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General experimental conditions
The 1,8-dibenzylcyclamtrians-Bn,cyclam) hydrochloride was prepared by publishechou:t

Paraformaldehyde was filtered from aged aqueousisnt of formaldehyde (Lachema) and was dried in
a desiccator over conc,80,. Cyclam (CheMatech) and other chemicals from coriaksources were
used as received. NMR spectra were recorded oviNthRS300, Variati™™ INOVA 400 or Bruker
Avance Ill 600 spectrometers using 5-mm samplesul& R chemical shifts are given in ppm and
coupling constants are reported in Hz. Unlessdtatieerwise, all NMR spectra were collected at@5
For the'H and**C{*H} NMR measurements in {0, t-BuOH was used as internal standadig% 1.25,
=30.29). The pD in BD solution was calculated by +0.4 correction talheg of calibrated pH-electrode.
For the measurements in CRQCIMS was used as internal standadg£ 0.00,&: = 0.00). For other
solvents used foH and"*C NMR measurements, signals of (residual) non/skeuterated solvents were
used? For®'P NMR measurements, 70 % agPi, was used as external referendex 0.00). For°F

NMR measurements, trifluoracetic acid (TFA, ®.1n D,O, J = —76.55 ppm, external standard),
perfluorobenzene (PFBx = —164.9 ppm) or 2,2,2-trifluoroethanol (TfeO&t,= —77.0 ppm) were used as
internal standards. Abbreviations s (singlet)tipkgt), g (quartet), m (multiplet) and b (broadg aised in
order to express the signal multiplicities. AC NMR spectra were measured using a broad-Hdnd
decoupling. Longitudinal relaxation tim&s were measured using inversion recovery sequertbe wi
spectrometer offset identical to compound signdl pioperly calibrated pulse length. Relaxation §me
T,* were estimated from signal half-width. The pogtbr negative ESI-MS spectra were acquired on the
Bruker ESQUIRE 3000 spectrometer with ion-trap di@. Thin-layer chromatography (TLC) was
performed on TLC aluminium sheets with silica gelF254 (Merck). For the detection, UV, ninhydrin
spray (0.5 % in EtOH), dipping of the sheets in a§oCuSQor |, vapour exposition were used.
Elemental analyses were performed at the InstiitiMacromolecular Chemistry (Academy of Sciences
of the Czech Republic, Prague). AAS was measurgaasting spectrometer AAS 3 (Zeiss-Jena) with

acetylene-air flame atomization. Throughout thegpapH means —log[HL.



Ligands syntheses

The syntheses of ligands it overviewed in Scheme S1
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Scheme Sli) trifluoroacetic anhydride (4 eq.),4& (5 eq.), dry CHG| room temperature (RT), 3 hi)(
NaBH, (10 eq.), BER-EtO (10 eq.), dry diglyme, 12TC, 12 h; {ii) 10 % Pd/C, H(balloon),
AcOH/EtOH/H,O (1/5/4, viviv), 4CC, 24 h; {v) neat P(OEt) (CH,0),, 70°C, 12 h; ¥) (1)
trimethylsilyloromide (=TMSBr; 20 eq.), dry acettiie, RT, 12 h; (2) HO excess, RT.

1,8-bis(trifluoroacetyl)-4,11-dibenzyl-1,4,8,11-tebazacyclotetradecane, 3
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TransBn,cyclam hydrochloride2:4HCI-4H0, 1.00 g, 1.7 mmol) was suspended in 5 % aqg. NaOH
(75 ml) and extracted three times with CE (@5 ml). The organic phases were unified and duigdg
anhydrous N80, and the solvent was removiedvacua Amine free base was dissolved in anhydrous
CHCIl; (50 ml) and trifluoroacetic anhydride (930 pl, 6nol, 4 eq.) and dry triethylamine (1.1 ml,
8.0 mmol, 5 eq.) were added. The mixture was stiateroom temperature for 3 h. Volatiles were
evaporatedn vacuoand product was purified by crystallization frowt EtOH yielding compound as
white solid (750 mg, 78 %).
NMR spectra of compourglat 25°C are complicated by a relative rigidity of amideups which results
in three possible conformers. In one of them, thenawith and without apostrophe (below) are not
chemically equivalent. Therefore, for each carbtmma four signals are expected. Some of them are
overlaid by random coalescence. However, measureshetevated temperature up to°8Ddid not lead
to better resolution; at this temperature, sigaatsvery broad due to their coalescence. For VT-NMR
spectra, see Figure S1.
TLC: Ry = 0.7 (conc. agq. NHMEtOH = 1/50).
NMR: *H (600 MHz; DMSO#d): 1.70-1.81 and 1.81-1.92 (2xbm, 4H, H6 and HB20, 2.44, 2.47
(3xt, 4H, H7 and H73J4y = 6.0,3J4y = 6.4,3)4 =6.4); 2,59 and 2,65 (2xt, 4H, H2 and H2"); 3.468
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(bm, 12H, H3, H3', H5, H5’, H8 and H8'); 6.96—7.{2m, 10H, phenyl)=C (151 MHz; DMSOd,): 23.8,
23.9, 25.8 and 26.0 (4xs, C6 and C6"); 45.8, 46X-bs, 46.3, 46.4, 46.9, 47.0 (7xs and bs, C3,C33
and C5%; 50.7, 51.0, 51.2-bs, 51.47, 51.52, 53276 (7xs and bs, C2, C2’,C7, C7’); 59.1 59.2, 59%6
(4xs, C8 and C8'); 116.3 (q, GFJcr = 288); 127.0, 127.1, 128.1, 128.6, 128.8, 128:@G(phenyl C—H):
138.6-bs, 138.9, 139.0 (bs and 2xs, phenyl g-®:418.55.5, 155.6 (3xq, C=0 and C'=0;. = 35).'F
(282 MHz; DMSO#ds): —78.37, —70.45, —70.48, —70.5% (282 MHz; DMSOds; 80°C): —70.31.

