Volume 52
Number 35

21 September 2023
Pages 12155-12566

Dalton
Transaction

An international journal of inorganic chemistry

rsc.li/dalton

...paramagnetics for MRI

ISSN 1477-9226

PAPER

ROYAL SOCIETY Jan Kotek et al.

Transition metal complexes of cyclam with two
O F CH EMIST RY 2,2,2-trifluoroethylphosphinate pendant arms as probes for
'“F magnetic resonance imaging




7® ROYAL SOCIETY
P OF CHEMISTRY

Dalton
Transactions

View Article Online

View Journal | View Issue

Transition metal complexes of cyclam with two
2,2,2-trifluoroethylphosphinate pendant arms as
probes for °F magnetic resonance imaging+

’ M) Check for updates ‘

Cite this: Dalton Trans., 2023, 52,
12208

Filip Koucky, Jan Kotek,
and Petr Hermann

* lvana Cisafova, Jana Havlickova, Vojtéch Kubicek

A new cyclam-based ligand bearing two methylene(2,2,2-trifluoroethyl)phosphinate pendant arms was
synthesized and its coordination behaviour towards selected divalent transition metal ions [Co(u), Ni(u),
Cu(n), Zn(n)] was studied. The ligand was found to be very selective for the Cu(i) ion according to the
common Williams—Irving trend. Complexes with all the studied metal ions were structurally characterized.
The Cu() ion forms two isomeric complexes; the pentacoordinated isomer pc-[Cu(l)] is the kinetic
product and the octahedral trans-O,0'-[Cu(L)] isomer is the final (thermodynamic) product of the com-
plexation reaction. Other studied metal ions form octahedral cis-O,O’'-[M(L)] complexes. The complexes
with paramagnetic metal ions showed a significant shortening of °F NMR longitudinal relaxation times
(Ty) to the millisecond range [Ni(i) and Cu(i) complexes] or tens of milliseconds [Co(i) complex] at the
temperature and magnetic field relevant for 1°F magnetic resonance imaging (MRI). Such a short T; results
from a short distance between the paramagnetic metal ion and the fluorine atoms (~6.1-6.4 A). The
complexes show high kinetic inertness towards acid-assisted dissociation; in particular, the trans-O,0'-
[Cu(L)] complex was found to be extremely inert with a dissociation half-time of 2.8 hin 1 M HCl at 90 °C.
Together with the short relaxation time, it potentially enables in vitro/in vivo utilization of the complexes
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Introduction

Among diagnostic techniques, magnetic resonance imaging
(MRI) plays a crucial role in modern medicine. Its main advan-
tage comes from the use of non-ionizing radiation, compared
to classical radiomedicinal methods such as computed tom-
ography (CT), single-photon emission computed tomography
(SPECT) and positron emission tomography (PET) where ioniz-
ing radiation is used. However, MRI suffers from much lower
sensitivity compared to SPECT and PET. Classical MRI detects
an NMR effect of water "H nuclei where sensitivity and image
contrast can be improved by the application of so-called con-
trast agents (CAs). These compounds influence proton relax-
ation times (longitudinal, T;, and transversal, T,) of water
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as efficient contrast agents for 1°F MRI.

molecules present in their vicinity, and the use of an appropri-
ate pulse sequence increases or decreases the water 'H signals
of the given tissue selectively." In addition, modern MRI tech-
niques can also detect 'H signals of other compounds present
in the organism (e.g. fat). Furthermore, the use of responsive
(“smart”) contrast agents which modulate their response
according to surrounding conditions can provide information
on the physiological status of tissues.” Alternatively, NMR
spectra of parts of tissues could be acquired by a method
called magnetic resonance spectroscopy imaging (MRSI).? Also
other NMR active nuclei such as *C, *°F or *'P can be detected
by MRL.*® Among them, '°F is of special interest as its gyro-
magnetic momentum is close to that of "H which enables
detection of ">F NMR signals on proton MRI scanners with
only small hardware and software modifications. Furthermore,
fluorine is a monoisotopic element and has almost no abun-
dance in living organisms which predisposes it for use in “hot-
spot” imaging. The need for “hot-spots” overlaid with anatom-
ical images can be elegantly solved by 'H/"°F MRI tandem
imaging on the same hardware. Such an imaging method
could be particularly useful e.g. in monitoring the fate of trans-
planted cells (cell tracking).®®

A number of compounds have been tested as '°F NMR con-
trast agents. They were usually perfluorinated hydrocarbons

This journal is © The Royal Society of Chemistry 2023
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and their derivatives (for simplicity, they are called perfluoro-
carbons, PFCs), and some of them have been already studied
for a long time as potential blood substitutes.”*® The list of
compounds includes e.g. hexafluorobenzene,'* perfluorodeca-
lin,"*> tris(perfluoroalkyl)amines,”®  perfluorinated crown
ethers,"**® fluorinated polymers,'® etc., which are used in the
form of nanoemulsions. However, these organic compounds
show very long T, relaxation times. Therefore, a long delay
between excitation pulses is needed, which prolongs the total
acquisition time. To shorten the time of imaging, complexes
of fluorine-containing ligands with paramagnetic metal ions
were introduced.?*">* They are usually complexes of lanthanide
(m) ions [with a generally large magnetic momentum,
especially for Dy(u1) and Ho(m)] with ligands based on a cyclen
(1,4,7,10-tetraazacyclododecane) skeleton (e.g. Hydota deriva-
tives, Fig. 1),>>** which ensures kinetic inertness of these con-
trast agents.”>>® More recently, transition metal ion complexes
have been also found to effectively shorten T; relaxation
times.””*° Here, especially complexes of cyclam-based ligands
(cyclam = 1,4,8,11-tetraazacyclotetradecane, Fig. 1) were found
to be promising.*’® In general, the cyclam derivatives are not
suitable for complexation of lanthanide ions due to an in-
appropriately large macrocyclic cavity, but they are well known
for effective binding of heavier first-row transition metal ions.
In particular, Cu(u) and Ni(u) ions are bound very selectively
into thermodynamically stable and kinetically inert
complexes.’”*' However, some Ni(u) complexes of 1,8-bis
(2,2,2-trifluoroethyl)-cyclam derivatives (1,8-tfe,cyclams, Fig. 1)
showed decreased stability and kinetic inertness, and have in
general very short relaxation times (in the millisecond range)
due to a very short distance between the paramagnetic centre
and fluorine atoms, which prevents simple measurement and
places non-trivial demands on the hardware used for
imaging.®” In this respect, analogous Co(n) complexes with
T, ~ 10-15 ms seem to be more promising.** In addition, we
designed a series of ligands with larger separation of the fluo-
rine atoms from the paramagnetic metal ion centre [1,8-(tfe-
NHR),cyclams, Fig. 1].** It was shown that complexation of
Cu(u) to these structures shortens significantly fluorine relax-
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ation times to an optimal range (order of tenths of milli-
seconds).”” Some time ago, we introduced (2,2,2-trifluoroethyl)
phosphinic acid as a suitable pendant arm in the cyclen-based
ligand Hudotp™ (Fig. 1) and studied its lanthanide(m)
complexes.”® To extend our work in this field, we report on
the results of our study of a new cyclam derivative with two
(2,2,2-trifluoroethyl)phosphinic acid pendant moieties in the
1,8-positions (H,L, Fig. 1).

Experimental
General

Commercial chemicals (Fluka, Aldrich, CheMatech, Lachema,
Fluorochem) were used as obtained. Anhydrous solvents were
obtained by established procedures®® or purchased. The 1,8-
dibenzyl-cyclam 1 was prepared by the reported procedure.*®

Thin-layer chromatography (TLC) was performed on silica-
coated aluminium sheets, silica gel 60 F254 (Merck). Spots
were visualized using UV light (254 and 366 nm), spraying
with 0.5% ethanolic solution of ninhydrin, and dipping in 5%
aq. solution of CuSQO,, iodine vapour or in aq. solution of 1%
KMnO, and 2% Na,CO;.

NMR spectra were recorded on NMR spectrometers Varian
VNMRS300 equipped with a pseudo-4-chanel probe (frequen-
cies 299.9 MHz for 'H, 282.2 MHz for '°F and 121.4 MHz for
31p), Varian Inova 400 MHz (frequencies 400.0 MHz for 'H,
100.6 MHz for **C, 376.3 MHz for '°F and 161.9 MHz for *'P)
equipped with an ID-PFG probe for *°F relaxation experiments
or with an ASW 4NUC probe, or Bruker Avance III 600 MHz
(frequencies 600.2 MHz for 'H, 150.9 MHz for *C and
564.7 MHz for '°F) equipped with a cryoprobe (*H, *C, *°N) or
with a BBO probe (*°F). Representative NMR spectra of the pre-
pared compounds are given in the ESL{ The spectra were
acquired at 25 °C unless stated otherwise. Internal references
for "H and "*C NMR spectra were t-BuOH for D,O solutions
and the CHD,OD residual peak for MeOH-d, solutions,
respectively. Aq. H;PO, (3%) was used as the external reference
for *'P NMR, and ca. 1% triflic acid for '°F NMR. These sec-
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ondary references were referenced to 85% H3;PO, (0.0 ppm)
and to Freon-11 (0.0 ppm) respectively. Chemical shifts are
given in ppm and coupling constants at Hz. Chemical shifts of
paramagnetic compounds were corrected for the bulk mag-
netic susceptibility effect: to the sample, a small amount of
2,2,2-trifluoroethanol was added, and the chemical shift was
measured using an insert cuvette containing the secondary
reference. The same insert cuvette was used to measure the
chemical shift of 2,2,2-trifluoroethanol in a pure solvent, and
the difference between the signals of trifluoroethanol was used
for chemical shift correction of the paramagnetic compound.
The T, relaxation times of the '°F NMR signal were measured
with the inversion recovery sequence. The T, relaxation times
of diamagnetic compounds were measured with the CPMG
sequence on Varian Inova 400 MHz and Bruker III 600 MHz;
the measurement is not accessible on VNMRS300 as the probe
used does not provide accurate 180° pulses for '°F nuclei. The
T, relaxation times were calculated for all paramagnetic com-
plexes from half-widths of the NMR signals.

Mass spectra were recorded on a Waters ACQUITY QDa,
which is a part of the Waters Arc HPLC system. Data were pro-
cessed using Empower 3 software. Samples were dissolved in
water, MeOH or MeCN. The HPLC was run on the same device
using the Cortecs C18 2.7 pm, 4.6 x 50 mm column and
H,0 : MeCN 100 to 0% gradient [0.1% trifluoroacetic acid (tfa)
used as a modifier].

