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Two thulium-based ParaCEST responsive contrast agents, Tm-DOTAm-py and Tm-DOTAm-BAla-py, have been synthesized
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and evaluated for imaging copper and zinc. Unusual for responsive MRI contrast agents, both agents display a complete

on/off response in the presence of the transition metals. Both complexes function as paraCEST agents in the absence of

www.rsc.org/

copper and zinc, with the positively charged Tm-DOTAm-py being more sensitive than the neutrally charged Tm-DOTAm-

BAla-py. In each case, the CEST signal arises from the amides’ protons rather than from a water molecule coordinated to the

Tm?3* ion. Upon binding to Cu', Cu", or Zn", the exchange rate of the amide protons increases substantially, resulting in a

complete loss of the CEST signal. This efficient mode of action along with the lack of inner-sphere water molecule both in

the presence and absence of transition metals was confirmed by 1/T1 NMRD profiles, 70 NMR measurements, and

molecular modelling simulations. Neither complex is selective for copper over zinc. Both form either a 1:1 TmL:Cu* or a 2:1

TmL:Cu?* and TmL:Zn?* complexes with binding affinities comparable to that of other responsive MRI contrast agents and

sensitivity comparable to other CEST contrast agents.

Introduction

Zinc and copper are essential to several biological pathways.
Disruption of their homeostasis is implicated in the physiology
and pathology of patients suffering from aging or
neurodegenerative diseases including Alzheimer’'s and
Parkinson’s,! as well as Wilson’s disease,2 Menkes syndrome3
and certain tumors.* Zinc ion is involved in the regulation of
gene transcription and in multiple cell signaling pathways,
particularly in regulating pancreatic function and in apoptosis.®
Zinc and copper have both been shown to modulate neuronal
transmission in the brain;® both can contribute to neuronal
injury under certain acute conditions and can induce the
formation of AP amyloid plaques in the brain of patients
suffering from Alzheimer’s disease.’ In the latter case, both the
intra- and extracellular concentrations of copper and zinc can
vary substantially between healthy and diseased patients. For
instance, these two transition metals are present in
substantially higher concentrations extracellularly in AP
plaques: up to 0.4 mM of Cu2* and 0.2-1 mM Zn?2* are present in
AB plaques, two and three orders of magnitude higher than in
the extracellular environment of a healthy brain.812

Altogether, the physiological and pathological roles of these
metal ions and the large difference in concentration between
healthy and diseased tissues makes them good targets for the
development of in vivo imaging agents. Among the other in vivo
imaging modalities, magnetic resonance imaging (MRI) is
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particularly well suited for this purpose because of its non-
invasive nature and its ability to produce high-resolution, three-
dimensional images of deep tissues without using harmful
radiation. This approach requires the development of contrast
agents responsive to copper and zinc, that is, probes whose MRI
signal will vary as a function of binding to or reacting with the
two transition metals. Importantly, copper and zinc can
accumulate in vivo in high concentration of up to hundreds of
UM.&17 They are thus good targets for MRI contrast agents
which are typically also used in vivo at similar concentrations.
Indeed, it is because the concentrations of the labile metal ions
in certain pathologies are in the range of the sensitivity of MRI
contrast agents that they have been successfully used to image
changes in the labile zinc pool levels in the pancreas?3 14 as well
as in prostate cancer.1> 16 They have also been successfully used
to image zinc levels in the brainl? despite not being able to pass
the blood brain barrier.

Current responsive contrast agents for copper and zinc are
almost all based on gadolinium complexes.'® Two strategies
have been employed successfully in the design of this class of
responsive MR probes: g-based agents, whereby the relaxivity
of the complex is modulated by the number of inner-sphere
water molecules, g, and tr-based agents, where it is instead
modulated by the rotational correlation time of the Gd-H
vector, tr. According to the Solomon-Bloembergen-Morgan
(SBM) theory which governs the relaxivity of gadolinium
complexes, their longitudinal relaxivity r1 is directly
proportional to the number of inner-sphere water molecules, g.
Responsive probes for metal ions have thus been designed by
incorporating a chelating moiety that binds directly to the Gd3*
ion in the absence of zinc or copper, but releases the lanthanide
upon chelation of the transition metal. As the open
coordination site is replaced by water, g increases and so does
ri. This approach has been used successfully for all copper-
responsive Ti-based MR probes,1-26 as well as for a number of
zinc-responsive contrast-agents.2’35 The second approach,
which thus far has only been applied to Zn%, involves the
formation of a Zn?*-templated macromolecule, either via the
formation of a dimer363° or upon binding to human serum
albumin (HSA).14 40, 41 |n eijther case, the Gd-H vector in the
resulting macromolecule has longer rotational correlation time,
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Tr, than the monomeric Gd3* complex and thus, as predicted by
the SBM theory, substantially higher r;.

None of the responsive T1-based agents for Zn2* have shown
any selectivity for copper. Importantly, this lack of selectivity
does not prohibit in vivo applications. Zinc-responsive contrast
agents that were not demonstrated to be selective over copper
were successfully used to image the pancreas!3 14 and prostate
cancer.1% 16 Nonetheless, a number of general conclusions can
be learned from these studies. The first is that g-based contrast
agents typically do not result in a substantial increase in ry,
typically less than two-fold, although in some cases three fold
increases have been observed. tz-based responsive probes that
rely on binding to large proteins such as HSA have higher turn-
on responses, although, as predicted by the SBM theory, such a
turn-on is dependent on the magnetic field strength of the MR
instrument.14 40, 41 Second, the response of g-based contrast
agents can be significantly affected by the presence of
endogenous anions that can also replace the inner-sphere
water molecule(s), particularly phosphate and bicarbonate. This
effect can be attenuated by increasing the negative charge of
the Gd3* complex, for instance via the attachment of pendant
carboxylate arms.20 Practically, given that these contrast agent
do not distribute uniformly throughout a tissue, let alone a
body, the poor response of these probes can render their in vivo
application problematic, particularly at high fields.

Not all responsive contrast agents for transition metals are
gadolinium-based.!® Iron oxide nanoparticles can also be rendered
responsive to labile transition metals if they are coated with
polymers that are terminated by functional groups that either
chelate to or react with copper or zinc. In this case, the formation of
clusters of monocrystalline iron oxide nanoparticles (MIONs) results
in a decrease in the longitudinal relaxivity, r1, of the nanoparticles
and a change in their transverse relaxivity, r,. This strategy has been
successfully applied to the detection of Cu*.*2 43 No MION-based
responsive contrast agent has been reported for ZnZ* so far. In any
case, the weak response of particulate responsive contrast agents
remain problematic.

