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Synthesis and Structural Studies of Copper(II) Complex with N2S2 
Based N-Substituted Pendant Phosphonic Acid Arms 
Ian S. Taschner*a, Ethan Aubuchona, Briana R. Schrageb, Christopher J. Zieglerb and Art van der Est c

The synthesis of a heteromacrocyclic bifunctional chelator with phosphonic acid pendent arms is presented along copper(II) 
complexation.  Ligand N2S2-POH featuring N,N’-bis-substituted phosphonate pendent arms was isolated in respectable 
yields, characterized, and chelated to copper(II).  Implementation of both Moedritzer-Irani and Kabachnik-Fields conditions 
using aza-thia macrocycle 1,8-dithia-4,11-diazacyclotetradecane afforded 1,8-dithia-4,11-diazacyclotetradecane-4,11-diyl-
bis-(methylene)-bis-(phosphonic acid) (N2S2-POH). Kinetic NMR studies provided four acid dissociation constants with 
respect to hydronium ion concentration.  Benesi-Hildebrand binding experiment provided a conditional formation constant 
of 2.8 x 104 M-1. Heteromacrocycle N2S2-POH readily formed an encapsulated copper(II) chelate at room temperature, which 
was examined through EPR analysis.

Introduction
The use of radioisotopic chelates for positron emission 
tomography (PET) has been vital for observation of metabolic 
processes in vivo, facilitating confidence in diagnostic 
evaluation by health professionals.1 Several metal 
radioisotopes are used, for example, 64Cu intrinsically provides 
a unique decay profile (t1/2 = 12.7 h, +: 19%, -: 38%) and can 
be readily complexed with an organic ligand to improve 
biodistribution. The desired properties of a radiometal chelate 
in vivo are both thermodynamically stability and passive 
kinetics.2  The “ideal” metal-chelate for imaging should have 
immediate absorption, high tissue specificity, biological 
inertness, and complete-intact excretion.3 Cyclam derivatives 
were one of the first successful chelates incorporated due to the 
high selectivity for copper, but have been shown to deposit the 
radioisotope, possibly through reduction of Cu(II) to Cu(I).  
Subsequent loss of Cu(I) from the ligand either through 
reductive activation of oxygen or loss via transmetalation will 
cause random radiometal deposition within tissues 
complicating the PET scan and diagnosis.4

Common macrocyclic chelating agents for complexation of 64Cu 
include DOTA, NOTA, p-NH2-Bn-NOTA, p-NH2-Bn-DOTA, and 
cryptand SarAr (Figure 1).5 Many research groups are expanding 
and tuning ligands to overcome the complications such as slow 
metal complexation, which is a setback when incorporating a 
bioconjugate peptide.  Studies comparing peptide or antibody 

conjugates with different chelators have indicated that choice 
of ligand is critical, influencing radiolabeling, targeting, and 

pharmacokinetics.6 The CB-TE2A-64Cu chelate, reported by 
Weisman et al., possessed high kinetic inertness and tissue 
selectivity but required the need for harsh conditions to enable 
chelation of 64Cu(II) to CB-TE2A, limiting the ligands efficiency.7  
To mitigate the elevated temperature and slow chelation rate 
of CB-TE2A with 64Cu, CB-TE2P (Figure 1) was used as an 
alternative bifunctional chelate, providing high kinetic inertness 
and thermodynamic stability under room temperature 
chelation conditions.7 

Chelation of copper(II) by a sarcophogine cage motif, SarAR, 
represents another class of 64Cu ligands.  Complexation of 64Cu 
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Figure 1 Heteromacrocyclic bifunctional chelators mentioned in the text
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was complete within a few minutes over a wide range of pH 
values.  The radiolabeled chelate, 64Cu-SarAr, was reported to 
be completely cleared from the blood and liver over a 30 min 
period.5  The radiopharmaceutical, 64Cu-ATSM, incorporates 
two sulphur atoms in an acyclic chelate and has gained interest 
for imaging head8, neck8, lung9, and cervical cancer10.  64Cu-
ATSM used in oncologic settings has been applied in detection 
of hypoxia as well as being a less invasive operation.11 With a 
semithiocarbazone backbone, 64Cu-ATSM, has high cell 
permeability and will diffuse into surrounding cells which 
undergoes a reduction in hypoxic cells selectively.12

With access to the N2S2 backbone,13 aspects of CB-TE2P, namely 
the 14-membered nitrogen containing macrocycle with 
pendant phosphonate arms could be combined with the 
sulphur heteroatoms from ATSM and investigated.  Synthesis 
and physical properties of a new aza-thia macrocycle, N2S2-
POH, was performed and reported herein.