MS(+): 573.3 (calc. 573.33fH]).

Elem. anal.: found C 58.32; H 6.17; N 9.55 (cabc.@sH3z4N4FsO,, M, = 572.6; C, 58.73; H, 5.99; N,
9.78).
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Figure S1 NMR spectra of compouBacquired at different temperatures. (BF NMR. (B):'H NMR.

1 8—bis(2 2,2-trifluoroethyl)-4,11-dibenzyl-1,4,8,1-tetraazacyclotetradecane, 4
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In three-necked flask, NaBH4.6 g, 122 mmol, 10 eq.) aBd7.0 g, 12.2 mmol) were suspended in
anhydrous diglyme (100 ml) under Ar-atmosphere.nTiBd-ELO (14 ml, 122 mmol, 10 eq.) diluted by
anhydrous diglyme (100 ml) was added dropwise ugdetle stream of argon.IBs in escaping gas was
removed by bubbling through 5 % NaOH in 10 % agDHThe reaction mixture was stirred at 2D
overnight. After cooling, 12 % ag. HCI (10 ml) wadded dropwise. The volatiles were evaporated

vacua Crude product was dissolved in 5 % ag. NaOH hand extracted into CHE{3x100 ml).



Combined organic layers were dried using anhydimaS0O, and evaporated and proddoivas
crystallized as a white solid from hot CHC5.1 g, 76 %).

TLC: R = 0.8 (MeOH).

NMR: *H (400 MHz; CDCJ): 1.67 (p, 4H, H63J.y = 6.8); 2.51 (t, 4H, HAJy = 7.0); 2.57 (t, 4H, H2,
33un = 6.2); 2.68 (t, 4H, H5 )y = 6.9); 2.77 (t, 4H, H3Jyy = 6.0); 2.92 (g, 4H, HF )= = 9.6); 3.52 (s,
4H, H8); 7.17-7.41 (bm, 10H, phenyliC (151 MHz; CDCJ; 25): 24.9 (s,C6); 51.2 (bs, C7 and C2);
52.2 (s, C3); 52.5 (s, C5); 55.3 (q, % = 30); 59.5 (s, C8); 126.1 (q, §FJcr = 282); 127.1, 128.3,
129.2, 140.0 (s, pheny¥’F (282 MHz; CDC})): —72.5(bs).

MS(+): 545.3 (calc. 545.34fH]").

Elem. anal.: found C 61.50; H 7.15; N 9.98 (cate.@,sHssN4Fs, M, = 544.6; C, 61.75; H, 7.03; N,
10.29).

1,8-bis(2,2,2-trifluoroethyl)-1,4,8,11-tetraazacydtetradecane, 1
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Compound4 (4.0 g, 7.4 mmol) was dissolved in AcCOH/EtOHMHmixture (1/5/4 viv, 100 ml) and 10 %
Pd/C (200 mg) was added. The flask was evacualled, With hydrogen and the mixture was stirred
under hydrogen atmosphere (balloon) at@aor 24 h. The catalyst was filtered off, and fitteate was
evaporated to dryness, co-evaporated with 35 %l@t|(10 ml) and the residue was triturated with BtO
Yield 2.4 g (65 %).
TLC: Ry = 0.1 (conc. aq. NHMEtOH = 1/50).
NMR: 'H (600 MHz; DO; pD = 3.1): 1.89-2.05 (bm, 4H, H6); 2.92 (bt, 4, *Jy = 5.6); 3.08 (bm,
4H, H2); 3.35 (bs, 4H, H3); 3.38 (g—partially owgrped with other signals, 4H, H3, = 9.8); 3.41 (t,
4H, H5,%), = 6.4).°C (151 MHz; DO; pD = 3.1): 23.7 (s, C6); 45.7 (s, C3); 47.705); 52.5 (s, C2);
53.5 (s, C7); 53.9 (g, C8Jcr = 30); 126.5 (g, CF "Jer = 282)."F (282 MHz; BO; pD = 3.1): —64.9 (t,
33ue = 9.4).
MS(+): 365.2 (calc. 365.21FH]).
Elem. anal.: found C 32.64; H 5.91; N 10.56; CU®8(calc. forl-4HCI,M, = 473.8; C, 32.96; H, 5.93; N,
10.98; Cl, 27.79).
Single crystals of-2HCI-2H0 suitable for X-ray diffraction analysis were pregghby slow evaporation

of diluted aqueous solution &f4HCI.



1 8—bis(diethoxyphosphorylmethyl)—4 11—bis(trif|uomethyl)—1,4,8,11—tetraazacycIotetradecane, 5
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CompoundL-4HCI (1.00 g, 2.1 mmol) was extracted from 5 %NaOH (50 ml) by CHGI(3%x50 ml).
Organic phases were unified, dried by anhydroussNaand the solvent was evaporated. Triethyl

~_-CHs

phosphite (20 ml) and paraformaldehyde (254 mgna®l, 4 eq.) were added and the mixture in a flask
closed by stopper was stirred at°tDfor 12 h. Unreacted (GB), was filtered off and P(OEtwas
evaporated on rotary evaporator. Crude productisedated after chromatography on strong cation
exchanger (100 ml, Horm); impurities were washed off by EtOH (500 rafyd the product was eluted
by EtOH/conc. ag. Nk= 5/1 mixture (v/v, 250 ml). The crude product agher purified by
chromatography (Si©) MeOH) affording5 as a colourless oil.

