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Macrocyclic Hamilton-type Receptors Comprising a Ferrocene Pivot 

Synthetic hydrogen-bonding receptors are described, which incorporate a central 

electroactive ferrocene moiety grafted with two adjacent bis(amido)pyridine 

motifs and an aliphatic tether (14 and 18 methylene units for 1 and 2, 

respectively) completing the macrocycle. The crystallographic structure, 

barbiturate guest-binding studies and electrochemical data are provided for the 

more strongly-binding macrocycle 2. 

Keywords: Macrocycle, ferrocene, Hamilton receptor, hydrogen-bonding, 

barbiturate 

Introduction 

Among a wealth of known selective synthetic hydrogen-bonding receptors, the 

molecular recognition motif described by Hamilton and coworkers (1-3) has earned a 

privileged place. This motif draws upon six complementary hydrogen bonds, affording 

a donor (D)-acceptor(A) DADDAD:ADAADA pattern (referring to the receptor and 

guest, respectively) to exclusively form 1:1 complexes with an appropriate guest 

molecule (such as barbiturates) with a high binding constant in non-competitive 

solvents (Kass  = 104-105 M-1). A diversity of hydrogen-bonding supramolecular 

constructs have been described which harness Hamilton-like receptors and 

complementary guests, including dendrimers and supramolecular polymers, as 

described in a recent review (4) of H-bonding supramolecular architectures 

incorporating variants of this versatile receptor. Macrocyclic versions are known to 

typically afford higher guest affinities and we recently described their use in forming 

pseudorotaxane architectures and their subsequent covalent capture giving rotaxanes via 

mild Huisgen and Glaser coupling reactions (5,6), as well as photochemical rotaxane-

trapping from acyclic components (7). As part of our ongoing interest in redox-active 

supramolecular systems (8,9), and in particular the development of H-bonding receptors 
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for organic molecules (9), herein we describe the synthesis, structural considerations 

and binding properties of novel electroactive macrocyclic Hamilton-like receptors of 

different size (1 and 2), which incorporate a central ferrocene motif in place of a phenyl 

group. The macrocycle design builds on a previously reported acyclic tetra-amide 

version (10), whose crystal structure is shown in Figure 1a, and, when the two -

HNC(O)Et groups are rather –NH2 (molecule 4 in this work), serves as a synthetic 

intermediate for the preparation of 1 and 2. The macrocyclic variants (Figure 1b) aimed 

to improve the binding properties for a guest barbiturate moiety with respect to the 

receptor shown in Figure 1a due to the structural integrity of the macrocycle, due to 

paying entropic costs and which in turn were anticipated to tune the redox properties of 

the ferrocene centre. Figure 1c shows the structural formula of barbital guest 3, while 

Figure 1d shows a single crystal X-ray structure of a related host-guest supramolecular 

adduct (lacking the electroactive ferrocene) and possibilities for multiple H-bonding of 

guest 3 (5).  
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Figure 1. a) Single crystal X-ray structure of acyclic Hamilton-like ferrocene-

containing receptor (10). b) Structural formulae of macrocyclic receptors 1 and 2. HA 

and HB denote protons used to follow guest binding in NMR studies (vide infra). c) 

Single crystal X-ray structure of macrocyclic Hamilton-type receptor with guest 3. 

Results and discussion 

The macrocyclic receptors 1 and 2 were synthesized as shown in Scheme 1, through a 

one-pot double condensation between both terminal –NH2 groups of acyclic 4 with the 

appropriate aliphatic α,ω-diacid chloride. Molecule 4 was synthesized as reported in the 

literature (11), but we note in passing that higher quality intermediates, namely the 1,1’-

ferrocene dicarboxylic acid and the corresponding acid chloride, could be obtained by 

recrystallization in acetic acid and heptane, respectively.  
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a: 1,16-hexadecanedioyl dichloride, Et3N, THF, r.t., 4d, 25% yield
b: 1,20-eicosanedioyl dichloride, Et3N, THF, r.t., 4d, 29% yield
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Scheme 1. Synthesis of 1 and 2. 