Another class of responsive contrast agents is based on
chemical exchange saturation transfer (CEST) agents.'® CEST
agents are a class of MRI contrast agents that function by
decreasing the intensity of bulk water signal upon selectively
saturating the resonance frequency of the mobile proton of the
agent, either belonging to coordinated water molecule(s), or to
NH or OH groups.** Given that the effectiveness of a CEST
contrast agent is determined in part by the chemical shift
difference (Aw) between water and the exchangeable IH,
paraCEST agents which contain a paramagnetic metal that shifts
the exchangeable proton(s) further away from bulk water signal
show improved sensitivity.4> 46 This is due in part to the fact that
such systems can use protons with faster exchange rate (kex)
since the larger Aw prevents coalescence with the signal from
bulk water. Moreover, since their proton resonance is at a
frequency shifted far from the endogenous signals of tissues,
paraCEST agents have the added advantages of smaller
background signal interference. These agents can be rendered
responsive either by changing the number of exchangeable
protons (in a similar manner as g-based Gd3* probes), or by
changing the exchange rate of the labile proton (kex = 1/tm).

Following this strategy, responsive CEST and paraCEST agents
have been reported for a wide variety of targets, such as pH,
enzymes, ions, and temperature.47.48

Two CEST responsive MRI contrast agents for Zn2* have been
reported by Bulte J.W.M. and Sherry A.D.%%-51 These probes
were not evaluated toward copper, so their selectivity toward
the isoelectronic Cu* is unknown. In Sherry’s probe, a 50%
reduction in relative CEST magnitude of that probe is observed
upon addition of 20 mM Zn?*.51 This probe yields a similar
change in signal intensity but at notably higher concentration of
Zn?* than the Gd3*-based contrast agents mentioned above.
Bulte’s CEST probe is more sensitive and can detect 200 uM Zn2*
but with a smaller CEST effect (10%), although no titration or
binding affinity are reported.*® No CEST agents for either Cu* or
Cu?* have yet been reported.

With this in mind, and based on the copper responsive Gd3*
contrast agents developed by the Chang group!® we designed
and tested two responsive paraCEST agents for copper and zinc,
Tm-DOTAm-py and Tm-DOTAm-BAla-py (Figure 1). Both of
these probes incorporate three amides with exchangeable
protons together with the pyridine-thioether chelating group
previously used by Chang and coworkers to detect Cu*
selectively in a Gd3* g-based contrast agent.1® These amides
provide three exchangeable protons distinctly positioned away
from any possible inner-sphere water molecules. The initial
concept was that upon coordinating copper or zinc via the
pyridine moiety, either the number of inner sphere water
molecule or the exchange rate of the amide protons would
change, and therefore, so would the intensity of the CEST image
and the % saturation transfer. Following previous work by
Chang,2° Tm-DOTAm-py was further functionalized with three
negatively charged P-alanine moieties whose role was to
decrease possible interference by endogenous anions by
eliminating the positive charge of the Tm-DOTAm-py complex.

Results and Discussion

The ligand DOTAm-py was synthesized according to Scheme
1 starting from 2,2’,2”-(1,4,7,10-tetraazacyclododecane-1,4,7-
triyl)tris(N-methylacetamide) (1), a precursor prepared in five
steps according to literature protocol.>2 53 Alkylation of the
trisamide 1 with 2,6-bis(chloromethyl)pyridine produced 2,
which was then reacted with 3,9-dithia-6-monoazaundecane
(previously prepared according to literature procedure)®* in the

0

Fig. 1 Chemical structures of the positively charged Ln-DOTAm-py (M = Tm3*, Eu?*, and
Gd?*, left) and of the neutrally charged Tm-DOTAm-BAla-py (right).

Page 2 of 13
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Scheme 1 Synthesis of Tm-, Eu-, and Gd-DOTAm-py. Reagents and conditions: (a)
CH3CN, Cs,C0s3, 68 °C, 40 h, 29%; (b) CH3CN, Cs,CO;, 68 °C, 40 h, 67%; (c) MCl; (M =Tm,
Eu, Gd), NaOH (aq), H,0: CH3OH (1:1), pH~7, 70 °C, 72-75 h; 86-87%.

presence of Cs,COs3 to yield the final ligand DOTAm-py. Finally,
the Tm3*, Eu3*, and Gd3* complexes of DOTAm-py were
prepared by treating the ligand with 1 equivalent of the
corresponding metal chloride salt in a 1:1 water: methanol
mixture regularly adjusted to neutral pH by addition of aqueous
NaOH. Note that due to the inert nature of macrocyclic
lanthanide complexes, the metalation reaction must be

refluxed for at least three days to ensure full complexation of

the lanthanide ion. Residual free lanthanide ion was removed
by filtration following precipitation at alkaline pH. The absence
was confirmed by
complexometry with xylenol orange metal indicator. The

of residual free lanthanide ion
concentration of the lanthanide complexes in agueous solutions
was determined by Evan’s method.5>

The second paraCEST probe Tm-DOTAm-BAla-py was
synthesized according to Scheme 2 from the same

monoprotected cyclen precursor 3 which was instead alkylated
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with tert-butyl 3-(2-chloroacetamido)propanoate in the
presence of Cs,COs. Hydrogenation of the resulting
intermediate 4 in the presence of Pd/C vyielded the
trisubstituted cyclen 5,
literature.® 57 This intermediate was further functionalized
with the metal-responsive unit N-((6-(chloromethyl)pyridin-2-
yl)methyl)-2-(ethylthio)-N-(2-ethylthio)ethyl)ethan-1-amine to
yield the ester-protected ligand DOTAm-BAla-py (6). The
pendant arm and the pyridine chelating arm were both
previously synthesized as reported in the literature.1® 58
Deprotection of the carboxylic acids with trifluoroacetic acid at
0 °C vyielded the final ligand DOTAm-BAla-py which was
metalated with TmCls at neutral pH to give the final probe, Tm-
DOTAmM-BAla-py.

An extensive characterization of the Ln-DOTAm-py and Tm-
DOTAm-BAla-py agents was carried out with the aim of
assessing and understanding the response of the lanthanide

similar to synthesis schemes in

probes to copper and zinc. These include both the evaluation of
the CEST spectra of the Tm3+ and Eu3* complexes as well as the
relaxometric properties of the Gd3* analogue.

