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l. Protonation and complexation equilibria of DOTA%, DOTP? and NTA®* ligands
I.1. Experimental

The chemicals used for the experiments were of analytical grade. Bi(ClOas)s solution was
prepared by dissolving Bi2Os (99.9%, Fluka) in 6 M HCIOs. The concentration of the
Bi(ClO4)s solution was determined by complexometry with a standardized Na:H2EDTA
solution and xylenol orange as indicator at about pH 1. The H" concentration of the Bi(ClO4)3
solution was determined by using pH potentiometric titration in the presence of a twofold
excess of Na2H2EDTA. HsDOTA and HsNTA were purchased from Sigma, while HsDOTP
and HsAAZTA ligands were synthesized according to literature procedures[*?]. HP-DO3A
was provided by Bracco Imaging S.p.A.. The concentration of the ligand stock solutions was
determined by pH-potentiometric titration in the presence and absence of a large (40-fold)
excess of CaClz. The pH-potentiometric titrations were made with standardized 0.2 M NaOH.
The solutions of the Bi'"' complexes were prepared by the reaction of equivalent amounts of
Bi(ClO4)s and the ligand. The Bi(ClO4)s solution was slowly added dropwise to the
vigorously stirred solution of Na2H2DOTA, NasH2DOTP or Na2HHP-DO3A. The pH of the
solution was controlled, and it was set to 5-5.5 by addition of concentrated NaOH solution.
Caution! Dry powder perchlorate samples are prone to explosion and should be handled with
special care, especially in larger quantities.

The protonation constants of the ligands and the Bi'"' complexes were determined by pH
potentiometric titration with 0.2 M NaOH at 25°C using a constant ionic strength (0.15 M
NaClOa4) in 6 mL samples. The concentration of the ligand and Bi'' complexes was generally
0.002 M. For the pH measurements and titrations, Metrohm 888 Titrando titration workstation
equipped with Metrohm-6.0234.110 combined electrode was used. The solutions were stirred,
and N2 was bubbled through them. The titrations were made in the pH range of 1.7-12.0. KH-
phthalate (pH=4.005) and borax (pH=9.177) buffers were used to calibrate the pH meter. For
the calculation of [H*] from the measured pH values, the method proposed by Irving et al.
was used as follows:* 0.01 M HCIOs solution was titrated with standardized NaOH solution at
0.15 M NaClOg4 ionic strength. The differences (A) between the measured (pHread) and
calculated pH (-log[H*]) value (i.e., the average of A values in the pH-range of 1.75-2.20 was
used to obtain the equilibrium H* concentration from the pH values measured in the titration
experiments (A=-0.042). For the equilibrium calculations, the stoichiometric water ionic
product (pKw) was also needed to calculate [OH"] values under basic conditions. The VnaoH —
PHread data pairs of the HCIO4 — NaOH titration obtained in the pH range 10.8 — 12.0 were
used to calculate the pKw value (pKw=13.65).



The stability constants of the [Bi(DOTA)], [Bi(DOTP)]>, [Bi(NTA)] and [Bi(NTA)2]*
complexes were determined by spectrophotometry at the absorption band of Bi'"' complexes
in the wavelength range of 210-350 nm. For Bi'"' - NTA systems, two series of samples were
prepared with [Bi''Jt=0.1 mM and [NTAJw=0.1 mM or [Bi""]t=0.1 mM and [NTAJwt=0.2
mM in 0.15 M NaClOs4 solution. In the first series the -log[H*] values were adjusted to 0.1,
0.3, 0.6 and 1.0 M with the addition of calculated amounts of 3.0 M HCIO4 (ionic strength
was not constant in these samples). In the second series, the pH values of the samples were
adjusted by stepwise addition of the concentrated NaOH and HCIO4 solutions in the pH range
2.0 - 5.5. For Bi'"" - DOTA - NTA systems, six samples were prepared with [Bi""0=50 uM,
[NTA]wt=50 mM and [DOTA]«t=0.0, 20, 40, 60, 80 and 100 uM in 0.15 M NaClO4 solution.
For Bi'' - DOTP - NTA systems, eight samples were prepared with [Bi'"']w=50 pM,
[NTA]w0t=10 mM and [DOTP]wt=0.0, 30, 60, 90, 120, 150, 210 and 300 uM in 0.15 M
NaClOs solution. The pH values of the samples were adjusted to 3.0 by stepwise addition of
the concentrated NaOH and/or HCIO4 solutions. The samples were kept for a week at 50 °C
and eight weeks at 25 °C in order to attain equilibrium. The time needed to reach the
equilibria was determined by spectrophotometry and the absorbance values of the samples
were determined than determined for the samples containing [Bi(NTA)], [Bi(NTA)]%,
[Bi(DOTA)]” and [Bi(HsDOTP)]" complexes ([Bi(HsDOTP)]  species predominates at
pH=3.0). For the calculations of the stability constants of the Bi'"' complexes, the molar
absorptivities of [Bi(NTA)], [Bi(NTA)2]*, [Bi(DOTA)] and [Bi(HsDOTP)] species were
determined by recording the spectra of 0.01, 0.05, 0.1 and 0.2 mM solutions of [Bi(NTA)],
[Bi(NTA)2]*, [Bi(DOTA)] and [Bi(HsDOTP)]at 295, 297, 300, 303, 305, 308, 310, 312,
315, 317 and 320 nm in the presence of 0.15 M NaClO4 ([Bi(NTA)] was prepared at pH=2.0
in the presence of two fold NTA excess). The spectrophotometric measurements were made
by PerkinElmer Lambda 365 UV-Vis spectrophotometer at 25 °C, using 1.0 cm cells. The
protonation and stability constants were calculated with the PSEQUAD program.*

Explicit hydrogen atoms and overall charges of the chelating agents and complexes thereof

are used only when relevant to the discussion, otherwise omitted for brevity.

1.2 Acid-base properties of DOTA*, DOTP?® and NTA?® ligands.
The protonation constants of ligands, defined by Eq. (S1), have been determined by pH-
potentiometry, 'H- and 3'P-NMR spectroscopy.



K = _HL] (S1)
[HLIH]

where i=1, 2...7. The protonation constant of DOTP has also been determined by 'H-and *'P
NMR spectroscopy, recording the chemical shift variations of the non-labile protons and
phosphorous atoms as a function of pH. The 'H- and 3'P-NMR titration curves (Figure S1)
display sharp changes at certain pH values, which are related to the protonation/deprotonation
of the ligand. Since the protonation/deprotonation is fast on the NMR time scale, the chemical
shifts of the observed signals represent a weighted average of the shifts of the different

species involved in a specific protonation step (Eq. (S2)):°
Sgps = X8 (S2)

where, 3, is the observed chemical shift of a given signal (*H and 3!P), x; and §™" are the

S
molar fraction and the chemical shift of the involved species, respectively. The observed

chemical shifts (5,,.) have been fitted to the Eq. (S2), respectively (the molar fractions xi and

obs
the concentration of the different protonated species have been expressed by the protonation
constants Ki"', Eq. (S1)). The fittings of the experimental data points are shown in Figures S1
and S2. The obtained logKi" values are listed in Table S1.

Table S1. Protonation constants of NTA3, DOTA* and DOTP? at 25°C

NTA% DOTA* DOTP®

015M  1.0M 0.15M 0.15M 0.1 M 0.15M 0.1M

NaClO; NaClO;® NaClO; NaClPl  MeN(NO3) I NaClOs  MesN(NOz)M!
logkiH  9.22 (2) 8.96 9.12 (1) 9.14 12.09 *13.6 (1) 14.65
logk2"  2.80 (2) 2.20 9.50 (1) 9.21 9.76 *12.21 (4) 12.40
logKs™  1.06 (3) 1.98 451 (1) 4.48 4.56 8.62 (2) 9.28
logKs" - 1.10 4.05 (1) 4.03 4.09 7.53(2) 8.09
logKs™ - - 2.05 (1) 1.99 - 5.82 (3) 6.12
logKeH - - 1.14 (2) - - 5.11 (3) 5.22
logK" - - - - - 1.64 (3) -

aRef. [?]; ® Ref. [']; ¢ Ref. [®]; 9 Ref. [*]; * *H and 3P NMR spectroscopy.
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Figure S1. 400 MHz *H-NMR spectra (A) at pH = 11.0 and the chemical shifts of the ring
(#) and the phosphonate (l, A) —CH2- protons (B) and 162 MHz 3'P NMR shift of
phosphorous atoms (@) of DOTP® ligand at different pH (C). The solid lines and the symbols
represent the calculated and the experimental o+ and op values, respectively ([DOTP]tw0t=10
mM, pH=12.6, H20, 0.15 M NaClO4 at pH<12, ionic strength of the samples was not
constant at pH>12, 25°C)