Results and discussion
Synthesis
The synthesis of aza/thia-macrocycle N2S2 was carried out on 
multi-gram scale in accordance with a previously reported 
synthetic sequence described by Walker et al.14  The HCl salt of 
N2S2-POH was synthesized through two methods depicted in 
Scheme 1.

Parent N2S2 was subjected to Moedritzer-Irani conditions in a 
sealed tube to afford the target macrocyclic phosphonic acid 
N2S2-POH-HCl.15 Crude NMR analysis revealed impurities and 
byproducts that could not be removed via crystallization.  
However, the use of a strong cation exchange resin (Dowex 
50W-X12) with a 10% increase in acidic eluent per two column 
volumes provided N2S2-POH-HCl as a white solid. The second 
approach to the desired amino phosphonic acid was achieved 
through a Kabachnik-Fields reaction followed by acidic 
hydrolysis. The reaction of N2S2 with paraformaldehyde and 
triethylphosphite, in THF provided N2S2-POEt in 72% yield after 
aqueous work up and column chromatography. Hydrolysis with 
6 M HCl at 100 °C for 12 h afforded macrocyclic amino 

phosphonic acid N2S2-POH-HCl in 34% yield after ion exchange 
chromatography.
NMR Spectroscopy
The decomposition of N2S2-POH-HCl was observed during NMR 
analysis and initially attributed to impurities causing 
dephosphonylation. Both methods affording N2S2-POH-HCl 
subsequently underwent a slow retro-Moedritzer-Irani reaction 
in acidic media which limited the amount of time required to 
fully analyze the product spectroscopically. Dissolving N2S2-
POH-HCl in 2 M aqueous carbonate, the N2S2-POCs and N2S2-
POK salts (Scheme 2) were precipitated out through slow 
addition of an anti-solvent (methanol and ethanol respectively) 
at 0 °C. Macrocyclic salts N2S2-POCs and N2S2-POK were stable 
in aqueous media and provided high quality NMR spectra. 
Surprisingly, the formation of an ammonium salt in the 
presence of an excess of triethylamine, N2S2-POH produced the 
mono ammonium salt, N2S2-PON (Scheme 2), as determined 
through 1H and 31P NMR analysis.  The formation of the mono 
ammonium adduct, N2S2-PON, prompted an investigation via 
dynamic NMR spectroscopy to determine the dissociation 
constants for the acidic protons. The potassium salt, N2S2-POK, 
at 25 mM was subjected to pH studies using 1 M KOD(D2O) to 
adjust the pH to 13 followed by 25 individual ~1 µL aliquots of 1 
M DCl(D2O), providing four acid dissociation constants which 
agreed with literature values for similar macrocyclic 
aminophosphonic acids.16 

The observed chemical shift is related to the frequencies of both 
acid (HA) and conjugate acid (A-) through Equation 1. The 
frequency of a nucleus at equilibrium can be extrapolated to 
determine the mole fractions of HA and A- at a set pH (Equation 
3), where HA and A- are the respective chemical shifts and xHA 
and xA- are the respective mole fractions.  The sum of the mole 
fractions must equal one (Equation 4), therefore determination 
of the acidic mole fraction (xHA) can be used to estimate the 
desired acid dissociation constant. The acidic titrant utilized was 
1 M DCl in D2O and the pD was converted to pH using Equation 
5. The dynamic pH spread of 1H and 31P NMR spectra are 
depicted in  figure 2.