The UV-Vis spectra were recorded on a spectrometer
Specord 50 Plus (Analytic Jena) in a quartz-glass cell with an
optical path of 1 cm in the range of 350-1100 nm.

Ligand synthesis

Synthesis of the studied ligand was performed according to
Scheme 1.

(2,2,2-Trifluoroethyl)phosphinic acid, 2. Dry solid hypophos-
phorous acid (7.6 g, 106 mmol) was placed into a 250 ml
three-necked round-bottom flask containing a stirring bar.
The flask was equipped with an argon inlet, a spiral cooler
with a Nujol bubble-counter and a septum, and was
thoroughly flushed with argon. Further procedures were per-
formed under a gentle stream of Ar. Solid H;PO, was dissolved
in anhydrous dichloromethane (DCM, 50 ml) and added
through the septum. The flask was immersed in a water
cooling bath (room temperature) and anhydrous N,N-diiso-
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Scheme 1 Synthesis of ligand H,L.
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propylethylamine (DIPEA, 41.1 g, 318 mmol, 3.0 equiv.) was
added through the septum. Afterwards, trimethylsilyl chloride
(TMSCI, 34.5 g, 318 mmol, 3.0 equiv.) was added dropwise; the
rate of addition was slow to prevent the white haze formed
from flowing away with the Ar stream from the apparatus.
After the addition of the entire amount of TMSCI, the reaction
mixture was stirred at room temperature for 3 h. The *'P NMR
spectrum of the reaction mixture shows quantitative formation
of HP(OTMS), (6 140.9 ppm, d, “Jpy 177 Hz). After this period,
2,2,2-trifluoroethyl iodide (26.6 g, 116 mmol, 1.1 equiv.) dis-
solved in anhydrous DCM (20 ml) was added dropwise into the
reaction mixture; the rate of addition was chosen to prevent
the white haze formation and overheating (boiling) of the
mixture. The mixture was stirred at room temperature for 15 h.
The reaction mixture was then hydrolysed/alcoholysed by slow
addition of 96% aq. EtOH (250 ml) and the *'P NMR of the
hydrolysed mixture was acquired - besides the product
(14.5 ppm, dm, “Jpy 576 Hz, conversion ~70%) and its ethyl
ester (23.1 ppm, dm, “Jpy 590 Hz, conversion ~10%), H;PO;
(1.8 ppm, d, YJpy 660 Hz, ~20%) was also present as the main
by-product.

The volatiles were evaporated on a rotary evaporator at a
bath temperature of 50 °C. The remaining material was poured
onto a column of a strong cation exchange resin in a H'-cycle
(Dowex 50, 500 ml) and the mixture of acids was eluted with
water (DIPEA was retained on the column). Acid fractions were
concentrated on a rotary evaporator at 40 °C. The "H NMR
spectrum confirmed the absence of DIPEA in the eluted
material. After this procedure, ethyl ester of 2 present in the
initial mixture was completely hydrolysed.

A solution of Pb(OAc), in 20% acetic acid (1 M, 70 ml) was
added into the evaporated eluate obtained above and diluted
with water (50 ml). The mixture was stirred at room tempera-
ture for 3 h and the yellow precipitate of PbI, was removed by
filtration on a Biichner funnel through several layers of fil-
tration paper. Excess Pb(u) in the filtrate was removed by bub-
bling hydrogen sulphide through the solution and the PbS pre-
cipitate was filtered off using a Biichner funnel with a paper
mesh. Volatiles from the filtrate were removed at 50 °C using a
rotary evaporator.

The product was purified on a silica column (300 ml) using
conc. aq. NH;:EtOH 1:20 as a mobile phase [Ryproduct)
0.65, R{H;PO3) 0.35]. Fractions containing the pure product

O
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were combined and evaporated giving the ammonium salt of
(2,2,2-trifluoroethyl)phosphinic acid as a white solid. Free acid
was obtained by passing a solution of the ammonium salt
through a column of a strong cation exchange resin (Dowex 50,
H'-form, 100 ml, elution with water) and evaporation of the
eluate at 40 °C. Yield 9.0 g (57%) as a clear colourless oil.

NMR (ammonium salt, D,O, pD 4.6). 'H: 7.15 (d; 1H; HP;
Yup 547), 2.63 (m; 2H; CH,). C{*H}: 37.5 (dq; CH,; *Jcr 27.3,
Yep 81.3), 125.8 (qd; CFs3; YJer 275; Yop 3.1). F: —57.7
(pseudo-q; *Jpn ~ *Jep = 12.0). *'P{"H}: 13.3 (q, *Jpr 12.0). *'P:
13.3 (dm, Ypy 547). MS-ESI, (+): 149.0 [M + H['; (-): 146.7 [M —
H]™. TLC (conc. aq. NH3:EtOH 1:20): R 0.65 (ninhydrin,
yellow spot; KMnO,/Na,COs3, yellow spot).

4,11-Dibenzyl-1,8-bis{[2,2,2-trifluoroethyl(hydroxy)phosphoryl]
methyl}-1,4,8,11-tetraazacyclotetradecane, H,3. The 1,8-diben-
zyl-cyclam  tetrahydrochloride tetrahydrate (1-4HCI-4H,O0,
0.60 g, 1.0 mmol) was dissolved in water (20 ml) and the solu-
tion was mixed with 10% aq. NaOH (20 ml). Free 1 was
extracted with DCM (2 x 50 ml) and the organic phase was
evaporated. Free amine 1 was dissolved in 50% (v/v) aq. tri-
fluoroacetic acid (tfa, 20 ml). To this solution, a solution of
(2,2,2-trifluoroethyl)phosphinic acid 2 (1.3 g, 8.8 mmol, 8.8
equiv.) in 50% (v/v) aq. tfa (20 ml) was added.
Paraformaldehyde (0.11 g, 3.6 mmol, 3.6 equiv.) was added
and the flask was closed with a stopper. The reaction mixture
was stirred at 60 °C for 12 h. After this time, a new amount of
paraformaldehyde (0.40 g, 13 mmol, large excess) was added
and the mixture was stirred at 60 °C for 24 h. After this period,
a new amount of paraformaldehyde (0.40 g, 13 mmol) was
added again and the mixture was stirred at 60 °C for another
24 h. The *'P NMR spectrum showed the disappearance of the
starting phosphinic acid 2 (no signal of a compound contain-
ing P-H bonds was found in the spectra). During the course of
the reaction, the crude product precipitated off in the reaction
mixture. The crude product was filtered off from the cold reac-
tion mixture and recrystallized from boiling 50% (v/v) aq. tfa
(50 ml per 1.0 g of the crude product). Recrystallization
afforded white needle-like crystals; a single crystal suitable for
the X-ray diffraction study was selected from the bulk. Crystals
of H,3-6CF;CO,H-2H,0 were isolated by filtration (0.96 g,
68%). Compound H,3 can also be obtained as zwitterionic
H,3-6H,0 after repeated recrystallization in boiling water.
Such a procedure afforded colourless crystals of H,3-6H,O suit-
able for X-ray diffraction analysis.

EA (H,3-6CF3;CO,H-2H,0): found (cale. for
Ci2H54F»4N,015P,, M, 1420.81) C: 35.68 (35.51), H: 3.60 (3.83),
N: 3.73 (3.94), F: 31.28 (32.09), P: 4.13 (4.36). NMR (H,3-6H,0,
MeOH-d,, atom numbering scheme is given in the ESIt). 'H:
2.11-2.30 (4H, m, H6); 2.33-2.40 (2H, m, H2); 2.43-2.58 (6H,
m, H9 and H8); 2.60-2.67 (2H, m, H8); 2.78-2.86 (4H, m, H5
and H7); 2.91-3.01 (4H, m, H3 and H7); 3.26-3.34 (1H, m, H3);
3.34-3.41 (2H, m, H2); 3.68-3.74 (2H, m, H5); 4.21-4.27 (2H,
m, H11); 4.39-4.46 (2H, m, H11); 7.47-7.53 (6H, m, H14 and
H15); 7.56-7.61 (4H, m, H13). "*C{'H}: 24.56 (s, C6); 37.32 (dq,
C9, YJep 79.6, Jor 28.2); 49.9 (s, C2); 50.3 (s, C5); 52.0 (s, C3);
54.9 (d, C8, ¥Jcp 119); 58.5 (s, C7); 58.8 (s, C11); 127.8 (q, C10,

This journal is © The Royal Society of Chemistry 2023
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Yer 275.1 Hz); 130.8 (s, C12); 131.1 (s, C14); 131.9 (s, C15);
134.1 (s, C13). "°F: —58.06 (dt; *Jpy 12.3, *Jpp 6.8). *'P{'H}: 23.4
(q, *Jor 6.9). *'P: 23.5 (m). MS-ESI, (+): 701.4 [M + HJ; (-):
699.4 [M — H] . TLC (conc. aq. NH;:EtOH 1:10): R¢ 0.80
(CuS0O,, green spot).

1,8-Bis{[(2,2,2-trifluoroethyl)(hydroxy)phosphoryl jmethyl}-
1,4,8,11-tetraazacyclotetradecane, H,L. Compound H,3-6CF;CO,
H-2H,0 (570 mg, 0.40 mmol) was dissolved in 90% aq. AcOH
(15 ml) in a 50 ml pear-shaped flask and 10% Pd/C catalyst
(130 mg) was added under an Ar atmosphere. The flask was
flushed with H, and the reaction mixture was stirred under a H,
atmosphere (balloon) for 24 h. The catalyst was filtered off and
all volatiles were evaporated. The remaining solid was re-dis-
solved in 90% aq. AcOH and the solution was evaporated again,
yielding an oily residue, which crystallized upon standing
(245 mg, 80%). Single crystals of H,L-4AcOH suitable for X-ray
diffraction analysis were selected from the bulk. The acetic acid
adduct was dissolved in boiling water (~3 ml) and the same
volume of conc. aq. HCl was added. Upon cooling, the solid
phase of the composition (HeL)Cl,-4H,O was isolated (190 mg,
65% with respect to H,3-6CF;CO,H-2H,0). A sample of this
material was dissolved in hot water, and single crystals of the
composition (H,L)Cl,-4H,0 suitable for diffraction measurement
were formed upon slow concentration at room temperature.