In the absence of copper or zinc and at physiological pH, Tm-
DOTAm-py displays one rather broad CEST signal centered at -
98 ppm (Figure 2a). In order to assess the origin of the CEST
signal, 'H NMR spectra of Tm-DOTAm-py in H,0 and in D,O were
recorded at 14 T (600 MHz) and 10 °C (Figures 3 and S1). At this
temperature, three exchangeable proton pools are visible
between -98 and -104 ppm (Figure 3). These signals correspond
to the amide protons. They are well separated at low
temperature but broader at higher temperatures which
indicates an incipient intramolecular dynamic (Figure Sic). As
predicted, no inner-sphere water molecules were observed by
CEST (Figure 2a and Figure S2). This observation is in agreement
with the structural analogous Gd3* complex of Chang in which
the three amides are replaced by three carboxylates.1-21 |n all
cases, coordination of the pyridine to the lanthanide does not
allow for an inner-sphere water molecule.

Tm-DOTAm-BAla-py

6 DOTAm-BAla-py

Scheme 2 Synthesis of Tm-DOTAm-BAla-py. Reagents and conditions: (a) CH3sCN, Cs,COs, 55 °C, 36 h, 81%; (b) H,, Pd/C, 50 psi, CH3OH, rt, 24 h; (c) CH3CN, Cs,COs;, 70
°C, 40 h, 43%; (d) TFA, DCM, 0 °C-rt, 24 h, 70%; (e) TmCls, NaOH (aq), H,O: CH30H (2:1), pH~7, 70 °C, 72 h; 94%.
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Fig. 2 a) Saturation transfer % (ST%) spectra and b) Z-spectra of Tm-DOTAm-py upon
addition of different concentration of Zn?*. Experimental conditions: [Tm-DOTAm-py]
=10 mM, [HEPES] = 3.8 mM, pH = 7.2, B1 = 24 uT, T = 21 °C. c) CEST-MR image of
phamtom containing glass capillaries filled with: 1) Tm-DOTAm-py 10 mM + Zn?* 10
mM, 2) Tm-DOTAm-py 10 mM + Zn?*7.5 mM, 3) Tm-DOTAm-py 10 mM + Zn* 5 mM,
4) Tm-DOTAm-py 10 mM + Zn?* 2.5 mM, 5) Tm-DOTAm-py 10 mM, 6) Zn?* 10 mM, 7)
Zn?*7.5 mM, 8) Zn?*5mM, 9) Zn?*2.5 mM.

Interestingly, whereas Tm-DOTAm-py shows a strong CEST
effect, its analogue Eu-DOTAm-py complex does not display a
noticeable one (Figure S3). This is likely due to the lower shift
provided by Eu3* in respect to Tm3* and highlights the large
effect that a seemingly small change in the composition of a
CEST probe can have on its response.

Addition of Cu*, Cu?*, or Zn?* leads to the complete
disappearance of the CEST signal. As shown in Figure 2a and b,
the Z-spectra and percent saturation transfer (ST%) spectra of
Tm-DOTAmM-py decrease substantially upon gradual addition of
ZnZ*, Similar spectra were obtained upon addition of Cu* and
Cu?* (Figure S4-S5). A CEST-MR image of a phantom containing
glass capillaries filled with 10 mM Tm-DOTAm-py (aq) and 0-
10 mM Zn?* (aq) is shown in Figure 2c. As controls, capillary
tubes 6 to 9 contain ZnZ* (aq) but no Tm3* complex. No CEST
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Fig. 3 !H-NMR spectra of Tm-DOTAm-py (14 T, 10 °C) in H,0 and D,0 showing
exchangeable protons.

signal is detectable in those tubes, confirming that the CEST
signal arises from the Tm3* complex. As can be observed in the
MR image, the CEST contrast is more pronounced in the
absence of ZnZ* and progressively disappears upon addition of
the transition metal. This image mirrors the ST% and Z-spectra
data obtained for Tm-DOTAm-py upon addition of Zn2* (Figure
2a,b). Similar phantom images were obtained for Tm-DOTAm-
py upon addition of varying concentrations of either Cu* or Cu2*
(Figure S6-57). These phantom images confirm that Tm-DOTAm-
py can be used to image changes in the concentration of labile
copper or zinc.

The ST% of Tm-DOTAm-py disappears upon addition of
either Cu*, Cu?*, or Zn?* (Figures 2, S4 and S5), suggesting that
the coordination of the transition metal affects the exchange
rate of the mobile proton. Ty of mobile protons of Tm-DOTAmM-
py was measured to be ca. 100 us via the Omega plot method
(Figure S8). Addition of copper or zinc does increases the
exchange rate of the mobile protons and decreases tuto ca. 30-
50 ps for the Tm-DOTAm-py:Cu?* adduct and Tm-DOTAm-
py:Zn?* adduct (Figure S8). Addition of Cu* leads to a smaller
effect on Tty than Cu?*and Zn2?*. The increase in amide protons
exchange rates is further confirmed by the 'H NMR spectra of
Tm-DOTAm-py in the presence of an equivalent of Zn?* (Figure
S1d). The amide proton resonances progressively broaden upon
addition of Zn?* to Tm-DOTAmM-py (aq). Thus, the disappearance
of the CEST signal upon addition of either zinc or copper likely
arises from the increase of the exchange rate of the amide
protons.

Interestingly, no new CEST signal corresponding to an inner-
sphere water molecule was observed upon addition of either
copper or zinc. This observation suggests that the coordination
environment of the Tm3* center does not change upon addition
of copper or zinc, that is, the pyridine remains coordinated to
the Tm3* and does not bind copper or zinc.

Further evidence for the mechanism of action of our probe
and for the lack of change in the coordination environment of
the lanthanide ion upon formation of a zinc or copper adduct
was obtained from proton relaxometric experiments. First, the
relaxivity of Gd-DOTAm-py was evaluated in the absence and
presence of diamagnetic Zn2*. The observed r; value of Gd-
DOTAm-py at neutral pH and room temperature (2.26 mM-1s?
at 0.47 T) (Figure 4) is low and strongly indicative of the absence
of any water molecule in the inner coordination sphere of the

Page 4 of 13
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Fig. 4 Longitudinal relaxivity '"H NMRD profile of Gd-DOTAm-py in the absence
(filled symbols) and presence (open symbols) of 2 equivalents of Zn?* at 25 °C
(blue symbols) and 37 °C (red symbols).

metalion (g = 0). In fact, this relaxivity value corresponds exactly
to that measured for [Gd(TTHA)]3 (HeTTHA =
triethylenetetraminehexaacetic acid), a complex which also
does not contain any inner-sphere water molecule,>® and to the
outer sphere relaxivity calculated for Gd-DOTA.%° In aqueous
solution and at neutral pH, the Gd3* ion in the cationic Gd-
DOTAm-py is therefore in an octacoordinated ground state and
the observed relaxivity is only the result of the outer-sphere
relaxation mechanism.