The protonation of DOTA-like ligands is fully characterized with both spectroscopic and
potentiometric methods.>*? These studies reveal that the first and second protonation
processes occur at two opposite ring nitrogen atoms, whereas the third and fourth protonation
steps take place at the carboxylate/basic phosphonate groups of the pendant arms attached to
the non-protonated ring nitrogen atoms, because of the greater charge separation and lower

electrostatic repulsion between the protonated donor atoms.®° Further protonation processes
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occur on the non-protonated carboxylate/basic phosphonate groups of HisDOTA and
H4sDOTP* ligands.®? Less basic phosphonate groups of HsDOTP? might be protonated at
pH<2. Since the deprotonation of the ring nitrogen atoms in H2DOTP®" species takes place at
pH>12, the accurate determination of the protonation constants can not be performed by pH-
potentiometry. logKi" and logK2" values of DOTP® ligand were determined by *H- and 3P-
NMR spectroscopy (Figure S1). In the *H-NMR spectra of DOTP® there are only two signals,
which can be assigned to the ring methylene protons of the macrocycle (a singlet) and the
methylene protons of the phosphonate group (a doublet, 2Jpn=9.8 Hz), respectively. Starting
from the basic side, the addition of the first and the second equivalent of acid to DOTP®
results in a significant downfield shift of the 'H NMR signals of both the ring and
phosphonate methylene protons and the upfield shift of the 3P NMR signal of the
phosphonate group. Since the largest changes of the chemical shifts take place on the *H
NMR signals of the ring methylene protons, it can be safely assumed that the first and second
protonation processes occur at two opposite ring nitrogen atoms of the DOTP?- ligand.
Comparison of the related protonation constants of DOTA indicates that the logKi™ values
obtained in 0.15 M NaClO4 and 0.15 M NaCl solutions are essentially identical confirming
the negligible influence of the anions of the background electrolyte for the protonation
constants of the ligand. On the other hand, the logKi™ value of DOTA and DOTP obtained in
0.15 M NaClO4 or 0.15 M NaCl is lower by about 3 and 1 log unit/s than the constant
determined in 0.1 M MesN(NOs) solutions. The lower logK:™ value of DOTA and DOTP
obtained in NaClO4 or NaCl solutions can be interpreted by the formation of the relatively
stable Na'-complexes (e.g. logKnapoTa)=4.38).13

Interestingly, the single resonance in 3!P-NMR spectrum of HéDOTP? is broadened and split
into two resonances of equal area separated by about 14 ppm by lowering the temperature
from 313 K to 253 K at pH=2.5 in DMSO-Des/H20: 40/60 vol % mixture (Figure S2). A
similar behaviour for HxDOTP*® has been identified at pH=7.0 (x=3 - 6).! By taking into
account the structure of HeDOTP? species, it can be assumed that the broadening and
coalescence of 3P NMR signals is caused by the increased exchange rate of non-H-bonded
and H-bonded phosphonate pendants with the protonated ring nitrogen atoms (Scheme S1).
The 3P-NMR signals of the -POsH" group were suitable for carrying out line-shape analysis
by simulating the 3!P-NMR spectra obtained at different temperatures. The transverse
relaxation time (T2) of the —POsH" phosphorus signal was found to be T2=0.016 s. The
experimental spectra have been simulated using the chemical shift difference of the two



phosphorous signals (A3=2271 Hz). Examples for typical experimental and simulated spectra

are shown in Figure S2.
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Scheme S1. Fluxional rearrangement of the HsDOTP? species.
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Figure S2. Experimental (A) and simulated (B) 162 MHz 3'P NMR spectra of HsDOTP?Z in
DMSO-Ds/ H20: 40/60 vol % mixture ([HsDOTP]tw0t=5.0 mM, 162 MHz, pH=2.5)

The activation parameters (Table S2) of the fluxional rearrangement for HsDOTP? species
have been estimated with the Eyring equation by using the kex rate constant obtained by the
line-shape analysis The Eyring plot for the determination of the activation parameters for

HsDOTP? species is shown in Figure S3.
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Figure S3. Eyring plots for determining the activation parameters of the fluxional

rearrangement of HsDOTP? species.



Table S2. Rate constants and activation parameters of the isomerization process for
He¢DOTP? species obtained from the line-shape analysis of the *'P-NMR spectra.

HeDOTPZ
AH? [kJ-mol™ 45+1
AS# [ J-moltK? -15+2
AGP298 [kJ-mol™? 49+1
kex?%8 /571 13226

The activation energy (4G298) of the fluxional rearrangement of the HsDOTP? is 45 kJ-mol ™,
which is somewhat lower than that of HxDOTP*® x=3-5 mixture obtained at pH=7.0
(AG7298=56 kJ-mol™t).! The lower AG’208 value of HéDOTP? might be explained by the
protonation of the phosphonate pendants results in the weaker interaction between the non-
protonated phosphonate-O™ and the protonated ring nitrogen donor atoms. Our band shape
analysis provides negative activation entropy (A4S?), which is probably related to the
reorganization of the hydration shell around the negatively charged oxygen donor atoms of
the phosphonate pendants in the transition state.

1.3 Equilibrium studies of the Bi''' - NTA system.
Stepwise and cumulative stability constants of Bi'"' complexes of NTA®", defined by Egs. (S3)
and (S4), were determined by spectrophotometry at 25 °C in 0.15 M NaClOa4 solution.

[BiL]

BiL :M (83)
[BIL,]

Bei =m (S4)

The KsiL and fsiL2 values have been calculated from the spectrophotometric titration data
obtained at 1:1 and 1:2 metal to ligand concentration ratio. The equilibrium reaction (Eq.
(S5)) has been studied in the —log[H*] range of 0.0 — 5.3 (the ionic strength were constant
I=[NaClO4]+[HCI04]=0.15 in the samples [H*]<0.15 M), where the formation of Bi'", BiL,
BiL2 and HxL species was assumed (x=1 — 3, y=1 or 2, z = 0 or -3). Some characteristic
absorption spectra of Bi''' - NTA systems are shown in Figure S4.

Bi%* + yHNTA*S —= [Bi(NTA)J? + xxy H* (S5)
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Figure S4. Absorption spectra of the Bi'"' - NTA system at 1:1 (A) and 1:2 (B) metal to ligand
concentration ratio. The solid lines and the open symbols represent the experimental and the
calculated absorbance values, respectively. (A: [Bi'"'Twt=[NTAJ=0.1 mM, -log[H*]=0.1, 0.3,
0.6 and 1.0 M (ionic strength was not constant in these samples); B: [Bi'""]wt=0.1 mM,
[NTA]w0t=0.2 mM, pH=2.01, 2.41, 2.95, 3.52, 3.96, 4.42 and 5.15, 0.15 M NaClOg; I=1 cm,
25°C)

Stability constants of the [Bi(NTA)] and [Bi(NTA)2]*> complexes at 25°C in 0.15 M NaClOa4
solution are found to be KgiL=16.97 (3) and fsiL2=26.20 (6), which are in a good agreement
with the KgiL=17.53 and /fsiL2=26.56 values obtained at 25°C in 1.0 M NaClOxs solution by

Karadakov and co-workers.®
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I1. Species distribution of the Bi** - DOTA* and Bi** - DOTP? systems.
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Figure S5. Species distribution of Bi** - DOTA* system ([Bi**]=[DOTA*]=1.0 mM, 0.15 M
NaClOs, 25°C)
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Figure S6. Species distribution of Bi** - DOTP® system ([Bi**]=[DOTP®*]=1.0 mM, 0.15 M
NaClOa4, 25°C)

lIl. Formation kinetic studies of [Bi(DOTA)]" and [Bi(HxDOTP)]*® complexes (x=0
- 4).
I11.1 Experimental

Formation rates of [Bi(DOTA)] and [Bi(HxDOTP)]*° were studied by spectrophotometry at
308 nm in the presence and absence of citrate as an auxiliary ligand. The formation of
[Bi(DOTA)] was followed with a PerkinElmer Lambda 365 UV-Vis spectrophotometer at 25
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°C, using 1.0 cm cells (pH=3.3-5.9), whereas the formation of [Bi(HxDOTP)]*® was
monitored with Applied Photophisics DX-17MV stopped-flow instrument using 1=1.0 cm
(pH=3.0-5.6) at 25°C in the presence of 0.15 M NaClOas. The formation of Bi'' complexes
were studied in the presence of a 2 to 40-fold ligand excess in order to assure the pseudo-first-
order conditions ([Bi'"']t=25 uM). The effect of citrate for the formation rate of [Bi(DOTA)]
and [Bi(HxDOTP)]*® was studied in the presence of 0.05 — 2.0 mM citrate in the pH range 3.0
— 5.6 ([Bi**]w=25 pM, [DOTAJw0=1.0 mM, [DOTP]w=0.1 mM, 0.15 M NaClOs, 25°C). pH
values were maintained constant by the application of 0.01 M buffers (Chloroacetic acid
(CA), N-methyl-piperazine ~ (NMP), N,N-dimethyl-piperazine ~ (DMP),  2-(N-
morpholino)ethanesulfonate (MES)). The pseudo-first-order rate constants (kobs) were
calculated by fitting the absorbance values to the Eq. (S6):

A = (4, — A)e =Y 1+ 4, (S6)
where Ao, Ae and At were the absorbance values at the start (t=0 s), at equilibrium and at the t
time of the reaction, respectively. The calculations were performed by using the computer
program Micromath Scientist, version 2.0 (Salt Lake City, UT, USA).
The diprotonated *[Bi(H2DOTP)]* intermediate was studied by following the ApH with
spectrophotometry at 506 nm in the presence of methyl-orange as indicator in the Bi'''-
HsDOTP? reaction system ([Bi"'wt=0.5 mM, [HsDOTP?], [methyl orange]w=12.5 uM,
PHena=3.17, 0.15 M NaClO4, 0°C). ApH was calculated by considering the absorbance values
of the Bi**-HsDOTP? reaction system at the start (Ao) and at equilibrium (Ae). Ao and Ae were
calculated by fitting of the absorbance values to Eq. (S6). For the calculation of ApH, the
protonation constant (K™) and the molar absorptivity of the protonated (enL) and deprotonated
(eL) methyl-orange at 506 nm was determined by recording the absorption spectra of methyl
orange with PerkinElmer Lambda 365 UV-Vis spectrophotometer in the pH range 2.5-4.5
([methyl orange]wt=12.5 uM, 0.15 M NaClOs4, 0°C). The absorbance of the methyl orange at
any wavelength is a combination of the absorption of each protonated species and expressed
by Eq. (S7):1

A:Z[HiL]gHiLI (S7)

where A is the absorbance at a given wavelength, [HiL], eniL and | are the concentration and
the molar absorptivity of the species and the path length of the cell, respectively. The
absorbance values (A) of methyl orange obtained at 506 nm have been fitted to the Eq (S7)

12
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(the concentration of the different protonated species have been expressed by the protonation

constants Ki, Eqg. (S1)).

