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ABSTRACT: The three new dioxo-tetraazamacrocyclic ligands with a fused,
very rigid bispidine (3,7-diazabicyclo[3.3.1]nonane) group connecting the two
tertiary amine donors, and ethyl, propyl, or benzene groups connecting the two
amide donors are highly preorganized and lead to very stable, uncharged Cu"
complexes. Solution spectroscopy and solid state structures indicate that these
are square pyramidal with a solvent molecule occupying the apical position.
Cyclic voltammetry defines a reversible Cu™" couple and a strongly negative
irreversible Cu'”" couple (ca. =2 V vs Fc/Fc'), indicating that the Cu"
complexes are very stable in solution. This is supported by superoxide dismutase
(SOD) and human serum challenge experiments as well as the biodistribution,
which all show that the benzene-based ligand has the highest in vitro and in vivo
stability and that this was expected on the basis of the macrocycle ring size and
shape and the highest degree of preorganization. This ligand is easy to
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functionalize for a possible coupling to biological vector molecules and/or fluorescence markers for PET (positron emission
tomography) and multimodal imaging (i.e, PET and optical imaging).

B INTRODUCTION

There is increasing interest in the development of applications
of radiotracers for cancer diagnosis. An important method is
positron emission tomography (PET), where a radioactive
positron emitting isotope is linked to a biological vector such as
a protein, peptide, or aptamer that specifically accumulates in
cancer cells. With positron emitters, for example *Cu ions, an
important focus is on the design of bifunctional chelators
(BFCs) that coordinate the " emitting metal ion with high
stability and offer functional groups for conjugation to
biological vector molecules. Because of its suitable half-lifetime
of 12.7 h and its decay scheme (f*, 19%; -, 40%; and electron
capture 40%), ®*Cu is an ideal positron emitter for PET
imaging, and the “matched-pair” Cu/9Cu offers possible
applications in diagnosis and therapy.' ™ There is a range of
well-known ligand systems for stable and well-defined Cu"
complexes, and derivatives of these ligands have been used as
BFCs for PET imaging. Examples are ATSM (diacetyl-bis(N4-
methylthiosemicarbazone),®” derivatives of aza-macrocycle
ligand systems, including TETA and DOTA,®™ " derived
from the 14- and 12-membered cyclam- and cyclen-type aza-
macrocycles, and hexamine cage ligands.'*™'® An advantage of
these systems is the high thermodynamic stability (macrocyclic
effect'”'®) and facile methods for the attachment of
functionalities such as carboxylates, where a biofunctionaliza-
tion can be performed. However, some of the corresponding
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Cu" complexes have been shown to have too low in vivo
stabilities, for example, some are decomposed in vivo by
superoxide dismutase and ceruloplasmin.'®™*' Also, the syn-
thesis of polyaza macrocycles and the corresponding bio-
conjugates may be tedious (multiple step syntheses),”* *° and
complex formation may be slower than that required for in vivo
PET imaging.4