TLC: R = 0.8 (MeOH).

NMR: *H (300 MHz; MeOHedl.,): 1.29 (d, 12H, CH 3J4y = 7.1); 1.62 (p, 4H, HE )y = 6.7); 2.72 (bm,
14H, H2, H3, H5, H7); 2.91 (d, 4H, H&l,» = 9.8); 3.14 (q, 4H, HF ). = 9.9); 4.09 (pseudo-p, 8H, H10,
33up ~ 3Jun = 7.2).2°C (101 MHz; MeOHd,): 16.9 (d, CH, , “Jcp = 5.8); 26.0 (s, C6); 51.0 (d, C8cp =
159); 53.2 (s, C3): 53.6 (s, C5); 53.8 (d, €Jgp = 7); 53.9 (d, C2Jer = 8); 56.2 (g, CFJcr = 30); 63.5

(d, C10,2Jep = 7); 127.8 (0, CE "Jcr = 281)."°F (282 MHz; MeOHd,): —71.0 (t3J4e = 9.9).3'P (121

MHz; MeOH-d)): 27.2 (pseudo-gJue ~ *Jup = 8.0).*'P{*H} (121 MHz; MeOH4d,): 27.2 (S).

MS(+): 665.9 (calc. 665.65fH]"); 687.9 (calc. 687.35fNaJ’); 703.9 (calc. 703.35fH]").

1,8-bis(dihydroxyphosphorylmethyl)-4,11-bis(2,2, 2+tfluoroethyl)-1,4,8,11-
tetraazacyclotetradecane, be2p-tfe,
m/\u OFt /\m}\?ﬂw
[ j 1) TMSBr [ sz R
OEt _— (¢] (0]
ll 2) H,0 g 3
\/ <IN ~
Et0” oo v HO™ L) 7v5 s
5 Hate2p-tfe,
Entire amount of the crude product from the presimaction was dried by repeated (2x) evaporation
with anhydrous MeCN. Dried amine was dissolvednhyalrous MeCN (60 ml) and TMSBr (3.2 ml,

18 mmol, large excess) was added. The reactiorureixtas stirred in dark at room temperature

overnight. The mixture was evaporatad/acuoand the residue was dissolved in MeCN. The saiutio
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was added dropwise to water (25 ml). Mixture waapevated and the residue was dissolved in MeOH
and precipitated by addition of &&. The solid was isolated by centrifugation. Thedoict, Hte2p-tfe,
was isolated in the zwitterionic form after purition on strong cation exchanger (100 nikferm).
Impurities were removed by water (500 ml) and tradpct was eluted off by 10 % aq. pyridine.
Lyophilization affords 842 mg (74 % based®)rof white solid. X-ray quality single crystals dfte2p-
tfe,-4HBr0.5H,0 were obtained by slow diffusion of aq. liganduiain which was layered over conc. aq.
HBr.

NMR: 'H (300 MHz; DO; pD = 6.3): 2.00 (bs, 4H, H6); 2.86 (bs, 4H, HE}X2 (s, 4H, H3); 3.17 (d, 4H,
H8, 2 = 11.3); 3.32 (q, 4H, HJe = 9.4); 3.66 (bs, 8H, H2 and H#JC (151 MHz; BO; pD = 6.3):
23.3 (s, C6); 50.5 (s, C3); 53.0 (d, C&p= 127); 53.5 (s, C5); 53.9 (s, C2); 54.2 (q, &9; = 31); 55.3
(s, C7); 126.6 (g, GF Jcr = 282)."F (376 MHz; BO; pD = 6.3): —68.9 (£Ju = 9.3).3'P{*H} (162

MHz; D,O; pD = 6.3): 6.2 (bs).

MS(-): 550.5 (calc. 551.2, [M-H} (+): 552.6 (calc. 553.2, [M+H].

Elem. anal.: found C 32.46; H 5.85; N 9.52; P 1(qcz8c. for Hte2p-tfe-2H,0, M, = 588.4; C, 32.66; H,
6.17; N, 9.52; P 10.53).

Complex syntheses

cis-[Ni(1)(Cl) ]

Ligand hydrochlorideX4HCI, 50 mg, 0.1 mmol) was mixed with Ni(C)fp (42 mg, 0.11 mmol, 1.1 eq)
in 3 ml of water (pH adjusted to 6.9 by diluted B@OH). After ca 1 d at 60 °C, a violet precipitate
appeared. The mixture was heated for 6 d at the samperature to complete the reaction.

Further heating of the undisturbed reaction mix{indlame-sealed ampoule) at 195 for 7 d yielded
light green single crystals ofs-[Ni(1)Cl,]. The same compound was obtained also when agseduton
of cis[Ni(1)(H20),](ClOy) (prepared as mentioned below) was layered overa.%laCl and the
mixture was left at room temperature for 2 d.

Cis-[Ni(1)(H20)2](ClO ),

Ligand asl-4HCI (200 mg, 0.42 mmol) was dissolved in 5 %NaOH (25 ml) and the solution was
extracted with CHGI(3x25 ml). Organic phases were combined and eadgdio dryness. Free bdse
was dissolved in MeOH (5 ml). To this solution,adusion of Ni(ClQ,),-6H,0 (115 mg, 0.31 mmol,
0.75 eq.) in water (5 ml) was added. The mixture stared in an opened vial placed in oil bath éedb
80 °C for 4 d; during this time, the volume was gratiuedduced as MeOH evaporated, and some

distilled water was added several times to keepmael of the reaction mixture ~3-5 ml. The mixtureswa
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filtered through 0.1-um syringe filter. Absencefrefe Ni(ll) was proved by negative reaction witPol
dimethylglyoxime in EtOH. The solution was evapethh vacuoand the residue was dissolved in water
(20 ml, final pH ~7.4) and the solution was extealctvith CHC} (8x10 ml) to remove excess of free
ligand (controlled by’F NMR). The complex was not isolated and its cotregion in this stock aq.
solution was determined by means of AAS. Any attiesnigp grow single crystals were unsuccessful.
TLC: decomposition (see below).

