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ABSTRACT 

 

The recent discovery of a biologically beneficial role for Cd(II) has motivated further 

investigation of its coordination chemistry. In this work, multidentate ligands model the geometric 

constraints associated with protein metal binding environments. The synthesis and characterization 

of Cd(II) complexes in a 1:1 ratio with 2-[[2-(dimethylamino)ethyl]amino]ethanethiol (HL1), 

Bis(2-methylpyridyl)diselenide (L2), and tris[(1-methyl-2-imidazolyl)methyl]amine (L3) may 

contribute to a better understanding of potentially biologically relevant interactions between Cd(II) 

and imidazoles, thiolates, selenoethers and diselenides.  

Three new complexes were synthesized and characterized. Electrospray ionization mass 

spectrometry of [(Cd(L1))6(μ3-CO3)](ClO4)2  demonstrated that aromatic nitrogen donors are an 

optional component of NNʹS tridentate ligands forming Cd(II) complexes with CO2 fixating 

properties. The new complex [Cd(L2)(NO3)2] was prepared and characterized by X-ray 

crystallography, confirming that Cd-(SeR)2 bond formation could be fostered by a chelating ligand. 

Finally, structural characterization of the new complex [Cd(L3)(NCCH3)](ClO4)2  revealed a great 

deal of similarity to the coordination environment of Zn(II) in human carbonic anhydrase B.
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Synthesis and Characterization of Cadmium(II) Complexes with Biologically Inspired 

Multidentate Ligands 

 

1. Introduction  

Proteins are the cellular workers that sustain life. These complex and unique macromolecules 

are able to participate in a wide range of processes such as signal transduction, metabolism, 

immunity, and cellular differentiation, just to name a few. This diversity of function sometimes 

requires incorporation of a cofactor, such as metal ions. At catalytic centers, metals increase acidity, 

electrophilicity and/or nucleophilicity of reacting species, promote heterolysis, or receive and 

donate electrons.1 It is important to appreciate the role protein structure has in determining the 

function of a metalloprotein. The protein’s primary and secondary metal coordination spheres 

adjust the properties of the metal to enhance reactivity and influence metal selection, while donor 

ligands (for example S, O or N) can favor binding to the correct metal.2  

Crystallographic and countless mutation studies have demonstrated that the elimination or 

replacement of active site residues can greatly diminish or completely eliminate metalloprotein 

function by negatively affecting metal-binding. In order to accurately model metalloprotein active 

site models, it is important to design and synthesize metal chelates capable of stabilizing both 

primary and secondary coordination environments.3 

 Multidentate ligands model the geometric constraints associated with protein metal binding 

environments and have proven useful for the preparation of functional mononuclear complexes for 

further analysis.3 The focus of this study is biologically relevant cadmium(II) multidentate ligand 

interactions (Fig. 1). Related coordination chemistry of Zn(II) is also explored.  
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 Figure 1. Multidentate ligands used in this study.  
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 In a metal complex the metal ion acts as a Lewis acid, while the ligand acts as a Lewis base. 

At the same time, the metal and ligand can be classified according to their hardness or softness. In 

this context, soft indicates large, polarizable atoms with easily distorted clouds of electrons, while 

hard implies small, nonpolarizable atoms. Hard-hard and soft-soft metal-ligand interactions are 

generally stronger than their hard-soft counterparts. In the Zn triad, Zn is the hardest of the group, 

Cd is medium, and Hg is soft. The elusiveness of the Zn-Se bond is partially due to the relative 

weakness of interactions between hard Zn with soft Se. In this work, multidentate chelating ligands 

providing an entropic enhancement for M-SeR2 and M-(Se2R2) interactions with marginal enthalpic 

favorability are investigated. 

 Multidentate ligands also provide a convenient manner of limiting solution speciation for d10 

metal ions such as Zn(II).4 In addition, as synthetic models of protein metal binding sites they can 

reveal differences between the coordination behavior of physiologically essential metal ions and 

their more toxic congeners. For example, cadmium(II) is known for its extreme toxicity to 

mammals, which is thought to be caused in part by its ability to substitute for Zn(II) in enzymes. 

Interestingly, 113Cd has often been employed as a metallobioprobe, and in the last decade the first 

beneficial biological function for this highly toxic metal was discovered.5,6  

 

 

1.1 Cadmium coordination chemistry with biologically-relevant chalcogen-containing 

multidentate ligands 

 The term “chalcogen” was proposed around 1930 by Werner Fischer to denote the elements of 

Group 16.7 On account of their ns2np4 outer electronic configurations, the chemistry of the lighter 

chalcogens is non-metallic.7 Tellurium is a metalloid and polonium is a highly radioactive metal. 

Neither tellurium nor polonium have biological functions, unlike oxygen, sulfur, and the 

micronutrient selenium.  
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 The identified physiological roles of the chalcogens are diverse. Oxygen is essential for redox 

chemistry, aerobic respiration, immunity, where macrophages employ Reactive Oxygen Species to 

eliminate bacteria, and much more. Sulfur is known for its roles in stabilization of tertiary protein 

structure through disulfide bonds, involvement in fat metabolism and detoxification process, and 

many others. The essentiality of selenium to mammals was recognized in the 1950’s and since then 

selenoproteins with roles in thyroid hormone production, intracellular redox status equilibrium, 

antioxidation, prooxidation and more have been identified.8 L-selenomethionine (SeMet) has a high 

bioavailability and low toxicity and is therefore a popular form for dietary supplementation.8 

Dietary SeMet is either metabolized or stored in proteins by tRNAMet, which does not discriminate 

between SeMet and methionine.4 The transsulfuration pathway that is responsible for the synthesis 

of cysteine (Cys) from Met also transforms SeMet into SeCys.8 Analogous to the adventitious 

incorporation of SeMet into proteins in place of Met, SeCys can be incorporated in place of Cys 

and released upon degradation of these proteins and selenoproteins.8 Protein structure is usually 

unaffected by the misincorporation of the selenoamino acids.4,8 Nonetheless, substitution near the 

active site can alter enzyme activity due to the chemical differences between selenium and sulfur. 

The greater atomic radius of selenium compared to sulfur results in weaker bonding to carbon and 

hydrogen in selenium compounds than in their sulfur analogues.4  

 The synthesis and characterization of two novel cadmiun(II) complexes with chalcogenic 

multidentate ligands will be explored. The goal of these studies is to prepare and characterize 

complexes providing new insight regarding the potentially biologically relevant interactions of 

Cd(II) with thiolates, selenoethers and diselenides. Answers to questions such as “what does global 

warming has to do with a Cd(II) macrocycle?” will be revealed.  
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1.1.1 Cadmium Carbonic Anhydrase Inspired Coordination Chemistry 

The rising atmospheric level of carbon dioxide (CO2), an greenhouse gas, is the single most 

important factor contributing to anthropogenic climate change and warming sea surface 

temperatures.9 Anthropogenic CO2 emissions will likely continue to increase over the next several 

decades unless there are dramatic changes in carbon and energy policy.10 The greatest effects of 

CO2 accumulation in the atmosphere are extreme weather events and ocean acidification, which 

will result in extinction of species if unchecked. The ocean is a critical component of Earth’s 

climate system, acting to slow climate change by storing excess heat and by removing excess CO2 

from the atmosphere.9 The protagonists for overcoming the difficulties of CO2-fixation in the ocean 

are photosynthetic organisms.  

 The limited capacity of water to retained CO2(gas), as well as the 10-4 times slower diffusion 

rate of CO2(aq) in water than in the atmosphere, makes the ocean a CO2-poor environment.11 To 

maintain efficient photosynthesis in spite of low CO2 availability, many phytoplankton species 

possess a carbon-concentrating mechanism (CCM) generally thought to have two key components: 

a mechanism for directly or indirectly taking up bicarbonate (HCO3
-, the predominant form of 

dissolved inorganic carbon in marine environments) and carbonic anhydrase (CA).12  

 Among the fastest enzymes known, with turnover numbers close to one million per second, 

carbonic anhydrases catalyze the dehydration of HCO3
- to CO2

 required in the first step of the 

Calvin cycle.13 This ubiquitous metalloenzyme has five forms across taxonomic kingdoms with no 

significant sequence or structural homology.14 The α and β forms are Zn(II)-dependent CAs, 

however γ-CAs are cambialistic enzymes – able to use either Zn(II), Fe(II) and Co(II) ions for 

catalysis.13 Whereas α- and γ-CA use three histidine residues to coordinate the Zn atom, β-CA uses 

two cysteine residues and one histidine residue.15 

 Diatoms, which are one of the most common types of phytoplankton and are widespread in 

oceans, possess CAs fundamental for acquisition of inorganic carbon.11 The δ and ζ forms were 
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discovered in the model species Thalassiosira weissflogii. The first member of the δ-CAs was 