Dioxotetraaza macrocyclic ligands have attracted interest for
a number of reasons: due to the macrocycle effect and the
stabilization by two deprotonated amide nitrogen donors, they
are known to form highly stable and uncharged Cu" complexes;
and due to the deprotonated amide donors, these ligands are
also known to stabilize Cu™?**” In the context of PET
imaging, it is specifically the high stability of the uncharged Cu"
complexes that has attracted our attention.”*>° Another ligand
backbone known for its suitability as a BFC for **Cu-based PET
imaging is the highly preorganized bispidine platform with its
rigid adamantane-derived 3,7-diazabicyclo[3.3.1]nonane back-
bone.* 7*° This type of ligand, first discovered by Mannich and
Mohs,*® offers a widely variable donor set which allows the fine-
tuning of the electronic properties of the resulting com-
plexes.*”** There is a wide range of applications of bispidine
transition metal chemistry,*>*”*® but there are only few reports
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Chart 1. Ligands Discussed
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Scheme 1. Synthesis of the Macrocyclic Ligands H,L®, H,LF, and H,L?
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on macrocyclic bispidines®”** and uncharged Cu" complexes of mides)* has found broad application in the synthesis of
bispidine-based ligands.41 dioxotetraaza macrocycles.28 1,2-Diaminoethane, 1,3-diamino-
Here, we combine the two motifs of the dioxotetraaza propane, and o-phenylendiamine were condensed with
macrocycles with the rigidity of the bispidine backbone and chloroacetyl chloride to vyield the bis(a-chloroacetamide)
report the synthesis of three derivatives of a new type of ligand building blocks; [1 + 1] condensation with $,7-dimethyl-1,3-
with varying ring size and preorganization, L”, L*, and L” (see diazabicyclononane, the bispidine building block, resulted in
Chart 1), together with their Cu"" complexes. acceptable yields of the macrocycles H,L® (65%), H,LF (34%),
and H,L" (74%). The Cu" complexes of the three macrocycles
M RESULTS AND DISCUSSION were prepared by reaction of the ligand with an equimolar
Synthesis. The three macrocycles H,L®, H,LE, and H,L" amount of copper(Il) acetate hydrate in methanol overnight;
were synthesized by cyclization of 5,7-dimethyl-1,3-diazabicy- suitable crystals for X-ray diffraction were obtained by ether
clononane* with the bis(a-chloroacetamide) of the corre- diffusion or evaporation of the methanolic complex solution at

sponding diamine (Scheme 1). The use of bis(a-chloroaceta- ambient temperature.
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Crystal Structures. The molecular structures of the ligands
are shown in Figure 1. In each of the structures, one of the

i

Figure 1. ORTEP (POV-ray) plots of the ligands H,L?, H,L, and
H,L"; hydrogen atoms have been omitted for clarity, and ellipsoids are
shown at 50% probability.

amide protons is pointing toward the opposite tertiary amine,
stabilized by hydrogen bonding with N—H---N distances of
2.767(13) A (H,L®), 2.183(13) A (H,LF), and 2.908(8) A
(H,L") [hydrogen atoms are located at calculated positions,
and the corresponding NN distances are 3.6360(19) A
(H,L®), 3.067(2)A (H,LE), and 3.7626(12) A (H,L")]. The
other amide proton is located proximal to the mean plane
defined by the four nitrogen donors of the macrocycle (N,
plane). The hole size of the macrocyclic ligands*™* increases in
the order 1.875 A (H,L?) < 1.962 A (H,LF) < 2.042 A (H,LF),
i.e., in terms of cavity size, H,L" appears to be the most suitable
ligand for Cu". Affected by the rigidity of both the bispidine
backbone and the benzyl ring as well as the planarity of the
amide groups, H,L® shows the highest degree of rigidity and
preorganization.”* Both H,L" and H,L® are largely planar
macrocyclic ligands, and H,LE, due to the puckered ethylene
bridge, shows a slightly more distorted N, arrangement.

Plots of the experimental molecular structures of the Cu"
complexes of H,L?, H,L¥ and H,L" appear in Figure 2, and
selected geometric parameters are listed in Table 1. The two
amides are deprotonated in all three complexes, leading to
neutral molecules. [Cu(L")(O)] has a slightly distorted square
pyramidal coordination geometry with the copper center
displaced by 0.38 A from the N, plane; this is not unexpected
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Figure 2. ORTEP (POV-ray) plots of the complexes [Cu(L®)(0O)],
[Cu(L®)(OH,)], and [Cu(L?)(OH,)]; hydrogen atoms have been
omitted for clarity, and ellipsoids are shown at 50% probability.

Table 1. Selected Bond Distances and Angles of
[Cu(L?)(0)], [Cu(L*)(OH,)], and [Cu(L")(OH,)]