111.2 Studies of the diprotonated *[Bi(H.DOTP)]* intermediate

In order to determine the composition and the structure of the intermediate, ApH is monitored
by spectrophotometry in the Bi'"' - HsDOTP? reaction system ([Bi'""]w=0.5 mM, [HsDOTP?],
PHend=3.17, Viot=1.8 mL, 0.15 M NaClO4, 0°C) using methyl orange as indicator. The
absorption spectra of methyl orange and the absorbance values of the Bi®*- HsDOTP?*

reaction system at 506 nm as a function of time are shown in Figures S7 and S8.
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Figure S7. Absorption spectra and absorbance values at 506 nm of methyl orange

([methyl orange]wi=12.5 uM, I=1 cm, 0.15 M NaClO4, 0°C)
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Figure S8. Absorbance values of the Bi'' - HsDOTP? reacting system as a function of time
([Bi""10t=0.5 mM, [HsDOTP%]wor=10 mM, [methyl orange]w=12.5 uM, pHend=3.17, I=1 cm,

0.15 M NaClOs, 0°C)

The absorbance values obtained at 506 nm decrease over time, which can be interpreted by

the increase of the pH value in the Bi"'-HsDOTP? reaction system (Figure S8). By taking into
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account the protonation constant (logk‘=3.52 (4)) and the molar absorptivity of the
protonatned (HL) and deprotonated (L) methy-orange obtained at 506 nm (e.=15483 M-tcm™;
eHL=42780 Mcm™), the ApH is found to be +0.44 (A[H*] = -1.2 mM) in the Bi"'-HsDOTP?*
reaction system. Considering the large excess of HsDOTP?, it can be assumed that the
intermediate is fully formed at the beginning of the reaction. So, the increase of the pH might
be accounted to the transformation of the intermediate to the final [Bi(HsDOTP)]  complex in
the H* consuming process ([Bi(HsDOTP)] predominates at pHeng=3.17, Table 1, Figure S6).
By taking into account [Bi"w=0.5 mM and A[H*] = -1.2 mM, the formation of the
diprotonated *[Bi(H2DOTP)]* intermediate can be assumed in the Bi'"'-HsDOTP? reaction
system. In *[Bi(H2DOTP)]* intermediate the Bi'"" ion is coordinated by the four more basic
phosphonate —O™ donor atoms, whereas two opposite macrocyclic ring N atoms are protonated
(four weakly basic deprotonated phosphonate —O" donor atoms very likely do not take place in
the coordination of the Bi"' ion). The formation of *[Bi(H.DOTP)]* intermediate is also
supported by the structural characterization of HsDOTP? ligand (Scheme S1, Figure S2,
Table S2), which reveals the availability of the more basic phosphonate —O donor atoms for
the coordination of the Bi'' ion, whereas four weakly basic deprotonated phosphonate —O
donor atoms might form the H-bonding with the protonated macrocyclic ring N atoms. The
formation of the final in-cage Bi"' complex occurs by the deprotonation of the two
macrocyclic ring N atoms of the diprotonated *[Bi(H2DOTP)]* intermediate, which is
followed by the rearrangement to the final [Bi(HsDOTP)]" complex with the consumption of

two equivalents of H*.

I11.3 Formation kinetics of [Bi(DOTA)]  and [Bi(HxDOTP)]*® complexes (x=0 —4)

The formation of [Bi(DOTA)]” and [Bi(HxDOTP)]*® complexes was followed by
spectrophotometry at the absorption band of the final [Bi(DOTA)]” and [Bi(HxDOTP)]*®
complexes (308 nm) in the pH range 3.0 — 6.0 (0.15 M NaClO4, 25°C). The formation rates
of Bi'' complexes have been studied under pseudo-first-order conditions that were ensured by
the presence of a large excess of DOTA or DOTP ([Bi'""]t=25 uM). In these cases the rate of

formation reactions can be expressed by Eq. (S8).

d[BiL] _ i
dt - kobs [BI ]t (88)

where [BiL] is the concentration of the [Bi(DOTA)] and [Bi(HxDOTP)]*® complexes formed,
[Bi'""]: is the total concentration of species containing Bi'" ions, and kobs is the pseudo-first-
order rate constant. The formation reaction of [Bi(DOTA)]" and [Bi(HxDOTP)]*® is
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investigated by varying the concentrations of ligands at different pH values. As expected, the
Kobs VS. [DOTA]t and kobs vs. [DOTP]t (Figures S9 and S10) are saturation curves indicating
the fast formation of the *[Bi(H2DOTA)]* and *[Bi(H.DOTP)]* intermediates in a pre-
equilibrium characterized by a stability constant defined by Eq. (S9).

_ [*Bi(H,L)]

KBi(HzL) TRl

[Bi™'][H,L]

where [*Bi(HzL)] is the concentration of *[Bi(H2DOTA)]* and *[Bi(H.DOTP)]*

intermediate, and [H2L] is the concentration of the H.2DOTA? and H.DOTP®,

(S9)
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<
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Figure S9. Pseudo-first order rate constants (Kobs) for the formation reaction of [Bi(DOTA)]

complex. The symbols and the solid lines represent the experimental and the calculated rate

constants, respectively. ([Bi'""lio=25 uM, pH=3.3, 3.9, 4.5, 4.9, 5.4 and 5.9, 0.15 M NaClOsa,
25°C)
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Figure S10. Pseudo-first order rate constants (kobs) for the formation reaction of
[Bi(HxDOTP)]*® complex. The symbols and the solid lines represent the experimental and the
calculated rate constants, respectively. ([Bi''lw=25 uM, pH=3.0, 3.3, 4.0, 4.5, 4.8, 5.3 and
5.6, 0.15 M NaClO4, 25°C)
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The rate-determining step of the reactions is the deprotonation and rearrangement of the
*[Bi(H2DOTA)]" and *[Bi(H2DOTP)]* intermediates followed by the entrance of the metal
ion into the cavity of the ligands in concentric process:

d[BiL]
dt
where [*Bi(HzL)]: is the concentration of [*Bi(H2DOTA)]* and *[Bi(H.DOTP)]*

intermediates, and kr is the rate constant characterizing the deprotonation and rearrangement

= ke [BI"], =k, [*Bi(H,L)], (510)

of the intermediate to the final Bi'' complexes. The concentration of the noncomplexed ligand
can be expressed by Eq. (S11) using the protonation constants of DOTA* and DOTP? ligand
(Table S1).
[L]tree=[HaL](1+Ks"[H*]+Ks"Ka"[H*]?+KsHKa"Ks"[H* 3+ KsHK4HKsHKeH[H %) =(1+ azH) [H2L ]
(S11)
where azni= KsH[H*T+Ks"Ka"[H*12+KsHKa"Ks"[H*P+K3HKHKsHKeH[H]*. By taking into
account the hydrolysis of the Bi' ion the total metal ion concentration can be expressed by
Eq. (S12):
[Bi'""=[*Bi(H2L)]+[Bi(OH)]+[Bi(OH)2]+[Bi(OH)3]+[Bi""] (S12)

Under the experimental conditions (pH=3.0-6.0), the hydrolysis of Bi** ion may occur
resulting in the formation of [Bi(OH)]%*, [Bi(OH)2]* and Bi(OH)3 species. The formation of
polymeric Bix(OH)y (x=6 and 9, y=12, 20 — 22) species does not take place under the
experimental conditions applied in our kinetic studies.’® Considering the hydrolysis of Bi'"
ion, the OH" ion may compete with the ligands for the Bi'' ions. By taking into account the
protonation constants of DOTA* and DOTP?® (Table S1 and Eq. (S11)), the stability constant
of [*Bi(H2L)] intermediates (Eq. (S9)), the total concentration of the Bi'' ion (Eq. (S12)) and
Eq. (S10), the pseudo-first order rate constant can be expressed by Eq. (S13).