Thalassiosira weissflogii Carbonic Anhydrase 1 (TWCA1), a 27 kDa protein with a similar active 

site to that of the better characterized α-CAs, but no sequence homology.16 The catalytic zinc ion 

is coordinated by three histidine ligands and a single water molecule.11 In the marine environment, 

phytoplankton have to adapt to the low concentration of CO2 as well as very low concentrations of 

physiologically essential metal ions such as Zn(II) in surface seawater.6 Further studies revealed 

upregulation of TWCA1 by low pCO2 and in vivo replacement of Zn(II) by Co(II) under Zn-limited 

conditions.11 A second novel cambialistic carbonic anhydrase was produced by this marine diatom 

under Zn(II)-limited conditions with the surprising twist of Cd(II) in its active site. Dubbed CDCA1, 

this enzyme established the ζ-CA class. It was found to revert to a Zn(II) enzyme with slightly 

higher activity.15  

 Cadmium Carbonic Anhydrase 1 (CDCA1), is a novel 69 kDa enzyme consisting of three 

repeats (R1, R2 and R3) sharing 85% identity in their primary sequences.15 Xu et al. performed 

structural analysis of R1 and R2 in four distinct forms: cadmium-bound, zinc-bound, metal-free 

and acetate bound, revealing a novel fold for these domains.15 In the active site, Cd(II) is 

coordinated by three invariant residues in CDCA of all diatom species: Cys 263, His 315 and Cys 

325.15 The distances between Cd(II) and the metal-binding atoms of these residues (Sγ of Cys 263, 

Nε2 of His 315 and Sγ of Cys 325) are 2.46 Å, 2.34 Å and 2.51 Å, respectively.15 Additional species 

bound to Cd(II) include a water oxygen completing tetrahedral coordination at 2.35 Å and a second 

water oxygen bound at a distance of 2.65 Å.15 Additional highly conserved residues at the active 

site of CDCA1 include Asp 265 and Arg 267. The Cα atoms of the five highly conserved active 

site residues can be superimposed with those of β-CA from Pisum sativum with an r.m.s. deviation 

of 0.73 Å.15 The locations of the catalytic metal ion and its tetrahedrally bound water molecule are 

also nearly identical between CDCA1 and β-CA. CDCA1 is inactivated by mutation of any of these 

five conserved residues.15 The structural analysis performed by Xu et al. also provided a plausible 
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explanation for the spontaneous exchange of Zn(II) and Cd(II) in the active site of CDCA1: “A 

conserved sequence between two metal-coordinating residues adopts a stable open conformation 

in the metal-free protein which effectively lowers the free energy penalty of releasing the bound 

metal and hence facilitates metal exchange.”15 

 Recently, Alterio et al. completed the X-ray characterization of CDCA-R3 and built a docking 

model of the full length enzyme.11 The CDCA-R3 structure consists of seven α-helices, three 310-

helices and three β-sheets, as observed already for the other repeats.11 In the active site a slightly 

distorted trigonal-bipyramidal geometry of Cd(II) is generated by metal ion coordination with 

Cys473, His525, Cys535, a water molecule and an acetate ion (derived from the crystallization 

solution), as previously observed for the acetate bound forms of CDCA1-R1 and CDCA1-R2.11  

 As increasing atmospheric CO2 contributes to global environmental problems, the development 

of novel techniques that decrease this greenhouse gas is of great significance. CDCA active site 

structure might hold the key to developing those techniques.  

 

1.1.1.1 Previous studies of CO2 fixation with Cd(II) complexes 

 In many Zn enzymes the functional metal ion is surrounded by a NXSY donor set provided by 

the amino acids histidine and cysteine, respectively.17 Tridentate N,N,S ligands have been found to 

form metal compounds that can mimic metal-sulfur coordination in biological systems due to the 

great variability of their coordinative behavior toward the metal ion.17-22   

 Recently, an novel bis-carbonate macrocyclic complex [(Cd(L4))6(μ3-CO3)2] (ClO4)2 (1) was 

formed in air-exposed solutions of the tridentate N,N,S ligand 2-[[2-(methylthio)ethyl](2-

pyridylmethyl)amino]ethanethiol (HL4), Cd(ClO4)2 and triethylamine (NEt3) in wet acetone.23 

Although air contains less than 0.04 mole percent CO2, self-assembly of 1 occurred with fixation 

of two CO2 molecules from air. The self-assembly properties of this new complex were confirmed 

by preparing the air-free precipitate “Cd(L4)(ClO4)” (2), which was converted to 1 within minutes 
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of introducing base and CO2, providing the first documentation of rapid CO2 fixation by a Cd(II) 

complex.23 Interestingly, saturated alkylthiolate ligands bind the Cd(II) in 1 and the ζ-CAs, as well 

as Zn(II) in the β-CAs, and they all share carbon fixation properties.23  

 Later, the synthesis and characterization of the complex [(Cd(L5))6(μ3-CO3)2](ClO4)2 (3) 

demonstrated that ligands without the pendant thioether group of HL4 would retain (CdS)6(μ3-

CO3)2 core-forming abilities (Fig. 2) .24 Complex 3 was crystallized from an acetone solution 

containing 2-[(2-pyridylmethyl)amino]ethanethiol HL5, Cd(ClO4)2 and NEt3 exposed to a CO2 

enriched environment.24 As previously done with 1 and 2, “CdL5ClO4” (4) was prepared air-free 

and its rapid transformation to 3 following treatment with base and CO2 was confirmed by both 1H 

NMR and ESI-MS.24 Could there be other features in N,N,S tridentante ligands, besides the pendant 

thioether group from HL4, that are nonessential to formation of a (CdS)6(μ3-CO3)2 core? The 

sterically demanding pyridyl rings in HL4 and HL5 seem to provide stabilizing π-π stacking 

interactions and to limit carbonate solvent exposure (Fig. 3).24 In this study 2-[(2-

aminoethyl)amino]ethanethiol (HL6) and 2-[[2-(dimethylamino)ethyl]amino]ethanethiol (HL1) 

will be explored for Cd(II) coordination and carbon fixation studies (Fig. 2).  

 

 

Figure 2. Ligands with a NNʹS donor group used in CO2-fixating studies. 
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Figure 3. Space-filling diagram of the 12+ (left) and 32+ (right) cations looking down the C3 axis. 

 

To date, no metal complexes containing both carbonate and either L6 or L1 have been reported. 

The structurally characterized complexes of L6 include [ZnL6]n(ClO4)2n,19 

[Zn{Zn(L6)2}2](ClO4)2·CH3CN,19 [Pd4L6]Cl·CH3OH·H2O,20 [Fe{Fe(L6)2}2](ClO4)2·CH3OH,21 and 

[MnL6Cln]22. Mikuriya et al. prepared 1:1 complexes of Cd(ClO4)2 with L6 by precipitation, but 

only infrared spectroscopy was used for characterization and the possibility of carbonate 

coordination was not explored.18 The structurally characterized complexes of L1 include 

(MoL1O2)2(μ-O),25 and (MoL1O2)(MoL1O(diphenylhydrazido))(μ-O).26  

 

1.1.2 Investigating interactions between divalent Group 12 metal ions and neutral 

selenides with mixed N,Se ligands 

Selenium is known to protect against Hg(II) and Cd(II) toxicity, however the mechanism is not 

well understood.27  Gasiewicz et al. were able to partly recover cadmium and selenium in equimolar 

high molecular-weight (HMW) protein complexes when simultaneously administered to rats.28 In 

order to obtain these complexes in rat plasma, the prior conversion of selenite to selenide is required. 

Interestingly, Hg interacts with Se in a similar manner.29,30 Until recently, the only Group 12 metal 
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ion with crystallographically documented binding to neutral selenide ligands was Hg(II). Studies 

conducted by Winer et al. explored the coordination chemistry of all the divalent Group 12 metal 

ions with the tridentate ligand bis(2-methylpyridyl)selenide (L7).4 Using perchlorate salts and a 1:2 

metal:ligand ratio, the first metal complex with a Cd-SeR2 bond was structurally characterized, as 

well as the highest coordination number complex with a Hg-SeR2 bond yet to be reported. However, 

a comparable Zn(II) complex proved elusive.4  

Additional studies of divalent Group 12 metal ions with L7 were conducted with chloride salts 

and a 1:1 metal:ligand ratio. In addition to preparing [(CdL7Cl)2(μ-Cl)2], a second complex with 

Cd-SeR2 bonding, Winslow et al. identified two macrocyclic polymorphs of the complex 

[Zn(L7)Cl2] (5).27 The complex was asymmetric in the major polymorph (5A) and had a C2 axis in 

the minor polymorph (5B). As part of this work, the crystal structure of 5A was resolved at 150 K 

to allow for more direct comparison to the structure of 5B. 