In the presence of Zn?*, although the longitudinal relaxivity
increases by ca. 40% (3.15 mM-1s1at 0.47 T), its value is still low
enough to rule out any contribution from a Gd-bound H,0
molecule. However, the increase in r; indicates that the lack of
a coordinated water molecule is partly compensated by the
presence of a number of water molecules hydrogen-bonded to
the polar groups of the ligand, with a residence lifetime
sufficiently long and at a distance sufficiently short from the
Gd3* to contribute to the observed relaxivity (second sphere
mechanism).6t

The 'H 1/T1 NMRD profiles were recorded at both 25 °C and
37 °C in absence and presence of ZnZ* (Figure 4). For Gd-
DOTAm-py, the curves were fitted according to the Freed
equation for the outer-sphere contribution to relaxivity.®? The
best-fit parameters, which are reported in Table 1, are fully in
line with those of other macrocyclic g = 0 Gd3* complexes.?3 The
NMRD profiles of Gd-DOTAm-py in the presence of Zn?* have
been analysed considering a contribution from both outer- and
second sphere (SS) hydration. The number of SS water
molecules (g’) has been arbitrarily fixed to 2 because this
assumption allows to obtain a very plausible value of the
distance r’ (3.82 A) from the metal center. The other parameters
were allowed to vary within a reasonable range of values. The
magnetic field-dependence of r; is well reproduced in terms of
a sizeable contribution of two H-bonded water molecules at a
distance of 3.82 A from the paramagnetic ion, with a residence
lifetime of ca. 1 ns. The parameters of the electronic relaxation
have values quite similar to those reported for other DOsA-

Dalton Transactions

Table 1 Refinement parameters for the 1/T1 NMRD profile of Gd-DOTAm-
py in the absence and presence of Zn?*

Gd-DOTAmM-py Gd-DOTAm-py GdDOTA?
+Zn%*

T(°C) 25 37 25 37 25
ri (mM1sd) 2.26 1.65 3.15 2.53 2.33°
A2 (s2; x10%) 3.0 3.0 3.7 3.7 1.6
v (ps) 18 13 17 11 11
qa / / 2 2 /
r (&) / / 3.82 3.82 /
™’ (ps) / / 29 23 /
™’ (ns) / / 1 0.8 /
a () 4.0 4.0 4.20 4.20 3.7¢
D (cm?s;x105) 224 3.0 2.24 3.10 2.2

[a] ref.%3; [b] outer sphere contribution; [c] fixed during the fit.

derivatives and do not vary significantly upon ZnZ* binding.%*

The absence of any inner-sphere water molecule was
further confirmed by 170 NMR transverse relaxation rates (R>)
and paramagnetic shifts (Aw) of aqueous solutions of Gd-
DOTAm-py in the presence and absence of Zn2* as a function of
temperature. As can be seen in Figure 5, the data obtained
unambiguously indicate the lack of water molecules in the inner
coordination sphere of the complex, both before and after the
addition of Zn2*. In fact, the experimental data of the

Q 200— . . . ; . :
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150 R
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~, 1004 .
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Fig. 5 a) 70 NMR transverse relaxation rates (R,) and b) paramagnetic shifts
(Aw) of Gd-DOTAm-py as a function of temperature in the absence (blue) and
presence (red) of 2 equivalents of Zn2*. Experimental conditions: [Gd-DOTAm-
pyl=7.4mM,B=11.4T.
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Fig. 6 The lowest energy conformation of Gd-DOTAm-py obtained by molecular
modelling shows reduced accessible surface area to coordinate a water molecule.

paramagnetic Gd3* complex solution are barely distinguishable

from the diamagnetic reference solution.

Further evidence of the absence of coordinated water
molecules was obtained by molecular modelling simulations. A
calculated g-value of 0.21 was obtained, based on the
accessible surface area of the minimum energy conformation of
the Gd-DOTAm-py complex. The calculated lowest energy
conformation shows a high steric hindrance around the Gd3*ion
that hampers the entrance of a water molecule to the inner
coordination sphere (Figure 6). This result is in agreement with
the NMRD data, as well as with the 70O NMR transverse
relaxation rates (R;) and paramagnetic shifts (Aw) experiments

discussed above.

Altogether, CEST, NMRD and 70O NMR experiments all
specify that Tm-DOTAm-py does not have an inner-sphere
water molecule even in the presence of copper or zinc. This
indicates that the pyridine group coordinates Tm3* even in the
presence of the transition metals. Moreover, in the titration of
Tm-DOTAm-py with Zn?* and Cu?*, the ST% plateaus at
approximately 0.5 equivalent of transition metal (Figure 7). This
observation strongly suggests the formation of a 2 Tm- DOTAm-
py: 1 ZnZ* or a 2 Tm-DOTAm-py: 1 Cu?* assembly similar to that
observed by Chen for his Zn?*-responsive Gd3* contrast agent3®
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Fig. 7 Percent saturation transfer, ST%, of Tm-DOTAm-py upon addition of

[Cu(CH3CN)4]PFg, CuCly, or ZnCl,. Solid represent the fit to the equilibriums described in
Table 2. Experimental conditions: [Tm-DOTAm-py] = 10 mM, [HEPES] =3.8 mM, pH=7.2,
B1=24uT, T=21°C.
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Fig. 8 Proposed mechanism of CEST response of Tm-DOTAm-py to Zn2*.

and a 1:1 Tm3*: Cu* complex. Altogether, these results suggest
the formation of a copper or zinc-templated dimer as shown in
Figure 8.

Although the mechanism of response of Tm-DOTAm-py to
Zn?* is the same as that of Sherry’s Eu3*-based Zn2* CEST probe,
Tm-DOTAm-py has a substantially greater turn-off than Sherry’s
europium probe.>! For Tm-DOTAm-py, the ST% decreases from
33% to nearly 0% upon addition of 2 equivalents of zZn2*
(Table2), whereas in the Sherry’s Eu3*-based probe, a smaller
(50%) reduction in CEST signal from 27% to 14% was observed
upon addition of 20 mM Zn?2*. This higher response to “free”

Table 2 Apparent association constants, K,, and % saturation transfer of free and metal-
bound Tm-DOTAm-py and Tm-DOTAm-BAla-py.?