Ky KBi(HZL)[L]t

1+
Kops = 2H (S13)
° KBi(HzL)[L]t n

L 1+a,,
where [L]t is [DOTAJwt and [DOTPJwt, aon=£CH/[H*] +CHI[H 2+ #CH[H® (logBiCH=-
1.09; log/°"=-4.0 and log/:°"=-8.86 for Bi'"' ion).®> The pseudo-first-order rate constants
determined at various pH, [DOTA]wt and [DOTP]twt values (Figures S9 and S10) are fitted to
Eq. (S13) and the stability constant of the *[Bi(H2L)] intermediates (Kmn2L) and the kr rate
constants are calculated. The stability constants of the *[Bi(H.DOTA)]* and *[Bi(H2DOTP)]*
intermediates (KsiH21)) are presented in Table 2. The calculated kr rate constants obtained for

Qon
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the formation of the [Bi(DOTA)] and [Bi(HxDOTP)]*® complexes are shown in Figure S11
as a function of pH and [OH].

DOTPkf (S-l)

2.0 2 5E-02
A
15 L 2.0E-02
L 1.5E-02
1.0 -
L 1.0E-02
0.5 4 | 5.0E-03
0.0 - . : : 0.0E+00
20 30 40 50 60 0 5 10 15 20

pH [OH]x10° (mol/dm®)
Figure S11. ks rate constants characterize the formation of [Bi(DOTA)] (M) and

[Bi(HxDOTP)]*® (#) complex as a function of pH (A) and [OH] (B). The symbols and the
solid lines represent the experimental and the calculated ks rate constants, respectively (0.15
M NaClOs, 25°C)

Based on the reaction mechanism proposed for the formation of [M(DOTA)] complexes with
trivalent metal ions, the di- and the monoprotonated intermediates exist in equilibrium.16-8
The dependence of the ks values on the [OH] can be interpreted by the formation of the
Kinetically active monoprotonated *[Bi(HL)] intermediates via the dissociation of the
diprotonated *[Bi(H2L)] intermediates in an equilibrium characterized with the KMgi)

protonation constant (Eq. (S14)).

*Bi(H,L)]
gn o UBIHLT s14
B BI(HL)]H] (514
The rate-controlling step of complex formation involves the H20 or OH™ assisted

deprotonation and rearrangement of the monoprotonated *[Bi(HL)] intermediates to the final
[BiL] complex. However, the formation of [Bi(HxDOTP)]*® might occur by the spontaneous
deprotonation of the *[Bi(H2DOTP)]* intermediates and rearrangement to the final
[Bi(HxDOTP)]*® complex at pH<4.0 (Figure S11). According to the proposed reaction
mechanism, the formation rate of the [Bi(DOTA)] and [Bi(HxDOTP)]*® complexes can be
given by Eq. (S15).

ABIL _ & IBi(H, L], = Kes ooy *BiCH, L)} K o, [*Bi(HL)]
dt (S15)

+° Ky [*Bi(HL)][OH ]

By considering the total concentration of intermediates ([*Bi(HzL)]«=[*Bi(HL)]+[*Bi(HzL)]),
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the definition of KMgi) protonation constant (Eq. (S14)), the ks rate constant can be

expressed by Eq. (S15).

kBi(HZL)Kgi(HL)[H+]+HZOkBi(HL)+OHkBi(HL)Kw IH"]
1+ Kgi(HL)[H+]

This equation is used for the fitting of the kr values to determine the KkaicHzw), H2ksiHL) and

k, = (S16)

OHkgiL) rate constants and the K™giiL) protonation constants that characterize the formation
of [Bi(DOTA)] and [Bi(HxDOTP)]*® complexes. For [Bi(DOTA)]", the protonation constants
of the monoprotonated *[Bi(HL)] intermediate (K"giL)) can not be calculated, which might
be explained by the very low KHsiL) due to the high affinity of Bi** ion to the ring N donor
atoms. The kaiHzw), MCksiHy and ©Mkeii) rate constants and the KHsisu) protonation
constants are shown in Table 2.

To confirm the role of the general base catalysis in the deprotonation of the *[Bi(H2DOTA)]*
intermediate, the formation rate of [Bi(DOTA)] has been followed by spectrophotometry at
the absorption band of the final [Bi(DOTA)]™ complex (308 nm) in the presence of acetate as
general base (pH=3.3 — 5.5, 0.15 M NaClOs, 25°C). The formation rates of Bi'"' complex has
been studied under pseudo-first-order conditions that is ensured by the presence of a 40-fold
excess of DOTA ([Bi"'wt=25 uM, [DOTA]w=1.0 mM). In these cases the rate of formation
reactions can be expressed by Eq. (S8). The formation reaction of [Bi(DOTA)]" has been
investigated by varying the concentrations of acetate at different pH values. As expected, the
Kobs values increase monotonously as a function of [Ac]: (Figure S12).
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0.04
0.03
0.02
0.01

0 :
0.00 0.02 0.04 0.06 0.08 0.10

[Aclio: (mol/dm3)
Figure S12. Pseudo-first order rate constants (kobs) for the formation reaction of [Bi(DOTA)]

kobs (8-1)

complex. The symbols and the solid lines represent the experimental and the calculated rate
constants, respectively. ([Bi''lot=25 pM, [DOTA]=1.0 mM, pH=3.3, 4.0, 4.6, 4.8 and 5.4,
0.15 M NaClOs, 25°C).
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As it is shown previously, the diprotonated *[Bi(H2DOTA)]* intermediate is fully formed in
the presence of 40 fold excess of DOTA ([Bi**]wt=25 pM and [DOTA]wt=1.0 mM, Figures
S9). Moreover, the deprotonation of the diprotonated *[Bi(H2DOTA)]" intermediate takes
place by the formation of the monoprotonated *[Bi(HDOTA)] intermediate in our
experimental condition. Since the formation rate of the Bi'"' complexes is directly proportional
to the concentration of the diprotonated *[Bi(Hz2L)] intermediate (Eq. S10), it can be assumed
that the rate-determining step of the reactions is the acetate as general base assisted
deprotonation and rearrangement of the monoprotonated *[Bi(HDOTA)] intermediate (K’ac)
followed by the entrance of the metal ion into the cavity of the DOTA®*. According to the
proposed reaction mechanism, the formation rate of the [Bi(DOTA)] complex in the presence
of acetate buffer can be given by Eq. (S17).
d[BiL]

g koos [BI" T1qp = K'p [*Bi(HL)], [Ac] (S17)

Under the experimental conditions and at pH between 3.3 and 5.4, the H20 and OH" assisted
deprotonation of the *[Bi(HDOTA)] intermediates is very slow process, so their contribution
to the formation rate of [Bi(DOTA)] can be neglected. By considering the total concentration
of Bi' ([Bi"w=[*Bi(HL)])) and Eq. (S17), the pseudo-first order rate constant can be
expressed by Eq. (S18).

ks =K a [AC] (S18)

This equation is used for the fitting of the kobs values in Figure S10 to determine the Kk ac rate
constants characterizing the acetate anion assisted formation of [Bi(DOTA)]" complexes at

given pH. The Kk ac rate constants as a function of pH are shown in Figure S13,

0.8

O 7 T T T T T
30 35 40 45 50 55 6.0

pH
Figure S13. k'ac rate constants characterizes the acetate assisted deprotonation and

transformation of the *[Bi(HDOTA)] intermediate to the final [Bi(DOTA)]" complex The
symbols and the solid lines represent the experimental and the calculated rate constants,
respectively. (0.15 M NaClQO4, 25°C).
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The k’ac rate constants increase with the increase of the pH. The dependence of the k’ac values
on the pH can be interpreted by the formation of the kinetically active deprotonated acetate
anion, which might assist as general base the deprotonation *[Bi(HDOTA)] intermediate via
proton exchange processes. By considering the total concentration of acetate
([Aclwt=[HAC]+[AcT]), the definition of protonation constant of the acetate anion (Eq. (S1),
the k’ac rate constant can be expressed by Eqg. (S19).
K'pe = ﬁ?[l—l*] (S19)
where kac is the rate constant characterizing the acetate anion assisted deprotonation of
*[Bi(HDOTA)] intermediate, whereas “°Ki" is the protonation constant of the acetate anion.
This equation is used for the fitting of the k’ac values to determine the kac rate constant and
the A°K1" protonation constant of the acetate anion. The protonation constant of the acetate
anion obtained by the fitting of the kinetic data at Figures S13 is log"°Ki"= 4.8 (2), which is
in agreement with that of the acetate anion published for the same condition in the literature
(log"°K1H= 4.52, 25°C, 0.15 M NaClO).*® The kac rate constants characterizing the acetate
assisted deprotonation and transformation of *[Bi(HDOTA)] intermediate to the final