EA [(HeL)Cl4-4H,0]: found (calc. for C;6H,4Cl,FsN,OgP, M,
738.29) C: 27.07 (26.03), H: 5.30 (6.01), N: 7.94 (7.59), F: 15.63
(15.44), P: 8.16 (8.39), Cl: 19.36 (19.21). NMR [(H¢L)Cl,-4H,0,
D,0, pD 9.0 (NaOD), atom numbering scheme is given in the
ESIt]. 'H: 1.97 (4H, bs, H6); 2.72 (4H, pseudo-p, *Jur ~ *Jup ~
12.4, H9); 2.85 (4H, bs, H2 and H8); 2.92 (8H, bs, H2 and H7);
3.12 (4H, bs, H3); 3.21 (4H, t, *Juy 5.9, H5). "*C{'H}: 24.1 (s,
C6); 35.1 (dq, C9, Ycp 79.5, *Jcr 28.6); 45.9 (s, C3); 48.2 (s, C5);
54.5 (d, C8, Ycp 117.3); 55.4 (d, C2, *Jcp 6.6); 58.8 (d, C7, *Jcp
5.5); 125.7 (qd, C10, Yer 274.9, Jcp 3.2). "°F: —57.34 (dt; *Jpy
12.0, *Jpp 7.2). *'P{"H}: 28.5 (q, *Jpr 7.3). *'P: 28.5 (m). MS-ES]I,
(+): 521.2 [M + HJ', 1041.5 [2M + H]". TLC (conc. agq.
NH;: EtOH 1 : 5): R¢ 0.80 (CuSOy, violet spot).

Preparation of complexes of H,3

Mixing H,3-6CF;CO,H-2H,0 (50 mg) with Cu(OAc),-H,O
(8 mg, 1.1 equiv.) in water: MeOH (1:1, 2 ml) and neutraliz-
ation with 2% aq. LiOH afforded an emerald green precipitate
of the pc-[Cu(3)] complex which is only sparingly soluble in
alcohols. A few green single crystals were isolated after the con-
centration of the mother liquor and acetone vapour diffusion.
The X-ray structural analysis of these crystals revealed the com-
position as pc-[Cu(3)]-Cu(AcO), g(tfa), ,-4H,0-0.5acetone.

Attempts to prepare complexes of H,3 with Co(u), Ni(1) and
Zn(u) by mixing H,3 with MCl, in aq. MeOH solutions and
addition of aq. ammonia as a base led to the formation of pre-
cipitates insoluble in all common solvents (H,O, MeOH,
EtOH, DMSO, DMF, CHCl;).

Preparation of complexes of H,L

cis-0,0"-[Co(L)], cis-0,0-[Ni(L)] and isomeric mixture of
[Zn(L)]. Hydrochloric acid-free stock solutions of H,L were pre-

Dalton Trans., 2023, 52,12208-12223 | 12211
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pared using a strong cation exchange resin. The solution of
(HeL)Cl4-4H,0 (350 mg) in water (5 ml) was poured onto a
column of the resin (Dowex 50, H'-form, 10 ml). The column
was washed with water to neutrality of an eluate, and the free
ligand was eluted using 5% aq. ammonia. The eluate was evap-
orated to dryness, and repeatedly dissolved in a small amount
of water and evaporated again to remove NH;. The residue was
dissolved in water (10 ml) and the concentration of H,L
(46.0 mM) was determined by '°F qNMR with respect to the
standardized aq. solution of tfa.

Solutions of complexes for '’F NMR characterization were
prepared directly in the NMR tube by mixing 150 pl of
18.4 mM solution of (HeL)Cl4-4H,0 used for potentiometry,
HEPES buffer (300 pl, 0.5 M, pH 7.4) and an appropriate
volume of the solution of the metal salt (ca. 50 mM). The Zn(1)
complex was prepared by mixing the ligand and a slight excess
(1.2 equiv.) of ZnCl, to ensure the absence of free H,L as, due
to diamagnetism of the sample, the signal of free H,L would
be hardly distinguishable from the signal(s) of the complex
isomers; it would complicate the interpretation of the NMR
spectra. The Ni(u) and Co(i1) complexes were prepared using a
slightly sub-stoichiometric amount of Ni(NOj;), or Co(NO3),,
respectively. In these cases, the signal of the diamagnetic H,L
excess was used as an internal reference. For the Co(u)
complex, the NMR tube was flushed with Ar and pH was
increased to 8.0 with aq. NaOH to ensure the full complexation
of Co(u) ions (according to the results of the potentiometric
study, see below). The Co(u) complex showed one ’F NMR
signal (—38.6 ppm, Fig. S1) which remained unchanged with
further standing (only some negligible oxidation to diamag-
netic Co(ui) was observed if the tube was opened to air; a very
small diamagnetic signal appeared); further study revealed its
cis-0,0"-[Co(L)] geometry (see below). However, solutions con-
taining Ni(n) and Zn(u) complexes showed complicated
spectra. Therefore, the samples were equilibrated for several
days at 80 °C. The measured '°F NMR spectra of the fully equi-
librated solutions showed one major signal of the Ni(u)
complex at —47.1 ppm (~80%) besides two minor signals at
—43.7 and —47.7 ppm with equal intensity (each ~10%), as
shown in Fig. S2.1 Based on a further "°F NMR study, the cis-
0,0-[Ni(L)] geometry was suggested with R/S isomerism of the
phosphorus atom (see below). In the case of the Zn(u)-H,L
system, an isomeric mixture of three complexes was observed
(pseudo-quartets due to '’F-*'P/'H couplings centred at
—57.15 pm, ~40%; —57.23 ppm, ~55%; —57.30 ppm, ~5%,
Fig. S31). In the case of the diamagnetic Zn(u)-H,L system, it
was possible to acquire the *'P NMR spectra also, which were
consistent with the "F NMR data (three signals in *'P NMR
spectra, 30.1 pm, ~55%; 29.4 ppm, ~5%; 28.7 ppm, ~40%,
Fig. S47). The same '°F and *'P NMR spectra were observed for
several independently prepared samples of the [Zn(L)] complex
after the equilibration.

An alternative way was used to prepare complex solutions
without additional salts and excess ligand: a solution of H,L
(46.0 mM, 840 pl, ca. 20 mg of H,L) was mixed with 1.5 equiv.
of CoCO; (7 mg) or with freshly precipitated M(OH), excess
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[M = Ni, Zn prepared by the addition of aq. LiOH to aq. MCl,
(2.0 equiv.) and washing the precipitate with water by repeated
centrifugation]. The mixtures were stirred in a closed vial at
80 °C for 5 d. After cooling, the excess of the solid phase was
filtered off and the filtrate was concentrated. The measured '°F
NMR spectra confirmed the absence of free H,L and showed the
same signals of the complexes as found in the samples men-
tioned above, including the same ratio of the isomeric species.

The formation of the complexes was confirmed also by
mass spectrometry. MS-ESI, (+): [Co(L)]: 578.2 [*°CoL+ HJ;
577.2, [*°CoL]’; [Ni(L)]: 577.1 [*®NiL + HJ'; [Zn(L)]: 583.2 [**ZnL
+HJ"

Single crystals of cis-O,0’-[Co(L)]-LiCl-3H,0 were prepared
by acetone vapour diffusion into a solution of the complex pre-
pared from a mixture of H,L and CoCl, neutralized with LiOH.

Single crystals of ¢is-0,0'-[Ni(L)]-3.5H,0 and cis-0,0"-[Zn(L)]-
2H,0-0.5acetone were formed on acetone vapour diffusion
into solutions of the corresponding complexes prepared from
M(OH), as described above.

pc[Cu(L)]. A blue solution of pc-[Cu(L)] for *°F NMR charac-
terization was prepared directly in the NMR tube by mixing
18.4 mM solution of (H¢L)Cly-4H,O (150 pl), formate buffer
(0.5 M, pH 4.0, 300 pl) and 50.2 mM CuCl, (50 pl, 0.9 equiv.)
at room temperature. The TLC analysis showed the exclusive
formation of the pc-[Cu(L)] isomer. The measured '°F NMR
spectra showed (besides the signal of the ligand excess) one
broad unsymmetrical signal of the pc-[Cu(L)] (~—53 ppm,
Fig. S5t1). The signal can be deconvoluted into two broad
peaks of approximately equal intensity (565 MHz: —52.6 ppm,
v1 & 500 Hz; —53.2 ppm, v1 ~ 400 Hz, Fig. S57).

Alternatively, 46.0 mM solution of H,L (840 pl, ca. 20 mg of
H,L) was mixed with freshly precipitated Cu(OH), prepared by
addition of 2% aq. LiOH to aq. solution of CuCl,-2H,0 (13 mg,
2.0 equiv.) and washing the precipitate with water by repeated
centrifugation. The mixture was stirred in a closed vial at room
temperature overnight. The excess of Cu(OH), was filtered off
and the filtrate was concentrated. The TLC analysis showed
exclusive formation of the pc-[Cu(L)] isomer. The measured *°F
NMR spectra confirmed the absence of free H,L and presence
of the signal belonging to the pc-[Cu(L)] complex as mentioned
above. TLC (conc. aq. NH;:EtOH 2:3): R 0.80 (blue spot,
Fig. S71). MS-ESI: (+): 581.9 [M + H]', 603.9 [M + Na]'.

Single crystals of pc-[Cu(L)]:3H,0 were formed on acetone
vapour diffusion into a concentrated aqueous solution of the
complex.

trans-0,0-[Cu(L)]. The violet solution of trans-O,0'-[Cu(L)]
for '°’F NMR characterization was prepared directly in the NMR
tube by mixing 18.4 mM solution of (H¢L)Cly-4H,O (150 pl),
HEPES buffer (0.5 M, pH 7.4, 300 pl) and 50.2 mM CuCl,
(50 pl, 0.9 equiv.) at room temperature. The TLC spot of the pc-
complex disappeared at 80 °C after 5 d. The measured '°F
NMR spectra showed (besides the signal of the ligand excess)
one broad symmetrical signal of trans-0,0’-[Cu(L)] (565 MHz:
—52.7 ppm, vz &~ 200 Hz, Fig. S61).