Tm-DOTAm-py Tm-DOTAmM-BAla-py

ST%free 33.8 9.3
ST%bound 0 0
Cu(l)

Keut Cu*+L 5 [Cul]* 7.7x10* 1.6x10*
Cu(ll)

Keut Cu?* + L S [Cul]* 2.8x107 3.9x107

Kcua [Cul]*+ L S [Cul,)** 2.8x103 9.9x10°
Zn(Il)

Kzo n? + LS [Znl)> 3.0x108 1.2x108

Kzni2 [ZnL]*+ L S [ZnL)* 2.4x10° 1.4x10°

9 Experimental conditions: [Tm-DOTAm-py] = 10 mM or [Tm-DOTAm-BAla-py] = 5
mM, [HEPES] = 3.8 mM, pH 7.2, B1 = 24 pT for Tm-DOTAm-py and 48 uT for Tm-
DOTAm-BAla-py, T = 21°C.
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metal ion is expected to make Tm-DOTAm-py a better candidate
for imaging zinc levels in pancreatic cancer.6>

As can be seen from the titration data and associated
binding affinity shown in Figure 7 and Table 2, Tm-DOTAm-py
binds Cu2* with higher affinity than Cu* and Zn%* but with
essentially no selectivity. These results align with those of other
g-based gadolinium responsive contrast agent for Zn?* which
also showed no or nearly no selectivity over copper.22-30 (Note
that the selectivity of the other reported CEST probe for Zn2*
not assessed). This observation is, however, in
contradiction with the chemically analogous Gd3* complex
developed by the Chang group and which was reported to be
highly selective for Cu* over both Cu?* and Zn2+.2° |t should be
noted, however, that the structural change to the probe upon
formation of the ternary complex with the transition metal is
very different in the case of the Gd3* complex of Chang than that
of our Tm3* CEST probe. In the presence of copper, the pyridine
moiety of the Gd3* triscarboxylate complex of Chang does not
coordinate the lanthanide ion but instead binds copper. This is
not the case for the Tm3* trisamide complex (Tm-DOTAm-py) for
which the pyridine moiety does not uncoordinate the
lanthanide in the presence of copper (Figure 8).

The neutral analogue of Tm-DOTAm-py, Tm-DOTAmM-BAla-
py, which contains three pendant negatively charged
carboxylate arms, shows a similar response to Cu *, Cu2 * and
ZnZ* (Figure 9, see Figures S9-S11 for Z- and ST% spectra). The
apparent association constant of the neutral probe for the
transition metals shown in Table 2, are comparable, albeit a
little weaker, than that of the positively charged Tm-DOTAm-py.
This suggests that any benefit from removing the positive
charge of the complex with pendant carboxylate groups (which
usually increases K,) is likely countered by increased steric
hindrance. Both probes bind Cu?* with higher affinity than zZn2*
in accordance with the Irving-Williams series. Unfortunately,
the addition of the three carboxylate arms substantially
decreases the magnitude of the CEST effect (compare ST =33%
with a By = 24 uT for 10 mM of Tm-DOTAm-py versus ST = 9%
with a B; = 48 puT for 5 mM Tm-DOTAm-BAla-py). Similar effect
has been observed previously by Hudson et al. by replacing the
alkyl amide substituent with terminal carboxylic groups to

was

reduce the overall positive charge on the Tm3* complex to
increase their biocompatibility.®¢ Such a large decrease in the
ST% for the neutral versus the positively charged complex
indicates that the neutrally charged Tm-DOTAm-BAla-py is not
a viable option for in vivo imaging of the labile pools of
transition metals.

The affinity constants K, of Tm-DOTAm-py and Tm-DOTAm-
BAla-py for CuZ* are higher than that of other Gd probes which
have an iminodiacetate arm (K, = 5.9x103 M-1),67 including Nap-
DO3A-Gd (K, = 8.5x10% M1)26 and [Gd(Try-TTDA)(H,0)]% (K, =
4.0x102 M1).2> However, it is much lower than that of Gd probes
with acetate-thioether arms (K, = 1.0x 1015 M-1).12 The binding
affinities of both probes for Cu* is noticeably lower that of
chemically analogous probes from Chang (K, ~ 1011 to 101> M-
1).19, 20 This observation is in agreement with our proposed
mode of action for Tm-DOTAm-py and Tm-DOTAm-BAla-py in
which, unlike Chang’s probe, the pyridine moiety does not

Dalton Transactions
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Fig. 9 Percent saturation transfer, ST%, of Tm-DOTAm-BAla-py upon addition of
[Cu(CH3CN)4]PFg, CuCly, or ZnCl,. Solid represent the fit to the equilibriums described
in Table 2. Experimental conditions: [Tm-DOTAm-BAla-py] = 5 mM, [HEPES] = 3.8 mM,
pH=7.2,B;=48uT, T=21°C.
release the Tm3* ion to bind Cu*, resulting in a weaker Cu*
complex. Tm-DOTAm-py also binds Zn2* with an affinity higher
than that of the Gd responsive contrast agent, Zn-Gd-daa3 (K, =
4.2x103 M-1).27 Its cumulative formation constant Bzn> = KznL X
Kzni2 (7.2%1011) is even higher than that of the other paraCEST
agent (K, = 3.9x107 M1).51

Conclusions

Two thulium complexes, Tm-DOTAm-py and Tm-DOTAm-BAla-
py, have been synthesized and evaluated as responsive
paraCEST MRI probes for the detection of the transition metals
Cu*, Cu?* and ZnZ*. Tm-DOTAm-py is positively charged, whereas
the three pendant carboxylate arms of Tm-DOTAm-BAla-py
neutralizes the charge of the latter. In both cases, the CEST
signal arises from the amide groups. Notably, Tm-DOTAm-py is
a more sensitive CEST agent than Tm-DOTAm-BAla-py with a
higher ST%. The CEST effect of both probes is completely
eliminated upon binding Cu*, Cu?*, or Zn?*, consistent with a
change in the exchange rates of amides. Notably, unlike for its
Gd3* g-based contrast agent analogues, the pyridine moiety of
either probe does not appear to uncoordinate the lanthanide
ion upon binding zinc or copper. As such, no inner-sphere water
molecules are observed, either by CEST of the Tm3* complex,
1/T: NMRD and 70 NMR of the Gd3* complex or molecular
modelling simulations on Gd3* complex. Both probe forma 1:1
complex with Cu* and a 2:1 complex with Cu?* and Zn?* with
binding affinity comparable to that of other responsive MRI
contrast agents for copper and zinc. The greater response of
Tm-DOTAmM-py upon binding to the transition metal renders it a
promising candidate for the development of a contrast agent
for imaging copper and zinc in vivo. The binding to transition
metal increases the exchange rate of amides’ protons to such a
degree that the CEST effect disappears. As a result, these probes
yield a truly on/off response that is rare for the detection of
metal ions by MRI.
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Experimental Section
General considerations

