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A B S T R A C T   

Reaction of [2+2] and [6+6] Schiff-base macrocycles with FeBr2 are reported, together with preliminary studies 
of the applications of the iron-containing products. In particular, we have investigated peroxidase-like activity 
and determination of H2O2, as well as their ability to act as catalysts for ring opening polymerization of cyclic 
esters.   

1. Introduction 

Macrocycles have attracted attention for decades, and their coordi-
nation chemistry is of particular interest given the possible simultaneous 
coordination of multiple metals centres and beneficial cooperative ef-
fects. We have investigated the coordination chemistry of [2+2] Schiff- 
base macrocycles derived from chelating anilines {2,2′-(X)(C6H4NH2)2} 
(X = CH2CH2, O) and diformylphenols [1,3-(CHO)2–5-X’-C6H3OH-2] 
(X′ = Me, tBu, Cl) [1–4]. Macrocycles which bear both phenoxide and 
accessible nitrogen groups are of biological interest [5–7], and their 
complexes have been employed as enzyme mimetics [8–14]. Literature 
on [6+6] macrocycles and complexes thereof are scant [15–18]. The low 
toxicity associated with Fe(III), together with low cost of iron pre-
cursors, makes such systems attractive. 

Herein, we explore iron chemistry of [2+2] macrocycles and a new 
[6+6] macrocycle (Charts S1 and S2). The syntheses of these macro-
cycles are solvent dependent, requiring refluxing methanol ([2+2]) or 
refluxing toluene ([6+6]). Initial studies on their peroxidase-like ac-
tivity (and H2O2 determination), and use as catalysts for ROP of cyclic 
esters is reported. 

2. Results and discussion 

2.1. Synthesis and molecular structures 

L1H2 {[2-(OH)-5-(Me)-C6H2-1,3-(CH)2][O(2-C6H4N)2]}2 reacts with 
FeBr2 (2.1 equivalents) in refluxing toluene resulting in the Fe(III) salt 
[L1H2FeBr2]2[FeBr3OFeBr3]⋅7MeCN (1⋅7MeCN). The formation of Fe 
(III) is likely due to adventitious oxygen, and appears to promote salt 
formation (see 3). Views of the molecular structure are shown in 
Figs. S1/S2; bond lengths and angles in Table S1. In the cation, the iron 
centre is distorted octahedral and bound in N,O,N,O-fashion by the 
macrocycle; two cis-bromides complete the coordination sphere. 

Similar reaction of L1H2, but in the presence of Et3N, resulted in the 
Fe(II) complex [Fe2Br2L1]2⋅3MeCN (2⋅3MeCN) (Figs. S3/S4). The 
structure contains a distorted trigonal bipyramidal Fe1 (τ = 0.55) and a 
distorted square pyramidal Fe2 (τ = 0.42) [19]. 

L1H2 is available via a double condensation reaction in refluxing 
methanol [20], however, on changing to toluene (higher reflux tem-
perature), the product is the [6+6] macrocycle L2H6, characterized by 
FT-IR, elementary analysis and ESI-MS (m/z = 1972 ([M + 3H]+). 

L2H6 {[2-(OH)-5-(Me)-C6H2-1,3-(CH)2][O(2-C6H4N)2]}6 (L2H6) re-
acts with FeBr2 (4.1 equivalents) affording [Fe2(L2H2)][FeBr3OFeBr3]‧ 
4MeCN (3⋅4MeCN) (Figs. 1, S5); bond lengths/angles in Table S1. The 
structure is comprised of a dinuclear Fe(III) cation, an [FeBr3OFeBr3] 
anion and four MeCN molecules. Each distorted octahedral iron centre 

* Corresponding author. 
E-mail address: C.redshaw@hull.ac.uk (C. Redshaw).  

Contents lists available at ScienceDirect 

Inorganic Chemistry Communications 

journal homepage: www.elsevier.com/locate/inoche 

https://doi.org/10.1016/j.inoche.2022.109376 
Received 9 January 2022; Received in revised form 28 February 2022; Accepted 9 March 2022   

mailto:C.redshaw@hull.ac.uk
www.sciencedirect.com/science/journal/13877003
https://www.elsevier.com/locate/inoche
https://doi.org/10.1016/j.inoche.2022.109376
https://doi.org/10.1016/j.inoche.2022.109376
https://doi.org/10.1016/j.inoche.2022.109376
http://crossmark.crossref.org/dialog/?doi=10.1016/j.inoche.2022.109376&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Inorganic Chemistry Communications 139 (2022) 109376

2

in the cation is bound by three phenoxide oxygens and three imine ni-
trogens. Fe–O bonds (e.g. for Fe1, 1.886(4)–1.974(4) Å) and Fe–N 
bonds (e.g. for Fe1, 2.157(4)–2.185(4) Å) compare favorably with those 
reported for iron(III) complexes bearing related macrocycles, e.g. [Fe 
(L3)(L3H)]⋅3MeCN (L3H2 = {[2-(OH)-5-(tBu)-C6H2-1,3-(CH)2] 
[CH2CH2(2-C6H4N)2]}2 [21]. There are noteworthy intermolecular in-
teractions including C–H⋯π, Br–H and anion‧‧‧π interactions (Fig. S6), 
connecting two neighboring macrocycles, with C-H⋯π interactions at 
ca. 3.455 Å and C-H-imine interactions ca. 3.667 Å. Br-H (2.807–3.309 
Å) and anion‧‧‧π interactions (3.475 Å) exist between anion and 
macrocycle. 