NMR: Only extremely broad signals and no signalseWeund in"H NMR and"*C NMR spectra,
respectively’®F (282 MHz, DO, pD = 7.62, 253C): —26.2,T, = 1.72(1) msT,* ~ 820 ps.

MS(+): 210.8 (calc.211.1 [N1§]*"); 420.9 (calc. 421.1 [NA)-H]") ; 456.9 (calc. 456.1 [N1)CI]*): 520.8
(calc. 520.1 [NiQ)(CIOL)]).

It should be noticed that thés-[Ni( 1)(H,0),]** complex is easily decomposed (transchelation)lirted
agueous ammonia, even during TLC with ammonia-gainig eluents; it points out to a rather low
thermodynamic and kinetic stability in ammonia $iolos.

Mechanism of the complex formation was followed'#/NMR by following procedure. Ligand as
1-4HCI (100 mg, 0.21 mmol) was dissolved in 5 %NaOH (10 ml) and the solution was extracted by
CHCI; (3x10 ml). Organic phases were combined and eadgabrCompound was dissolved in the
DMSO (2 ml) and water (1 ml) was added. Approxin@iacentration ol in stock solution (55 m) was
determined by comparison BF-NMR signal integral intensity with that of triftwoethanol (TfeOH) as a
standard. In NMR tube, the stock solutiorl@¢®00 pul, 11 pumol) was mixed with DMS@-300 ul) and
TfeOH (1 pl). The mixture was heated to 50 °C #ReNMR spectrum was measured. Then,.aq.
Ni(CIO,), (50 pl, 10 pmol, 0.9 equiv.) was quickly added #relreaction was followed ByF-NMR over
2 h. The spectra were phase-corrected, and 50 ptmextial apodization and baseline correction were
applied. In the NMR experiment, aq. DMSO was chasethe solvent keeps reaction mixture fully
homogeneous even at the starting pdift NMR spectral changes during course of the reactie

shown in Figure S2.



Figure S2 A): Time dependence 6fF NMR spectra during Ni(Clg)—1 complexation in DMSO:water
6.5:1 mixture at 50C (blue lines); red line represents spectrum ofrbe ligand before Ni(CIg),
addition. As an internal standard, trifluoroethawal used. (B)**F NMR spectrum of
[Ni(1)(H,0),])(ClO,), in water (pH 7.1, 5 m) with trifluoroethanol as internal standadi € —77 ppm).

trans-[Ni(1)](CIO 4)2

Solution ofcis-[Ni( 1)(H.0),](ClO,4), (2 ml 0.2m) was mixed with solution of 18 g NaCj@ 12 ml

water, and the mixture was left for 2 weeks at raemperature. During this period, a red precipitate
appeared. The precipitate was isolated by cenatfag.

Single crystals ofrans[Ni(1)](ClO,4), were prepared by analogous procedure: 1 ml of 3(a%IO, was
layered with 0.2 ml of 0.0 cis-[Ni(1)(H,0),](ClO,),, and the mixture was left undisturbed for 3 weeks.

Isomerization ofrans[Ni(1)(H20)](ClO,)2 to cis-[Ni( 1)(H20),](ClO,4), was studied by following way:
sample of the rettans[Ni(1)](ClO,4)2 (15 mg) was dissolved in,D (0.5 ml) with 1 ul of
trifluoroethanol, and time-evaluation BF NMR spectra was measured (Figure S3). Consisténes of
half-times for this rearrangement process wereutatied from single-exponential fit of time-depences
of both signals intensities;, = 3.6(2) h from decrease wans[Ni( 1)(H.0),]** signal andr, = 3.4(1) h
from increase ofis-[Ni( 1)(H,0),]*" signal.
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Figure S3 Time dependence'@ NMR spectra during isomerization of species aftesolution of red
trans[Ni(1)](ClO,), in water at 25C. As an internal standard, trifluoroethanol wasdus

cis-[Ni(1)(H,0),](OTs),

To prepare single crystals o-[Ni(1)(H.0).](OTs),, equimolar amounts of Ni(Ts©|7 mg,

0.12 mmol) and free badgfreshly prepared from 50 mg, 0.11 mmol of its toghloridel-4HCI) were
mixed in water:MeOH 1:1 mixture (2 ml, native pHb)/.After short heating at 50 °C, a pink preciptat
appeared. The suspension was flame-sealed intoudengod the mixture was heated at 2G5or 7 d.
During this time, the pink precipitate was trangfed to blue bar-like crystals, which were used¥any

diffraction analysis.

(NH ){trans-[Ni(Hte2p-tfe,)]}

The ligand Hte2p-tfe-2H,0 (100 mg, 0.16 mmol) was dissolved in water (5anil NiC}-6H,0O (47 mg,
0.20 mmol, 1.25 eq.) was added. Solution pH wassaell to 10 by 5 % aq. NHnd the mixture was
stirred at 75C for 24 h. The complex was purified by column chatography (Si@ 6x3 cm) with
EtOH/conc. ag. NKI5/1 as mobile phase. Fractions containing purduymbwere combined, evaporated to
dryness and the product was crystallised from mahimmount of water with a drop of 5 % aq. Nby
diffusion of acetone. Absence of free Ni(ll) wasyed by negative reaction with 1 % dimethylglyoxime
in EtOH.

Yield 87 mg (75 %).

TLC: R = 0.5 (EtOH/aqg. conc. N+-b/1).