distance (esd) [A] [Cu(L®)(0)] [Cu(LE)(OH,)] [Cu(L”)(OH,)]
Cu—N(1) 1.972(3) 1.9935(8) 2.0193(17)
Cu—-N(2) 1.898(2) 1.9006(8) 1.9356(16)
Cu—N(3) 1.898(3) 1.8890(9) 1.9332(14)
Cu—N(4) 1.984(3) 1.9841(8) 2.0352(17)
Cu—0 2.300(2) 2.3239(8) 2.3942(16)
N(1)--N(4) 2.862(4) 2.8783(11) 2.819(2)
Cu-N, (out-of-plane) 0.38(13) 0.37(4) 0.27(10)
angle (esd) [deg]  [Cu(L®)(O)]  [Cu(L®)(OH,)]  [Cu(L")(OH,)]
N(1)-Cu—N(2) 87.40(12) 87.05(3) 84.84(7)
N(2)—-Cu—-N(3) 85.19(12) 85.82(4) 96.94(8)
N(3)—Cu—N(4) 87.41(12) 86.23(4) 85.45(8)
N(4)—Cu—N(1) 92.71(12) 92.71(3) 88.08(7)

since a 13-membered macrocycle is known to be slightly too
small for Cu'l.** The analysis of the unit cell reveals that the
coordination of the copper center is completed by an axial
amide oxygen of a neighboring molecule at 2.300 A (see
Supporting Information). A square pyramidal coordination
geometry is also in agreement with the (solution) spectroscopic
data (see below; for this reason, the LP-derived complex is
described as [Cu(L?)(0)] in the crystal structure and generally
as [Cu(LP)(solv)] since we assume that, in solution, a solvent
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molecule (e.g, OH,) coordinates in an apical position, leading
to a square pyramidal structure as in the crystal and with the
other ligands).

The molecular structure of the other complex with a 13-
membered macrocycle, [Cu(L*)(OH,)], is similar to that of
[Cu(LP)(O)]. The distances of the donor atoms to the copper
center are on average 0.004 A longer, and this is attributed to
the more flexible and approximately 0.118 A longer ethyl bridge
(observed N---N distance in the experimental structures). The
emerging slightly larger cavity also leads to a decrease of the
displacement of the copper center from the N, plane by 0.013
A. In this structure, a water molecule is coordinated as an axial
ligand, completing the square pyramidal coordination sphere.

H,L" is the only one of the three ligands with a 14-
membered macrocyclic ring, known to be complementary for
Cu'’ Because of the larger cavity, the copper center is less
displaced from the center of the macrocyclic ring by 0.1 A
compared to [Cu(L?)(0)] and [Cu(LF)(OH,)]. The mean
Cu—N distances are 0.044 A (0.038 A) longer than these in
[Cu(LB)(0)] ([Cu(LF)(OH,)]), but the distance of the two
bispidine nitrogens N(1) and N(4) decreases by 0.053 A (0.059
A). This emerges from the larger propylene bridge in
[Cu(L")(OH,)], leading to a slightly expanded N(2)—Cu-—
N(3) angle. Similar to [Cu(L¥)(OH,)], [Cu(L")(OH,)] has a
coordinated water molecule in the apical position, resulting in a
square pyramidal coordination geometry.

The structural reorganization parameter .0_ IAd,| offers the
opportunity to quantify the degree of preorganization of a
ligand. The structural reorganization is the sum of deviation of
donor atom:-donor atom distances upon coordination of the
ligand to a metal ion.** The comparatively small values of
%5_IAd,] indicate a high degree of preorganization,** and the
calculated structural reorganization parameters for the ligands
H,L"® H,L% and H,L" validate the assumption that the degree
of preorganization decreases in the row H,L® (0.44) > H,L"
(0.91) > H,LE (1.21).

Electronic Properties. The UV—vis spectra were recorded
in methanolic solution, and the absorption maxima and
extinction coefficients are presented in Table 2 (see Supporting

Table 2. Maxima in Absorption and Extinction Coefficients
of the Cu" Complexes of H,L®, H,LF, and H,L® (Measured
in MeOH) and Literature-Known Dioxo-Tetraaza
Macrocyclic Ligands

A [nm] v [em™] e [Mtam™]
[Cu(L®)(solv)] 483 20,700 149
[Cu(LF)(OH,)] 476 21,010 117
[Cu(L”)(OH,)] 524 19,080 189
[Cu(dioxo(12)aneN,)] 620 16,130 150%
[Cu(dioxo(13)aneN,)] 520 19,230 100%
[Cu(dioxo(14)aneN,)] 505 19,800 100
[Cu(dioxo(15)aneN,)] 520 19,230 1002