Alternatively, 46.0 mM solution of H,L (1.25 ml, ca. 30 mg
of H,L) and CuCl,-2H,0 (10 mg, 1 equiv.) was neutralized to
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pH 7.4 with LiOH and heated at 90 °C for 5 d. The volatiles
were evaporated and the complex was purified by chromato-
graphy on silica using conc. aq. NH;: EtOH 2:3 as a mobile
phase. The violet-coloured fraction was evaporated to dryness.
The measured '°F NMR spectra confirmed the absence of free
ligand and presence of one signal of the trans-Cu(u)-complex.
TLC (conc. aq. NH;: EtOH 2 : 3): R; 0.95 (violet spot, Fig. S71).
MS-ESL: (+): 581.9 [M + HJ", 603.9 [M + Na]".

Single crystals of trans-O,0'-[Cu(L)]-NH4(Cly 54Bro46) were
formed on acetone vapour diffusion into concentrated chroma-
tographic fractions containing the complex.

Single crystals of trans-O,0'-[Cu(L)]-(H;0)(ClO,)-H,O were
crystallized by cooling of the saturated solution of the complex
in boiling 1 M HCIO,.

Single-crystal X-ray diffraction study

The selected crystals were mounted on a glass fibre in a
random orientation and the diffraction data were collected by
using a Nonius KappaCCD diffractometer equipped with a
Bruker APEX-II CCD detector using Mo-K, radiation (1 =
0.71073 A) at 150 K (Cryostream Cooler, Oxford Cryosystem)
{H,3:6H,0, H,L-4AcOH and cis-0,0-[Ni(L)]-3.5H,0}, or with a
Bruker D8 VENTURE Duo diffractometer with an IuS
micro-focus sealed tube using Mo-K, radiation at 150 K {pc-[Cu
(3)]-Cu(AcO), g(tfa)y ,-4H,0-0.5acetone, pc-[Cu(L)]-3H,0 and
trans-0,0-[Cu(L)]"NH,4(Cly 54Bro46)} or at 120 K {H,L-LiCl-
6H,0, cis-0,0-[Co(L)]-LiCl-3H,0, trans-0,0-[Cu(L)]-(H;0)(ClO,)-
H,0, cis-0,0"-[Zn(L)]-2H,0-0.5(C;3HO)}, or using Cu-K, radi-
ation (1 = 1.54178 A) at 120 K [H,3-6CF;CO,H-2H,0, (H,L)
Cl,-4H,0].

Data were analysed using the SAINT V8.34A-V8.40B soft-
ware package (Bruker AXS Inc., 2015-2019). Data were cor-
rected for absorption effects using the multi-scan method
(SADABS).*® All structures were solved by the direct methods
(SHELXT2014)"” and refined using full-matrix least-squares
techniques (SHELXL2014)."® Details on structure refinement
are given in the ESIL.{

All the data for the structures reported here have been de-
posited with the Cambridge Crystallographic Data Centre as
supplementary publication numbers CCDC 2262037-2262048
(for an overview of experimental crystallographic data, see
Table S17).

Potentiometric study

The methodology of potentiometric titrations and processing
of the experimental data were analogous to those previously
reported.®**° Titrations were carried out in a vessel tempered
to 25 + 0.1 °C at the ionic strength 7 = 0.1 M (NMe,)Cl. The
water ion product, pK, = 13.81, and stability constants of
M(u)-OH "~ systems were taken from the literature.>

The ligand stock solution was prepared by the dissolution
of (HeL)Cl,;-4H,O (1.3217 g) in a 100 ml volumetric flask. The
solid (HeL)Cly-4H,0 is slightly unstable due to the loss of HCI
and water and, thus, the exact ligand concentration was deter-
mined by ’F gNMR (18.4 mM) using standardized aq. solu-
tion of tfa. This value agrees well with the value calculated
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during the fitting of the protonation constants (difference <
1%). The overall protonation constants f, are concentration
constants and are defined by f3, = [H,L]/([H]"-[L]) (stepwise pro-
tonation constants are defined as log K; = log f;; log K,, = log 8,
— log f,—1). The overall stability constants are defined by the
general equation f,,,; = [M,,H,L;]/([M]™[H]"-[L]). Here, the for-
mation of only M:L =1:1 complexes (m = [ = 1) was suggested.
The constants (with their standard deviations) were calculated
with the OPIUM program.’® The protonation constants were
determined using standard titrations in the pH range 1.6-12.1
with ¢, = 0.004 M and starting volume approx. 5 ml (pH means
“analytical” pH, -log[H']). Equilibrium was established slowly
in the metal(i)-containing systems. Therefore, stability con-
stants of the complexes were obtained by the “out-of-cell”
method. Each solution corresponding to one titration point of
a common titration was prepared under an Ar stream in tubes
with ground joints (pH 1.6-6.5, three titrations with 15 points)
from the ligand, metal ion and HCl/(NMe,)Cl stock solutions
and water (starting volume ca. 1 ml, M : L molar ratio 0.95:1,
¢, = 0.004 M). Then, a known amount of (NMe,)OH standard
solution was added under Ar. The tubes were firmly closed
with stoppers and the solutions were left to equilibrate at
room temperature. Afterwards, pH was measured with a
freshly calibrated combined glass electrode in each tube. One
set of tubes containing the Cu(u)-H,L system was equilibrated
for three weeks and the others for four weeks. Systems with Co
(1), Ni(u) and Zn(u) were equilibrated for six weeks (one set of
each metal ion) and eight weeks (the remaining sets). Identical
results were obtained in both time points for each metal ion
system proving a reaching the thermodynamic equilibrium
after the shorter time period used.

Study of kinetic inertness of the complexes

The stock solution of the complex was mixed with water and
stock solution of HCI to reach the final HCI concentration of
1.0 M in order to obtain dissociation data comparable with the
related systems.*” The acid-assisted dissociation of Cu(i) com-
plexes was followed by a decrease of their CT bands in the
UV-Vis spectra (315 and 280 nm for the pc- and the trans-
isomer, respectively); the temperature of the experiment was
chosen to obtain data within a reasonable time (<~24 h): 25 °C
and 90 °C for the pc- and the trans-isomer, respectively. Acid-
assisted dissociation of the Co(u) and Ni(u) complexes was fol-
lowed by "°F NMR (a decrease in the intensity of the signal of
the complex, an increase in the intensity of the signal of the
free ligand, and integrated with respect to tfa used as an exter-
nal reference). Temperatures 25 °C and 90 °C were used for
the Co(u) and the Ni(u) complexes, respectively.

Results and discussion
Synthesis of H,L

Synthesis of the studied ligand was performed as shown in the
Experimental section (Scheme 1).
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The key starting compound, 2,2,2-trifluoroethylphosphinic
acid 2, was prepared by an Arbuzov-type reaction between
2,2,2-trifluoroethyl iodide and bis(trimethylsilyl)hypopho-
sphite which was generated in situ from hypophosphorous
acid and trimethylsilyl chloride in the presence of N,N-diiso-
propylethylamine (DIPEA) as a base. The silyl ester intermedi-
ate was hydrolysed with aqueous ethanol leading to the
product 2 with conversion in the range of 60-80% (according
to the intensity of the *'P NMR signal (14.5 ppm, “Jpy = 576
Hz) and phosphorous acid as a dominant by-product
(1.8 ppm, YJpi = 660 Hz). Despite an excess of the alkylation
agent used, no bis(2,2,2-trifluoroethyl)phosphinic acid was
formed during the reaction, probably due to the low nucleo-
philicity of the monosubstituted derivative and volatility of the
starting alkylation agent (Ar flow was used to ensure an inert
atmosphere).

DIPEA was removed on a strong cation exchange resin in
the H'-form and the acid eluate containing predominantly
product 2, phosphorous acid and hydroiodic acid was evapor-
ated at <40 °C (in bath) to avoid oxidation/disproportionation
of product 2. However, under such conditions, it was imposs-
ible to quantitatively remove HI. Any HI present in the crude
product mixture forms elemental iodine on standing which
oxidizes the compound 2 to 2,2,2-trifluoroethylphosphonic
acid. HI was removed with an excess of lead(u) which was then
precipitated by gaseous H,S. The separation of product 2 and
phosphorous acid was accomplished by chromatography on
silica using aq. NH3:EtOH 1:20 as a mobile phase. After
chromatography, the product was isolated in the form of a
semi-solid ammonium salt. It was converted to free acid on a
strong cation exchanger in the H'-form. Free acid 2 was iso-
lated as a colourless oil in a moderate yield.

A Mannich-type reaction between 1,8-dibenzyl-cyclam 1,
2,2,2-trifluoroethylphosphinic acid 2 and paraformaldehyde
was performed in a strong acid solution (water : trifluoroacetic
acid 1:1) at 60 °C. Aq. HCI usually used as a solvent for this
type of reaction cannot be used here due to the insolubility of
the starting amine 1 in the solvent. In less acidic media (acetic
acid), the reaction did not proceed even at 80 °C but the oxi-
dation of the P-H bond was observed instead. The product
H,3 is insoluble in the reaction medium and was separated by
filtration as an adduct with trifluoroacetic acid. Re-crystalliza-
tion of the product from water: trifluoroacetic acid (1:1)
afforded single crystals of H,3-6CF;CO,H-2H,0 suitable for
X-ray diffraction analysis (see the ESI}). Despite the presence
of several strong acid molecules in the solid-state structure,
the macrocycle is only double-protonated and the protons are
located on amino groups bearing the benzyl groups.
Trifluoroacetic acid was removed by the re-crystallization of
H,3-6CF;CO,H-2H,0 from water and H,3-6H,0 was obtained.
Slow cooling of the saturated hot aq. solution afforded crystals
suitable for the X-ray diffraction study (see the ESIf).

Debenzylation of the intermediate H,3 to H,L was per-
formed in 90% v/v aq. acetic acid under a H, atmosphere
using Pd/C as a catalyst. After catalyst removal, ligand H,L was
isolated by the crystallization of the concentrated reaction
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Fig. 2 Molecular structure of H,L found in the crystal structure of
H,L-4AcOH. Carbon-bound hydrogen atoms are omitted for clarity.
Intramolecular hydrogen bonds are shown as turquoise dashed lines.
Selected centrosymmetry-related atoms are labelled with #.

mixture as a zwitterionic adduct with acetic acid H,L-4AcOH.
The procedure afforded single crystals of sufficient quality for
the determination of the crystal structure. It revealed deproto-
nation of the phosphinate arms and protonation of the sec-
ondary amino groups, i.e. H,L is present in a zwitterionic form
(Fig. 2).