[Bi(DOTA)] complex is found to be kac = 0.7 + 0.1 Ms™,

I11.4 Formation kinetics of [Bi(DOTA)]- and [Bi(HxDOTP)]*°> complexes in the presence
of citrate (x=0 —4)
The effect of citrate on the formation rate of [Bi(DOTA)]™ and [Bi(HxDOTP)]*® complexes

has been followed by spectrophotometry at the absorption band of the final [Bi(DOTA)]™ and
[Bi(HxDOTP)]*® complexes (308 nm) in the presence of 0.25 — 2.0 mM citrate (pH=3.0 — 5.6,
0.15 M NaClOs, 25°C). Some characteristic absorption spectra of the Bi'"' - DOTA — citrate

reacting system are shown in Figure S14.
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Figure S14. Absorption spectra of Bi'"'-DOTA-citrate reacting system ([Bi"'"]it=50 uM,
[DOTAJi=2.0 mM, [Cit]=4.0 mM; pH=4.0, 0.15 M NaClO4, 25°C) | =1 cm
The formation reaction of [Bi(DOTA)]" and [Bi(HxDOTP)]*® has been investigated by
varying the concentrations of citrate between 0.25 — 2.0 mM at different pH values in the
presence of ligand excess guaranteeing the pseudo-first-order kinetic condition ([Bi""]w=25
uM, [DOTAJwt=1.0 mM, [DOTP]wt=0.1 mM). The kobs vs. [Cit]t for the formation of
[Bi(DOTA)] and [Bi(HxDOTP)]*® are shown in Figures S15 and S16.
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Figure S15. Pseudo-first order rate constants (kobs) for the formation reaction of [Bi(DOTA)]
complex in the presence of citrate at different pH. The symbols and the solid lines represent
the experimental and the calculated rate constants, respectively. ([Bi''wt=25 pM,
[DOTAJw=1.0 mM, pH=3.0, 3.4, 4.0, 4.6 and 5.0, 0.15 M NaClO4, 25°C)
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Figure S16. Pseudo-first order rate constants (Kobs) for the formation reaction of
[Bi(HxDOTP)]*® complex in the presence of citrate at different pH. The symbols and the solid
lines represent the experimental and the calculated rate constants, respectively. ([Bi'"']wt=25
uM, [DOTP]wt=0.1 mM, pH=3.0, 3.3, 4.0, 4.5, 4.8, 5.3 and 5.6, 0.15 M NaClO4, 25°C)

Interestingly, the formation rate (kobs) of [Bi(DOTA)] increase with the citrate concentration
showing the saturation curve (Figure S15). However, the kobs values characterize the
formation of the [Bi(HxDOTP)]*® decreases with the increase of [Cit]: (Figure S16). The
comparison of the absolute values of the kobs reaction rate constants obtained in the absence
and presence of 2.0 mM citrate indicates that citrate accelerates the formation of [Bi(DOTA)]
by a factor of 8 - 10 in the pH range pH 3.0-5.0. The presence of 2.0 mM citrate slows down
the formation of [Bi(HxDOTP)]*® by a factor of 10 at pH between 3.0 and 4.5, and by about 5
times in the pH range 4.8-5.6. Under the experimental conditions and at pH between 3.0 and
5.6, the Bi""" ion might form [Bi(Cit)] and [Bi(Cit)2]*> complexes characterized by Egs. (520)
and (S21) (logKsicciy=10.78, logKsi(cit2=5.05, 37°C, 0.15 M NaClO4).?°

KBi(Cit)

Bi' + Cit* =— BI(Cit) (S20)
KBi(Cit)Z

Bi(Cit) + Cit* = BI(Cit): (S21)

As it has been shown previously, the diprotonated *[Bi(HzL)] intermediate is fully formed in
the presence of ligand excess ([Bi**]wt=25 pM, [DOTAJwt=1.0 mM and [DOTP]w=0.1 mM,
Figures S9 and S10). Since the formation rate of the Bi'"' complexes is directly proportional to
the concentration of the diprotonated *[Bi(HzL)] intermediate (Eg. S10), it can be assumed
that the slower formation of [Bi(HxDOTP)]*® in the presence of citrate is caused by the
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formation of [Bi(Cit)] and [Bi(Cit)2]*> complexes, which decreases the concentration of the
kinetically active diprotonated *[Bi(H2DOTP)]* intermediate. To explain the faster formation
of [Bi(DOTA)] in the presence of citrate, we hypothesize the intermediate contains a citrate
ligand coordinated to the Bi'' ion (*[Bi(H2DOTA)(citrate)]?, Eq. (S22)), which deprotonates
and transforms to the final [Bi(DOTA)]" complex in the rate determining step. The rate
determining deprotonation and transformation of the *[Bi(H2DOTA)(citrate)]*) intermediate
takes place simultaneously with release of the coordinated citrate ligand. The formation of
similar ternary *[Ga(HNOTA)(citrate)]? intermediate has been found in the Ga(citrate) —
NOTA reacting system.?

KBi(HZL)(Cit)
Bi(Cit) + HoL = Bi(HzL)(Cit) (S22)

< _ [Bi(H,L)(Cit)]
B T IB{(Cit)][H, L]

The formation rates of Bi'"'-complexes have been studied under pseudo-first-order conditions
that is ensured by the presence of a large excess of ligands ([Bi"']w=25 uM, [DOTAJw=1.0
mM and [DOTP]wt=0.1 mM). In these conditions the rate of formation reactions can be
expressed by Eq. (S8). The rate-determining step of the reactions is the deprotonation and
rearrangement of the *[Bi(H.DOTA)]* and *[Bi(H2DOTA)(citrate)]* intermediates followed

by the entrance of the metal ion into the cavity of the DOTA ligand:

d[BIL n . . . . .
O]k 18173, = Ko [BICH LKy BIHLIE K BIHUT K [BICH,L)(CIV

(S23)

where [*Bi(HzL)], [*Bi(HL)] and [*Bi(HzL)(Cit)] is the concentration of *[Bi(HzL)],
*[Bi(HL)] and *[Bi(HzL)(citrate)]) intermediates. ksim2L)city and AsiH2r) are the rate constants
characterizing the spontaneous deprotonation and rearrangement of the *[Bi(HzL)(citrate)]
and *[Bi(HzL)] intermediate, whereas "?kpis) and “Mkmimr) are the rate constants
characterizing H20 and OH- assisted deprotonation and rearrangement of the *[Bi(HL)]

intermediate. The concentration of the noncomplexed citrate can be expressed by Eq. (S24).

[Cit]r=[Cit] (1+°" K1 [H ]+ Ko™ MM [HTP+KH K K [H %) =(1+ acit) [Cit]  (S24)

where “'Ki"=558 (1), “'K2"=4.33 (2), “'Ks"=2.93 (2) (0.15 M NaClOs, 25°C) are the

corresponding protonation constants citrate, whereas acit= “"K1"[H*]+°"K 1" StKH[H*]?+CK 1"
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cit,H etk 3H[H*]3. By taking into account the concentration of the noncomplexed HzL ligand
and citrate (Egs. (S11) and (S24)), stability constants of [Bi(Cit)] and [Bi(Cit)2]*> complexes
and *[Bi(HzL)(citrate)]) intermediates ((Egs. (S20) - (521)) and the hydrolysis of the Bi'" ion
(Eq. (S12)), the total metal ion concentration can be expressed by Eq. (S25):

[Bi'"[=[*Bi(H2L)]+[*Bi(HL)]+[Bi(Cit)]+[Bi(Cit)2]+[Bi(Cit)(H2L)]+[Bi(OH)]+[Bi(OH)2]+
+[Bi(OH)s]+[Bi"")=[Bi"'"] Xy (S25)

K;i(HQL)[L]tot X
y = 14 KBi(HzL)[L]tot T (&"‘ OLZH)+ + KBi(Cﬁ)[CIt]tm Bi(Ch)KBi(Cit)z[[Cit]tOtJ + KBi(HzL)(Cit)KBi(CiI)[L]tOI x [Cit]m + Ol
1+a,, Kgigy[H'] 1+ oy 1+ o L+ 0yy) L+ o)

By taking into account the concentration of the noncomplexed H:L ligand and citrate (Egs.
(S11) and (S24)), the stability constant of *[Bi(HzL)] and *[Bi(HzL)(citrate)]) intermediates
(Egs. (S9) and (S22)), the definition of KMgiww) protonation constant (Eq. (S14)), the total
concentration of the Bi'" ion (Eq. (525)) and Eq. (S23), the pseudo-first order rate constant
can be expressed by Eq. (S26).

HzOkBi(HL)K;i(HZL)[L]t O”kBi(HL)K;i(HZL)[L]t[OH]

o= kBi(HZL)Kl;(HZL)[L]t 1+a,, . 1+a,, kBi(Cit)(IIZL)K;i(HZL)(Cit)KBi(Cit)[L]tm y [Cit] xl
obs +

1+ a,, Kgi(HL)[H 1 K:i(HL)[H+] 1+, Qo) | v

(S26)

Eq. (S26) was used for the fitting of the kobs values at Figures S15 and S16. In the fitting
procedure of the kinetic data of the formation of [Bi(HxDOTP)]*® and [Bi(DOTA)], the
ksi2Lyciny rate constant characterizing the deprotonation and transformation of
*[Bi(H2DOTA)(citrate)]* intermediate, the stability constant of *[Bi(H.DOTA)(citrate)]*
intermediate and Bi(Cit) complex were calculated, whereas the logKsiciy2 was fixed
(logKsiciy2=5.05, 37°C, 0.15 M NaCl04).?° The formation of the *[Bi(HL)(citrate)])
intermediate has been neglected in the Bi'"' - DOTP — citrate reacting system. The stability
constant of the *[Bi(H2DOTP)]? intermediate, the Ksitzr), H?%ksiiny and Hksign) rate
constants and the KMginu) protonation constants that characterize the formation of
[Bi(DOTA)] and [Bi(HxDOTP)]*° complexes obtained in the absence of citrate were fixed in
the calculations. The stability constant of the Bi(Cit) complex obtained by the fitting of the
Kinetic data at Figures S15 and S16 were logKsiciy= 11.55 (8) and 11.08 (6), which were in
agreement with the stability constant of Bi(Cit) complex published in the literature
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(logKsicin=10.78, 37°C, 0.15 M NaCl04).®® The stability constant of the
*[Bi(H2DOTA)(citrate)]*  intermediate was found to be logKsiezncin=4.5 (1)
(logBeimzrycin=[Bi(H2DOTA)(citrate)]/[Bi"][H2DOTA][citrate]=16.1), which is very similar
to that of *[Ga(HNOTA)(citrate)]* intermediate (logfcamNoTaycin=14.9 — 16.7).2! The
Kei(H2L)city rate constants characterizing the deprotonation and transformation of
*[Bi(H2DOTA)(citrate)] intermediate to the final [Bi(DOTA)] complex are shown in Figure
S17.