Single crystals of suitable quality for X-ray structural determination were obtained for 

2, whose structure is shown in Figure 2. Crystals were grown by vapor diffusion of 

diethyl ether into a concentrated acetic acid solution of 2 at room temperature, while 

high quality crystals of 1 proved elusive.  

The crystal structure of 2 shows that each molecule forms one NH· · ·O=C 

hydrogen bond to an adjacent molecule (Figure 2b). The ferrocene units adopt an 

orthogonal stacked architecture that presumably helps to accommodate these bulky 

units within the supramolecular structure. Bilayers are formed, the bulky electron-rich 

ferrocene units facing each other. The crystal packing of molecules is mostly driven by 

van der Waals interactions, so that all available void space is filled with the cyclic 

aromatic chains (60° angle between planes defined by aliphatic chains of 2 adjacent 

molecules). 
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Figure 2. (a) Ortep view of molecule 2. Ellipsoids displayed at 50% probability. (b) 

Hydrogen bonding network in the crystal structure of 2. Cambridge crystal database 

code: CCDC 1568518. 

 

The interactions of macrocycles 1 and 2 with barbiturate 3 were studied by UV–

visible and 1H NMR spectroscopies in chlorinated solvents at 293 K. 

From the electronic absorption spectra, the formation of host:guest complexes 

was denoted by a small red-shift of some nanometres of the pyridine absorption band 

(Figure 3a). An isosbestic point was observed at ca. 310 nm for both titrations of 1 and 

2 with 3. The data were analysed by the Letagrop program (12,13) and provided (1:1) 

binding constants of 727 ± 1 M–1 for 1 and 1032 ± 1 M–1 for 2 in dichloromethane. 

The titrations monitored by 1H NMR (CDCl3) revealed that the signals for both 

NH groups of the different amide groups in 1 and 2 are shifted downfield upon addition 

of increasing amounts of 3 (Figure 3b). This observation is consistent with the expected 

formation of hydrogen bonds between host and guest. We tentatively ascribe the N-HA 

(see figure 1b for labels) as being the more shielded protons, with respect to N-HB, 

a) b) 
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being adjacent to the electron-rich ferrocene. The analysis of the binding isotherm 

allowed the determination of (host:guest; 1:1) binding constants of ca. 103 M–1: 742 ± 

10 M–1 for 1 and 1011 ± 8 M–1 for 2, respectively (14). Thus binding constants of the 

ferrocene-containing macrocycles with 3 determined by both UV–visible and NMR 

monitoring proved to be consistent. 

a) 
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Figure 3. Titration of 1 in the presence of guest 3 monitored by:  a) UV–visible 

spectroscopy (2.5 × 10–5 M in CH2Cl2). b) 1H NMR using the chemical shifts of the host 

amide protons (1 mM in CDCl3). Squares = N-HA protons; Diamonds = N-HB protons 

(cf. Figure 1b). 
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A previously reported acyclic version of the receptor, which consisted of a bis-

ethylamide compound (Figure 1a) gave a slightly lower binding constant with 3 of 

575 M–1 in CDCl3 (10). Macrocycles 1 and 2 may be anticipated to offer a more 

preorganised binding site to bind guest 3, which would lower the free energy cost for 

complexation. 

From electrochemical experiments, macrocycle 2 was seen to undergo a redox 

transition (Fc/Fc+) at E1/2 = 1 (±0.005) V vs. decamethyl ferrocene (DCMF) as internal 

standard, where E1/2 = (Ep
a + Ep

c) / 2, (Figure 4). For a fully reversible system, the peak 

separation (ΔEp = Ep
a - Ep

c) would be expected to be close to 59 mV for a one electron 

process (15). However, for 2, ΔEp gradually increases with increasing scan rate (Table 

1), suggesting quasi-reversible behaviour.  