(1)𝑣𝑜𝑏𝑠 = 𝑣𝐻𝐴(𝑥𝐻𝐴) + 𝑣𝐴 ― (𝑥𝐴 ― )

(2)𝑝𝐾𝑎 = 𝑝𝐻 + 𝑙𝑜𝑔
𝑥𝐻𝐴

𝑥𝐴 ―

 (3)𝑥𝐴 ― =
(𝑙𝑜𝑤 𝑝𝐻) ― 𝑜𝑏𝑠

(𝑙𝑜𝑤 𝑝𝐻) ― (ℎ𝑖𝑔ℎ 𝑝𝐻)
 

       (4)𝑥𝐻𝐴 + 𝑥𝐴 ― = 1

Scheme 1 Methods used for the synthesis of amino phosphonic acid N2S2-POH-HCl

Scheme 2 Salt formation preventing retro-Moedritzer-Irani
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(5)𝑝𝐷 = 𝑝𝐻 + 0.4

Acid dissociation constants of N2S2-POK over a pH range of 0-13 
were calculated using methodology outlined by Silva 
incorporating both 1H and 31P nuclear frequencies (Figure 2).17  
The acid dissociation constants were experimentally derived by 
varying solution pH and correlating chemical shift frequency 
(obs). All 1H frequencies of N2S2-POK were assigned, and four 
acid dissociation constants were obtained with suitable 
precision. Values for pKa1-pKa4 associated with the 1H’s on the 
phosphonate moieties were 0.10 (±1.00), 4.47 (±0.05), 8.99 
(±0.15), and 11.37 (±0.43), respectively. Chemical shift vs pH 
plots are presented in supplemental (Figure S2 and S3). 
Determination of the pKa values in solution of protioisomers A-
G were accomplished by assuming that the major conformation 
in solution was anti with respect to the phosphonate pendant 
arms in relation to the aza-thia macrocyclic plane (Figure 3). 
Tentative conformers in solution at equilibrium with their 
respective protioisomer, A-G, could feasibly have the 
phosphonate pendant arms in a syn-orientation with respect to 
the aza-thia macrocycle, and stabilized through H-bonding or 
via metal coordination (pH dependent). The syn isomer A’ is 
depicted in Figure 3, showing the possible equilibrium between 
trans conformer A in solution.

Using the respective 1H and 31P frequencies, the mole fractions 
could be determined, thus providing an average pKa for each 
protioisomer.  Precise pKa5-a6 values were difficult to obtain due 
to rotational impedance between -N-CH2-P- at high ionic 
strength.18

The N2S2-POK ligand was exposed to a solution of copper(I) in 
acetonitrile-d3, deuterium oxide, methanol-d4 and chloroform-
d, upon which all solutions immediately turned green and no 
signals were observed in the 1H spectra.  This possibly indicates 
that heteromacrocycle N2S2-POK has a strong preference for 
copper(II), and that at physiological pH copper(I) undergoes 
oxidation resulting in the copper(II) complex. Attempts to 
isolate the copper(I/II) salts for X-ray diffraction were 
unsuccessful. 

Electrochemical Potential Measurements
The cyclic voltammograms of N2S2-POK-Cu and N2S2-Cu 
performed in 0.1 M NaOAc as the supporting electrolytic 
solution adjusted to pH = 7 are shown in Figure 4. The reduction 
of N2S2-POK-Cu is quasi-reversible with an E1/2 value of -310 mV 
vs. Ag/AgCl corrected against the SHE (+0.197 V). The midpoint 
potential is ∼-50 mV more negative than the corresponding 
N2S2-Cu complex. A comparison of the reported midpoint 
potential of N2S2-Cu in aqueous solution and a series of closely 
related complexes in acetonitrile indicate that this difference 
can be attributed largely to the stabilization of the Cu(I) species
 in acetonitrile.19 Thus, the arrangement of the two sulfur and 
two nitrogen ligands does not appear to affect the midpoint 
potential strongly, and the potential can be attributed to the 
pendant arms of N2S2-POK-Cu. 

Figure 2 31P NMR at 25°C showing pH dependence on chemical shift () of 
phosphorus nuclei (Top) and 1H NMR at 25 °C showing dependence on chemical 
shift (v). 