The variation of the ksig2L)city values as a function pH (Figure S17) shows an unusual pH
dependency. We assume that the final [Bi(DOTA)]” complex from *[Bi(H.DOTA)(citrate)]*
occurs by protonation and dissociation of the coordinated citrate (Hcitrate> and Hqcitrate"
species prevail at pH 3.0-5.6), followed by deprotonation of ring nitrogen atoms and
transformation of the intermediate to the final Bi'"-complex. These processes might occur
simultaneously or consecutively. Protonation of the citrate ligand might be assisted by H* (k1
and k2), while the deprotonation of the ring N donor atoms occurs via the assistance of H20

and OH" (characterized by ko and ks rate constants).
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Figure S17. ksi(cit(Hzv) rate constants characterizing the transformation of the
*[Bi(H.DOTA)(citrate)]?> intermediate to the final [Bi(DOTA)] complex, respectively. The
symbols and the solid lines represent the experimental and the calculated rate constants,
respectively. (0.15 M NaClOa, 25°C)

Inspection of the pH-dependency of ksizv)cit) values (shown in Figure S17) confirms that the
assistance of H* dominates below pH=4, whereas the H20O and OH" assisted pathways has an
important role in the formation of [Bi(DOTA)]- above pH=4. Taking into account the
possible pathways for the transformation of the *[Bi(H.DOTA)(citrate)]? intermediate to the
final [Bi(DOTA)], the ksiHzL)(cit) rate constant can be expressed by Eq (S27).

Kai(H2L)(city =Ko + Ki[H™]+ ko[H*]?+ ks[OH] (S27)
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The rate constants characterizing the H20, H* and OH" assisted transformation of the
*[Bi(H2DOTA)(citrate)]* intermediate to the final [Bi(DOTA)] are ko=(2.0 + 0.7)x10? s},
ki= 13 £ 6 M1s?, ko= (3.3 £ 0.7) x10° MIs? and ks= (1.5 + 0.6) x10” M1s, respectively.
Comparison of the "%%kgi) = 2 + 1)x10° st and HOkeirn= 1.2+£0.2) x10® Ms? values
(characterizing the H20 and OH" assisted transformation of the monoprotonated
*[Bi(HDOTA)]  intermediate)  with  those  values  characteristic ~ for  the
*[Bi(H2DOTA)(citrate)]? intermediate (ko=(2.0 £ 0.7) x102 s and ks= (1.5 + 0.6) x10" M1s’
1) supports that the faster formation of [Bi(DOTA)]" in the presence of citrate auxiliary ligand
might be contributed to the faster H.O and OH" assisted transformation of the
*[Bi(H2DOTA)(citrate)]? intermediate at pH>4.0.

I11.5 Formation kinetics of [Bi(DOTA)] complex in the presence of citrate, acetate and
MES buffers.

The effect of acetate and MES buffer for the formation rate of [Bi(DOTA)]™ complex was
investigated by spectrophotometry at the absorption band of the final [Bi(DOTA)]” and
complex (308 nm) in the presence of 0.25 mM citrate ([Bi**]wt=25 uM, [DOTA]w=1.0 mM,
pH=5.0, 0.15 M NaClOa, 25°C). The kobs Vs. [Ac]t and kobs vS. [MES]: for the formation of
[Bi(DOTA)] are shown in Figures S18 and S19.
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Figure S18. Pseudo-first order rate constants (kobs) for the formation reaction of [Bi(DOTA)]
complex in the presence of acetate buffer. ([Bi'"]wt=25 pM, [DOTA]t=1.0 mM,
[citrate]wt=0.25 mM pH= 5.0, 0.15 M NaClQO4, 25°C)
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Figure S19. Pseudo-first order rate constants (kobs) for the formation reaction of [Bi(DOTA)]
complex in the presence of MES buffer. ([Bi"'|=25 pM, [DOTA]J=1.0 mM,
[citrate]w=0.25 mM pH= 5.0, 0.15 M NaClOa, 25°C)

IV. Dissociation kinetic studies of [Bi(DOTA)] and [Bi(HsDOTP)] complexes.
V.1 Experimental

The kinetic inertness of the [Bi(DOTA)] and [Bi(HsDOTP)]" was characterized by the rates
of the transchelation reactions taking place with HIAAZTA ligand. The exchange reactions
were studied by spectrophotometry, following the dissociation of the [Bi(DOTA)]" and
[Bi(HsDOTP)]" complexes at 308 nm with PerkinElmer Lambda 365 UV-Vis
spectrophotometer. The concentration of the Bi'-complex was 50 pM, while the
concentration of HIAAZTA was 40-fold higher to ensure pseudo-first-order conditions. The
temperature was maintained at 25°C and the ionic strength of the solutions was kept constant,
0.15 M for NaClOas. The exchange rates were studied in the pH range of 1.0 — 3.3. For
keeping the pH values constant, mono-chloroacetic acid buffer (0.01 M) was used. The
pseudo-first-order rate constants (kobs=kd) were calculated by fitting the absorbance data to Eq.
(S6). Calculation of the kinetic parameters were performed by the fitting of the absorbance -
time data pairs to Eq. (S6) with the Micromath Scientist computer program (version 2.0, Salt
Lake City, UT, USA).

The ligand exchange reaction of [Bi(DOTA)]" and [Bi(DOTP)]> with HP-DO3A* as an
exchanging ligand have also been studied by Capillary Zone Electrophoresis (CZE) in the pH
range of 10.0 — 12.0. The transchelation reactions of [Bi(DOTA)] and [Bi(DOTP)]> were
studied by following the formation of the [Bi(HP-DO3A)] complex (migration time is 5.2
min) with Agilent 7100 Capillary Electrophoresis system. The concentration of the HP-
DO3A was 5 and 10 mM, while the Bi''-complexes was employed in high excess ([BiL]twt=60
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mM), in order to guarantee pseudo-first-order conditions. The temperature was maintained at
25°C and the ionic strength of the solutions was kept constant, 0.15 M for NaClO4. The
exchange rates were studied in the pH range about 9.0 — 11.5. For keeping the pH values
constant, 0.01 M phosphate buffers were used.

The rates of the transchelation reactions have been studied in the presence of excess of
the Bi'"'-complexes, when the reactions can be regarded as pseudo-first-order ones and the
rates of transmetallation can be expressed by Eq. (528):

_d[BiL], _ d[Bi(HP-DO3A)], _ Kk, [BiL] (S28)
dt dt

where k¢ is a pseudo-first-order rate constant, [BiL]t and [Bi(HP-DO3A)]: are the
concentration of complexes, containing the species [Bi(DOTA)T, [Bi(DOTP)]* and [Bi(HP-
DO3A)] at the time t, respectively. During the progress of the transchelation reaction the

concentration of the [Bi(HP-DO3A)] complex increases. Following the signal of the [Bi(HP-
DO3A)] formed in transchelation reaction of the Bi'"'-complexes, the first-order rate constant,
ka can be expressed by Eq. (529):

_Al 1 1
d — .. N
At I';/iI(HP—DO3A) [BIL]I

(S29)

In the Eq. (529) Al is the increase of the integral value of [Bi(HP-DO3A)] during the time At.
Mgi(p-po3ay is the molar integral value of the [Bi(HP-DO3A)] (IMsiHr-0osa)=1.96x10° mAU-
IM-1), which was determined by recording the CZE electropherograms of 0.2, 0.4, 0.6, 0.8,
1.0, 1.2, 1.4 and 1.7 mM solutions of [Bi(HP-DO3A)] complex at pH=7.4 and 25°C in the
presence of 0.15 M NaClOas ionic strength.

CZE separations were performed with Agilent 7100 Capillary Electrophoresis system using
bare fused-silica capillaries of 64 cm x 50 um i.d. (Agilent). Before the first use, the capillary
was washed with 1.0 M NaOH (15 min), with 0.1 M NaOH (30 min) and with the buffer
electrolyte (30 min). Prior to CE analysis all buffers were filtered through a 0.45 um syringe
filter and stored in refrigerator at +4°C. In CZE the sample solutions were introduced at the
anodic end of the capillary in normal mode (50 mbar, 20 s). The effective length of the
capillary was 56 cm. The capillary was preconditioned with the buffer electrolyte (50 mM
sodium tetraborate, pH=9.0) for 3 minutes. The separation was performed at 25°C with the
application of 20 kV voltage. After analysis, the postconditioning (0.1 M NaOH (3 min) and
buffer (3 min)) was applied to remove all possibly adsorbed materials from the capillary. In

all measurements, 5 MM DMSO as internal standard was applied to correct the migration time
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of components on the electropherogram. The detection was carried out by on-column DAD

measurement at 195 nm. The electropherograms were recorded and processed by

ChemStation computer program of B.04.02 version (Agilent).