Starting materials were obtained from commercial suppliers
and used without further purification. 2,2',2”-(1,4,7,10-
tetraazacyclododecane-1,4,7-triyl)tris(N-methylacetamide) (1),
benzyl 1,4,7,10-tetraazacyclododecane-1-carboxylate (3),5% 53
3,9-dithia-6-monoazaundecane,>* tert-butyl 3-(2-
chloroacetamido)propanoate,>8 and N-((6-
(chloromethyl)pyridin-2-yl)methyl)-2-(ethylthio)-N-(2-
(ethylthio)ethyl)ethan-1-amine®  were synthesized as
previously described in the literature with successful synthesis
established by 'H NMR and LR MS. Water was distilled and
further purified by a Millipore cartridge system (resistivity
1.8x107 Q.cm). All organic extracts were dried over anhydrous
MgSO, and solvents were removed under reduced pressure
with a rotary evaporator. 1H spectra were obtained at room
temperature on Varian Inova 500 and 300 at 500 and 300 MHz
respectively. 3C NMR spectra were recorded on Varian Inova
500 at 126 MHz at the LeClaire-Dow Characterization Facility of
the Department of Chemistry at the University of Minnesota.
Data for 1H NMR is reported as follows: chemical shift (6, ppm),
multiplicity (br = broad, s = singlet, d = doublet, t = triplet, m =
multiplet), coupling constants (Hz). Data for 13C NMR are
reported as chemical shifts (6, ppm). The residual solvent peak
was used as an internal reference for 'H and 13C NMR. A delay
time of 30 ms and acquisition time of 64 ms were used for the
collection of IH NMR spectra of the paramagnetic M-DOTAmM-py
(M = Tm3*, Gd3* and Eu3*) and Tm-DOTAm-BAla-py complexes.
Mass spectra (HRMS, high resolution mass spectrometry; ESI-
MS, electrospray ionization mass spectrometry) were recorded
on a Bruker BioTOF Il at the Waters Center for Innovation in
Mass Spectrometry of the Department of Chemistry at the
University of Minnesota.

CEST MRI

CEST MR Images were recorded at 7.1T on a Bruker Avance 300
spectrometer equipped with a microimaging probe at 21 °C. A
typical RARE (Rapid Acquisition with Refocused Echoes) spin—
echo sequence (RF = 16) with an echo time of 3.2 ms and a TR
value of 5 s was used. An isotropic 64x64 acquisition matrix with
a FOV of 10 mm and a slice thickness of 1 mm was used (matrix
resolution of 0.156mm/pixel). The whole sequence was
preceded by a saturation scheme consisting of a continuous
rectangular wave pulse 2 s long with a presaturation
radiofrequency B, intensity of 24 or 48 uT. The first B; value was
preferred because it is compatible with eventual in vivo
applications, without the SAR issue. The higher B; value was
chosen for Tm-DOTAmM-BAla-py CEST effect and making possible
its detection. It is to be considered that this presaturation pulse
is too high for in vivo application. A frequency offset range of £
300 ppm was investigated. Z-spectra were processed by using
custom-made software,®® % compiled in the Matlab platform
(Mathworks Inc., Natick, MA). They were interpolated by
smoothing splines to identify the zero-offset on a pixel-by-pixel
basis of the bulk water and, then, to assess the correct ST %
value over the entire range of investigated frequency offsets.

The magnitude of Saturation transfer (ST) effect was calculated
as follows:

ST% = (1 - (’;’I—Z)) % 100

where MS is the intensity of the bulk water NMR signal after the
irradiation on resonance (Aw) of the mobile proton pool and Mg
is the intensity of the bulk water NMR signal after the irradiation
at -Aw.

CEST images were acquired on phantoms consisting of glass
capillaries filled with aqueous solution of the paramagnetic
complexes (5 or 10 mM, pH = 7.2) with variable amounts of Zn2*,
Cu* or Cu?* metals.

Proton exchange rate

Exchange rate constants (kex = 1/tm) of the exchangeable
protons was measured by using the Omega plot method as
reported by Sherry A. D. et al.”® In the Omega plots, (Mz/(Mo-
Mz) was plotted versus 1/wi? (where w; is expressed in
radians/second). The bulk water signal intensity measurements
were carried out at the steady state, after the application of
presaturation pulses at different B, values (from 12 to 42 puT).
The tw value is obtained by as follows: Ty = /—x,, where xo is
the X-axis intercept. Each linear plot, obtained by using at least
5 points, showed a R2> 0.99. tv was measured at physiological
pH upon addition of different amount of Cu*, Cu?* or Zn2*.

Computational modeling

All modeling and docking procedures were carried out using the
MOE molecular modeling package (MOE, version 2004.03,
Chemical Computing Group Inc., Montreal, Canada). The
structures of the chelate of Gd-DOTAm-py was built from the
crystal structure of the DOTAM-type chelates obtained from the
Cambridge Structural Database (entry code EHOVAY;
www.ccdc.cam.ac.uk/) and modeled using the Moe-Builder
module keeping the Gd3* coordination cage fixed. Minimization
was achieved by a multistep procedure, until convergence was
less than 0.0001 kcal mol-t A-l For all the calculations a
modification of the Amber99 force field’! was used with in-
house parametrization to treat gadolinium complexes within
the framework of the ionic method.”>74 Estimation of the
number of bound waters in Gd(lll) complex was obtained by
calculating the exposed Van der Waals surface area in energy-
minimized structures.’s

1H NMRD and 70 NMR Measurements

The exact concentration of the aqueous solutions for 1TH NMRD
and 70 NMR measurements was determined by the BMS shift
method at 11.7T%> The field-dependent water proton 1/T;
longitudinal relaxation rates were measured at 25 °C and 37 °C
by using a fast field-cycling Stelar Relaxometer over a
continuum of magnetic field strengths from 0.00024 to 0.47 T
(corresponding to 0.01-20 MHz proton Larmor frequencies).
The relaxometer operates under computer control with an
absolute uncertainty in 1/T; < 1%. The temperature was
controlled with a Stelar VTC-91 airflow heater equipped with a
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copper—constantan  thermocouple (uncertainty +0.1°C).
Additional data point at 21.5 MHz was obtained by using the
Stelar Spinmaster spectrometer (Stelar, Mede, Pavia, Italy) by
mean of the standard inversion-recovery sequence. All
experimental 1/T; values were corrected for diamagnetic
contributions using a solution of water at pH = 7 and normalized
for the Gd-concentration. The concentration of Gd3* in the
analyzed solution was assessed by using Evans’ method as
previously reported.>>

170 NMR measurements were carried out on a Bruker Avance
spectrometer (14.1 T) equipped with a 5 mm probe and
standard temperature control unit. Aqueous solution of the
complexes (17 mM) contains 2.0% of the !0 isotope
(Cambridge Isotope) were used. The observed transverse
relaxation rates were calculated from the signal width at half-
height.