Figure 3  Proposed structural dynamics and associated Ka values and the depiction 
of syn isomer A’

Page 3 of 9 Dalton Transactions



ARTICLE Journal Name

4 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins

Please do not adjust margins

NH S

HNS

PO3H-

-HO3P ·CO3
2-

·2 K+

N2S2-POK

NH2 S

H2NS

N2S2-HCl

·2 Cl-

BA

EPR Measurements
The X-band EPR spectra of copper(II) acetate and N2S2-POK-Cu 
at 120 K in water:glycerol (80:20) are depicted in Figure 5. The 
copper acetate spectrum (A) shows a typical axial g-tensor 
pattern with four resolved hyperfine features on the low field 
end of the spectrum due to the large parallel component of the 
hyperfine coupling to I=3/2 Cu nucleus as expected for a square 
planar, or axially distorted octahedral geometry.  The principal 
g-values and hyperfine couplings obtained from the spectrum 
(g||=2.36, g=2.06, A|| = 426 MHz, A = 22 MHz) are in 

agreement with literature values20 of copper acetate 
hexahydrate and are typical of copper(II) chelated with four 
oxygen atoms.21be gxx = 2.01, gyy = 2.07 and gzz = 2.21 and the 
hyperfine coupling Azz is ~330 MHz. A shift to lower g-value and 
the smaller hyperfine coupling is expected with a change from 
oxygen ligands to sulfur and nitrogen and the observed gzz value 
is in line with that of axially symmetric Cu(II) centers with two 
nitrogen and two sulfur ligands.21b  However, the rhombicity of 
the g-tensor and small value for Azz indicate that a significant 
distortion of the structure from local D2h symmetry must take 
place.  

Crystallography
Structural characteristics were further elucidated through 
single crystal X-ray diffractometry. An X-ray quality crystal was 
isolated through the use of an ethanol diffusion chamber. The 
crystal structures of N2S2-POK and N2S2-HCl are shown in Figure 
6, each adopting a [3434] orientation according to Dale’s 
nomenclature.22 The structure of N2S2-HCl has been published 
previously.13 The crystal system for N2S2-POK is monoclinic with 
the space group P-21/c.  The hydrogen bonds are 
intermolecular between -N-H—O-P- each interacting with four 
other N2S2-POK ligands.

260 280 300 320 340 360
Magnetic Field (mT)

A

B

Figure 5 Continuous wave X-band EPR of A) CuOAc2 and B) N2S2-POK-Cu at 120 K

Figure 6 A) Thermal ellipsoid diagrams of N2S2-POK and previously reported N2S2-HCl (CCDC 888496) at 35% probability displacement ellipsoids showing [3434] conformation and B) 
macrocyclic crown conformation.  All C-H hydrogen atoms are omitted for clarity.
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A comparison of N2S2 with N2S2-POK crystal data and structural 
refinement parameters are provided in supporting information 
along with key bond distances and angles (Table S1 and S2).  The 
differences observed in topology between N2S2-POK and N2S2-
HCl are heavily influenced by the associated amino-
methylphosphonate pendant arm. The structural integrity of 
the “crown” conformation associated with N2S2-HCl is slightly 
compromised as well from the additional intermolecular H-
bonds of the amino phosphonate moiety.

UV-Visible Spectra of Cu(II) Complex
The UV-visible spectrum of the copper adducts of N2S2-POK 
(Figure 7) exhibited max of 246, 360, and 635 nm in aqueous 
media, comparable to previously reported data.23 The 
absorption bands of copper bound N2S2-POK at 360 nm and 635 
nm are slightly red shifted in comparison with N2S2-Cu.  The 
absorption band at 360 nm corresponds to the SCu(II) ligand-
to-metal charge transfer (LMCT), and the absorption at 635 nm 
results from the (N)Cu(II) LMCT.24 A blue shift was observed 
at 246 nm and can be attributed to the phosphonate pendant 
arms coordination with Cu(II).