Information for the spectra). Compared to the 13-membered
ring systems of [Cu(L")(solv)] and [Cu(L*)(OH,)], the dd
transitions (asymmetric absorption band involving the t,, —
d.p,, transitions) of [Cu(L")(OH,)] with a 14-membered
macrocyclic ligand are shifted by close to 2,000 cm™! to lower
energy. This is due to the expected decrease of the ligand field
due to slightly longer bonds. This indicates that the solution
structures are similar to those observed in the crystals (see
above), and this also agrees with the frozen solution EPR
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parameters discussed below. Interestingly, the electronic
properties of the dioxotetraaza macrocyclic ligand Cu"
complexes not supported by bispidine platforms (electronic
spectra also given in Table 2) indicate that the optimum ring
size in that case is 14, and this is similar to what is observed for
tetraaza macrocycles.*® The increased rigidity of the bispidine-
type systems discussed here leads to a modification of the
structural and thermodynamic properties, and this also emerges
from the structural analysis above.

The experimental EPR spectra were recorded in frozen
solution in MeOH/EtOH (9:1) at X-band frequency; see
Figure 3 and Table 3 for the experimental and simulated
spectra and the spin Hamiltonian parameters, obtained by
simulation of the experimental spectra with the X-Sophe
software package.*” The relatively large values of A, >200 X
10™* em™, in combination with the relative small values of g. <
2.18, indicate a strong in-plane ligand field with relatively small
interactions to axial ligands, specifically for the H,L®- and H,L"-
based systems, and this is in agreement with the structural data
and solution electronic spectroscopic parameters. The small
variation of A,/g, vs A,/g, values indicate a small but significant
deviation from tetragonal symmetry.

Redox Properties. The electrochemical properties of the
Cu" complexes H,L®, H,L%, and H,L" were studied in H,O,
MeOH, MeCN, and DMF to investigate the stabilization of the
Cu" complexes and also a potential stabilization of Cu™
species. The experiments were performed in a three electrode
glass cell under argon atmosphere, using a glassy carbon
working electrode, a platinum wire as counter electrode, and an
Ag/AgCl or an Ag/AgNO; reference electrode under aqueous
or nonaqueous conditions, respectively. In water as solvent, 3
M NaCl was used as supporting electrolyte, and the potentials
were normalized against K;[Fe(CN)s] (E = 298 mV); in
MeOH and DMF, 0.1 M Bu,NBF,, and in MeCN, 0.1 M
Bu,NPFs were used as supporting electrolytes, and the
potentials were normalized against ferrocene, with —94 mV
(DMF), 120 mV (MeOH), and —87 mV (MeCN). The results
of the electrochemical measurements are given in Table 4.

The reversible potentials in MeCN, MeOH, H,0, and DMF
can be assigned to Cu"™" couples, and the corresponding redox
potentials (see Table 4) are in the expected range.26 While the
cavity size of the three macrocycles studied here increases in the
order LB < LE < L?, the energy needed to oxidize the Cu"!
complexes increases in the order LE < LB < LF, ie, LE best
stabilizes high-valent copper ions. The Cu"! potentials could
only be measured in DMF, which offers the largest electro-
chemical window and showed a potential at < —2 V, indicating
a very high stabilization of the Cu'' complexes. The L” and L"
systems have very similar Cu"/! potentials (slightly higher for
the LP-based couple), and the ethylene-bridged macrocycle has
the most positive potential.

Radiochemistry. The three macrocycles were evaluated as
potential ligands for radiolabeling with *Cu". The radiolabeling
was monitored by radio-TLC, using neutral alumina plates and
2 M NH,OAc/MeOH (1:1) as mobile phase. [**Cu]CuCl,
remains at the starting position, and the complexes move with
R values of 0.75—0.79. Standard labeling experiments, using
MES/NaOH (pH S.5) at ambient temperature, gave, as
expected, no evidence for **Cu'-labeled macrocyclic bispidine
ligands. Increasing the temperature to 50 °C and using a
slightly higher pH significantly increased the labeling efficiency.
The radiolabeling yields for H,L®, H,LF, and H,L" (100 ug
ligand/0.1 mL aqueous buffer) as a function of time are

dx.doi.org/10.1021/ic500476u | Inorg. Chem. 2014, 53, 6698—6707
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Figure 3. X-band EPR spectra (experimental, black, bottom;
simulated, red, top) of the complexes (a) [Cu(L®)(solv)] at 106 K
and 9.441338 GHz, (b) [Cu(LF)(OH,)] at 107 K and 9.438382 GHz,
and (c) [Cu(L?)(OH,)] at 109 K and 9.448705 GHz.