 

Table 1. Peak separation (ΔEp) values for 2 at varying scan rates. 

Scan rate / V s-1 0.01 0.02 0.04 0.06 0.08 0.1 0.25 0.5 

ΔEp / mV 21 68 68 72 72 77 96 124 
 

Plots of the square root of the scan rate vs current (Figure 5) gave a linear correlation. 

Consequently the diffusion coefficient of DCMF and 2 could be determined (16,17)  

using the Randles- Ševčik equation (Equation 1).  

𝑖! = 2.69  𝑥  10!𝑛! !𝐴𝐷! !𝐶𝑣! ! Eq. 1 

Where: ip = peak current (A), n = no. of electrons transferred per molecule in redox 

process, A = microscopic electrode surface area (cm2), D = diffusion coefficient (cm2 s-

1), C = bulk concentration of electrolyte (mol dm-3), ν = scan rate (V s-1). 
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The resultant diffusion coefficients were 5.7 x 10-9 cm2 s-1 and 1.5 x 10-9 cm2 s-1 for 

DCMF and 2, respectively. The reduced diffusion coefficient of 2 compared to DCMF 

is attributed to the large size of the molecule and the resultant increase in the resistivity 

of movement through the electrolyte. 

  

Figure 4. Cyclic voltammograms of 1:1 DCMF and 2, recorded at varying scan rates, in 

a solution of 0.1 M TBAPF6 in dry CH2Cl2 with a glassy carbon working electrode, 

platinum wire counter electrode and silver wire pseudo-reference electrode. 

 

2 DCMF 
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Figure 5. Plots of square root of the scan rate vs. current for DCMF and 2, where white 

circles and black squares indicate data derived from anodic and cathodic peaks, 

respectively. 

As shown in Figure 6, no substantial change in the electrochemical formal potential vs. 

DCMF (i.e. ΔE1/2  ≤  ±5 mV) was observed upon the addition of barbital (Figure 6), 

which was in contrast to small negative values that were observed for the previously 

reported acyclic receptors (10) and for other ferrocene receptors that bind organic guest 

molecules through H-bonding interactions (9). Nevertheless, it should be noted that the 

solution changed in appearance from slightly clouded to transparent, typically an 

indicator for association-aided dissolution. Since the ferrocene-containing receptor site 

is similar in both previous acyclic and the current cyclic variants, one can tentatively 

infer that the different electrochemical behaviour is principally due to geometric-

influences on the electronic communication between the ferrocene unit and the H-

bonding sites where barbital binding occurs and/or potential interaction between the 

stacked diamidopyridine moieties in the macrocyclic variant, as revealed by X-ray 

crystallography. 
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Figure 6. CVs recorded of DCMF and 2 on addition of 0.1-2 molar equivalents of 

barbital (3). Scan rate = 500 mV s-1, in 0.1 M TBAPF6 in dry CH2Cl2. 

Conclusion 

Macrocyclic versions of a Hamilton-like receptor incorporating a central ferrocene (1 

and 2) have been successfully synthesized. Six potential hydrogen-bonding sites are 

comprised within these receptors, some of which can be invoked to bind a barbiturate 

guest, whose binding was investigated via spectrophotometric, NMR and 

electrochemical experiments. The determined binding constants (Kass= 742 M-1 for 1 

and Kass= 1011 M-1 for 2 in d-chloroform, respectively) were found to be only slightly 

higher (10) than the previously reported acyclic version (Kass= 575 M-1 in d-

chloroform), and much lower than recently reported structural analogues where a 

central tert-butyl phenyl is surrogate (5) for the ferrocene moiety (Kass= 23,500 M-1 in 

chloroform). Crystallographic structural analysis of 2 elucidated a crescent-shaped 

structure and twisting of H-bonding groups out of the plane of the binding cavity, 
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making the receptor site ill-adapted to accommodate a barbiturate guest through six 

strong H-bonds, thereby off-setting the advantage imparted by the macrocyclic nature of 

the receptor. While the ferrocene is seen to retain its characteristic redox chemistry, 

titrations followed by cyclic voltammetry show that the influence of the guest has a 

negligible effect on the formal potential of the redox-active centre. This indicates that 

the preorganised nature of the receptor framework, when compared with the 

corresponding acyclic systems, reduces the effect that barbital binding has on the ease 

of oxidation of the ferrocene centre. 