 Continued interest in crystallographically documenting Zn-SeR2 bonding interactions led to 

investigation of the coordination chemistry of L7 with the nitrate salts of the divalent Group 12 

metal ions. These efforts produced bicyclic [ZnL7(NO3)2], the first structurally characterized 

complex with a bonding Zn-SeR2 interaction. For comparison, bicyclic [Cd(L7)(NO3)2] (6) was 

structurally characterized.27 This complex was initially synthesized in a relatively modest volume 

of acetonitrile and crystallized from the supernatant. As a result, trace ligand contamination with 

bis(2-methylpyridyl)diselenide (L2) was inadvertently exacerbated and 6 was cocrystallized with 

15% bicyclic [Cd(L2)(NO3)2] (7A). In this work, L2 is synthesized and [Cd(L2)(NO3)2] (7B) is 

prepared as an independent species for structural comparison. Based on a search of the Cambridge 

Crystallographic Database (v. 5.32 updated Nov 2013), the only known complexes of L2 are 

bicyclic [Cu(L2)X2]32
 (8) and macrocyclic [Co(L2)X2]32 (9) and [Zn(L2)X2]32 (10) (Fig. 4). 
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 Figure. 4 Bicyclic [Cu(L2)X2] (8) and macrocyclic [Co(L2)X2] (9) and [Zn(L2)X2] (10). 

 

1.2 α/δ-Carbonic Anhydrase modeling with multidentate imidazoyl ligands 

To complement our studies related to the active sites of the β-CA and ζ-CA classes, the 

tridentate ligand tris[(1-methyl-2-imidazolyl)methyl]amine (L3) was used as a model of the active 

site of α-CA and δ-CA and its Cd(II) coordination chemistry was investigated. L3 has  previously 

been used as an analog of the imidazole functionality of histidine.3,33-35 Bebout et al. investigated 

the coordination chemistry of Hg(II) with L3 in order to explore the potential of 199Hg NMR as a 

metallobioprobe of proteins.35 The three structures reported previously, [Hg(L3)2](ClO4)2 (11), 

[Hg(L3)(NCCH3)](ClO4)2 (12) and [Hg(L3)Cl]2(HgCl4) (13), highlighted the differences in donor 

capacity of imidazoyl and aliphatic amine ligands as well as the demanding sterics of five-

membered chelate rings involving imidazoyl donors.35 Additional studies of L3 with 

physiologically essential metal ions would complement the existing literature. A wide variety of 

Zn(II) proteins have been substituted with Cd(II) and investigated by 113Cd NMR spectroscopy to 

gain valuable insight.5 Roziere et al. performed 113Cd NMR Studies of 113Cd(II)- substituted human 

carbonic anhydrase B (HCAB).36 NMR spectra were taken of the 113Cd(II)-substituted HCAB with 

addition of one and two equivalents of K13CN. A resonance centered at 410 ppm with line width 

~50 Hz was split into a doublet with JCdC = 1,060 Hz, the largest measured 113Cd-13C coupling 

constant at the time.36 This indicates binding to one equivalent of CN- with a Cd-C bond lifetime 
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of >10-2s.36 In the current study, the coordination chemistry of Cd(II) with L3 in a 1:1 ratio will be 

explored.  

 

 

2. Experimental 

2.1. Reagents and Methods 

Solvents and reagents were of commercial grade and used as received unless otherwise noted. 

1H NMR spectra were recorded in 5-mm-o.d. NMR tubes on a Varian Mercury 400VX or Agilent 

DD2 operating in the pulse Fourier transform mode. Chemical shifts (in ppm) were measured 

relative to solvent (δ CDCl3 7.27 ppm; CD3NO2 4.33 ppm; CD3CN 1.94 ppm). Coupling constants 

are reported in Hz. Reported concentrations of NMR samples are nominal. X-ray crystallography 

data collection was carried out using graphite-monochromated Cu Kα radiation (λ = 1.5418 Å) on 

a Bruker SMART Apex II diffractometer with CCD detector. Elemental analyses were performed 

by Atlantic Microlabs, Inc. of Norcross, GA. 

 

2.2. Syntheses 

2.2.1. 2-[[2-(dimethylamino)ethyl]amino]ethanethiol (HL1) 

This synthesis is a combination of two established procedures (Fig. 5).37,38 All steps are carried 

out under argon except the vacuum filtration. Dry toluene was prepared by distillation from CaH2. 

A solution of N,N–dimethylethylenediamine (10 mL, 95 mmol) in 50 mL dry toluene was heated 

to reflux under argon with stirring. A solution of excess ethylenesulfide (10 mL, 189 mmol) in 38 

mL dry toluene was added dropwise. Refluxing and stirring continued for 3.33 hr with considerable 

formation of a white polymeric material. 
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The cooled reaction mixture was vacuum filtrated through celite to remove the polymer. Most 

of the toluene was removed by distillation at atmospheric pressure. Vacuum distillation (57 °C, 2 

– 3 mmHg)  provided HL1 as a colorless liquid (3.20 g, 23 %) with adequate purity for additional 

studies; 1H NMR (CDCl3): δ 2.959 (t, 3JHH = 6.55 Hz, unidentified impurity), 2.834 (t, 2H, 3JHH = 

6.55 Hz, Hc), 2.711 (q, 4H, 3JHH = 6.16 Hz, Hb,e), 2.680 (q, 4H, 3JHH = 6.16 Hz, Hb,e), 2.430 (t, 2H, 

3JHH =6.15 Hz, Hf), 2.241 (s, 6H, Hg), 1.751 (s, 2H, Ha,d). 

  Figure 5. Synthesis of HL1. 

2.2.2.  Bis(2-methylpyridyl)diselenide (L2)  

Bis(2-methylpyridyl)diselenide was prepared by the procedure of Bhasin et al. (Fig. 6)39 A 

solution of diisopropylamine (2.25 mL, 16 mmol) and dry THF (10 mL) in an oven-dried, argon-

flushed three-neck roundbottom flask fitted with a stirring bar and thermometer was cooled to -28 

oC in a dry ice bath. Lithiumdiisopropylamine (LDA) was prepared by dropwise addition of 1.6 M 

n-BuLi in hexanes (10 mL, 16 mmol) while maintaining the temperature below -20 oC. The light 

yellow solution was placed in an ice bath and stirred for 30 min. to complete formation of LDA. 

After cooling the solution  to -78 oC in an acetone/dry ice bath, freshly distilled 2-picoline (1.6 mL, 

16 mmol) was added dropwise over 20 min. As the addition progressed, the solution became redder 

and eventually turned neon orange. The solution solidified while stirring at -78 oC for 30 min. 

Elemental selenium (1.26 g, 16 mmol) was added. As the reaction mixture was slowly brought to 

room temperature to dissolve all the selenium it developed a dark-bloody-red color. This solution 
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was hydrolyzed with 15 mL of distilled water then aerially oxidized for 50 min. while stirring 

vigorously.  

The resulting biphasic reaction mixture was extracted with anhydrous ethyl ether (4 x 20 mL). 

Pooled organics were dried over anhydrous sodium sulfate and filtered. The solvent was removed 

in vacuo.  The crude product was purified by alumina column (16 x 122 mm) chromatography with 

20% ethyl acetate/ hexanes (5.5 mL/min) as eluent (Rf  0.11).  Product containing fractions (20 mL) 

were identified by TLC, pool and concentrated in vacuo to provide L2 (0.46 g, 8.30%). 1H NMR 

(CD3Cl): δ 8.557 (m, 2H, He), 7.617 (m, 2H, 3JHH = 7.8 Hz, 4JHH = 1.2 Hz, Hc), 7.169 (d, 2H, 3JHH 

= 5.7 Hz, Hb), 7.167 – 7.157 (m, 2H, Hd) 4.055 (s, 4H, 2JSeH = 15.3 Hz, Ha). 

 

Figure 6. Synthesis of L2. 

2.2.3. [(Cd(L1))6(μ3-CO3)2](ClO4)2 (14) 

Following the procedure of Wei, et al.23 a solution of Cd(ClO4)2·6H2O (266 mg, 0.634 mmol) 

in 5 mL acetone was added to a solution of HL1 (94 mg, 0.634 mmol) in 5 mL acetone with stirring. 