NMR: Only extremely broad signals and no signalseWeund in"H NMR and™C/*'P NMR spectra,
respectively’*F (282 MHz, DO, pD = 6.7, 25C): —20.8,T; = 2.32(5) msT,* ~1.3 ms.

MS(+): 609.7 (calc. 609.1, [Ni{kle2p-tfe}] *); MS(-): 607.5 (calc. 607.1, [Ni{Hte2p-ti ).
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Elem. anal.: found C 28.03; H 5.71; N 10.15 (ctde(NH4){ trans[Ni(Hte2p-tfe,)]}-3H 0,
C16H41FeNsNiOgP,, M, = 681.2; C, 28.17; H, 6.06; N, 10.27).
Single crystals of (NB{trans[Ni(Hte2p-tfe,)]} -3.25H0 were prepared by acetone vapour diffusion into

ag. solution of the complex containing slight exxceammonia.

The following procedure was used to investigatetraaitsm of the complex formation B NMR. The
ligand, Hite2p-tfe, in zwitterionic form (10.6 mg, 17.3 pmol) wassbbsed in BO (0.5 ml) containing

0.1 %t-BuOH and trifluoroethanol (TfeOH, 10 uwas added. Solution pH was adjusted to 10.0 by
adding of 5 % ag. NK reaction mixture was heated to TS and'*F NMR spectrum was measured. Then,
NiCl,-6H,0 (4.7 mg, 19.7 umol, 1.1 eq) in® (100 ) was added and the reaction progress was
followed by*F NMR over 13.5 h. The spectra were phase-correateti10 Hz exponential apodization
and baseline correction were applied. Time-deperalehintegral values of signals @t= —26.4 frans-
[Ni(te2p-tfe2)f), —41.1 (intermediate) and —68.3 ppm (te2p*tfavas analysed using Matfabsing first
order kinetic equatior{t) = A + B-exp(Kqnd), wherel(t) are integral values in timkgys is the first-order
rate constant andl andB are parameters characterising initial and fineddnal values. The results are

shown in Figure S4.
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Figure S4 A): Time dependence 6fF NMR spectra during Ni(ll)-He2p-tfe complexation (blue lines);
red line represents spectrum of the free ligandreafliCL addition. As an internal standard,
trifluoroethanol was used (7€, diluted ag. ammonia, pH ~10B)( *°F NMR spectrum ofrans-
[Ni(te2p-tfe)]*” in water (pH 7.4, 22 m) with trifluoroethanol as internal standaf € =77 ppm) C):
Time dependences 6F NMR signal integral intensities (x) and fits (gdines) using general equation
I(t) = A + B-exp(kond), wherel(t) are signal integral intensities at timés is the first-order rate constant
andA andB are scale factors characterising initial and fint#nsities. Values of the rate constdgtsare
following: decrease in concentration of the frgaﬁd”gkobsz 0.71(3)10 35t decrease in concentration
of the intermediat&'kyps = 0.85(8)10° 35 increase of concentration of the final prooﬁﬂ'{‘kobsz
0.89(7)10°3s™
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X-ray diffraction

The selected crystals were mounted on a glassifioendom orientation and the diffraction dataever
acquired at 150(1) K (Cryostream Cooler Oxford Gggtem) using Md<, radiation 4 = 0.71073 A).
The diffraction data were collected employing ApeXCD diffractometer and analysed using the SAINT
V8.27B (Bruker AXS Inc., 2012) program package. $hrecture was solved by direct methods
(SHELXS97] and refined by full-matrix least-squares techni(8HELXL97¥. Absorption correction
using Gaussian integration was appfigdl non-hydrogen atoms were refined anisotropicaflithough
hydrogen atoms were found in the electron diffeeemap, they were fixed in original (those bound to
nitrogen and oxygen atoms) or theoretical (thosenging to carbon atoms) positions using riding elod
with UeH) = 1.2U(X) to keep a number of refined parameters low.

For compoundt-2HCI-2H0O, the ligand molecule lies on centre of symmeteythe independent unit
consists from one half of formula unit. In the ca$élte2p-tfe-4HBr0.5H,0, the independent unit
consists from two halves of ligand molecules layamgsymmetry centres and four bromide anions. In
addition, a number of several low-intensity maximalectron difference map points to a disordered
solvate. It was attributed to 0.5 water moleculé squeezed off using PLATONThe independent unit
of cis[Ni(1)(H20),](TsO), is formed by whole molecular formula. Fas-[Ni(1)Cl,], the molecule
possess two-fold symmetry, with one half of theeuale as an independent unit. Electron map diffaxren
maxima close to fluorine atoms point to a disoiddrifluoromethyl group. This was best refined as
staggered in two positions with fixed relative goancy 95:5 and with isotropic refinement of atoms i
the less-occupied positions. In the castrais[Ni(1)](CIO,4),, one half of centrosymmetric complex
molecule and one perchlorate anion forms the inadget unit. In the case of (NHtrans[Ni(Hte2p-
tfe,)]} -3.25H0, the independent unit is formed by whole molecidemula. Water solvate molecules
were best refined as disordered in several positioraking in total 3.25 molecules. Selected expemiad
data are listed in Table S1, and selected geonprameters are listed in Table S2 and Table S3.

Relevant data for the structures have been depasitthe Cambridge Crystallographic Data Centre.
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Table S1 Experimental data for the reported cryttalktures.