DOTAm-py-Cl (2).

A solution of 2,2’,2”-(1,4,7,10-tetraazacyclododecane-1,4,7-
triyl)tris(N-methylacetamide) (1, 103 mg, 0.267 mmol) and
Cs,C03(94 mg, 0.29 mmol) in acetonitrile (30 mL) was stirred for
10 min at room temperature. Solid 2,6-
bis(chloromethyl)pyridine (52 mg, 0.29 mmol) was added to the
reaction mixture which was further stirred at 68 °C for 40 h. The
mixture was filtered, and the solvent was removed under
reduced pressure. The crude solid was purified by
chromatography over alumina (neutral), using a gradient of
100% CHCl; to 6% CH30H in CHCl,, to give the compound 2 as
off-white solid (40 mg, 29%). 6H(500 MHz; CDCls) 8.30 (2H, d, J
4.4 Hz), 7.85 (1H, d, J 4.4 Hz), 7.63 (1H, t, J 7.7 Hz), 7.17 (1H, d, J
7.7 Hz), 7.07 (1H, d, J 7.4 Hz), 5.20 (1H, t, J 6.2 Hz), 4.73 (2H, m),
3.45 (2H, s), 3.21-2.94 (6H, m), 2.81-2.73 (9H, m), 2.72-2.19
(16H, m). 8C(126 MHz; CDCl3) 172.1, 171.7, 162.3, 156.9, 137.9,
122.8,121.1, 65.1, 59.7, 57.4, 56.8, 50.6, 50.3, 26.2, 26.1, 26.0.
HR-MS found: [M+Na]*, 547.2864. Cy4H4:CINgNaOs*
547.2882.

calc

DOTAmM-py.

A solution of 2,2’,2”-(10-((6-((chloromethyl)pyridin-2-
yl)methyl)-1,4,7,10-tetraazacyclododecane-1,4,7-triyl)tris(N-
methylacetamide) (2, 40 mg, 0.076 mmol), Cs,CO5 (25 mg, 0.076
mmol) and 3,9-dithia-6-monoazaundecane (15 mg, 0.076
mmol) in acetonitrile (20 mL) was stirred at 68 °C for 40 h. The
mixture was filtered, and the solvent was removed under
reduced pressure. The crude solid was purified by
chromatography over alumina (neutral), using a gradient of
100% CH,Cl; to 5% CH3OH in CHyCl,, to give the compound
DOTAm-py as yellowish solid (35 mg, 67%). 6H(300 MHz; CDCl3)
8.37 (1H, m), 7.85 (1H,br s), 7.61 (1H, t, J 7.6 Hz), 7.54-7.40 (1H,
m), 7.15 (1H, m), 3.95 (1H, m), 3.74 (2H, s), 3.44 (2H, s), 3.21-
2.94 (6H, m), 2.92-2.29 (37H, m), 1.20 (6H, m). 6C(126 MHz;
CDCl5) 172.0, 171.6, 171.2, 162.1, 156.4, 137.7, 122.5, 121.6,
60.1, 59.9, 59.1, 58.8, 57.9, 57.7, 57.2, 54.2, 54.1, 53.5, 52.9,
52.2, 51.1, 50.6, 50.4, 29.5, 26.2, 26.0, 14.9. HR-MS found:
[M+H]*, 682.4256. C35HgoNsO3S,* calc 682.4255.

Dalton Transactions

General procedure for the synthesis of lanthanide complexes of
DOTAm-py. Representative procedure for Tm-DOTAm-py.

The ligand 2,2',2"-(10-((6-((bis(2-
(ethylthio)ethyl)amino)methyl)pyridin-2-yl)methyl)-1,4,7,10-
tetraazacyclododecane-1,4,7-triyl)tris(N-methylacetamide)
(DOTAmM-py, 41 mg, 0.060 mmol) was dissolved in a CH30H and
H,O (1:1) mixture (20 mL) and anhydrous TmCls (17 mg, 0.060
mmol) was added. The pH was adjusted to 7 with NaOH (aq.)
and the reaction mixture was stirred at 70 °C for 72 h. The pH
was monitored periodically and adjusted to 7 with NaOH (aq.)
as needed. The solvent was removed under reduced pressure.
The solid obtained was dissolved in water (5 mL). The solution
was centrifuged to remove the unwanted solid. The solvent was
removed under reduced pressure to yield the chloride salt of
Tm-DOTAm-py as an off-white flaky solid (50 mg, 87%). See
Figure S14 in Sl for 8H(500 MHz; D,0). HR-MS found: [M-H]%**,
424.6722. C3;HsgNgO3S,Tm?* calc 424.6718.

Eu-DOTAm-py.

Ligand 2,2',2"-(10-((6-((bis(2-
(ethylthio)ethyl)amino)methyl)pyridin-2-yl)methyl)-1,4,7,10-
tetraazacyclododecane-1,4,7-triyl)tris(N-methylacetamide)
(DOTAmM-py, 11.8 mg, 0.0173 mmol), EuCl3-6H,0 (6.3 mg, 0.017
mmol), 75 h, white powder (14 mg, 86%). See Figure S15 in Sl
for 8H(500 MHz; D,0). HR-MS found: [M-H]?*, 416.6685.
C32H53N90352EU2+ calc 416.6653.

Gd-DOTAm-py.

Ligand 2,2',2"-(10-((6-((bis(2-
(ethylthio)ethyl)amino)methyl)pyridin-2-yl)methyl)-1,4,7,10-
tetraazacyclododecane-1,4,7-triyl)tris(N-methylacetamide)
(DOTAmM-py, 11.8 mg, 0.0173 mmol), GdCl5-6H,0 (6.4 mg, 0.017
mmol), 73 h, white powder (14.2 mg, 87%). HR-MS found: [M-
H]2+, 419.1701. C32H58N903SZGd2+ calc 419.1667.

tBu-DOTAm-BAIa-CBZ (4).