Excess Et3N was added dropwise. After stirring in air for 20 minutes, CO2 was bubbled through 
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the very pale yellow solution for 30 minutes, resulting in the formation of a white precipitate. The 

solid was collected by vacuum filtration and dried in vacuo (99.4 mg, 50.2%). The supernatant was 

divided into five 2 mL alliquots that were set aside for slow evaporation. MP: 212 oC (dec). Found: 

C, 25.34 ; H, 4.82 ; N, 8.70 . C38H90Cd6Cl2N12O14S6 (for [(Cd(L1))6(μ3-CO3)](ClO4)2 with less than 

5% HNEt3ClO4 requires C, 24.33 ; H, 4.83; N, 8.96 %) 1H NMR (CD3NO2, 7.4 mg/mL, 20 oC): δ 

3.058 – 2.902 (m), 2.861 – 2.218 (m), 2.097 (s), 1.330 (s)   FTIR (KBr, cm-1) 752, 1085, 1161, 

1269, 1370, 1454, 1557, 1649, 1700, 1733, 2338, 2360.  

2.2.4. Air free preparation of “CdL1ClO4”(15)23 

Solid Cd(ClO4)2·6H2O (239 mg, 0.57 mmol) and a solution of HL1 (84 mg, 0.57 mmol) with 

freshly distilled Et3N (60 μL, excess) in 7 mL of 1:1 H2O:EtOH were placed on opposite sides of a 

Schlenk-style glass frit. The solution was degassed using two freeze/evacuate/thaw/Ar flush cycles. 

The solution was added to the metal and stirred under argon for 4 hrs of stirring. No precipitate 

formed. The solvent was removed in vacuo. A residue composed of both a white solid and a clear 

yellow viscous oil was obtained (0.5978 g). After 3 days in a closed vial, the recovered oil turned 

dark purple. As time progressed, the amount of solid present decreased and the purple color became 

lighter. FTIR (KBr, cm-1): 628, 1088, 1110, 1142, 1465. 1H NMR after color change (CD3NO2, 

1.7mg/mL): δ 3.415 – 3.339 (m), 3.147 (s,), 2.645 (br d, JHH: 8.4 Hz), 2.139 (s), 1.375 (t, JHH = 7.15 

Hz).  

2.2.5. [Cd(L2)(NO3)2] (7B)27 

A solution of Cd(NO3)2·4H2O (31.2 mg, 101 μmol) in 5 mL CH3CN was added to a solution 

of L2 (34 mg, 99 μmol) in 5 mL CH3CN with stirring. During the addition, the initially clear yellow 

solution slowly turned reddish-pink. A light rose-brown precipitate formed while stirring the 

solution for 1 hr. The solid residue was collected using a fine grade sintered glass vacuum funnel 

(30 mg, 58%).  MP: 121oC (dec) (Found: C, 24.86 ; H, 2.08; N, 9.56. C12H12CdN4O6Se requires C, 
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24.91; H, 2.09 ; N, 9.68 %);  1H NMR (CD3CN, 3 mM): δ 8.6372 (m, 2H, He), 7.984 (m, 2H, 3JHH 

= 7.8 Hz , 4JHH = 1.7 Hz, Hc), 7.543 (d, 2H, 3JHH = 7.8 Hz, Hb), 7.54 – 7.50 (m, 2H, Hd), 4.216 (s, 

4H, JSeH = 17.8 Hz, Ha). 

To prepare X-ray quality crystals of a solution of Cd(NO3)2·4H2O (25 mg, 81 μmol) in 5 mL 

CH3CN was added to a solution of L2 ( 28 mg, 82 μmol) in 5 mL CH3CN with stirring. After 15 

minutes, the initially pale yellow solution developed a red tint and slight cloudiness. The solution 

was filtrated through celite to remove the red material. The clear yellow filtrate was divided into 

five 2 mL aliquots that were set aside for slow evaporation. X-ray quality crystal were obtained 

after two weeks. A crystal measuring 0.40 x 0.20 x 0.16 mm was glued on the end of a glass fiber. 

The data were collected using the θ–2θ technique over a θ range of 3.243 to 66.993°. The final data 

to parameter ratio was 12.88:1. Crystallographic data for 7B and its polymorph 7A isolated as part 

of a cocrystal with 6A are provided in Table 1. 

2.2.6. [Cd(L3)(NCCH3)](ClO4)2 (16) 

Previously prepared L3 was used to prepare 16.35 A solution of Cd(ClO4)2·6H2O (67 mg, 0.16 

mmol) in 3.5 mL CH3CN was added to a solution of L3 (48 mg, 0.16 mmol) in 2 mL CH3CN with 

stirring. Toluene (2.5 mL) was added slowly to the pale yellow solution with stirring. The solution 

was filtered through celite. Filtrate aliquots (2 mL) were brought close to saturation with toluene 

(2.5 mL) and set aside for slow evaporation. Colorless X-ray quality crystals formed upon standing 

in less than 24 hrs. Following removal of the mother liquor, crystals became white over a period of 

hours. Based on elemental analysis, acetonitrile was replaced by water. A crystal mounted promptly 

after mother liquor removal was sufficiently stable at 100 K for diffraction analysis. Yield:  31 mg 

(30%); mp (after CH3CN/H2O exchange) 173 °C (dec.) Found: C, 27.91 ; H, 3.66 ; N, 15.05 . 

C15H23CdCl2N7O9 (for [Cd(L3)(OH2)](ClO4)2) requires C, 28.66 ; H, 3.69; N, 15.59 %); 1H NMR 

(CD3CN, 10 mM): δ 7.130 (ddd, 1H, 3JHH = 1.5 Hz, JCdH = 4.9 Hz, Hb), 7.092 (ddd, 1H, 3JHH = 1.5 
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Hz, JCdH = 4.9 Hz, Ha), 3.959 (s, 6H, Hd), 3.592 (s, 9H, Hc). A crystal measuring 0.23 × 0.18 × 0.16 

mm3 was glued on the end of a glass fiber. The data were collected using the θ–2θ technique over 

a θ range of 4.453 to 66.963°. The final data to parameter ratio was 10.51:1. Crystallographic data 

for 16 are provided in Table 1. 

2.2.7. Other complexes investigated in this work 

Winslow et al. 27 prepared two polymorphs of [Zn(L7)Cl2] (5) by slow evaporation of an 

acetonitrile/methanol solution containing a 1:1 ratio of ZnCl2 and L7. The crystal structure of the 

major polymorph (5A) was initially solved at 296 K while the minor polymorph (5A) was solved 

at 150 K. To allow for a more direct comparison of the two structures, the structure of 5A was 

resolved at 150 K. Crystallographic data for 5A and 5B is provided in Table 2. 

Winslow et al. 27 prepared [Cd(L7)(NO3)2] (6) by slow evaporation of an acetonitrile solution 

containing a 1:1 ratio of Cd(NO3)2·4H2O and L7. 1H NMR (CD3CN, 3 mM): δ 8.656 (d, 2H, 3JHH 

= 5.4 Hz, He), 7.921 (m, 2H, 3JHH = 7.8 Hz, 4JHH = 1.7 Hz, Hc), 7.539 (d, 2H, 3JHH = 7.9 Hz, Hb), 

7.465 (m, 2H, 3JHH = 5.4 Hz, Hd), 4.175(s, 4H, 2JSeH = 13.1 Hz, Ha).  

Winslow et al.27 also prepared a cocrystal of 85% [Cd(L7)(NO3)2] (6A) and 15% 

[Cd(L2)(NO3)2] (7A) by slow evaporation of the filtrate obtained by vacuum filtration of 

precipitated 6 from a supersaturated acetonitrile solution obtained by mixing Cd(NO3)2·4H2O and 

L7 in a 1:1 ratio.27 Although 1H NMR of L7 indicated only trace contamination with L2, this 

crystallization procedure inadvertently enhanced the relative concentration of L2 leading to 

cocrystallization. The 1H NMR spectrum of the cocrystalline material in CD3CN had the expected 

sets of resonance for the 6 and 7A in an approximate 85:15 ratio, indicating slow exchange on the 

1H chemical shift time scale. 
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Table 1. Crystallographic data for cocrystal of [Cd(L7)(NO3)2] and [Cd(L2)(NO3)2] (6A,7A), 

independent crystal of [Cd(L2)(NO3)2] (7B) and [Cd(L3)(NCCH3)](ClO4)2 (16). 

a R1 = Σ||Fo| – |Fc||/Σ|Fo|, and S = [Σ[w(Fo
2 – Fc

2)2]/(n – p)]1/2  

b wR2 = [Σ[w(Fo
2) – (Fc

2)]2/Σ[w(Fo
2)2]1/2  

 6A,7A 7B 16 

Empirical Formula C12H12N4O6Se1.14Cd C12H12N4O6Se2Cd C17H24Cl2N8O8Cd 

Formula mass     

[g mol-1] 
511.02 578.58 651.74 

Crystal System Triclinic Triclinic Trigonal 

Space Group P -1 P -1 R -3 c 

a[Å] 8.0371(2) 8.06500(10) 12.2018(4) 

b[Å] 8.4838(2) 8.51580(10) 12.2018(4) 

c[Å] 12.9112(3) 13.8712(2) 57.998(2) 