The zwitterionic molecule of H,L possesses a centre of sym-
metry and adopts a “common” angular conformation similar
to those found in the crystal structure of the cyclam itself and
in its diprotonated forms.”>>* The phosphinate pendant arms
are turned above/below the macrocyclic cavity and stabilize the
molecular conformation by strong intramolecular hydrogen
bonds [d(N4#---O11) = 2.71 A, d(N4---012) = 2.85 A]. Both mole-
cules of the co-crystallized acetic acid are protonated and are
bound by very strong hydrogen bonds to the phosphinate
oxygen atoms {d(O[AcOH]---O11/012) = 2.58 A, Fig. S217}.

The ligand H,L can be easily converted into hydrochloride
(HeL)Cl4-4H,0 by the crystallization of H,L-4AcOH from agq.
HCI (6 M). Further re-crystallization of this material from water
afforded (H,L)Cl,-4H,O which was structurally characterized.
In the presence of HCI, all macrocycle amino groups of the
ligand molecule are protonated which leads to the confor-
mation (3,4,3,4)-D>>% of the cyclam ring. The nitrogen atoms
bearing the phosphinate pendant arms form the corners of
the (3,4,3,4)-D rectangle (Fig. 3). Such a conformation maxi-
mizes the separation of the positive charges but avoids the for-

Fig. 3 Molecular structure of one of independent (H4L)?* cations found
in the crystal structure of (H4L)Cl,:4H,O. Carbon-bound hydrogen
atoms are omitted for clarity. Selected centrosymmetry-related atoms
are labelled with #.

This journal is © The Royal Society of Chemistry 2023
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mation of intramolecular hydrogen bonds, and only a wide
network of intermolecular contacts is formed.

Attempts to structurally characterize the ligand in its depro-
tonated form by the crystallization of H,L solution neutralised
by LiOH to pH ca. 9 (a higher pH leads to a slow degradation
of the ligand molecule) led to the formation of single crystals
of zwitterionic H,L as a LiCl adduct, H,L-LiCl-6H,0. The pro-
tonation of the secondary amino groups found in this crystal
structure points to their high basicity (see the ESI, Fig. S227).

Syntheses and solid-state structures of the complexes

Compound H,3 can also potentially serve as a ligand for tran-
sition metal ions. It was tested by the complexation of copper
() ions. However, the compound H,3 is insoluble in water,
and only slightly soluble in ag. MeOH and EtOH mixtures.
Therefore, the complexation reaction was performed in these
media. The reaction of H,3 with Cu(u) affords an emerald
green complex somewhat soluble in aq. MeOH, EtOH or
i-PrOH which can be precipitated by the addition of acetone.
Despite a number of attempts, a few single crystals suitable for
the determination of the molecular structure of the complex

Fig. 4 Molecular structure of pc-[Cu(3)] complex found in the crystal
structure of pc-[Cu(3)]-Cu(AcO), g(tfa)g o-4H,0O-0.5acetone. Hydrogen
atoms are omitted for clarity.
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were isolated only in the case where a slight excess of copper
(1) acetate was used as a metal source and the ligand was used
in the form of H,3-6CF;CO,H-2H,0. The X-ray structural ana-
lysis revealed the composition of such crystals to be pc-[Cu
(3)]-Cu(AcO), g(tfa), ,-4H,0-0.5acetone with a pentacoordinated
(pc) geometry of the [Cu(3)] species, leaving one of the phos-
phinate pendant arms uncoordinated (Fig. 4). Similarly to
other pc-complexes of cyclam-1,8-bis(methylphosphorus acids)
and related N-alkylated compounds (1,8-Hste2p, Fig. 1),*°
macrocycles adopt the conformation ¢rans-I (according to com-
monly accepted nomenclature, although the term “trans” is
misleading in this case as there is no steric possibility to
occupy two trans positions above and below the plane of the
macrocycle).>® The coordination sphere of the central Cu(u)
ion is intermediate between a trigonal bipyramid (nitrogen
atoms N1 and N8 bearing the phosphinate pendant arms
placed in apical positions) and a tetragonal pyramid (a N, base
with an apical oxygen atom), as evidenced by the criterion 7 =
0.505.>> Excess of Cu(un) and acetate and trifluoroacetate
anions present in the solution form a centrosymmetric
dimeric core of copper-acetate-like structural motif where the
apical positions of the metal coordination spheres are occu-
pied by an oxygen atom of the uncoordinated phosphinate
pendant arm from the pc-[Cu(3)] species (Fig. S8t). Selected
geometric parameters of the coordination sphere are outlined
in Tables 1 and S2.1 No changes in the UV-Vis spectra upon
heating the solution indicate that pc-[Cu(3)] species with the
conformation trans-I cannot be rearranged into other isomers
with a different macrocycle conformation. The stability of the
conformation trans-I is in agreement with previous obser-
vations for the complexes of 1,8-H,te2p ligands alkylated on
N4/11 nitrogen atoms (Fig. 1).*°

Attempts to prepare complexes of H,3 with other studied
transition metal ions [Co(u), Ni(u) and Zn(u)] by mixing H,3
with metal chlorides in aq. MeOH solutions and adding
ammonia as a base led to the formation of precipitates in-
soluble in common solvents which cannot be further studied
in solution and, therefore, other study of the complexes was
impossible. Different behaviours of the Cu(u) complexes and
precipitated phases formed with other transition metal ions
come probably from the molecular structures - except for the
Cu(u) ion, where a pentacoordinated species with the hydro-
philic phosphinate arm pointing out of the hydrophobic

Table 1 Coordination distances of metal(i) complexes found in the solid state

¢is-0,0"-[Co(L)]

trans-0,0"[Cu(L)]®

Bond (A)  pcCu(3)] Mol. 1 Mol. 2 cis-0,0-[Ni(L)]  pc[Cu(L)]  trans-0,0'Cu(L)]* Mol.1 Mol. 2 cis-0,0"[Zn(L)]
M-N1 2.102(3) 2.182(2)  2.212(2)  2.154(1) 2.067(1) 2.069(1) 2.068(1)  2.099(1)  2.183(1)
M-N4 2.122(3) 2.115(2)  2.124(2)  2.104(1) 2.017(1) 2.006(1) 2.021(1)  2.024(2)  2.130(1)
M-N8 2.088(3) 2.174(2)  2.189(1)  2.129(1) 2.064(1) 2.069(1)" 2.068(1)  2.099(1)"  2.217(1)
M-N11 2.119(3) 2.134(2)  2.121(2)  2.083(1) 2.022(1) 2.006(1)" 2.021(1)"  2.024(2)  2.161(1)
M-011 2.093(3) 2.094(1)  2.081(1)  2.071(1) 2.148(1) 2.433(1) 2.412(1)  2.372(1)  2.154(1)
M-021 — 2.085(1)  2.109(1)  2.113(1) — 2.433(1)" 2.412(1)"  2.372(1)"  2.080(1)

“ trans-0,0'[Cu(L)]-NH4(Clo.54Brq 4). ” trans-0,0"-{Cu(L)]-(H;0)(Cl0,)-H,0.  Centrosymmetry-related atoms (N8 = N1#, N11 = N4#, 021 = O11#).

This journal is © The Royal Society of Chemistry 2023
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coordination sphere is formed, other metal ions prefer an octa-
hedral sphere (see below). In these cases, the metal ions are
hexadentately wrapped with the (3)*>~ anion. Hydrophobic
benzyl and trifluoroethyl side groups point away and give to
the electroneutral complex species a non-polar character. The
molecules are thus hydrophobically packed in the solid state
and are intact to the solvent.

All studied transition metal ions, Co(u)-Zn(u), were success-
fully complexed with H,L. In a typical complexation experi-
ment, an excess of freshly prepared metal(n) hydroxide was
reacted with H,L. After several hours, the excess of M(OH),
was filtered off. As Co(OH), could be possibly oxidized, the
cobalt(i) complex was prepared by the neutralization of H,L
and CoCl, solution with LiOH or by the reaction of aq. solu-
tion of H,L with CoCOj;. The absence of the free ligand in solu-
tions of the complexes was confirmed by the '°F NMR spectra.
In the spectra, one signal was present in the case of the Co(u)-
H,L system but for the other complexes a number of isomeric
complex species were obviously initially formed. Heating of
the solutions led to spectra with one dominant signal [Ni(u)
complex], one broad symmetric signal [Cu(u) complex] and
several signals [Zn(u) complex]. The solutions were concen-
trated and a slow addition of acetone afforded single crystals
suitable for structural characterization. For the Co(u), Ni(u)
and Zn(u) complexes, crystals contain the c¢is-0,0'-[M(L)]
complex species having a somewhat distorted octahedral
sphere; particularly, bond angles related to small five-mem-
bered chelate rings are somewhat smaller than 90° (Tables 1
and S21). In all these complexes, the cyclam conformation
cis'V was found.** All coordinated nitrogen atoms of the
macrocycle (N1, N4, N8, N11) have the same stereochemical
descriptors according to the Cahn-Ingold-Prelog rules,
leading to enantiomeric R,R,R,R and S,S,S,S pairs. Due to crys-
tallographic centrosymmetry, both enantiomers are present in
the crystal structures. However, coordination of the phosphi-
nate pendant arm leads to a new stereocentre on the phos-
phorus atoms. In the solid state, they have the same absolute
configuration as the nitrogen atoms of the macrocycle, result-
ing in the presence of all-N-(R)-all-P-(R) and all-N-(S)-all-P-(S)
species.

The cobalt(u) complex crystallizes in the form of cis-0,0'-
[Co(L)]-LiCl:3H,0. In the crystal structure, two independent
complex molecules are present in the independent unit.
However, their geometry is very similar and, therefore, only
one of them is shown in Fig. 5. Structural overlay of both inde-
pendent complex molecules is shown in Fig. S9,T and selected
geometric parameters are listed in Tables 1 and S2.t

In the case of the Ni(u)-H,L system, single crystals of the
composition ¢is-0,0-[Ni(L)]-3.5H,0 were isolated. This isomer
is stable and is not rearranged to the trans-O,0' type even on
prolonged reflux in an aq. solution, as evidenced by no
changes in the '°F NMR spectra. Similar preferential formation
of the cis isomer was previously observed for the Ni(u)-H,te2p
system.’® The molecular structure of the cis-0,0"-[Ni(L)]
complex is very similar to that of the Co(u) complex discussed
above (see Tables 1 and S2t) and is shown in Fig. S10.}
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Fig. 5 Molecular structure of cis-O,0’-[Co(L)] complex found in the
crystal structure of cis-O,0’-[Co(L)]-LiCl-3H,0. Carbon-bound hydrogen
atoms are omitted for clarity.