Parameter 1-2HCI-2HO Hjte2p-tfe-4HBr0.5H,0  cis[Ni(1)(H,0),](TsO) cis-[Ni(1)Cl;] trans[Ni(1)](CIO,), trans(NH,4)[Ni(Hte2p-

tfe,)]-3.25H0

Formula G4H3:CLFgN4O,  CigHaBraFgN4Og sPo CagHaaFsNuNiOgS, C14H26CIoFgN4Ni Cy14H26ClFgN4NiOg Ci6H30 5F6NsNiOg 25>

M; 473.34 885.08 801.50 494.00 622.00 684.68

Colour colourless colourless light blue light blyreen red light blue

Habit prism prism bar prism prism bar

Crystal system  monoclinic triclinic orthorhombic nazlinic triclinic monoclinic

Space group R P-1 Mca C2lc P-1 P2/n

a[A] 9.5863(6) 7.3372(2) 8.7262(3) 22.2787(9) 8.9 9.4281(4)

b [A] 9.4059(7) 11.5789(3) 25.5904(15) 6.4382(3) 8.52Dp3(7 16.7420(7)

c[A] 11.7418(8) 17.6946(4) 30.9247(18) 16.0685(7) 9.2343 17.0428(6)

a[°] 90 85.446(1) 90 90 71.903(4) 90

B 105.367(2) 88.825(1) 90 122.852(1) 68.416(3) 90Q(B1LO

7 [°] 90 80.982(1) 90 90 72.718(3) 90

VIAY 1020.88(12) 1479.96(6) 6905.7(6) 1936.19(15) 56254 2690.09(19)

z 2 2 8 4 1 4

Deaca. [0 €M 1.540 1.986 1.542 1.695 1.836 1.691

w [mm ] 0.390 5.625 0.768 1.341 1.200 0.938

Unique refl. 2354 6780 6742 2232 1490 6159

Obsd. refl. [> 2157 5621 4408 1973 1080 4968

20(1)]

R R [l >25(1)] 0.0324;0.0354 0.0268; 0.0381 0.0563; 0.1029 0.0388148 0.0498; 0.0775 0.0322; 0.0476

wR wR [l > 0.0787; 0.0814 0.0561; 0.0581 0.1060; 0.1212 0.095D84 0.1168; 0.1331 0.0735; 0.0803

20(1)]

CCDC 1430241 1430242 1430240 1430237 1430238 148023
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Solid-state structure of 1-2HCI-2HO
Structure of the (K)?* cation adopts comm8ionformation of diprotonated cyclam derivativess Istabilized by
intramolecular hydrogen bond between protonateduapdotonated amino grough(.n= 2.99 and 3.01 A) as shown in

Figure S5. The structure confirms higher basicftgazondary amino groups comparing to tertiary ones

Figure S5 Molecular structure of the,@if* cation found in the crystal structure’lsHCI-2HO. Intramolecular
hydrogen bonds are dashed. Carbon-bound hydrogersatre omitted for clarity.

Solid-state structure of Hite2p-tfe;-4HBr-0.5H,0

Fully protonated ligand molecule, {td2p-tfe)**, found in the crystal structure oftd2p-tfe-4HBr0.5H,0, adopts
rectangular conformation (3,4,3,4-#ith nitrogen atoms in the corners (Figure S6#Ajs the most frequently observed
conformation of the fully protonated polyazamacieg® The two independent ligand molecules exhibit anmentical

geometric parameters of the macrocycle, but diffarientation of pendant substituents (Figure S6B)

A B

Figure S6 (A): Molecular structure of cationgteRp-tfe)** found in the crystal structure ofté2p-tfe-4HBr0.5H,0.
One of two independent ligand molecules is shovarb@n-bound hydrogen atoms are omitted for clafBy. Overlay of
two independent ligand molecules. Only pivot atahpendant substituents are shown.
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Solid-state structure ofcis-[Ni(1)Cl ;]

Two-fold symmetric molecule afis[Ni(1)Cl,] shows slightly distorted octahedral sphere witkicrocyclic ligand irtis-
V configuration, with central Ni(ll) on laying slly “out” of the macrocycle (angle N1-Ni-N% 171°) (Figure S7).
Coordination bonds from tertiary amino groups ageificantly longer (2.26 A) comparing to thoseween the central

metal ion and secondary amino groups (2.10 A).

Figure S7 Molecular structure ois-[Ni( 1)Cl,] found in its crystal structure. Carbon-bound logln atoms are omitted
for clarity.
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Selected geometric parameters of Ni(ll) coordinatio spheres found in the solid-state structures

Table S2 Coordination geometry of Ni(ll) catiortie prepared complexes.

Parameter cis[Ni(1)(H.O)](TsO)® cisNi(1)Cl;]° trans[Ni(1)](CIOy),° (NHp){trans[Ni(Hte2p-tfe,)]} -3.25H,0°
Distances (A)
Ni-N1 2.217(3) 2.260(2) 1.992(5) 2.108(2)
Ni—N4 2.087(3) 2.100(2) 1.946(5) 2.221(2)
Ni-N8 2.254(3) 2.260(3) 1.992(5§ 2.093(2)
Ni-N11 2.072(3) 2.100(2) 1.946(5 2.229(2)
Ni—X1 2.100(2) 2.419(1) - 2.063(1)
Ni—X2 2.072(2) 2.419(1) — 2.102(1)
Angles ()