α[°] 80.8446(9) 80.1250(6) 90 

β[°] 80.0131(9) 81.8550(6) 90 

γ[°] 66.1735(8) 63.4800(5) 120 

V[Å3] 789.24(3) 837.509(19) 7478.1(6) 

Z 2 2 12 

Radiation 

(monochromatic) 
Cu Kα Cu Kα Cu Kα 

λ[Å] 1.54178 1.54178 1.54178 

T [K] 100(2) 100(2) 100(2) 

ρcalcd [Mg m-3] 2.150 2.294 1.525 

μ[mm-1] 14.475 15.786 9.522 

R1a, wR2b 

[I>2σ(I)] 
0.0391, 0.1260 0.0268, 0.0711 0.0727, 0.1714 

R1a, wR2b          

(all data) 
0.0394, 0.1261 0.0270, 0.0712 0.0764, 0.1275 

GOOF 1.072 1.061 1.458 
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Table 2. Crystallographic data for [Zn(L7)Cl2] polymorphs 5A and 5B. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a R1 = Σ||Fo| – |Fc||/Σ|Fo|, and S = [Σ[w(Fo
2 – Fc

2)2]/(n – p)]1/2  

b wR2 = [Σ[w(Fo
2) – (Fc

2)]2/Σ[w(Fo
2)2]1/2  

 5A 5B 

Empirical Formula C12H12Cl2N2SeZn C12H12Cl12N2SeZn 

Formula mass [g mol-1] 399.47 399.47 

Crystal System Monoclinic Tetragonal 

Space Group C 2/c P43212 

a[Å] 23.6226(10) 8.92560(10) 

b[Å] 8.4580(4) 8.92560(10) 

c[Å] 16.2905(7) 18.4297(2) 

α[°] 90 90 

β[°] 121.2470(14) 90 

γ[°] 90 90 

V[Å3] 2782.7(2) 1468.23(3) 

Z 8 4 

Radiation (monochromatic) Cu Kα Cu Kα 

λ[Å] 1.54178 1.54178 

T [K] 150(2) 150(2) 

ρcalcd [Mg m-3] 1.907 1.807 

μ[mm-1] 8.827 8.365 

R1a, wR2b [I>2σ(I)] 0.0320, 0.0934 0.0187, 0.0533 

R1a, wR2b (all data) 0.0330, 0.0941 0.0188, 0.0533 

GOOF 1.138 0.916 
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3. Results and Discussion  

3.1. Carbonate-fixation by Cd(II) with less sterically demanding ligands  

3.1.1. Preparation of less sterically demanding ligands 

To complement previous studies of carbonate capture by Cd(II) complexes of HL4 and HL5, 

less sterically demanding amines HL6 and HL1 were targeted for Cd(II) coordination studies. 

Efforts to reproduce the established procedure37 for synthesizing HL6 were thwarted by apparent 

polymerization. Repeated synthetic attempts provided a highly viscous slightly gray-pink material 

in low yield with a broad featureless 1H NMR spectrum. Attempted reaction of this material with 

Cd(ClO4)2·6H2O in acetone or acetonitrile produced a highly insoluble white solid upon addition 

of Et3N with indistinct 1H NMR features. Carbonate bands were not detected through IR. Although 

an 8:1 mole ratio of diamine to ethylene sulfide was used to favor formation of HL6, polymerization 

through reaction with both ends of the amine and disulfide formation upon exposure to trace 

amounts of air may have been occurring. Ethylenediamine was replaced by N,N–

dimethylethylenediamine in further studies to avoid this problem.  

In the first attempt to synthesized HL1 from N,N–dimethylethylenediamine and ethylene 

disulfide, the procedure of Rose et al.37 for making HL6 was used. The goal of Rose’s procedure 

was to minimize polymerization, however simplifying purification was more critical in the 

preparation of HL1. Therefore, a new synthesis procedure was formed by combining elements from 

both Rose et al.37 and the literature synthesis of HL1.38 Distillation provided HL1 as confirmed by 

1H NMR. Although an unassigned impurity was evident in the 1H NMR (δH 2.959 (t, 3JHH = 6.55 

Hz)), the ligand was sufficiently pure for further studies. In the absence of metal ions, HL1 is highly 

air-sensitive. Solutions of HL1 in air saturated solvents changed from colorless to yellow over time 

and the 1H NMR spectrum changed significantly. 
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3.1.2. Cd(II) complex formation of HL1 and 1HNMR characterization  

Complex 14 was successfully synthesized as a precipitate from CO2-exposed solutions of HL1, 

Cd(ClO4)2·6H2O and triethylamine (NEt3) in wet acetone. Elemental analysis supported formation 

of the hexanuclear bis-carbonate with less than 5% Et3NHClO4 contamination. NMR of the 

obtained precipitate (Fig. 7c-e) revealed some protons resonances were shifted downfield with 

respect to free ligand (Fig. 7a) consistent with the commonly observed deshielding influence of 

binding to Cd(II). The complex appearance of the peaks between 2.0-3.0 ppm was reminiscent of 

the ethylene 1H NMR resonances observed for [(Cd(L4))6(μ3-CO3)2] (ClO4)2 (1). The 1H NMR of 

14 was unchanged over time. However, serial dilution over the concentration range of 7.4-0.13 

mg/mL produced changes in the 1H NMR of 15 (Fig. 7) suggesting an oligomerization process was 

occurring. The 1H NMR of 1 did not change over a similar concentration range. 

Air free preparation of “CdL1ClO4” (15) in ethanol/water was performed to permit 

investigation of bis-carbonate complex self-assembly using methods established by Lai et al.23,24 

The heterogeneous isolate had much higher solubility in CD3CN and CD3NO2 and contained L1 

based on 1H NMR (Fig. 7 b). The preparation underwent a color change from pale yellow to purple 

and became a more homogeneous oil over time. The cause of these changes was not investigated.  
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Figure 7. 1H NMR spectra in CD3NO2 of a) HL1, b) 15 (1.7 mg/mL), and 14 c) (7.4 mg/mL), 

d) (1.2 mg/mL), e) (0.13 mg/mL). Singlets are truncated to enhance lower intensity resonances. 

3.1.3 IR characterization of 14 and 15 

Carbonate is associate with a strong IR band in the region 1400-1500 cm-1. It was not possible 

to assign specific bands in the IR spectrum of 1 to carbonate because HL4 has significant infrared 

absorbance in this frequency range.23 A modestly strong infrared absorbance in HL1 also has a  
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relative infrared absorbance in this frequency range, the IR spectra of 14 and 15 were obtained for 

comparison.  

Very strong IR bands around 1100 cm-1 were found for 15 (Fig. 8b). These are possibly 

associated with the C-O stretch ( lit. 1150-1042 cm-1) of Cd(II) bound ethoxide formed from ethanol 

in the presence of the weak base Et3N when activated by binding to the weak Lewis acid Cd(II). 

Also, the bands could be associated with ClO4
- ( lit. 1150-1050 cm-1).  The intensity of the bands 

was so high that carbonate could be masked if present.  

A complex series of IR bands was observed for 14 in the frequence range 1000-1700 cm-1. 

Detailed assignment of these features was not futher persue. 

 

Figure 8. FITR Spectra for  a) HL1, b) 15 and c) 14. 
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3.1.3. ESI-MS characterization of 14 and 15 

 

As with complexes 1 and 2, acetonitrile solutions of 14 and 15 had distinct ESI-MS speciation. 

The base peak for 14 (0.1 mg/mL in CH3CN) was centered on m/z 840 (Fig. 9c,) and corresponded 

in part to [(CdL1)6(CO3)2]2+ (Fig. 10) and there was also a large peak assigned to 

[(CdL1)6(CO3)2(ClO4)]+ centered on m/z 1777 (Fig. 9c). Interestingly, neither of these carbonate 

containging ions were observed in a 9.09 μg/mL CH3CN of 14, suggesting the oligomeric bis-

carbonated complexs are suceptible to dissociation to [CdL1]+ and carbonate when very dilute. 

Dilute acetonitrile solutions of 15 (0.15 mg/mL) were prepared using argon bubbled sovent. In the 

initial ESI-MS spectrum of 15, the base peak was centered on m/z 978, which corresponded to 

[(CdL1)3(ClO4)2]+ (Fig. 9a). None of the assigned ions in the ESI-MS spectrum of 15 contained 

carbonate. 