Experimental 

Materials and methods 

Acyclic receptor (4) was synthesized as reported previously (11). All manipulations 

were performed under a dry argon atmosphere using standard techniques. 

Commercially-available reagents and solvents (Sigma-Aldrich, Acros and Alfa Aesar) 

were used as received unless otherwise stated. The progress of all reactions was 

monitored by thin layer chromatography on silica gel 40 F254. Column chromatography 

was performed on silica gel 40 (0.230-0.400 mm or 40-63 µm, Sigma-Aldrich). 1H and 

13C-NMR experiments were performed at 295 K on a Brüker Avance 300 (1H: 300 

MHz, 13C: 75 MHz) and an Avance III 600 (1H: 600 MHz, 13C: 150 MHz) spectrometer. 

Chemical shifts are reported in ppm (δ) and are referenced to the NMR solvent residual 

peaks. For the assignment of signals, the following abbreviations are used are s = 

singlet, d = doublet, t = triplet. Mass spectra were performed by the CESAMO 

(Bordeaux, France) on a QStar Elite mass spectrometer (Applied Biosystems). ESI-

QTOF mass spectra (including all HRMS) were performed on an instrument equipped 

with an ESI source and spectra were recorded in the positive mode. The electrospray 
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needle was maintained at 5000 V and operated at room temperature. Samples were 

introduced by injection through a 20 µL sample loop into a 4500 µL/min flow of 

methanol from the LC pump. ESI-MS experiments were performed on an ion trap 

spectrometer equipped with an electrospray ion source (ESI). Field desorption (FD) 

spectra were recorded on a TOF mass spectrometer using an FD emitter with an emitter 

voltage of 10 kV. One to two microliters solution of the compound is deposited on a 

13 µm emitter wire. Electronic absorption spectra were measured on a Varian Cary 

5000 UV-vis-NIR spectrophotometer. Crystallographic data (see SI, Table 1) collection 

was performed at the IECB X-ray facility (UMS3033) on a high flux microfocus Rigaku 

FRX rotating anode at the copper kα wavelength equipped with osmic Varimax mirrors 

and a Dectris Pilatus 200 K hybrid detector. The crystal was mounted on a cryo-loop 

after quick soaking on Paratone—N oil from Hampton research and flash-frozen. The 

diffractometer is composed of a partial chi geometry goniometer allowing omega-scan 

data collections. The data were processed with the CrysAlisPro v38.46. The crystal 

structure was solved using direct methods implemented in SHELXT and refined using  

SHELXL 2013 version (18,19). Full-matrix least-squares refinement were performed on 

F2 for all unique reflections, minimizing w(Fo2- Fc2)2, with anisotropic displacement 

parameters for non-hydrogen atoms. Hydrogen atoms were positioned in idealized 

positions and refined with a riding model, with Uiso constrained to 1.2 Ueq value of the 

parent atom (1.5 Ueq when CH3). The positions and isotropic displacement parameters 

of the remaining hydrogen atoms were refined freely. RIGU commands were used to 

restrain some carbon atoms of the aliphatic chain as rigid groups and restrain their 

displacement parameters. Data statistics are presented in table S1 and in the cif files. 