summarized in Table S and show that more than 95% of the
bispidine-based macrocycles are labeled with **Cu" after 1 h.
Almost quantitative labeling of the macrocyclic bispidine
ligands was also achieved at lower concentrations (S5 ug
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ligand/0.1 mL aqueous buffer) after 90 min at SO °C. The
specific activity obtained is 26 GBq/umol for [**Cu(L?)(solv)];
for the other two complexes, [**Cu(L*)(OH,)] and [**Cu-
(L")(OH,)], about 22 GBq/umol was determined.

Stability Assays. The stability of the *Cu'-labeled
macrocyclic bispidine-amide ligands was studied in the presence
of a 3-fold excess of human superoxide dismutase (SOD) and
human serum, as described before.* Figure 4 summarizes the
quantitative results of dissociated **Cu' in the presence of SOD
and human serum protein. The complex with the benzyl-ring-
based macrocycle [**Cu(L?)(solv)] shows the highest stability
toward SOD (transchelation of (1.5 + 0.5) %) and serum (2.3
+ 0.9) % after 1 h of incubation at 37 °C. The radiocopper(1I)
dissociation from [**Cu(LE)(OH,)] and [**Cu(L®)(OH,)] is
somewhat higher in the presence of excess SOD and human
serum (see Supporting Information for more details). That is,
the variation of the macrocycle ring size and preorganization of
the macrocyclic bispidine-amide ligands strongly influence the
stability of the copper(Il) complexes. Obviously, the donor set
and overall charge of the ligand as well as the efficiency of the
shielding of the Cu!! center are also of importance, and this is
shown with the other **Cu" complexes subjected to the same
assays (see Figure 4 and Chart 1 for ligand structures; see
Supporting Information for more detail): increased shielding of
the Cu" center and increased electron density at the pyridine
nitrogen donors of open-chain bispidine ligands lead to an
increase of the complex stability,***”*" and the same trend was
observed in an assay using an 80-fold excess of cyclam as
competing ligand.>>*" The three complexes *Cu-L? **Cu-L?,
and **Cu-L® have similar and high in vitro stabilities with less
than 5% of ®*Cu" dissociation in the SOD and human serum
assays. Importantly, these assays indicate that the stability of
[**Cu(LP)(solv)] toward transchelation to proteins and
enzymes is very similar to that of the open-chained bispidine
complexes (see above) and well-established **Cu" complexes
with other ligand systems; for example, the %Cu-diamsar, **Cu-
cyclam, and **Cu-NOTA complexes have SOD and human
serum values of 0.6/1.7, 1.0/2.2, and 1.4/2.1.%°

Lipophilicity. The log P values can be derived from the
distribution of neutral compounds in a two-phase octanol—
water system. For ionic compounds such as transition metal
complexes, the log D value at physiologically relevant pH is
more appropriate to predict the type of tissue in which the
substance will accumulate and which clearance path it will
take.>> As expected, the Cu' complexes of dioxo-tetraaza-
macrocyclic bispidine ligands with aliphatic bridges, H,L" and
H,LF, are more hydrophilic (log D,, = —2.22 and —2.33; see
Table 6) than the Cul complex of H,LB, which, due to the
aromatic ring, is slightly lipophilic (log D;, = 0.21). As a
consequence of the slightly hydrophobic character, it is
expected that [**Cu(L®)(solv)] will be partially excreted via
the hepatobiliary route. The in vitro stability of [**Cu(L?)-
(solv)] in the presence of human serum and SOD is high and
comparable to that of the **Cu" complexes of the hexadentate
bis-amine-tetrakis-pyridine bispidine L*** and the pentadentate
ligand with p-methoxy substitution of the pyridinyl groups L?
(vide supra).>® The log D, values of the latter radiotracers are
significantly lower (%*Cu-l?, —2.77; %Cu-L’, —2.44), and
therefore, there are now highly stable **Cu" bispidine
complexes with very different hydrophilicities available. This
will allow one to influence the biodistribution of the
biofunctionalized radiotracers by choosing the most appropriate
bifunctional bispidine chelator.