Finally, in situ generation of 14 by the addition of CO2 and Et3N to 15 in acetonitrile was 

observed. To the argon purged acetonitrile solution of 15, 1μL of Et3N was added and then the 

solution was bubbled with CO2 for 7 minutes. The ESI-MS spectra of 15, now resembling that of 

14, had a new base peak at m/z 1777 that corresponded to [(CdL1)6(CO3)2(ClO4)]+ (Fig. 9b). This 

transformation occurred in minutes, providing the third documentation of rapid CO2 fixation by a 

cadmium(II) complex.  

3.1.4. Conclusions and future studies of CO2 fixation with Cd(II) 

Three different ligands providing an NNʹS donor set have now been found to support the 

fixation of CO2 by Cd(II). In this work, the sterically demanding pyridyl rings of HL4 and HL5 

were replaced by a tertiary amine. This substitution still permitted carbon fixation by formation of 

a hexanuclear bis-carbonate complex. Based on solution state 1H NMR studies and gas phase ESI-

MS studies, 14 became increasingly unstable to dissociation with dilution.  
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Ongoing studies of 14 involve efforts to prepare crystals for X-ray crystallography. Ideally, 

crystalline material will have better resolved 1H NMR spectra. In addition, alternative solvents will 

be used in the preparation of 15 to determine whether a more homogeneous material suitable for 

characterization by elemental analysis can be obtained.  

 

 

Figure 9.  ESI-MS spectra for CH3CN solutions of 15 (0.15 mg/mL) (a) originally, (b) with 1 

μL of NEt3 added and then bubbled with CO2 for 7 min and (c) 14 (0.1 mg/mL). Selected 

assignments with m/z of the isotope distribution maximum are   261 [CdL1]+,  565 

[(CdL1)2(C2H5O)]+,  619 [(CdL1)2(ClO4)]+,  840  [(CdL1)6(CO3)2]2+,  978 [(CdL1)3(ClO4)2]+, 

  1420 [(CdL1)5(CO3)2]+ and  1777 [(CdL1)6(CO3)2](ClO4)+.  
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Figure 10. Calculated (a) and observed (b) isotope patterns for [(CdL1)6(CO3)2]2+. The sharp, high 

intensity of peaks at the higher m/z side of this isotope distribution suggest an additional 

unidentified ion (base peak 840.92 m/z) with similar mass and +2 charge.  

 

 

 

3.2 Group 12 metal ion coordination to neutral selenides  

3.2.1. Preparation of L2 

The potentially tridentate diselenide ligand L2 was prepared in a procedure very similar to that 

reported by Bhasin.39 The reaction was conducted on a 16.0 mmol scale to provide L2 in 8.30% 

yield following column chromatography. The ligand was obtained in sufficient quantity and purity 

for the studies reported. 

3.2.2. Structural comparison of [ZnL7Cl2] polymorphs 

Since there is precedent for formation of both macrocyclic32 and bicyclic32  metal ion complexes 

of L2, some of the issues associated with macrocycle formation were investigated by comparing 

the crystal structures of [ZnL7Cl2] polymorphs 5A and 5B (Fig. 11). The crystal structure of non-
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symmetric 5A was resolved at 150 K to allow for more direct comparison to the C2 symmetric 

structure of 5B. Figure 12 shows an overlay of the two structures. Selected bond lengths and bond 

angles are compared in Table 3. The metal center had distorted tetrahedral N2Cl2 coordination in 

both complexes. Significantly, the distance between Zn and Se was over 4.15 Å in the two 

complexes, above the sum of the van der Waals radii (Zn 2.10 Å and Se 1.90 Å).31 The differences 

between Zn-N, Zn-Cl and Se-C distances of the complexes were modest (Table 3). In both 

complexes the C-Se-C is the same and other bond angles are only modestly different. 

 

 

 

 

Figure 11. ORTEP diagram of [ZnL7Cl2] major polymorph (5A, left) and minor polymorph 

(5B, right) with thermal ellipsoids at 50% level. 
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Figure 12. Structural overlay of 5A (green) and 5B (orange) based on alignment of Zn, N1 and 

N2. Root mean square (rms) deviation of overlaid atom positions is 0.00942 Å. 
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Table 3. Selected bond distances (Å) and angles (o) in [Zn(L7)Cl2] polymorphs 5A and 5B. 

 

a  Symmetry transformations used to generate equivalent atoms:#1 -y+1,-x+1,-z+3/2 

 

The polymorphs had clear differences in packing. As shown in Figure 13, in the crystal the N1 

pyridyl rings of 5A are oriented for a displaced parallel π-π stacking interaction with a centroid 

distance of 3.808 Å. In contrast, the pyridyl rings of adjacent molecules in the minor polymorph 

5B are not parallel or otherwise oriented for optimum π-π stacking interaction in the crystal 

5A 5B a 

Zn(2)-N(2) 2.054(3) 

Zn(1)-N(1) 2.056(2) 

Zn(2)-N(1) 2.074(3) 

Zn(2)-Cl(2) 2.2312(9) 

Zn(1)-Cl(1) 2.2324(7) 

Zn(2)-Cl(1) 2.2295(9) 

Se(1)-C(6) 1.966(3) 

Se(1)-C(6) 1.965(3) 

Se(1)-C(7) 1.975(3) 

C(6)-Se(1)-C(7) 98.25(13) C(6)-Se(1)-C(6)#1 98.41(15) 

N(2)-Zn(2)-N(1) 117.17(11) N(1)#1-Zn(1)-N(1) 116.97(12) 

N(2)-Zn(2)-Cl(2) 103.71(8) N(1)#1-Zn(1)-Cl(1) 105.82(5) 

N(1)-Zn(2)-Cl(2) 101.97(8) N(1)-Zn(1)-Cl(1) 105.50(6) 

N(2)-Zn(2)-Cl(1) 108.58(8) N(1)#1-Zn(1)-Cl(1)#1 105.51(6) 

N(1)-Zn(2)-Cl(1) 105.11(8) N(1)-Zn(1)-Cl(1)#1 105.82(5) 

Cl(2)-Zn(2)-Cl(1) 120.92(4) Cl(1)-Zn(1)-Cl(1)#1 117.82(5) 
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structure (Fig. 14). Significantly, the density of major isomer 5A is 0.1 Mg m-3 higher than that of 

5B (Table 1). Higher density is a common feature of more stable polymorphs. 

 

Figure 13. Packing diagram for 5A, viewed down the b-axis.  

 

Figure 14. Packing diagram for 5B, viewed down the b-axis. 
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Although both 5A and 5B were macrocyclic with no Zn-SeR2 binding, the CdCl2 complex of 

L7 was bicyclic and had a Cd-SeR2 bond distance of 2.892 Å,27 within the sum of the van der Waals 

radii. The Cd(II) complex crystallized as a chloride-bridged dimer with approximately octahedral 

coordination. The ligand was bound in a facial manner with the Cd(II) significantly displaced from 

the N1-N2-Se plane, while in both 5A and 5B the metal ion was nearly coplanar with the 

heteroatoms of the ligand. 

3.2.3. Preparation and structural characterization of [CdL2(NO3)2] (7B) 

The complex 7B was prepared from 1:1 acetonitrile solutions of Cd(NO3)2·4H2O and L2 as 

both a precipitate and a crystalline material. Colorless X-ray quality crystals were recovered in very 

low yield. The precipitate was more highly colored than expected for a complex of Cd(II), but 

provided a satisfactory elemental analysis. Proton NMR characterization of 7B confirmed tentative 

resonance assignments for the minor component of the 6,7A co-crystalline material isolated 

recently (Fig. 15). Protons of L2 were deshielded by 0.16–0.80 ppm in 7B with respect to free 

ligand through σ donation to Cd(II). The coupling constant between the methylene protons and 77Se 

changed from 15.3 Hz in L2 to 17.8 Hz in 7B. Confirming the NMR properties of 7B complex 

helped shed light on the mystery of 6 and 7A cocrystallalization from L7 containing insufficient L2 

for detection by NMR. Proton NMR of the precipitate removed in high yield prior to slow 

evaporation bore no sign of the methylene resonance for 7A at 4.216 ppm. Hence, precipitation 

selectively removed 6. As a result L2 became concentrated in the filtrate used for crystallization 

therefore making cocrystallization favorable. 
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Figure 15. 1H NMR spectra of a) 6 and b) 7B. 

 

As shown in Figure 16, the metal center of 7B has distorted pentagonal bipyramidal 

coordination. Selected bond lengths and angles for 7B are shown in Table 4 and Table 5, 

respectively. The two pyridyl nitrogens are in the axial positions with an average Cd-N distance of 

2.289 (16) Å with a N-Cd-N bond angle of 159.10(10)°. The selenium and four nitrate oxygen 

occupy the equatorial plane. The average Cd-O bond distance was 2.426 (69) Å. Significantly, the 

Cd-Se distance was 2.898 Å, within the sum of the van der Waals radii (Cd 2.20 Å and Se 1.90 

Å).31  
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Figure 16. ORTEP diagram of [Cd(L2)(NO3)2] (7B) with thermal ellipsoids at 50% level. 
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Table 4. Selected bond distances (Å) in 6, 7A and 7B. 