V.2 Transchelation reactions of [Bi(DOTA)] and [Bi(H4sDOTP)]" complexes with

HsAAZTA ligand

The rates of the transchelation reactions (Eq. (S30)) between Bi'' complexes and HIAAZTA

were studied by spectrophotometry at acidic condition on the absorption band of the Bi'!

complexes (308 nm) in the presence of 40 fold

HiAAZTA

E€XCess

([Bi(DOTA)]o=[Bi(DOTP)J0=50 uM, [AAZTAJwoi= 2.0 mM, pH=1.0 — 3.3, 0.15 M NaClOs,

25°C).

BiL + AAZTA = Bi(AAZTA) +L  (L=DOTA, DOTP)

(S30)

In the presence of excess of the exchanging ligand, the transchelation can be treated as a

pseudo-first-order process and the rate of reactions can be expressed with the Eq. (S31),

where kq is a pseudo-first-order rate constant, and [BiL]: is the total concentration of the Bi'"

complexes.

_ d[BiL],
dt

= k4 [BIL],

(S31)

The rates of the transmetallation reactions have been studied in the pH range of 1.0 — 3.3. The

obtained pseudo-first order rate constants kq are presented in Figure S20 as a function of pH

and [H*].
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1.5E-07 A V = - 1.5E-07
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Figure S20. kq pseudo-first-order rate constant characterizing the transchelation reactions of
[BI(DOTA)] and [Bi(HsDOTP)]” with HIAAZTA ligand. The solid lines and the symbols
represent the calculated and measured Kq rate constants. ([Bi(DOTA)]tt= [Bi(DOTP)]*tt =50

uM, [AAZTA]wt=2.0 mM, [CA]wt=0.01 M, 0.15 M NaClOa, 25°C).
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The kinetic data presented in Figure S20 show that the kq values increase with increasing H*
ion concentration. On the basis of literature data,?® the rate-determining step of the
transchelation reactions is the dissociation of the Gd'"' complexes with DOTA derivatives,
followed by the fast reaction between the free Gd"' ion and the exchanging ligand or by the
rapid reaction between the free chelate and the exchanging metal ion. The exchanging metal
ions or ligand do not take place directly in the transmetallation or transchelation reactions.?>2°
By taking into account the speciation of Bi'' - DOTA and Bi'"' - DOTP systems (Table 1), the
dependence of the ka values on pH and [H*] (Figure S20) can be interpreted as spontaneous
(%ko, Eq. (S32)) and H*-ion assisted dissociation (%kn, Eq. (S34)) of Bi''-complexes via the
formation of [Bi(HDOTA)] and [Bi(HsDOTP)] intermediates (K"gi, Eq. (S33)) in the

investigated pH ranges.

disk0
BiL —> Bi + L (S32)
KHgiL
BiL+ H* =— *Bi(HL) (S33)
v _ [Bi(HL)]
® T [BIL][H']
dis H
*Bi(HL) —> Bi®* + HL (S34)

where *[Bi(HL)] represents the concentration of the protonated [Bi(HDOTA)] and
[Bi(HsDOTP)] intermediates. By taking into account all possible pathways and Eqg. (S31), the
rate of the dissociation of [Bi(DOTA)] and [Bi(HsDOTP)] can be expressed by Eq. (S35).
‘%=kd[BiL]t=‘”SkO[BiL]+dEkH[*Bi(HXL)] (S35)
where x=1 and 5 for [Bi(DOTA)]" and [Bi(HsDOTP)], respectively. Considering the total
concentration of the [Bi(DOTA)] and [Bi(H4DOTP)]" complexes ([BiL]=[BiL]+[*Bi(HL)])
and the protonation constant of BiL (K"gi., Eq. (S33)), the kd pseudo-first-order rate constants
presented can be expressed by Eq. (S36).
_ dis k0+dis kl[H+]
T LeKE [H]

(S36)

wherein %ko, %k;=knxK"giL and KHsiL are the rate and protonation constants characterizing
the spontaneous and H* assisted dissociation of the [Bi(DOTA)] and [Bi(HsDOTP)]" species.
The rate and protonation constants characterizing the transchelation reactions of [Bi(DOTA)]
complex with AAZTA have been calculated by fitting of the corresponding ka values
presented in Figure S20 to the Eq. (536). The protonation constant (K™giL) of [Bi(HsDOTP)]
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species is relatively small (KMsiL < 10) due to the protonation of the coordinated and weakly
basic phosphonate O™ donor atom. Therefore, this protonation process could not be detected in
the pH-potentiometric studies of [Bi(DOTP)]> complex. By taking into account the very low
protonation constant of [Bi(HsDOTP)] species (K™giL < 10), the denominator of Eq. (S36)
(1>> KHgiL[H*]) can be neglected, so Eq. (S36) is simplified in the form of Eq. (S37). The
disky and 9%k; rate constants characterizing the spontaneous and H* assisted dissociation of the
[Bi(HsDOTP)]™ species have been calculated by fitting of the corresponding kinetic data
(Figure S20) to Eq. (S37).

ka =%ko + 9iSkq[H*] (S37)
The %5ko, %k, and KMgiL rate and protonation constants characterizing the spontaneous and H*
assisted dissociation of the [Bi(DOTA)] and [Bi(HsDOTP)]" species are shown in Table 3.

IV.3 Transchelation reactions of [Bi(DOTA)] and [Bi(DOTP)]> at high pH (with the use
of HP-DO3A?* ligand).
The rates of the transchelation reactions (Eq. (538)) between Bi'"' complexes and HP-DO3A*

were studied by CZE at basic condition on the signal of [Bi(HP-DO3A)] (migration time=5.2
min) in the presence of excess of the Bi'"'-complexes ([Bi(DOTA)Jwot=[Bi(DOTP)]wt=60 mM,
[HP-DO3A]wt= 5.0 and 10 mM, pH=10.0 — 12.0, 0.15 M NaClQO4, 25°C). Some characteristic
electropherograms of the [Bi(DOTA)]" - HP-DO3A?®" reacting system are shown in Figure
S21.

BiL + HP-DO3A = Bi(HP-DO3A) +L  (L=DOTA, DOTP)  (S38)
[Bi(DOTA)I

t (h)

220

ﬁ [Bi(HP-DO3A)]
0.5

49 52 55 58 6.1 6.4 6.7
min

Figure S21. Electropherograms of the [Bi(DOTA)] - HP-DO3A?* reacting system at 0.5, 50,
60, 150 and 220 hours after the start of the reaction. ([Bi(DOTA)]wt=53.2 mM, [HP-
DO3AJwi=10 mM, pH=12.0, 10 mM NazPO4, 0.15 M NaClOa4, 25°C).
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Under the experimental conditions applied ([Bi(DOTP)]wt=60 mM, [HP-DO3A]w:=5 and 10
mM) and at pH between 10.0 — 12.0, the transchelation of [Bi(DOTP)]> with HP-DO3A*
does not occur indicating the outstanding inertness of the given complex. In the presence of
excess of the Bi''-complexes the transchelation of [Bi(DOTA)] can be treated as a pseudo-
first-order process and the rate of reactions can be expressed with the Eq. (S28). The rates of
the transchelation reactions of [Bi(DOTA)] were studied at different concentrations of the
HP-DO3A?®* ligand in the pH range 10.0 — 12.0. The pseudo-first order rate constants (Kd)
obtained from the integral values of [Bi(HP-DO3A)] by Eq. (S29) are presented in Figure S22
as a function of pH and [OH].

1.2E-09 1.2E-09
9.0E-10 - - 9.0E-10
o =
< 6.0E-10 - 6.0E-10 o
] &
3.0E-10 A - 3.0E-10
0.0E+00 . . . . . — . . 0.0E+00
85 90 95 100 105 11.0 115 0 0.002 0.004 0.006
pH [OH] (mol/dm?®)

Figure S22. kq pseudo-first-order rate constant characterizing the transchelation reactions of
[Bi(DOTA)] with HP-DO3A? ligand. The solid lines and the symbols represent the
calculated and measured kq rate constants. ([Bi(DOTA)] =60 mM, [HP-DO3A]wt=5.0 mM
(M) and 10 mM (A) [NasPO4]wt=0.01 M, 0.15 M NaClOs4, 25°C).

The Kkinetic data presented in Figure S22 show that the kq values are independent of [HP-
DO3A] and increase with pH and [OH], indicating that the rate-determining step of the
transchelation reactions is the dissociation of the [Bi(DOTA)] complex, followed by the fast
reaction between the free Bi'" ion and the exchanging HP-DO3A?®" ligand. The dependence of
the ka values on pH can be interpreted by the formation (K"giLn-1 Eqg. (S39)) and the
spontaneous dissociation of the *[Bi(DOTA)H-1]* intermediate species (““kon, Eq. (S40). The
formation of *[Bi(DOTA)H.-1]* intermediate species might be interpreted by the substitution
of the carboxylate O donor atom by the OH- ion in the inner sphere of the Bi'"'-ion.

KMBiLH-1
*BiLH1+ H* = BIiL (S39)
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Kh [BiL]
B +BILH, J[H']
disk o
BiLH.1——> Bi* + L + OH (S40)
By taking into account all possible pathways and Eq. (S28), the rate of the dissociation of
[Bi(DOTA)] can be expressed by Eq. (S41).