A solution of benzyl 1,4,7,10-tetraazacyclododecane-1-
carboxylate (3, 114 mg, 0.370 mmol) and Cs,CO3 (388 mg, 1.19
mmol) in acetonitrile (50 mL) was stirred for 10 min at room
temperature. Solid tert-butyl 3-(2-chloroacetamido)propanoate
(264 mg, 1.19 mmol) was added to the reaction mixture which
was further stirred at 55 °C for 36 h. The mixture was filtered,
and the solvent was removed under reduced pressure. The
crude solid was purified by flash chromatography over silica gel,
using a gradient of 100% CH,Cl, to 7% CH3OH in CH,Cl,, to give
the compound [4] as faint yellow solid (260 mg, 81%). §H(500
MHz; CDCls) 8.03 (1H, brs), 7.46-7.44 (1H, m), 7.38-7.31 (5H, m),
5.36-4.94 (2H, s), 3.69-3.41 (12H, m), 3.22-2.76 (10H, m), 2.69-
2.29 (12H, m), 1.48-1.38 (27H, m). HR-MS found: [M+H]*,
862.5295. C43H72N7O11+ calc 862.5284.

tBu-DOTAm-BAIa (5).

The catalyst 10% Pd/C (18 mg) was added to a solution of the
tri-tert-butyl 3,3,3"-((2,2',2"-(10-((benzyloxy)carbonyl)-
1,4,7,10-tetraazacyclododecane-1,4,7-
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triyl)tris(acetyl))tris(azanediyl)tripropionate ([4], 180 mg, 0.209
mmol) in CH30H (7 mL). The mixture was shaken under an H,
atmosphere in a Parr hydrogenator at 50 psi for 24 h. The
mixture was filtered through celite. The solvent was removed
under reduced pressure to afford product 5 as colorless solid
that was used immediately in the next step without further
purification. HR-MS found: [M+H]*, 728.4919. C3sHesN;Oq* calc
728.4917.

tBu-DOTAm-fBAla-py (6).

A solution of tri-tert-butyl
tetraazacyclododecane-1,4,7-
triyl)tris(acetyl))tris(azanediyl)tripropionate (5, 67 mg, 0.092
mmol), GCs;CO3 (30 mg, 0.092 mmol) and N-((6-
(chloromethyl)pyridin-2-yl)methyl)-2-(ethylthio)-N-(2-
(ethylthio)ethyl)ethan-1-amine (30.6 mg, 0.092 mmol) in
acetonitrile (20 mL) was stirred at 70 °C for 40 h. The mixture
was filtered, and the solvent was removed under reduced
pressure. The crude solid was purified by chromatography over
alumina (neutral), using a gradient of 100% CH,Cl, to 6% CH3;OH
in CH,Cl,, to give the compound 6 as yellowish sticky solid (40
mg, 43%). 8H(300 MHz; CDCls) 8.22 (1H, d, J 6.2 Hz), 7.90 (1H,
brs), 7.61 (1H, t, J 7.4 Hz), 7.49 (1H, d, J 7.3 Hz), 7.33 (2H, br s),
7.16 (1H, d, J 8.2 Hz), 3.67-3.29 (10H, m), 3.29-2.08 (40H, m),
1.40 (27H, s), 1.30-1.07 (6H, m). 6C(126 MHz; CDCls) 171.9,
171.6, 171.1, 170.9, 161.3, 156.5, 137.5, 128.6, 122.4, 80.3,
60.2, 58.9, 57.3, 57.0, 54.2, 54.1, 53.5, 53.0, 52.7, 51.7, 50.3,
47.3, 35.1, 29.5, 28.1, 26.2, 14.9. HR-MS found: [M+H]*,
1024.6292. CsoHgoN9OsS,* calc 1024.6297.

3,3,3"-((2,2',2"-(1,4,7,10-

DOTAm-BAla-py.

Trifluoroacetic acid (TFA, 0.6 mL) was added to a stirred solution
of tri-tert-butyl 3,3',3"-((2,2',2"-(10-((6-((bis(2-
(ethylthio)ethyl)amino)methyl)pyridin-2-yl)methyl)-1,4,7,10-
tetraazacyclododecane-1,4,7-
triyl)tris(acetyl))tris(azanediyl)tripropionate (6, 38 mg, 0.037
mmol) in CHCl, (1 mL) dropwise at 0 °C over 10 min. The
reaction mixture was allowed to warm to room temperature
and stirred at room temperature for 24 h. The reaction mixture
was then concentrated under reduced pressure and was
washed with CH30H (10 x 6 mL), with the solvent removed each
time under reduced pressure to eliminate excess TFA. Complete
removal of solvent gave the trifluoroacetate salt of DOTAm-
BAla-py (37 mg, 70%). 8H(500 MHz; CDs0D) 9.49 (1H, brs), 9.15-
8.93(2H, m), 6.23-5.34 (12H, m), 3.58-3.48 (4H, t,J 9.1 Hz), 5.13-
4.91 (20H, m), 4.58 (4H, t, J 7.0 Hz), 4.49-4.05 (10H, m), 2.98-
2.73 (6H, m). 6C(126 MHz; CDs0D) 175.3, 161.9, 161.6, 158.8,
140.8, 129.7, 129.2, 118.8, 116.4, 57.9, 56.4, 54.6, 52.3, 36.6,
34.5, 26.5, 26.3, 15.0, 14.7. HR-MS found: [M+2H]?*, 428.7247.
C3gHe7N9O9S,2+ calc 428.7246.

Tm-DOTAm-BAla-py.

The ligand 3,3',3"-((2,2',2"-(10-((6-((bis(2-
(ethylthio)ethyl)amino)methyl)pyridin-2-yl)methyl)-1,4,7,10-
tetraazacyclododecane-1,4,7-
triyl)tris(acetyl))tris(azanediyl))tripropionic acid (DOTAm-BAla-

py, 32 mg, 0.037 mmol) was dissolved in a CH3;0H and H,0 (1:2)
mixture (20 mL) and anhydrous TmCls; (10 mg, 0.037 mmol) was
added. The pH was adjusted to 7 with NaOH (aq.) and the
reaction mixture was stirred at 70 °C for 72 h. The pH was
monitored periodically and adjusted to 7 with NaOH (aqg.) as
needed. The solvent was removed under reduced pressure. The
solid obtained was dissolved in water (7 mL). The solution was
centrifuged to remove the unwanted solid. The solvent was
removed under reduced pressure to yield the thulium complex
Tm-DOTAm-BAla-py as a white flaky solid (36 mg, 94%). See
Figure S18 in SI for 8H(500 MHz; D,0). HR-MS found: [M+H]*,
1022.3563. C3gHe3Ng0sS,Tm* calc 1022.3527.
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