 

 

 

 

 

 

 

 

 

 

 

  

6, 7A 7B 

Cd(1)-N(1) 2.257(5) Cd-N(1) 2.301(3) 

Cd(1)-N(2) 2.262(5) Cd-N(2) 2.278 (3) 

Cd(1)-O(4) 2.326(5) Cd(1)-O(5) 2.332(3) 

Cd(1)-O(2) 2.373(5) Cd(1)-O(2) 2.424(3) 

Cd(1)-O(5) 2.461(5) Cd(1)-O(1) 2.452(3) 

Cd(1)-O(1) 2.516(5) Cd(1)-O(4) 2.495(3) 

Cd(1)-Se(1) 2.8526(9) Cd(1)-Se(1) 2.8979(4) 

Cd(1)-Se(2) 3.033(6) Se(1)–Se(2) 2.3127 

Se(2)-Se(3) 2.314(10)   
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Table 5. Selected angles (o) in 6, 7A and 7B. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

6, 7A 7B 

N(1)-Cd(1)-N(2) 151.9(2) N(2)-Cd(1)-N(1) 159.10(10) 

N(1)-Cd(1)-O(4) 107.59(19) N(2)-Cd(1)-O(5) 104.07(10) 

N(2)-Cd(1)-O(4) 99.89(19) N(1)-Cd(1)-O(5) 96.71(10) 

N(1)-Cd(1)-O(2) 96.49(19) N(2)-Cd(1)-O(2) 99.62(10) 

N(2)-Cd(1)-O(2) 94.36(19) N(1)-Cd(1)-O(2) 87.53(10) 

O(4)-Cd(1)-O(2) 78.42(17) O(5)-Cd(1)-O(2) 75.57(10) 

N(1)-Cd(1)-O(5) 90.58(18) N(2)-Cd(1)-O(1) 88.11(9) 

N(2)-Cd(1)-O(5) 101.44(18) N(1)-Cd(1)-O(1) 80.71(9) 

O(4)-Cd(1)-O(5) 53.74(17) O(5)-Cd(1)-O(1) 127.98(9) 

O(2)-Cd(1)-O(5) 131.34(16) O(2)-Cd(1)-O(1) 52.45(9) 

N(1)-Cd(1)-O(1) 84.11(17) N(2)-Cd(1)-O(4) 87.53(10) 

N(2)-Cd(1)-O(1) 82.21(18) N(1)-Cd(1)-O(4) 103.59(9) 

O(4)-Cd(1)-O(1) 130.63(16) O(5)-Cd(1)-O(4) 52.95(9) 

O(2)-Cd(1)-O(1) 52.36(16) O(2)-Cd(1)-O(4) 128.01(9) 

O(5)-Cd(1)-O(1) 174.03(16) O(1)-Cd(1)-O(4) 175.61(8) 

N(1)-Cd(1)-Se(1) 77.56(14) N(2)-Cd(1)-Se(1) 91.87(7) 

N(2)-Cd(1)-Se(1) 78.05(15) N(1)-Cd(1)-Se(1) 73.04(7) 

O(4)-Cd(1)-Se(1) 139.12(13) O(5)-Cd(1)-Se(1) 128.89(7) 

O(2)-Cd(1)-Se(1) 142.29(12) O(2)-Cd(1)-Se(1) 149.49(7) 

O(5)-Cd(1)-Se(1) 86.26(12) O(1)-Cd(1)-Se(1) 100.29(6) 

O(1)-Cd(1)-Se(1) 89.92(11) O(4)-Cd(1)-Se(1) 80.31(6) 

N(1)-Cd(1)-Se(2) 91.5(2) C(6)-Se(1)-Se(2) 100.30(11) 

N(2)-Cd(1)-Se(2) 65.3(2) C(6)-Se(1)-Cd(1) 83.06(10) 

O(4)-Cd(1)-Se(2) 131.75(19) Se(2)-Se(1)-Cd(1) 102.279(15) 

O(2)-Cd(1)-Se(2) 144.27(16) C(7)-Se(2)-Se(1) 101.10(10) 

O(5)-Cd(1)-Se(2) 83.12(16)   

O(1)-Cd(1)-Se(2) 94.27(15)   

C(6)-Se(1)-C(7) 100.5(3)   

C(6)-Se(1)-Cd(1) 83.1(2)   

C(7)-Se(1)-Cd(1) 84.2(2)   

C(7)-Se(2)-Se(3) 91.6(4)   

C(7)-Se(2)-Cd(1) 83.6(3)   

Se(3)-Se(2)-Cd(1) 103.2(3)   

C(6)-Se(3)-Se(2) 87.5(4)   
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Motivations to prepare 7B included curiosity as to whether a macrocyclic or bicyclic complex 

would form. Co-crystallization of 6 with 7A was serendipitous. The structural solution of the co-

crystalline material had coincident locations for all non-selenium atoms of the two species. Since 

there is precedent for both macrocyclic binding of L2 to metal ions without M-(Se2R2) coordination 

and bicyclic binding of L2 to metal ions with M-(Se2R2) coordination, independent preparation of 

7 was necessary to determine whether the lattice of 6 was necesseary to form Cd-(Se2R2) bond. As 

shown in Figure 17, the structures of 7A and 7B are similar. Interestingly, the Cd-(Se2R2) bond 

distance in 7A was 3.033 Å,27 0.135 Å longer than found in 7B. The conformations of the more 

rigid five-membered chelate rings were nearly identical while the side of the six-membered chelate 

ring far from the metal ion had more sizable differences in atom positions. As shown in Figure 18, 

in the structures of 7A and 7B there are displaced parallel π-π stacking interactions between N1-

N1 pyridyl and N2-N2 pyridyl rings. 

 

Figure 17. Structural overlay of 7A (orange) and 7B (green) based on alignment of Cd-Se-C-

C-N chelate rings. Root mean square (rms) deviation in overlaid atom positions is 0.149 Å. 
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Figure 18. Packing diagrams for 7A (left) and 7B (right) highlighting π- π stacking. 

 

 

Based on a search of the Cambridge Crystallographic Database (v. 5.32 updated Nov 2013), 

only seven mononuclear complexes with M-(Se2R2) bonds complexes with five different metal ions 

have been structrually characterized previously (Table 6).35, 40-42 Table 6 is organized according to 

the observed M-Se bond distance, d(M-Se). In general, the larger, softer metal ions had longer M-

Se bond distances that were closer to the sum of the van der Waals radii of the metal and Se (Σ 

rv(MSe)). As also noted in Table 6, there is generally an inverse relationship between the Se-Se 

bond distance, d(Se-Se), and d(M-Se). The variants of 7 have longer M-Se bonds than all the other 

structurally characterized mononuclear diselenide complexes. This is to be expected since cadmium 

has a larger van der Waals radius than the other metals listed in Table 6.  
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Table 6. Overview of structurally characterized mononuclear complexes with M-(Se2R2) bonds. 

Metal Hardness rv  (M)31,a Σ rv (MSe) d (M-Se) % Σ rv(MSe)j d (Se-Se) 

Fe(II) Borderline 2.05 3.95  2.424 b 61.4 2.411 

Ir(III) Borderline 2.00 3.09 2.451 c 62.9 2.370 

Cr(II) Borderline 2.05 3.95 
2.524 d 63.9 2.372 

2.545 e 64.4 2.327 

Cu(II) Borderline 2.00 3.90 2.622 f 67.2 2.318 

W(II) Soft 2.10 4.00 
2.648 g 67.9 2.368 

2.671 h 66.8 2.330 

Cd(II) Soft 2.20 4.10 
2.898 i 70.7 2.313 

3.033 i 74.0 2.314 
a All measurements are in Å; rv = van der Waals radii. b ref 40. c ref 41. d ref 42. e ref 42. f ref 32. g 

ref 42. h ref 42. i This work. j % Σ rv(MSe) = (d(M-Se)/ Σrv (MSe))*100. Free ligand d(Se-Se) = 

2.2969(9) Å43. 

 
3.2.4. Conclusions and future studies of Group 12 metal ion coordination to neutral 

selenides 

 Prior to recent studies in the Bebout laboratory, crystallographic documentation for bonding 

between neutral selenide ligands and both Zn(II) and Cd(II) was unavailable. Potentially tridentate 

ligands with N2Se donor groups have now provided the first three examples of CdSeR2 bonds, the 

first ZnSeR2 bond and the first Cd-(Se2R2)bond. Ligands of the type investigated in this work have 

both macrocyclic and bicyclic coordination modes. They also have the flexibility to bind in either 

a facial manner with the metal well outside the plane formed by the three donor atoms or a 

meridional manner in which the metal lies very close to the plane containing the chelating atoms. 