Electrochemical experiments were carried out as follows: a glassy carbon working 

electrodes was polished in a figure of eight fashion using 1, 0.3 and 0.05 gamma 



 14 

alumina on a microcloth pad (Buehler, UK) (for 3.3 and 5 mins respectively). The 

electrode was then sonicated in 1:1 ethanol/water for 5 mins and washed in stream of 

dry DCM for 1 min. The counter electrode was a platinum wire, which was cleaned by 

heat annealing before quenching with dry DCM. A Ag wire was used as a pseudo 

reference electrode after heat annealing and quenching with dry DCM. Both were used 

immediately after washing. The supporting electrolyte was a solution of 0.1M TBAPF6 

and 1 mM decamethylferrocene (to act as an internal reference) dissolved in dry DCM 

and degassed with argon for 15 mins. 2 was dissolved in the electrolyte at a 

concentration of 1 mg / mL. This solution was subsequently sonicated for 10 mins. All 

CVs were carried out under argon and an argon flush was continued during the stirring 

between additions of the relevant compounds (which was carried out in situ). 

Synthesis of 1 

To a stirred solution of dry THF (50 mL) under argon, acyclic receptor 4 (456 mg, 1 

mmol) and triethylamine (280 µL, 2 mmol) in THF (100 mL) and 1,16-hexadecanedioyl 

dichloride (323 mg, 1 mmol) in THF (100 mL) were added dropwise simultaneously, 

over 3 h. The mixture was stirred at room temperature for 4 days, then the solvent and 

the volatiles were removed under vacuum. The crude product was dissolved in 

chloroform (250 mL) and washed with a saturated solution of Na2CO3 (2 × 200 mL) and 

brine (200 mL). The organic phase was dried over MgSO4 and the solvent was 

removed. Purification by column chromatography (SiO2, MeOH:DCM, 1:49, v/v) 

afforded 1 as an orange solid (179 mg, yield: 25%). 1H NMR (600 MHz, Acetic Acid – 

d4): δ 7.96 - 7.66 (m, 6H), 5.19 - 5.16 (m, 4H), 4.70 - 4.68 (m, 4H), 2.52 (t, J = 7.5 Hz, 

4H), 1.83 - 1.68 (m, 4H), 1.52 - 1.34 (m, 20H). 13C NMR (600 MHz, Acetic Acid – d4): 

δ 174.1, 169.2, 148.6, 148.2, 142.6, 109.9, 76.1, 73.3, 70.5, 36.6, 28.4, 28.3, 28.2, 28, 
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27.7, 27.5, 24.6. HRMS (ESI) calcd for C38H46N6O4NaFe [M+Na]+ m/z = 729.2822, 

found m/z = 729.2836. 

Synthesis of 2 

To a stirred solution of dry THF (50 mL) under argon, acyclic receptor 4 (456 mg, 1 

mmol) and triethylamine (280 µL, 2 mmol) in THF (100 mL) and 1,20-eicosanedioyl 

dichloride (379 mg, 1 mmol) in THF (100 mL) were added dropwise simultaneously, 

over 3 h. The mixture was stirred at room temperature for 4 days, then the solvent and 

the volatiles were removed under vacuum. The crude product was dissolved in 

chloroform (250 mL) and washed with a saturated solution of Na2CO3 (2 × 200 mL) and 

brine (200 mL). The organic phase was dried over MgSO4 and the solvent was 

removed. Purification by column chromatography (SiO2, MeOH:DCM, 1:49, v/v) 

afforded 2 as an orange solid (225 mg, yield: 29%). 1H NMR (600 MHz, Acetic Acid – 

d4): δ 7.84 - 7.68 (m, 6H), 5.17 (s, 4H), 4.69 (s, 4H), 2.52 (t, J = 6.8 Hz, 4H), 1.80 - 

1.70 (m, 4H), 1.48 - 1.33 (m, 28H). 13C NMR (600 MHz, Acetic Acid – d4): δ 174.1, 

169.1, 148.5, 148.2, 142.6, 109.8, 76.2, 73.1, 70.6, 36.7, 28.8, 28.7, 28.5, 28.3, 28.1, 

27.8, 27.7, 24.8. HRMS (ESI) calcd for C42H54N6O4NaFe [M+Na]+ m/z = 785.3448, 

found m/z = 729.3459. 
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