N1-Ni-N4  83.23(12) 82.09(9) 87.9(2) 85.35(6)
N1-Ni-N8  171.80(11) 171.32(1%) 180 178.02(6)
N1-Ni-N11 92.25(11) 91.95(9) 92.1(2) 93.98(6)
N1-Ni-X1 ~ 97.53(10) 96.75(6) — 86.62(6)
N1-Ni-X2  90.09(11) 89.48(6) — 95.97(6)
N4-Ni-N8  90.67(12) 91.95(9) 92.1(2f 93.77(6)
N4-Ni-N11  96.01(11) 93.59(12) 180 179.24(6)
N4-Ni-X1 ~ 92.50(10) 89.67(6) — 91.02(6)
N4-Ni-X2 ~ 172.01(11) 171.06(7) — 91.37(6)
N8-Ni-N11 82.91(11) 82.09(%) 87.9(2f 86.89(6)
N8-Ni-X1  88.17(10) 89.48(6) - 91.63(6)
N8-Ni-X2  96.38(11) 96.75(8) - 85.82(6)
N11-Ni-X1 167.73(12) 171.06(7) - 88.59(6)
N11-Ni-X2 88.60(11) 89.67(6) - 89.04(6)
X1-Ni-X2  84.01(9) 88.35(3) - 176.61(5)

a1 = 01W, X2 = 02W"X1 = CI1, X2 = CIf. *two-fold symmetry-related atoms: N8 = NIN11 = N4, # = —x+2, y, —
z+1/2.°N8 = NT, N11 = N4, $ = —x+1, —y+1, —z+FX1 = 011, X2 = 021.

Table S3 The Ni---F distances found in crystataines of the studied Ni(ll) complexes.

cis-[Ni(1)(H20),)(TsO), cis-[Ni(1)Cly] trans[Ni(1)](ClO,), (NHg){trans[Ni(Hte2p-tfe,))]-3.25H0O
Atoms Distances (A] Atoms Distances (A)| Atoms Distances (A}  Atoms Distances (A)
Ni---F161 5.297 Ni---F91 5.127 Ni---F91 4.872 M8t 5.151

Ni---F162 5.045 Ni---F91A 5.086 Ni---F92 5.033 -INi82 5.113

Ni---F163 5.107 Ni---F92 5.032 Ni---F93  4.848 i83 5.360

Ni---F181 5.325 Ni---F92A 5.237 — — Ni---F201 5.126
Ni---F182 5.087 Ni---F93 5.281 - - Ni---F202 5.117
Ni---F183 5.114 Ni---F93A 5.105 — — Ni---F203 5.458
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Potentiometry

Stock solution of Ni(NG), was prepared by dissolution of recrystallized hyelin water. The Ni(ll) content was
determined by titration with NHedta standard solution. A standard HCI was prepayetilution of conc. HCI (purris.
grade, Aldrich). A standard NM@H solution was prepared by passing an aq. MMsolution through a Dowex 1
column in the OFform under argon atmosphere and using-8€e deionized waterA carbonate-free NMOH
solution (~0.2v) was standardized against potassium hydrogen lpkghand the HCI stock solution (~0.Q3 against
the NMgOH standardized solution. Ligand concentratiorhingtock solution was calculated from the weiglatexdunt
of the solid ligand, and it corresponded well vitib value obtained during fitting procedure togethigh determination
of the protonation constants. Water ion product talisn from the literature Ky, = 13.81)'° The constants with their
standard deviations were calculated with the OPtvgram packag€.The program minimises the criterion of the
generalized least squares method using the cadibrnctionE = Ey + Slog[H'] + j1-[H] + j2-Kw/[H'] where the
additive termE, contains the standard potentials of the electraded and the contributions of inert ions to theitl-
junction potential, tern$ corresponds to the Nernstian slope, and;tfid"] andj,-Kw/[H"] = j»-[OH] terms describe
contributions of the Hand OH ions to the liquid-junction potential, respectiuelhe calibration parameters were
determined from titration of the standard HCI wihle standard NM&H solutions before and after each titration of
ligand or ligand/metal ion mixture to give calibeat-titration pairs used for calculations of thenstants. Titrations were
carried out in a thermostatted vessel at 25.0%0,Jat constant ionic strengttNMe,Cl) = 0.1M, using a PHM 240 pH-
meter, a 2-ml ABU 900 automatic piston burette areK 2401B combined electrode (all Radiometer). dtnecentration
of the ligand was approximately 0.004and ligand-to-metal ratio was 1:1. An inert atnfee was ensured by a
constant passage of argon saturated with the wapemwurs.

The measurements were taken with HCI excess addée initial mixture, and the mixtures were tigiwith stock
NMe,OH solution. In a study of protonation equilibriwhthe free ligand, the systems were studied byeotional
titrations in the pH range 1.8-12.0 (~40 data sofrer titration). The initial volume was ~5 tand four parallel
titrations were carried out. The equilibrium in NEH ste2p-tfe system was established slowly and, thereforeptuatll
technique was used. Each solution as titration pitat (~1 cni) was prepared separately in an ampoule which was
flame-sealed. Two parallel sets of ampoules weudibrpted at 50C for 2 weeks. The ampoules were cooled down and
left at room temperature for 24 h. The electrodeptial at each titration point (ampoule) was detaed for each
titration set with freshly calibrated electrodetraiions were done in pH range 2.4—7.0 with ~2@sgper each titration
set. Calculated overall protonation and stabildpstants are compiled in Table S4 and their corspanivith published
data is given in Table S5.
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Table S4 Overall protonation (I8¢ and stability (lognm) constants, and consecutive protonation constdrtigte2p-tfe
and itstransNi(ll) complex { = 0.1M NMe,Cl, 25°C).

h  logss logK(HrL) h m  10gBhim logK(HRLM)
1 10.857(5 10.8¢ 0 1 13.28(6 -

2 20.956(5 10.0¢ 1 1 19.13(5 5.8t

3 26.557(9 5.6( 2 1 23.58(33 4.4

4 31.289(8 4.7:

= HALIATH] ™ (LT K(HL) = HeLJAH]-[H nal )