From an isomeric mixture of Zn(u) complexes, crystals suit-
able for diffraction analysis had the composition cis-0,0'-[Zn
(L)]-2H,0-0.5acetone. The geometry of the complex species is
very similar to that of the Co(u) and Ni(u) complexes discussed
above (Fig. S11, Tables 1 and S27).

If the complexation of Cu(u) proceeds in a slightly acidic
solution (pH 3-4) and at a low temperature, a blue isomer is
formed exclusively, which was identified by X-ray diffraction as
the pentacoordinated species pc-[Cu(L)] with the cyclam con-
formation trans-1.°* This blue isomer gradually rearranges to
the violet one upon prolonged heating (90 °C, 5 d, Fig. S71)
which was identified as trans-0,0’-[Cu(L)] with the cyclam con-
formation trans-IIL.>* If the pH used for the complexation reac-
tion was 7.4, a small amount of the trans isomer was formed
besides the major pc-[Cu(L)] isomer. Both isomers can be sep-
arated by TLC/HPLC. From the mixture, the isomers can be
isolated by column chromatography on silica using aq. NH;—
EtOH mixture.

The pc-isomer is a kinetic product of the complexation reac-
tion and, at room temperature, it rearranges only very slowly
into the trans one, which is obviously the thermodynamic
product; a spot of the trans-isomer detectable by TLC appears
in a stock solution of the pc-isomer after standing at room
temperature for several months. The rearrangement can be
completed after refluxing an aq. solution of the pc-isomer for
several days (rearrangement is somewhat faster in neutral than
in the acidic solution). This isomerism is fully analogous to
the behaviour of Cu(u) complexes of 1,8-H,te2p (Fig. 1).*°

The molecular structures of both isomers are shown in
Fig. 6 and 7. Similarly to the pc-[Cu(3)] species discussed above
and to analogous complexes of the 1,8-H te2p ligand family®®
and the recently reported pc-complex with cyclam derivative
bearing two [di(phenyl)phosphoryl]methyl pendant arms,””

This journal is © The Royal Society of Chemistry 2023
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c10

Fig. 6 Molecular structure of pc-[Cu(L)] complex found in the crystal
structure of pc-[Cu(L)]-:3H,O. Carbon-bound hydrogen atoms are
omitted for clarity.

cé F3#

Fig. 7 Molecular structure of trans-O,0'-[Cu(L)] complex found in the
crystal structure of trans-O,0’-[Cu(L)]-NH4(Clg 54Brg.4¢). Carbon-bound
hydrogen atoms are omitted for clarity. Selected centrosymmetry-
related atoms are labelled with #.

the pc[Cu(L)] species adopts an intermediate structure
between a trigonal bipyramid and a square pyramid (z =
0.520).>> The trans-0,0'-[Cu(L)] complex is a tetragonal bipyra-
mid with an axial coordination of the pendant arms elongated
by the Jahn-Teller phenomenon. Similar elongation was
observed in the related structure of trans-0,0-[Cu(1,8-
H,te2p)].>° Selected geometric parameters of the reported
structures are outlined in Tables 1 and S2.7

During the preliminary test of kinetic inertness of trans-O,
O'[Cu(L)] (see below), single crystals with the composition
trans-0,0'-[Cu(L)]-(H30)(ClO,4)-H,O were crystallized by cooling
of a saturated solution of the complex in boiling 1 M HCIO,.
The formation of this phase clearly indicates the extreme
kinetic inertness of the complex. In the crystal structure, the
oxonium ion serves as a bridge between non-coordinated
oxygen atoms of the pendant arms of two neighbouring trans-
0,0"-[Cu(L)] complex molecules (Fig. S121). However, geome-

This journal is © The Royal Society of Chemistry 2023
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tries of the complex species is essentially the same as those
observed in the above discussed crystal structure of trans-0,0'-
[Cu(L)]-NHy4(Cly 54Bro 46) (Tables 1 and S27).

Solution equilibrium studies

The acid-base behaviour of H,L and stability of its complexes
were studied by potentiometric titrations. The calculated con-
stants are listed in Table 2. Similarly to other cyclam-based
ligands, H,L shows two protonation constants in the strongly
alkaline region (log K; , > 10). They correspond to the protona-
tion of the secondary amino groups of the macrocycle and it is
consistent with the structure of the ligand’s zwitterionic form
found in the solid state. In the pH range used for titration
(starting from pH 1.6), no further protonation was observed. It
points to the low basicity of the amino groups bearing the
phosphinate moieties and to the high acidity of the (2,2,2-tri-
fluoroethyl)phosphinic acid pendant arms. It is consistent
with the observation that the ligand H,L crystallizes from aq.
acetic acid as the adduct with protonated AcOH (Fig. 2). It
should be noted that the compound H,3 crystallizes from aq.
trifluoroacetic acid similarly to the zwitterionic adduct with a
protonated trifluoroacetic acid molecule,
H,3-6CF3;CO,H-2H,0. To obtain the (H,L)** species with a
fully protonated macrocycle, crystallization from aq. HCI had
to be used (Fig. 3). Consistent with the absence of further pro-
tonation in the pH range of potentiometric titration, no
change of 'H, *C, '°F and *'P chemical shifts was observed in
the pH range 1-10, and third/more protonation(s) can be
suggested to proceed on tertiary amino groups of the macro-
cycle with log K, < 1 as can be seen from the chemical shift
change in strongly acidic solutions (Fig. S131). The distri-
bution diagram of the ligand is shown in Fig. S14.1 Compared
to the related 1,8-phosphinoxide derivative®” and the ligands
of the Hyte2p phosphonate family,”® the ring basicity of H,L
(log K; + log K;) is lower as a consequence of the electron-with-
drawing character of the phosphinate moieties.*”
Complexation reaction with transition metal ions is rela-
tively slow and, therefore, an out-of-cell method had to be
used, with equilibration times of 3 weeks for the Cu(u)-H,L
system and 6 weeks for the other ions. Under these conditions,
pentacoordinated isomer pc-[Cu(L)] and octahedral cis-isomers

Table 2 Stepwise protonation constants (log K;,) of H,L and its stability
constants (log fu) with selected transition metal ions, and comparison
with related ligands. Charges of the species are omitted for clarity

Equilibrium H,L? 1,8-H,te2p Cyclam H,teta’
H+L=HL 11.755(3)  —¢ 11.29% 10.52
H+HL=H,L 10.599(3)  26.41¢ 10.19% 10.18
Co +L=cis[Co(L)]  14.00(8) 19.28° 14.3" 16.38
Ni + L = cis-[Ni(L)] 16.46(8)°  21.99° 22.2" 19.83
Cu+L=pc[Cu(l)]  22.76(5) 25.407 28.1" 20.49
Zn +L = [Zn(L)] 15.79(3)" 20.35° 15.2" 16.40

@ Mixture of isomers (see text). ? This work. ° Ref. 58. ¢ Overall constant
log /3, over two undistinguishable protonation steps. ° Ref. 40.”Ref. 39.
£ Ref. 60. " Ref. 37. 'Ref. 38.
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of [Co(L)] and [Ni(L)] complexes were formed exclusively, as
identified by TLC/HPLC and 'F NMR spectroscopy (see
below). However, for the Zn(u)-H,L system, a mixture of at
least three isomers was formed according to the 'F NMR
spectra. The same mixture of isomers was obtained in inde-
pendent reactions (see above). According to the Williams-
Irving trend, H,L shows a very high selectivity for Cu(u) over its
neighbours Ni(u) and Zn(u). The selectivity is about 6-7 orders
in magnitude, similarly to that found for related 1,8-di-
substituted ligands.’***” Although the stability constants of
the complexes are in general somewhat lower than those
reported for the cyclam itself, 1,8-H,te2p and Hyteta, the stabi-
lities are still sufficient for potential applications as the metal
ions are quantitatively complexed under physiological con-
ditions (and the formed complexes are kinetically inert, which
is in general more important for possible applications, see
below). The Cu(u) ion is fully complexed at pH ~3, whereas full
complexations of Ni(u) and Zn(u) proceed at pH ~6, and that
of Co(u) ion at pH ~7. The distribution diagrams of the species
are shown in Fig. 8.

Solution structure of the complexes

The Co(u), Ni(n) and Zn(u) complexes isolated in the solid state
have the cis-0,0-geometry with the cyclam conformation
cis-V.>* In the case of H,L, all nitrogen atoms have to have
formally the same absolute configuration, “all-N-(R)” or
“all-N-(S)”. Coordination of the phosphinate pendant arm
results in four different substituents around the phosphorus
atom and, thus, R/S absolute configurations of the phosphorus
atom can be distinguished, leading to diastereoisomerism. In
all structurally characterized octahedral complexes of H,L, the
same absolute configuration on both phosphorus atoms and
on macrocycle nitrogen atoms was found in the solid state,
giving rise to “all-N-(R) + P(R,R)” and “all-N-(S) + P-(S,S)” enantio-

1004- - = = — =
- - -Co**
o — [Co(L
< 75 E\“y( )]
= [Ni(L)]
= \ - - -Cu**
5 504" — [Cu(L)]
S \ - - -Zn?
ks \ — [Zn(L)]
c \
2 \
& 257 \
\
\
\
0 - = —_—— = ————
T T T T T T T T 1
1 2 3 4 5 6 7 8 9

pH

Fig. 8 Distribution diagrams of the M(i)—H,L systems; c(M) = c(H,L) =
0.004 M. Coln) - red lines, Ni(i) — green lines, Cu(i) — blue lines, Zn(1) —
black lines. Full lines show distribution of the [M(L)] complex species,
dashed lines show distribution of the free metal aqua ions.
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meric pairs. These enantiomers should show only one '°F
NMR signal due to effective C,-symmetry.

Overlaid "°F NMR spectra are shown in Fig. 9 for visual
comparison (induced shift, linewidth) of the measured "F
NMR signals of the studied complexes.