Using perchlorate, chloride and nitrate counterions, a structurally diverse series of Zn(II) and Cd(II) 

complexes of L7 has been characterized.  

 These solid state studies will be complemented by solution state NMR studies. While divalent 

Group 12 metal ions are generally spectroscopically silent d10 metal ions, 111Cd and 113Cd have 

12.80% and 12.22% natural abundance, respectively, and spin I = ½, making them reasonably 
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sensitive for NMR studies. Variable temperature 77Se NMR (7.63% natural abundance, I = ½) or 

113Cd NMR can potentially be used to characterize bonding interactions between cadmium and 

selenium in solution. Bonding interactions exceeding the 1JCdSe time scale will result in coupling 

satellites around the main resonance. Although the theory for heteronuclear coupling involving 

heavy metal ions is poorly develop, due to relativistic effect 1JCdSe are expected to be larger than 

1JCdC which are typically around 100 Hz. To detect heteronuclear coupling, the lifetime of the 

interaction must exceed the frequency of the coupling interaction. The Cd(II) complexes associated 

with this work are promising candidates for reporting the first heteronuclear coupling between Cd 

and Se. Since dietary SeMet is commonly integrated into proteins, which have a rich abundance of 

metal binding groups, estimated solution lifetimes for Cd-SR2 interactions in chelating 

environments are potentially relevant to developing a better understanding of physiologically 

relevant Cd(II) and selenium chemistry.  

 

3.3. α/δ-Carbonic Anhydrase modeling with multidentate imidazoyl ligands 

3.3.1. Structural characterization of [Cd(L3)(NCCH3)](ClO4)2 (16) 

Complex 16 was prepared by slow evaporation of an acetonitrile/toluene solution containing a 

1:1 ratio of Cd(ClO4)2·6H2O and L3.The coordination sphere of Cd(II) has three-fold symmetry in 

16 (Fig. 19). Selected bond lengths and angles for 16 are shown in Table 7. The ligand is 

tetradendate with the acetonitrile bound trans to the tertiary amine nitrogen. The Cd-N bond 

distances to the crystallographically identical imidazoyl ring nitrogens and the acetonitrile nitrogen 

are nearly the same while the distance to the tertiary amine nitrogen is over 0.3 Å longer. The Cd(II) 

ion is displaced from plane formed by the imidazoyl nitrogens towards the acetonitrile ligand, 

resulting in a tertiary amine capped tetrahedral coordination geometry. The N-Cd-N bond for the 

tetrahedrally arranged nitrogens range from 106.37(19) to112.39(17) Å. In Figure 20 displaced π-

π stacking interactions between the imidazoyl moities of adjacent molecules of 16 is shown. 
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Figure 19. ORTEP diagram of [CdL3(NCCH3)]2+ with thermal ellipsoids at 50% level. The 

molecule was only 1/3 independent in the crystal structure. 

 

 

Figure 20. Packing diagram for [CdL3(NCCH3)]2+ in 16 highlighting π-π stacking.  



41 

 
 

Table 7. Selected bond distances (Å) and angles (o) in 16. 

 

 

 

 

 

 

 

 

 

 

a Symmetry transformations used to generate equivalent atoms: #1 -y+1,x-y,z    #2 -x+y+1,-x+1,z    

#3 -x+2/3,-x+y+1/3,-z+5/6  #4 -x+y,-x,z    #5 -y,x-y,z    #6 -x,-y,-z+1        

 

The only complexes of L3 structurally characterized previously involve Mn(II)33, Fe(III)3, 

Cu(II)34 and Hg(II)35 (CCDC v. 5.32 updated Nov 2013). Although no complexes of Zn(II) with L3 

have been reported, there are a wide variety of derivatized variants of L3 with structurally 

characterized Zn(II) complexes. The isostructural complex of Hg(II) (12) has comparable M-N 

bond lengths with the imidazoyl nitrogens, but the tertiary amine is 0.107 Å further from the metal 

ion. In addition, the Cd-N bond with acetonitrile is 0.036 Å shorter than its Hg-N counterpart. 

Interestingly, 12 was stable for an extended period of time but the isolated crystals of 16 became 

opaque overnight. Based on elemental analysis, the acetonitrile of 16 was replaced by adventitious 

water from the atmosphere. Interestingly, substitution of acetonitrile by a water molecule enhances 

parallels with the metal coordination of Zn(II) in the active site of wild-type HCAB.  

16a 

Cd-N(1) 2.535(13) 

Cd-N(2) 2.210(8) 

Cd-N(4) 2.228(15) 

N(2)-Cd-N(1) 73.63(19) 

N(2)-Cd-N(2) 112.39(17) 

N(2)-Cd-N(4) 106.37(19) 

N(1)-Cd-N(4) 180.0 

C(6)–N(4)-Cd(1) 180.0 
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The coordination of Cd(II) in complex 16 is remarkably similar to the coordination of Zn(II) 

by HCAB. In the refined structure of Zn(II)HCAB (PDB entry: 1CA2), the distances between 

Zn(II) and the metal-binding residues (Nε2 of His 94, Nε2 of 96, and Nδ1 of His 119) are 2.0 Å, 2.1 

Å and 1.9 Å, respectively.44 A water oxygen completes the tetrahedral coordination of Zn(II) with 

a Zn-O separation of approximately 2.1 Å. The N-Zn-N angles range between 101.6 – 113.5°. The 

Cd-N bond distances are slightly longer in 16, as expected for binding to a metal ion with larger 

van der Waals radius. 

The preservation of the three-fold symmetry in complex 16 and the equivelancy of the 

methylene protons could be observed by 1HNMR in CD3CN solution (Fig. 21). Complex 16 

exhibited a single set of proton resonances for each type of ligand proton. Heteronuclear coupling 

was observed between 111/113Cd and both Ha and Hb with a coupling constant of 4.9 Hz. Stronger 

heteronuclear coupling between 199Hg and these protons was observed in 12, as expected due to 

greater relativistic contributions. 

 

Figure 21. 1H NMR spectra of 16. The region of the coupling constant has been zoom in three-

fold (3X). 
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3.3.2. Conclusions and future directions for carbonic anhydrase modeling 

 Although L3 is constructed from 2-alkyl substituted imidazoyl rings rather than 4-alkyl 

substituted imidazoyl rings that resemble histidine more closely, coordination of Cd(II) in 16 bore 

extensive similarity to the metal binding site of Zn(II)HCAB. Future studies may involve efforts to 

prepare a structurally characterized complexes of Zn(II) with L3 for comparison to 12 and 16. In 

addition, it would be very interesting to investigate whether any of the complexes of L3 were 

capable of performing biomimetic carbon dioxide hydration chemistry. 

 

 

4. Conclusion 

 The recent discovery of a biologically beneficial role for Cd(II) has motivated further 

investigation of its coordination chemistry. The synthesis and characterization of Cd(II) complexes 

in a 1:1 ratio with HL1, L2, and L3 has contributed to a better understanding of potentially 

biologically relevant interactions between Cd(II) and imidazoles, thiolates, selenoethers and 

diselenides. One common theme in the studies reported is the unusual versatility of multidentate 

chelating ligands. 

 The synthesis and characterization of complex 14 expanded the series of complexes between 

Cd(II) and NNʹS tridentate ligands with CO2 fixing properties to a ligand without aromatic nitrogen 

donors. Despite the absence of rigid pyridyl rings in HL1 like those found in HL4 and HL5, a self-

assembled (CdS)6(μ3-CO3)2 was observed through ESI-MS experiments and supported by 

elemental analysis. This result will help expand the foundation for understanding Cd(II)-associated 

bioactivity in carbonic anhydrases and inspire new strategies for CO2 fixation. 

 Although selenium has been associated with physiological processing of Cd(II), the 

coordination chemistry of Cd(II) with neutral selenides has not been extensively investigated. The 
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synthesis and characterization of complex 7B confirmed Cd-(Se2R2) bond formation could be 

fostered by a chelating ligand. Further studies will address the lifetime of interactions between 

Cd(II) and diselenides in solution. 

 Finally, the synthesis of 16 has demonstrated the efficiency of structurally modeling histidine-

containing active sites with L3. The coordination environment of Cd(II) in complex 16 was highly 

similar to the coordination of Zn(II) in HCAB. Additional parallels between 16 and HCAB include 

interchangeable occupancy of the fourth tetrahedral ligand site. Future studies will investigate 

whether 16 catalyzes carbon dioxide hydration. 
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