Boim = [HiLMJ{H] ™ [L] [M]™}. K(HALM) = [HaLM]ATH][H haLM]}
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Table S5 Comparison of consecutive protonationteons lodg<(HnL) and stability and protonation constants of Nifibmplexes of kte2p-tfe with related

ligands.
h Hagte2p-tfe, cyclam™  tmc!*? 1,&-Hpe2r-Bn, ™ 1,6-Hpte2r-Bn,Me™ 1 &-H,te2r-Me, 1,8-Hte2y 1,4-Hate2p 4
F,C” N Nj\PogHz [NHHNj H3(Em’CH3 ©/EN Ni\PO3H2 ©/EN Nj\P03H2 H3C[‘mj\Po3H2 [NH N POsH, [NH N PO,H,
H,O3P<_N  N_CF; NHHN ch'U‘CHg HyO3P< N N\Q H,03P< N N‘CH3 H203P\/U‘CH3 HyO3P<_N HN NH N_ PO3;H,
logK(HL)
1 10.86° 11.4° 9.36° 10.53° 10.87° 11.472 13 - -
2 10.09° 10.28° 9.02° 10.68° 11.42° 12,1721 26.41% 13 25.7:%
3 5.60° 1.6° 2.542 7.10° 7.24° 7.20° 11 6.7¢" 11 6.5€ "
4 473" 2.1° 2.252 6.44° 6.38" 6.33° 11 5.3¢° 11 5.1¢°
5 — - - - 1.60° 1.52¢14 1.18¢M4 2.3C°
6 - - - - 1.0° 0.85¢143 - -
logK i
13.2¢ 22.2 8.6¢ - - 15.55!* 21.99%4 21.9:
logK(NiHL)
1 5.85° - - - - 7.27° 11 7.31° 11 6.14°
2 4.4° - - - - 5.1° 1 4.77° 1% 5.12°

?Protonation of macrocycle amino grolprotonation of phosphonate moiety to PO ‘Unresolved simultaneous protonation of ring amirmug and

hydrogenphosphonate moiety to -4P@ “Overall protonation constant for two consecutiepst lod(HL)+logK(H.L).
Constants are defined in following way (chargesoanétted for clarity):

K(HL) = [Hol] / {[H]-[H nal]}

Kii = [NiL] / {[Ni]-[L]}

K(NiHsL) = [NiH L] / {H]-[NiH naL]}.
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Figure S8 Distribution diagram of the Ni(ll)std2p-tfe system ¢, = c_ = 0.004Mm, | = 0.1 NMaCl, “frozen” equilibrium
at 50°C, measured at Z&).

Dissociation kinetics studies

Inertness of therans[Ni(H ,te2p-tfe)]™2 (0.5 mM) and [Ni(l)(H,O),]** (0.8 mM) complexes against acid-assisted
dissociation was studied inM.aq. HCI at 37 and 8TC using UV spectroscopy at 230 nm. The rate cotstaare
determined by regression analysis using equatiothéofirst-order kineticsiso(t) = a + b-exp(Kqpd), WhereAys(t) is
absorbance at 230 nm in a tirkgyis first-order reaction rate constant, anandb are parameters characterising initial
and final absorbance of the sample. The valués,gfreaction half-life time %) and time for dissociation from 99 %

(799) are compiled in Table S6.

Table S6: First-order rate constaky,, reaction half-life ¢,) and 99 % reaction timas) for HCl-assisted dissociation
of studied complexes inM aq. HCI.

Paramete Comple»

cis-[Ni(1)(H.0),)*" trans-[Ni(H te2f-tfe,)] ™2
t/°C 37 80 37 80
Kops/ 1C°-¢* 2.442(1 417(2 2.005(2 4.24(1
T/ h 7.883(1) 0.0462(2) 9.60(1) 4.54(1)
Too/ h 52.26(1) 0.306(2) 63.67(7) 30.12(6)
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1 NMR/MRI

Aqueous solutions of samples 1) 1®mans(NH,),[Ni(te2p-tfe))] 2) 10 nm Hite2p-tfe and 3) 20 ma trifluoroethanol
(fluorine concentration was identical in all sang)lerere filled into separate 1 ml glass vials.

MR Imaging was measured on 4.7-T Bruker MRI scaeqeipped with a home-madé/*F surface single loop coil
(diameter 40 mm), tunable to both 268 and 188 °F) MHz.

Base'H images (200 MHz) were acquired usin@;aveightedgradient echo sequence with TE = 3.715 ms and IR =
ms, FOV = 35x35 mm, matrix 256x256.

% MR images were obtained using a gradient echoeseg with TE = 1.3 ms and TR = 3 ms optimized for
visualization of fast relaxing signals. Slowly ndleg samples were visualized using turbospin eegpence employing
TE =40 ms and TR = 2000 ms. Field of view (FOV3W&*35 mm, slice thickness 5 mm, matrix 32x32. filadrix was
interpolated to 256x256 to match that of protongesa Acquisition times dfF MRI experiments were approx. 34 min.

B C

Figure S9 MRI study of phantoms containing freatidl andcis-[Ni( 1)(H20),](ClO,4), complex ¢- = 0.004M in both
samples)B = 4.7 T, 25°C, home-madé&H/*°F surface single loop coilA): *H MRI scan, gradient echo sequence, flip
angle 30°, TE = 3.7 ms, TR = 100 ms, matrix 256x2B% Overlay of'H MRI with **F MRI; °F MRI was optimized for
the complex; acquired &= —26 ppm, gradient echo sequence, TE = 1.3 ms; IRs, matrix 32x32 interpolated to

256x256. C): Overlay of*H MRI with **F MRI; **F MRI was optimized for the ligand; acquireddt —70 ppm,
turbospin echo sequence, TE = 40 ms, TR = 2000maBjx 32x32 interpolated to 256x256.

A

empty ligand

Ni complex
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