The '°F NMR spectra of the equilibrated solution of the Co
(n)-H,L complex show one broad symmetric signal at
—38.6 ppm (Fig. S11) which agrees with a presence of the cis-O,
O'-species found in the solid state. In contrast, in a solution of
the Ni(u) complex, three signals were found - a major signal at
—47.1 ppm (~80%) and two equal minor signals at —43.7 and
—47.7 ppm (each ~10%), as shown in Fig. S2.T The pc-[Cu(L)]
isomer shows two very broad signals in the '°F NMR spectra as
expected for the coordinated and the non-coordinated
pendant arms (—52.6 ppm and —53.2 ppm, Fig. S51), whereas
the trans-0,0’-[Cu(L)] isomer shows one symmetric signal
(=52.7 ppm, Fig. S61). In the case of the pc-[Cu(L)] isomer, no
coalescence of both signals was observed upon heating. It
points that the pentacoordinated sphere is not fluxional. In a
solution of the Zn(u) complex, pseudo-quartets (due to F-P,H
couplings) centred at —57.15 pm (~40%), —57.23 ppm (~55%)
and —57.30 ppm (~5%) were observed (Fig. S31). An analogous
pattern was found also in the *'P NMR spectra (30.1 pm,
~55%; 29.4 ppm, ~5%; 28.7 ppm, ~40%, Fig. S4f). The *'P
NMR spectra of other complexes do not show any measurable
signals due to the strong paramagnetic effect on the phos-
phorus atoms.

Based on the numbers of the signals in the "F NMR
spectra, one can conclude that a mixture of isomers is present
in the solutions of the Ni(u) and Zn(u) complexes. The assign-
ment of the signals was performed by the measurement of the
19F NMR spectra of freshly dissolved solid samples: batches of
crystalline material were prepared from which unit cell para-
meters were determined for several selected crystals to confirm
that they correspond to cis-0,0-[Ni(L)]-3.5H,0 and cis-0,0"-[Zn
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(2]
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0 e
. - trans-[Cu(L)] .
cis-[Co(L)] cis-[Ni(L)] cis-[Zn(L
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Fig. 9 Representation of normalized *°F NMR spectra of studied M(i)—
H,L complexes.
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(L)]-2H,0-0.5(C3H0), respectively. In the case of the Ni(u)
complex, the '>F NMR spectra contains all three signals as
described above immediately after dissolution. Thus, an equili-
bration is evidently very fast process (<3 min). As two minor
signals have the same intensity, the pair of minor signals prob-
ably corresponds to “all-N-(R) + P-(R,S)” and “all-N-(S) + P-(S,
R)” enantiomers formed by a mutual exchange of the co-
ordinated and non-coordinated oxygen atoms of one pendant
arm. It seems more accessible than a rearrangement of macro-
cycle conformation to e.g. conformation trans-III as Ni(u) com-
plexes of cyclam-based ligands are rigid and such a rearrange-
ment is usually energetically demanding and a very slow
process.’® In the case of the Zn(n) complex, the situation is
much more complicated. Freshly dissolved sample of cis-0,0'-
[Zn(L)] with “all-N-(R) + P-(R,R)” and “all-N-(S) + P-(S,S)” con-
figurations shows a multiplet centred at 8F = —57.15 ppm
(pseudo-quartet due to F-H,P coupling) and 8P = 28.69 ppm
(quartet due to P-F coupling in *'P{'H} spectra), so these
signals can be assigned to the isomer found in the solid state.
However, the other two signals increase gradually, and one of
them becomes finally dominant. The final equilibrated
mixture (5 d, 80 °C) shows the same spectra containing three
multiplets as described above for the synthetic mixture and
the signal of the original “all-N-(R) + P-(R,R)” and “all-N-(S) + P-
(8,S)” enantiomers has finally only 40% abundance.

Obviously, at least two new isomeric complex species are
present in the solution. They could be e.g. diastereoisomers
“all-N-(R) + P-(R,S)” and “all-N-(R) + P~(S,S)” and their enantio-
mers as the phosphinate group oxygen atom exchange seems
to be the most accessible process. However, some signal
overlap has to be supposed as such a mixture should show
four individual signals. Alternatively, a partial change of the
macrocycle conformation cis-V to other possible conformations
could occur; such a process has been documented well for
Zn(u) complexes of cyclam derivatives.®!

Kinetic inertness of the complexes

Kinetic inertness is suggested as a more important parameter
for in vivo use than thermodynamic stability>>®* and, there-
fore, it was roughly determined by acid-assisted dissociation in
1 M HCL pc-[Cu(L)] was found to be moderately inert with a
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half-life of 15.4 min at room temperature. However, the trans-
0,0-[Cu(L)] complex was found to be extremely inert; no
change in the UV-Vis spectra was found at room temperature
after 24 h. Therefore, dissociation reaction was followed at
90 °C. Under these conditions, dissociation half-time of 2.8 h
was observed (Fig. S15t). The behaviour of both Cu(u)-H,L
complexes is very similar to that of Cu(u) complexes of 1,8-
Hate2p (Fig. 1).*°

As the complexes of Co(u) and Ni(u) ions show no signifi-
cant absorption in the near UV region and d-d transition
bands have a very low intensity, their kinetic inertness was fol-
lowed by "F NMR. Both cis-0,0'-[M(L)] were found to be very
inert. The observed half-life of cis-0,0-[Co(L)] in 1 M HCI at
25 °C was 3.0 h (Fig. S16%). In the case of cis-0,0"[Ni(L)], no
changes in the '°F NMR spectra were found after standing for
24 h under these conditions and, therefore, temperature was
increased to 90 °C. At such an increased temperature, the dis-
sociation half-life time was 36 min (Fig. S161). The inertness
of ¢is-0,0-[Ni(L)] is thus comparable or somewhat lower than
that reported for the trans-O,0'-[Ni(1,8-tfe,cyclam-R,)] family,
but significantly higher compared to that of the cis-isomer of
Ni(n) complex with 1,8-tfe,cyclam with no coordinating
pendant arms (Fig. 1, R = H).*?

9F NMR relaxation of the complexes

As the distance between the metal centre and the fluorine
atoms is a crucial parameter influencing the relaxation rate of
the "F NMR signal, it is compiled in Table 3. It can be seen
that the geometry of the coordination sphere influences the
M---F distance only negligibly - in the cis-isomers, the dis-
tances are in the range of 5.6-6.5 A, which is very similar to
range of 5.8-6.8 A found in the pc-Cu(i) complexes for the co-
ordinated pendant arm and 5.8-7.0 A found for the trans-Cu(u)
species. The range of the distances of fluorine atoms belong-
ing to the non-coordinated pendant arms in the pc-Cu(u) com-
plexes is slightly larger, 7.2-7.7 A and 5.1-7.0 A in the pc[Cu
(3)] and pc-[Cu(L)] complexes, respectively. The observed dis-
tances are relevant for their significant influence on the relax-
ation times.*® As the trifluoroethyl group undergoes free
rotation, mean distances (Table 3) are used in the following
discussion, although effective distances in the solution can

Table 3 Distances between fluorine atoms and the central metal ions found in the crystal structures of studied complexes

cis-0,0-[Co(L)]

trans-0,0"-[Cu(L)]

Distances (A)  pc-[Cu(3)]* Mol. 1 Mol. 2 cis-0,0-[Ni(L)] pc[Cu(L)]® trans-0,0-[Cu(L)]” Mol.1 Mol. 2 cis-0,0-[Zn(L)]
M---F1 5.884(3) 5.570(1) 5.702(1)  5.620(1) 5.813(1) 5.813(1) 5.809(1)  5.904(1)  5.637(1)
M---F2 6.284(3) 6.266(1) 6.205(1)  6.240(1) 6.338(1) 6.414(1) 6.370(1)  6.377(1)  6.362(1)
M.--F3 6.768(3) 6.484(2) 6.413(1) 6.415(1) 6.701(1) 6.908(1) 6.973(1)  6.993(1)  6.502(1)
M.--F4 7.170(3) 5.815(2) 5.868(2) 5.596(1) 5.075(1) 5.813(1)" 5.809(1)"  5.904(1)"  5.668(1)
M.--F5 7.647(3) 6.330(1) 6.322(1) 6.319(1) 6.590(1) 6.414(1)" 6.370(1)"  6.377(1)"  6.261(1)
M---F6 7.747(3) 6.634(1) 6.658(1) 6.478(1) 6.966(1) 6.908(1)" 6.973(1)"  6.993(1)"  6.439(1)
Average 6.31/7.52°  6.18 6.19 6.11 6.28/6.21°  6.38 6.38 6.42 6.14

“F1-F3 belong to the coordinated pendant arm, F4-F6 belong to the non-coordinated pendant arm. ? trans-0,0-[Cu(L)]-NH,(Clo 54Bro 46)- © trans-
0,0"[Cu(L)]-(H;0)(Cl0,4)-H,0. # Centrosymmetry-related atoms (F4 = F1#, F5 = F2#, F6 = F3#). ® Fluorine atoms of coordinated/non-coordinated

pendant arms.

This journal is © The Royal Society of Chemistry 2023
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differ due to molecular flexibility and can be shorter.>
Solutions of the prepared complexes underwent detailed '°F
NMR study. The T; and T, relaxation times were measured at
available magnetic fields (7.05/9.40/14.1 T, 282/376/565 MHz)
at 25 and 37 °C and the results are outlined in Table 4. The
measurements confirmed significant shortening of the relax-
ation times in all studied paramagnetic complexes. A source of
the T, shortening lies in the dipolar mechanism as the
number of bonds between the metal ion and fluorine atom is
too high (5) to consider a significant contact contribution and
Curie relaxation can be neglected for small molecules with
small magnetic moments.>*?*

The c¢is-0,0"[Co(L)] species showed longitudinal relaxation
times in the range 30-40 ms which is very convenient for prac-
tical utilization. It is ca. 2-3 times longer (at the same mag-
netic fields and temperatures) compared to that of Co(u) com-
plexes of 1,8-tfe,-cyclams (Fig. 1, R = CH,CO,H, CH,PO;H,)
studied previously.>® The difference comes from longer dis-
tances between the central metal ion and fluorine atoms in cis-