The conditional binding constant, , was determined for 𝐾𝐻𝐺
𝑐𝑜𝑛𝑑

N2S2-POK-Cu using a modified Benesi-Hildebrand25 host:guest 
([H]:[G]) study (Figure 8) through the following mathematical 
derivation:

𝐻 + 𝐺 ⇌𝐻𝐺

  (6)Δ𝐴 =
Δ𝜀
2 [([𝐻]𝑂 + [𝐺]𝑂 +

1
𝐾) ± ([𝐻]𝑂 + [𝐺]𝑂 +

1
𝐾)2

― 4[𝐻]𝑂[𝐺]𝑂]
Thermal binding constant, , is determined from  𝐾𝐻𝐺

𝑡ℎ𝑒𝑟𝑚 𝐾𝐻𝐺
𝑐𝑜𝑛𝑑

through equation 7 using the equilibrium constants for binding of 
water to copper(II) and aqueous protonation constants associated 
with N2S2-POK, , defined in the SI.𝛼𝐻

(7)𝐾𝐻𝐺
𝑡ℎ𝑒𝑟𝑚 =  𝐾𝐻𝐺

𝑐𝑜𝑛𝑑𝛼𝐻

Where [H]0 and [G]0 are the analytical molar concentration of 
the host and guest, respectively. If [G]0 is kept constant a plot of 
absorbance vs [A]0 can be fit to equation 6 with the adjustable 

parameters of  and 1/K.  Using equation 6 in tandem with a 
binding simulator26 (Bindfit) the conditional association 
constant was determined to be 2.18 x 104 M-1 at 25 °C, at an 
ionic strength of 0.1 M H(K)Cl, and a [H3O]+ of 1 x 10-5.  This value 
was two orders of magnitude greater than previously reported 
parent N2S2 (Table 1, NSNS)  macrocycle. 

Table 1. [14]ane macrocyclic stability constants and absorption bands for copper(II) 
complexes. Value in parenthesis was obtained using the procedure outlined in the SI.

Copper Ligate pH  (nm) Kcond, M-1

S4
23d, 27 1 390 2.18 x 104

NSNS27 5 354 (6.7 x 102) 9.34 x 102

NSSN23d 2.3 335 1.07 x 104

NNNS23d 2.7 315 >1 x 105

NNSS23d 1.7 337 3.62 x 103

N2S2-POK 5 635 2.8 x 104

Complexation at 23 °C between N2S2-POK and copper 
perchlorate in an aqueous solution was complete within 3 
minutes affording a dark green solution of N2S2-POK-Cu.  This 
was performed at [H3O]+ concentrations between 10-3 – 10-7.  
The increased complexation rate enables chelation to proceed 
under mild conditions allowing for potential peptide conjugates 
coupled to N2S2-POK for selective tissue delivery.

Conclusions
Heteromacrocycle N2S2-POK was found to chelate and stabilize 
copper(II) in aqueous media within physiological pH and full 
complexation was complete within 3 min, which is comparable 
to macrocyclic amino phosphonates reported in literature.27, 

Error! Bookmark not defined. Comparison with parent N2S2 macrocycle 
indicated slight perturbation of the rings structural topology 
and a more negative redox potential.  The major difference was 
determined through a thermodynamic colorimetry experiment 
indicating the formation constant of N2S2-POK being two orders 
of magnitude greater than the N2S2.   Cryptands based off of the 
N2S2 macrocyclic scaffold will be prepared and evaluated 
against the SarAr copper ligate, which has high kinetic inertness 
and thermodynamic stability in vivo. Tuning of the N2S2 
macrocyclic backbone to obtain lower redox potentials, while 
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Figure 7 UV-Vis of N2S2-POK-Cu (purple) and N2S2-Cu (blue); pH 7, 0.1 M NaOAC
0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

235 285 335 385 435 485 535 585 635 685 735

Lo
g

(I
/I0

)

Wavelength (nm)

Figure 8 Benesi-Hildebrand Host:Guest UV-Vis spectra of N2S2-POK-Cu [0.03 M] 
Cu(OCl4)2·6 H2O [0.003 M].
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enhancing the thermodynamic and kinetic properties similar to 
the 64Cu-ATSM ligand is of ongoing interest. 