The morphology of 1–3 was analyzed by SEM (Figs. S7-S9) and mi-
crographs exhibiting nanorod-like morphology are observed. That for 2 
reveals homogeneous “wing” shapes composed of needle-like crystals. 

2.2. Ring opening polymerization of cyclic esters 

The potential of 1–3 to act as catalysts for ring-opening polymeri-
zation (ROP) was evaluated. A variety of conditions (differing ratios of 
[monomer]:[Cat]:[BnOH], temperatures and times) were used in the 
attempted ROP of ε-caprolactone, δ-valerolactone and r-lactide, how-
ever there was no sign of oligomeric/polymeric products. Byers et al. 
have reported that iron-based ROP catalysts are sensitive to metal 
oxidation state and associated electron density [22,23]. Activity was 
disfavored by the presence of cationic ferric centres, as observed for 1 
and 3 herein. Given the inactivity associated with 2, we cannot rule out 
the formation of similar ferric salt formation under the employed cata-
lytic conditions. 

2.3. Peroxidase-like activity 

The peroxidase-like activity of 1–3 was tested via oxidation of 
3,3′,5,5′- tetramethylbenzidine (TMB) in the presence of H2O2. 

TMB can be oxidized by H2O2 in the presence of 1–3 forming oxTMB, 
which exhibits a blue color (absorption at 652 nm); no color changes 
were found when using only L1H2 or L2H6. TMB oxidation only occurs in 
the Fe-TMB-H2O2 system, whereas no oxidation is observed in either the 
Fe-TMB or TMB-H2O2 systems (Fig. 2). With optimum pH = 4, the 
maximum absorbance was obtained at 45 ◦C (1 and 2) or 50 ◦C (3) 
(Fig. S10). Steady-state kinetic measurements were conducted and 
Lineweaver–Burk plots for 1–3 are shown in Figs. S11–S13; the double 
reciprocal plot is near linear [12]. For calculated Vmax (maximal reaction 
velocity) and Km values for 1–3 towards H2O2 and TMB, see Table S2. 
The Vmax values of these complexes are higher than for HRP and Fe3O4, 
suggesting they are good peroxidase-like mimetics. Leaching experi-
ments revealed no activity, ruling out Fenton-type behavior from free 
Fe2+ [24,25]. 

The possible electron transfer process of the Fe-TMB-H2O2 systems 
was investigated by cyclic voltammograms. Reduction currents of H2O2 
were observed using a Fe modified glassy carbon electrode as working 

electrode. It was deduced that 1–3 accelerate the electron transfer 
process between TMB and H2O2 (Fig. 3) [26,27]. The system employing 
1 or 3 exhibits best reduction current, assigned to the presence of Fe(III) 
centres (versus Fe(II) in 2). 

The colorimetric method for H2O2 sensing was based on the amount 
of blue oxTMB and is proportional to [H2O2]. Two linear ranges were 
obtained (Fig. S14), 0.5–5 mM, and 6–10 mM, with detection limit 0.05 
mM. The selectivity was tested with 5 mM H2O2 and the concentration of 
interferences was 4-fold that of H2O2 (Fig. S15). Results indicated an 
efficient method even in the presence of potentially competing con-
taminants. A comparison of the linear range and detection limit of 
different H2O2 sensors using peroxidase mimetics is shown in Table S3; 
this method possesses a comparatively wide linear range and low LOD. 

3. Conclusion 

[2+2] or [6+6] Schiff-base macrocycles have been complexed with 
Fe, and used as horseradish peroxidase mimetics. At pH 4.0, they exhibit 
highest absorbance at 652 nm, whilst 45 ◦C (1, 2) and 50 ◦C (3) are 
preferred temperatures. From kinetic studies, Michaelis–Menten type 
kinetics is exhibited and the process of electron transfer between TMB 
and H2O2 was found to be accelerated by the Schiff-base iron complex. 
Based on peroxidase mimic activity, a colorimetric determination 
method for H2O2 using 3 was established, with good selectivity with 
linear ranges (0.5–5 mM and 6–10 mM) and low detection limit (0.05 

Fig. 1. Molecular structure of [Fe2(L2H2)][FeBr3OFeBr3]⋅4MeCN (3⋅4MeCN), with ellipsoids at 30% probability level.  

Fig. 2. Absorbance spectra of oxTMB: 1) 1 + TMB + H2O2; 2) 2 + TMB + H2O2; 
3) 3 + TMB + H2O2; 4) 1 leaching solution + TMB + H2O2; 5) 2 leaching so-
lution + TMB + H2O2; 6) 3 leaching solution + TMB + H2O2; 7) TMB + H2O2; 
8) 2 leaching solution + TMB; 9) 2 + TMB; 10) 3 + TMB; Insert: color change of 
samples (left to right: using 1, 2 and 3, respectively). 
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mM). Such iron complexes are ineffective as catalysts for ROP of cyclic 
esters. 
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