_ _d[lzltL]t = Kk, [BiL], ="k, [*BiLH_, ] (541)

Considering the total concentration of the [Bi(DOTA)] complex ([BiL]=[BiL]+[*BiLH-1])
and the protonation constant of *[Bi(DOTA)H.1]* intermediate species (Kgir-1, Eq. (S39)),
the kd pseudo-first-order rate constants presented can be expressed by Eq. (S42).

dis koH

1+ KBiLH,l[H+]

d (S42)

wherein KMgitn-1 and %kon are the equilibrium and rate constants characterizing the
formation and the spontaneous dissociation of *[Bi(DOTA)H-1]> intermediate species. The
rate and protonation constants characterizing the transchelation reactions of [Bi(DOTA)]
complex with HP-DO3A have been calculated by fitting the ka values presented in Figure S22
to the Eq. (S42). The KMgiLn-1 and %kon protonation and rate constants characterizing the
formation and the spontaneous dissociation of *[Bi(DOTA)H-1]* intermediate species are
shown in Table 3.

V. Radiolabeling of DOTA with 2:3Bi isotope in the presence of citrate, acetate
and MES buffers

V.1. Experimental

213Bi'"" was eluted with a mixture of 0.1 M ag. HCI (0.3 mL) and 0.1 M ag. Nal (0.3 mL) from
a 22Ac/?®Bi generator system with an initial activity of 15-20 MBq (equivalent to approx.
0.08-0.12 pmol) as provided by the Institute for Transuranium Elements (Karlsruhe,
Germany).?® The eluate was diluted with water (1 mL) and either 3 M ammonium acetate
(100 pL) or 1M sodium 2-(N-morpholino)ethanesulfonate (MES, 100 pL) was added,
resulting in pH values of 5.2 and 5.6, respectively. The influence of the various anion
combinations on the radiolabeling was investigated by determining the fraction of 2*Bj'"
complexed by DOTA for different concentrations of DOTA (0.3-100 uM) and citrate (0—
100 uM) at 25 °C in 0.14 M ammonium acetate or 0.05 M MES solutions. Labeling was
performed by addition of the buffered eluate (80 uL) into an Eppendorf cup containing 10 uL

DOTA and 10 uL citrate solutions, resulting in final DOTA and citrate concentrations of 0.3—
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100 and 0-100 pM, respectively. After 10 min of incubation at ambient temperature (25 °C),
the fraction of complexed 2*Bi"' was evaluated by radio-TLC. For radio-TLC, 0.1 M aqueous
trisodium citrate was used as a mobile phase on silica-impregnated glass fibre material
(Agilent ITLC®), which deposits any non-complexed ?*Bi in form of its citrate complexes
near the eluent front (Rr > 0.8) while [Bi(DOTA)]™ stays near the origin (Rf = 0.1).
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VI. Structure of the [Bi(DOTP)]> complex in solution
V1.1 Experimental

14, BC and *'P NMR measurements were performed with the Bruker Avance Il (9.4 T)
spectrometer, equipped with Bruker Variable Temperature Unit (BVT), Bruker Cooling Unit
(BCU) and a BB inverse z gradient probe (5 mm). The H and 3P NMR chemical shifts of
DOTP?® were determined as a function of pH to evaluate some of the protonation constants of
the ligand. For these experiments, a 0.01 M solution of HsDOTP in 0.15 M NaClO4 aqueous
solution was prepared (a capillary with D20 was used for lock). The pH was adjusted by
stepwise addition of a solution of NaOH and HCI (both prepared in H20). At pH>12, the -
log[H*] values of the samples were adjusted to 0.1, 0.3, 0.6 and 1.0 M with the addition of
calculated amounts of 3.0 M NaOH solution (ionic strength was not constant in these
samples). 'H and 3!P NMR spectra of samples at pH>12 The chemical shifts are reported in
ppm, relative to DSS for *H and *C and 85% HsPOs for 3P as the external standard. The
protonation constants were determined by fitting of the chemical shift versus pH data using
Micromath Scientist, version 2.0 (Salt Lake City, UT) VT- NMR spectra of [Bi(DOTP)]
were measured in 0.1 M samples prepared at pD=10 in D20. The H-'H correlation
spectroscopy (COSY) and exchange spectroscopy (EXSY) spectra were collected by using
gradient pulses in the z direction with the standard Bruker pulse program. The H - 3C
correlation spectra were recorded by using gradient pulse in the z direction with the usual
Bruker heteronuclear single quantum coherence (HSQC) pulse sequence. Band-shape
analyses were performed by using the DNMR program included in the Bruker Topspin
software package. The 3P NMR signals of HsDOTP and *C NMR signals of [Bi(DOTP)]>
were simulated. Values of the chemical shift, the spin-spin coupling constants, intensity and
LB values without chemical exchange were fixed input parameters during the fitting
procedure. Co-plotting the measured and calculated 3'P NMR and **C NMR spectra obtained
at different temperature the similarity was found to be >92%.

V1.2 'H, 13C and 3P NMR studies of [Bi(DOTP)]> complex.

In order to acquire deeper insight into the solution structure of [Bi(DOTP)]*, multinuclear 1D
and 2D NMR studies have been performed.. 1D and 2D NMR studies of [Bi(DOTP)]-
obtained in the temperature range 273 - 333 K are shown in Figures 6, 7, S23 — S28. !H and
13C NMR signals of the [Bi(DOTP)]> were assigned on the basis of *H — *H COSY (Figure
S24), 'H — 'H EXSY (Figure S25) and *H — 3C HSQC (Figure S26) techniques at 273 and
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298K. Structure and the possible conformation of the [Bi(DOTP)]>- with the assignment of the
'H and 3C NMR signals are shown in Scheme 4. The methylene phosphonate protons (3H) of
[Bi(DOTP)]*> give two multiplets (ABX, where X is 3P nucleus) with chemical shifts of 2.90
and 3.10 ppm. The 3P nuclei (T1=1.02 + 0.05 s at 298 K) are coupled to the two methylene
phosphonate protons, with 2Jue couplings of — 15.4 and - 15.7 Hz. The ring exhibits four
proton signals: 1Ha at 2.55 ppm (a doublet with 2Jui{1He}=13.6 Hz), 1H. at 3.04 ppm (a
“pseudotriplet” with 2Jnn{1Ha}=14.5 Hz and 3Jun{2He}=14.3 Hz; i.e., the geminal and the
vicinal coupling constants are very similar), 2Ha at 2.65 ppm (a doublet with 2JnH{2He}=13.6
Hz), 2He at 3.65 ppm (a “pseudotriplet” with 2JnH{2Ha}=13.2 Hz and 3Jun{1He} = 13.3 Hz).
The vicinal 2Jun and geminal 3Jun coupling constants of [Bi(DOTP)]> are very similar to
those of [Ln(DOTP)]®, [Bi(DOTA)] and [Ln(DOTA)]" complexes.?’~?° The 3P NMR spectra
of the [Bi(DOTP)]*> complex is shifted by +1.6 ppm with the respect to the 3P NMR signal
of the free DOTP® ligand as a result of complex formation. ASe value of [Bi(DOTP)]* is
somewhat lower than those of [Ln(DOTP)]> complexes ([La(DOTP)]®>: A&p=+7.2 ppm;
[Lu(DOTP)]*: ASp =+8.7 ppm).2 [Bi(DOTP)]*> has a relative simple 3C NMR spectrum with
a doublet for the methylene phosphonate 3C carbon (doublet with *Jcp = 136.5 Hz), a doublet
for the ring 1C carbon (doublet with 3Jcir = 16.7 Hz) and a broad singlet for the C2 carbon
(3Jc2p < 2 Hz). The T1 relaxation time of the 3C nuclei was found to be 0.12 + 0.01 s at 298
K. By taking into account the coupling constants of the ring 1C and 2C carbons with 3P
nucleus (3Jcir = 16.7 Hz and 3Jczp < 2 Hz), the dihedral angles (¢) of the 1C — N —3C — P and
2C — N — 3C — P bonds have been calculated by using the Karplus equation as follows: 3Jcp =
17.3c0s?¢ - 4.7 cos¢ -0.9.%° The dihedral angles were found to be ¢ = 46.7° and 151.8° for 2C
—N-3C-Pand 1C— N - 3C - P "fragments”.
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Figure S23. 162 MHz *'P NMR spectra of [Bi(DOTP)]*> at pD=10.0 and 273K ([BiL]w=0.1
M, , D20)
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Figure S24. *H — H COSY spectra of [Bi(DOTP)]> at pD=10.0 and 273K ([BiL]w=0.1 M,
D20)
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Figure S25. *H — *H EXSY spectra of [Bi(DOTP)]*> at pD=10.0 and 298 K ([BiL]w=0.1 M,

mixing time D8=50 ms, D20)
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Figure S26. *H — *C HSQC of [Bi(DOTP)]*> at pH=10.0 and 273K ([BiL]w=0.1 M, D20)
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Figure S27. VT-'H NMR spectra [Bi(DOTP)]* in the temperature range 273-333 K
([BiLJwt = 0.1 M, 400 MHz, pD=10.0, D-0).
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Figure S28. Measured and calculated VT-*C NMR spectra of [Bi(DOTP)]* in the temperature range 273-333 K
([BiL]wt = 0.1 M, 100 MHz, pD=10.0, D20).
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Figure S29. Eyring plot for determining the activation parameters of the ring inversion
processes of [Bi(DOTP)]°..
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