147.42, 128.87, 128.38, 121.63, 121.38, 120.16, 120.07, 

117.90, 72.53, 72.50, 70.73, 69.47, 69.33, 69.27, 62.96, 62.86, 25.24. 19F NMR (470 MHz, 

CD3CN) δ –79.98. Anal. Calcd. for C27H30N2O15F9S3NiLu ([Ni,Lu]T): C 28.87, H 2.69, N 2.49; 

Found: C 28.61, H 2.99, N 2.48. Cyclic Voltammetry (0.1 M [nBu4N]+[PF6]– in CH3CN): E1/2 = –

1.427 V vs. Fc+/0. Electronic absorption spectrum in CH3CN (M–1 cm–1): 372 (4302) nm. 
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TOC GRAPHIC 

 

TOC SYNOPSIS 

Comprehensive structural studies have been carried out on a series of heterobimetallic complexes 
built on a ligand that features an acyclic polyether site; a single ethylene linker from the 
prototypical “crown” design was removed to produce a “tiara.” The “tiara” is demonstrated to 
display usefulness for studies of cation-promoted tuning.   
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