O0'-[Co(L)] when compared to that in the complexes of 1,8-
tfe,-cyclams (6.19 A and 5 bonds for cis-0,0'-[Co(L)] compared
to 525 A and 4 bonds for Co(i)-1,8-tfe,-cyclams).
Furthermore, the '"F NMR signal is relatively narrow (half-
width 40-90 Hz depending on the temperature and magnetic
field used) when compared to other studied paramagnetic
complexes {Ni(u) 100-170 Hz, pc{Cu(L)] 370-640 Hz, trans-O,
O’-[Cu(L)] 200-450 Hz}, although in combination with a rela-
tively long Ty it gives a rather low T, /T, ratio (0.1-0.2).
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The "°F NMR signal of ¢is-0,0"-[Ni(L)] relaxes significantly
faster than that of the Co(u) complex but it shows ca. 2-times
slower relaxation (T; ~3-4 ms) in comparison with that of the
Ni(u) complexes of 1,8-tfe,-cyclam derivatives (Fig. 1, R = H,
CH,CO,H, CH,PO3;H,, (CH,),NH,, pyrid-2-ylmethyl), whose T
was typically in range of 1-2 ms.**? It corresponds to the dis-
tance change (average M---F 6.11 A for the cis-0,0{Ni(L)] complex
compared to 5.16-5.34 for the Ni(u)-1,8-tfe,-cyclam complexes).
The relaxation time is still too short for a comfortable standard
imaging, but the high 7, /Ty ratio 0.6-0.8 of the signal can be
potentially utilized in special imaging experiments.®>** For the
agent useful in standard imaging, a longer separation of the
metal ion and fluorine atoms is obviously needed when using Ni
(w) ion, as evidenced by T; in the order of tens of milliseconds
observed for Ni(n) complexes of cross-bridged cyclam containing
[(tnﬂuoromethyl)phenyl]acetamlde pendant arms (Flg 1, 8 bond
separation, 7.28 A, 10 ms; 9 bond separation, 8.72 A, 29 ms).*

Observed T; for the Cu(u)-H,L complexes (ca. 5-9 ms) is
slightly lower than values found for isomeric Cu(u) complexes
of 1,8-(tfe-NHCH,CH,),cyclam (7-12 ms)**> whereas the average
M.--F distances found in the Cu(u)-H,L complexes are some-
what longer (6.36 A) than those observed for the Cu(i)-1,8-(tfe-
NHCH,CH,),cyclam (5.6-6.1 A).*> However, the signals of the
Cu(u)-H,L complexes are very broad. The T, /T; ratio is ca. 0.1
for the pentacoordinated and ca. 0.2 for the trans-0,0'-[Cu(L)]
isomer, respectively.

The T, data acquired at 25 °C have been further assessed
using the equation set of the Bloch-Redfield-Wangsness

Table 4 Selected relaxometric characteristics of *°F NMR signal of studied compounds (buffer, 25/37 °C). The T, times were measured with CPMG
sequence [free ligand and Zn(i)-complex] or calculated from half-widths of the paramagnetic signals (T, for other complexes). Chemical shifts are

corrected for bulk magnetic susceptibility effect

Parameter H,L cis-0,0"-[Co(L)] ¢is-0,0"-[Ni(L)] pe[Cu(L)] trans-0,0"-[Cu(L)] ¢is-0,0[Zn(L)]"
pH 7.4 8.0° 7.4 4.0° 7.4 7.4
°F §/ppm -57.13 -38.6 -47.1 —52.9¢ -52.7 -57.15
T,* °° (282 MHz)/ms 1.38(7) x 10° 35(2) 3.6(2) 6.5(3) 5.1(3) 1.11(6) x 10°

7, °¢ (282 MHz)/ms — 7.2(7) 2.9(3) 0.5(1) 0.7(1) —
TZ/TQZBZ MHz, 25 °C — 0.21 0.81 0.08 0.14 —

(282 MHz)/ms 1.79(9) x 10° 41(2) 4.5(3) 8.5(4) 7.0(4) 1.42(7) x 10°

T, 37 < (282 MHZ)/ms — 3.5(3) 3.1(3) 0.7(1) 0.8(1) —
(TZ/T1)282 MHz, 372G — 0.09 0.69 0.08 0.11 —
T, °© (376 MHz)/ms 1.11(5) x 10° 33(2) 3.3(2) 5.9(3) 5.4(3) 0.87(4) x 10°
T,* °° (376 MHz)/ms 0.90(5) x 10° 6.3(6) 2.2(2) 0.5(1) 0.9(1) 0.61(6) x 10°
TZ/Tr”’ MHz, 25 >C 0.81 0.19 0.67 0.08 0.17 0.70

37°C (376 MHz)/ms 1.29(6) x 10° 35(2) 3.6(2) 8.7(4) 6.7(3) 1.04(5) x 10°
T, 137 %0 (376 MHz)/ms 0.92(5) x 10° 4.7(5) 2.5(2) 0.6(1) 1.1(1) 0.87(4) x 10°
(TZ/T1)376 M#Hz, 37 °C 0.71 0.13 0.69 0.07 0.16 0.84
T,** °° (565 MHz)/ms 0.74(4) x 10° 28(2) 3.2(2) 7 5(4) 6.1(3) 0.60(3) x 10°

T, °¢ (565 MHz)/ms 0.60(3) x 10° 6.3(6) 1.9(2) 0.6(1)/0.8(1) ¢ 1.2(1) 0.48(3) x 10°
TZ/T(JSGS M#Hz, 25 °C 0.81 0.23 0.59 0.10 0.20 0.80

(565 MHz)/ms 0.94(5) x 10° 33(2) 3.9(2) 9.3(5) 7.2(4) 0.77(4) x 10°

T, 57 < (565 MHz)/ms 0.74(4) x 10° 3.4(3) 2.4(2) 0.7(1)/1.0(2)° 1.5(1) 0.62(3) x 10°
(TZ/TI)S“ MHz, 3720 0.79 0.10 0.62 0.09 0.21 0.81

“The pH 8.0 was used to assure the full complexation. ” The pH 4.0 was used to avoid formation of the trans-0,0"-isomer.

“The pendant arms are

not equivalent in the pc-[Cu(L)] complex - one is coordinated, whereas the second is not. However, deconvolution of the measured signal into
two peaks —52.6 and —53.2 ppm was poss1ble only at 14.1 T. Both 51gnals are very broad and strongly overlap (Flg S5%). At lower fields, nearly

symmetric signal was observed (Fig. 9).
crystallography.

12220 | Dalton Trans., 2023, 52, 12208-12223

4 Mixture of isomers is present in solution; the data are given for the isomer characterized by X-ray
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theory.?® Preliminary calculation confirmed that the contri-
bution of Curie relaxation is for the presented set of complexes
negligible and, thus, only the dipolar relaxation mechanism
was considered. This phenomenon is quantified by eqn (1):

37, > (1)

272
1+ wg;

77
1+ w72

1 715

4r

gD _ 2 </‘0>2712v/4§ff/312\4<

AXyr
where RPP is the dipole-dipole relaxation rate, p, is vacuum
permeability, = is Ludolph’s number, y¢ is the magnetogyric
ratio of the fluorine nucleus, u.e is the effective magnetic
momentum of the paramagnetic metal ion, fy; is the Bohr
magneton, dyr is the average effective distance between the
metal ion and the fluorine atom, w. and wy are the Larmor fre-
quencies of the electron and fluorine nuclei, respectively, and
7. is the total correlation time, given for the dipolar interaction
by eqn (2):

T071 = Te71 + 71171 (2)

where 7. is the electronic relaxation time and zi is the
rotational correlation time. The parameters relevant for the
given system are thus g, 7, dyr and pegr. Of those, the highest
uncertainty is brought by 7., which - for a particular metal ion
- can reach different values covering a few orders in magni-
tude. However, as the number of the data is relatively small
(although 7x and dyr can be considered the same for at least
isostructural complexes), full fitting of the data is not reliable.
Therefore, we fixed 7z to 170 ps, the value estimated using the
Debye-Stokes-Einstein equation. Magnetic moments were set
to the mean literature values®® to obtain a close comparison of
the results with the reported data (in general, the used values
of u.er are somewhat higher than those predicted by the spin-
only formula). The distances dyr were fixed to the values
obtained from the crystal structures (Table 3; except the value

Fig. 10 Longitudinal relaxation rates of studied paramagnetic com-
plexes. Parameters used for the fitting: 7z = 170 ps (common for all
complexes), dur = 6.18 A and pegs = 4.7 for cis-0,0'-[Co(L)], dme = 6.11 A
and peg = 3.5 for cis-0,0'-[Ni(L)], dur = 6.25 A and piegs = 1.9 for pc-[Cu
(L)] and dwr = 6.30 A and pe = 1.9 for trans-O,0'-[Cu(L)]. Calculated
values of 7z, were 1.0 x 1072 s {cis-0,0'-[Co(L)]}, 8.5 x 10 s {cis-0,0'-
[Ni(L)]}, 4 x 1072 s {pc-[Cu()]} and 5 x 107 s {trans-O,0’-[Cu(L)]},
respectively.

This journal is © The Royal Society of Chemistry 2023
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for trans-0,0-[Cu(L)], which needed to be slightly shortened to
obtain good fit of the data), and the last parameter - 7, — was
calculated. The resulting fits are shown in Fig. 10. The values
of 7. fall in the expected range and are in good agreement with
the literature data.*°

Of the used paramagnetic metal ions, the situation is the
most straightforward for the Co®" complex, as 7. of this ion is
significantly shorter than 7z (by ca. 2 orders of magnitude)
and, thus, 7. is governed dominantly by z.. In contrast, for Ni**
and Cu**, contributions of both 7. and z to 7. are significant,
and thus, their values significantly correlate (i.e. a slight
change in the suggested 7y brings a significant change in 7,
and vice versa).

Conclusions

A new cyclam-based ligand substituted in the 1,8-positions
with two (2,2,2-trifluoroethyl)phosphinate pendant arms was
found to bind divalent transition metal ions Co(u), Ni(u), Cu(u)
and Zn(u) in stable complexes with a high selectivity for the Cu
(u) ion. The Cu(u) ion forms two isomeric complexes: the pen-
tacoordinated isomer pc[Cu(L)] is formed as the kinetic
product of the complexation reaction and rearranges to the
thermodynamic product, the octahedral trans-O,0’-[Cu(L)]
isomer. The Co(u), Ni(u) and Zn(u) ions form octahedral cis-O,
O-[M(L)] complexes. The complexes are kinetically inert with
respect to acid-assisted dissociation. Paramagnetic metal ion
complexes show very short relaxation times of the '’F NMR
signal {cis-0,0"-[Co(L)] 30-40 ms, cis-O,0-[Ni(L)] 3-4 ms, pc-
[Cu(L)] ~9 ms, trans-0,0'-[Cu(L)] ~7 ms; 37 °C, 7-14 T}, which
is a result of a short distance between the paramagnetic metal
ion and the fluorine atoms (mean values found in the crystal
structures are ~6.1-6.4 A). It makes these systems promising
and potentially useful as contrast agents in "°F magnetic reso-
nance imaging (*°F MRI).
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