Experimental
All commercial reagents, unless otherwise stated, were used as 
received (Aldrich, VWR, or Fischer Scientific Ltd.). 
Dichloromethane and acetonitrile were distilled from calcium 
hydride under nitrogen. Dimethylformamide was distilled from 
calcium hydride under vacuum, stored over 3 Å molecular 
sieves, and degassed with argon using a gas dispersion frit. 
Reactions run at room temperature are in the range of 22−24 
°C. 1H and 13C NMR spectra were obtained on a Varian 400 
spectrometer as solutions in CDCl3 and referenced to residual 
CHCl3. For spectra taken in other NMR solvents, D2O and DMSO-
d6, the 1H spectra were referenced to the residual solvent 
protioisomers, and 13C spectra were referenced to the NMR 
solvent. Chemical shifts are expressed in parts per million 
values, and coupling constants (J) are reported in Hertz (Hz) and 
rounded to the nearest 0.5 Hz. The following abbreviations are 
used to indicate apparent multiplicities: s, singlet; d, doublet; 
dd, doublet of doublets; ddd, doublet of doublet of doublets; t, 
triplet; q, quartet; m, multiplet. Flash column chromatography 
on silica gel (60 Å, 230−400 mesh, low acidity, obtained from 
EMD Millipore Corporation) was performed using reagent grade 
solvents. Analytical thin-layer chromatography (TLC) was 
performed on precoated aluminum-backed silica gel plates 
(EMD Millipore Corporation), visualized with a UV lamp (254 
nm) or iodine/silica or potassium molybdic acid solution in 
ethanol or KMnO4(aq) or p-anisaldehyde(EtOH) or vanillin(EtOH).

Physical Methods
FTIR spectra were collected on a Jasco 4600 spectrophotometer 
running Spectra Manager CFR®, where samples were prepared 
as a neat oil or solid on a ZnSe window using attenuated total 
reflectance (ATR). Melting points were obtained on a MeltTemp 
melting point apparatus and are uncorrected. High-resolution 
mass spectra (HRMS) were recorded on a time-of-flight JMS-
T1000LC spectrometer with a DART ion source. ESI-MS spectra 
were acquired with a Bruker micrOTOF II, in the positive mode 
(parent ion plus H+).  ESI samples were prepared for analysis by 
dissolving samples to 10-4 M in acetonitrile, and were directly 
infused into the mass spectrometer at a flow rate of 4 µL/min.  
The ESI was operated with a capillary offset of 4500 V, and a 
skimmer potential of 48 V.  The samples were calibrated using 
an internal standard. X-ray intensity data were measured on a 
Bruker CCD-based diffractometer with dual Cu/Mo ImuS 
microfocus optics (Cu Kα radiation, λ = 1.54178 Å, Mo Kα 
radiation, λ =0.71073 Å). Crystals were mounted on a cryoloop 
using Paratone oil and placed under a steam of nitrogen at 100 
K (Oxford Cryosystems). The data were corrected for absorption 
with the SADABS program.  The structures were refined using 
the Bruker SHELXTL Software Package (Version 6.1), and were 
solved using direct methods until the final anisotropic full-
matrix, least squares refinement of F2 converged. CCDC number 
1969818 contains the supplementary crystallographic data for 
this paper. These data can be obtained free of charge from The 

Cambridge Crystallographic Data Centre via 
www.ccdc.cam.ac.uk/structures.

Electrochemistry
The cyclic voltammograms were collected using a BAS 100B 
Epsilon and C3 Cell Stand. Measurements were carried out in 
MilliQ water degassed for 20 min with nitrogen. A solution of 
0.1 M sodium acetate in MilliQ water buffered to pH = 7 with 
glacial acetic acid was used as the supporting electrolyte. Cyclic 
voltammetry was recorded using a three-electrode system. A 
freshly polished glossy carbon was used as the working 
electrode with a 3 M NaCl Ag/AgCl reference electrode and a 
platinum auxiliary electrode. Voltammograms were cycled 
between −0.95 V to 0.95 V with scan rates of 50 mV/s.

EPR spectra were obtained using a modified ER 200D-SRC 
spectrometer with Bruker ER 041 X-MR microwave bridge and 
a dielectric resonator. The CW-EPR experiments were detected 
by 100 kHz field modulation and digitized by a Bruker 032 M 
signal channel. A 1 mM solution of the complex was prepared in 
80% water and 20% glycerol solution and cooled to 120 K. 
Spectrometer microwave power was set to 1 mW and 10 G 
modulation amplitude.
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Physical properties and copper chelation of phosphonic acid substituted 14-[Ane]N2S2 
macrocycle for use as a potential radio imaging ligand.
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