dx.doi.org/10.1021/ic500476u | Inorg. Chem. 2014, 53, 6698—6707
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Table 3. Simulated g- and A-values (10™* cm™") of the Complexes [Cu(L®)(solv)], [Cu(L*)(OH,)], and [Cu(L")(OH,)]
(Simulations by X-Sophe*”) and Literature-Known Cu" Complexes of Dioxo-tetraaza Macrocyclic Ligands

[Cu(L?)(0)] [Cu(L®)(OH,)] [Cu(L")(OH,)] [Cu(o-13N,)]* [Cu(o-14N,)]

g 2154 2,157 2179 2171 2176
.8 2.046 2.047 2.044 2.046 2.049
g, 2,018 2019 2,037 2,046 2,049
A, 209.8 208.8 203.9 202.8 207.4
A, 25.1 22.6 26.0 28.5 37.1
Ay 27.4 22.6 24.3 28.5 37.1
Ay, 109 9.9 110
Ax 117 12.3 132
AN’}, 129 13.0 13.1

Table 4. Cu"™" (in MeCN, H,0, MeOH, and DMF) and 120 ) g so0

Cu'"! Potentials (in DMF, Irreversible) of the Cu" 110 - [ human serum

Complexes of H,L®, H,L%, and H,L"

MeCN H,0 MeOH
[mV]* [mV]® [mV]* DME [mV]®

[Cu(L®)(solv)] 310 219 -17 —29; —2264
(irrev.)

[Cu(LF)(OH,)] 121 71 —88 118; —2116
(irrev.)

[Cu(L?)(OH,)] 451 418 266 —258; —2253
(irrev.)

%ys Fe/Fc*. bvs K;[Fe(CN)4)).

Table 5. Radiochemical Yield (RCY) as a Function of Time
for the **Cu-Labeling of H,L®, H,L%, and H,L" at 50 °C*

duration [min] RCY [%]

[*Cu(L?)(solv)] S 78 (2)
30 93 (2)
60 >95

[**Cu(L*)(OH,)] s 83 (2)
30 96 (2)
60 >98

[*Cu(L")(OH,)] 5 80 (4)
30 94 (2)
60 >98

“100 pg ligand/100 L MES-NaOH buffer at pH 6.5. Shown are the
averages of two independent experiments with standard deviation in
parentheses.

Biodistribution. The biodistribution data of [**Cu(L®)-
(solv)] in rats demonstrate at S min post injection (p.i.)
predominant activity accumulation in kidneys, liver, and
intestine. In this early distribution phase, more than half of
the injected dose (61 + 7) % ID is already eliminated via the
hepatobiliary system into the intestine (intestine plus feces). At
this time point, the white adipose tissue (WAT), muscle, and
skin also show a significant accumulation of activity. This
biodistribution pattern in the early distribution phase is
expected from the modest hydrophobicity of the complex.
Subsequently, [**Cu(L®)(solv)] is efficiently eliminated from
blood and tissues (% ID/g for most organs and tissues <0.13 at
60 min p.i. and <0.07 at 24 h p.i, respectively; see Supporting
Information for details) with only substantial but minor residual
activity in both the kidneys (0.39 + 0.02) % ID/g and the liver
(0.42 + 0.04) % ID/g at 60 min p.i. and only in the kidneys
(0.16 £ 0.02) % ID/g after 24 h. The hepatobiliary pathway
nearly exclusively contributes to the fast clearance of radio-
activity observed with (80 + 6) % ID found in the intestine at
60 min p.i. (also accounting for activity in the excretion

6703

Transchelation [% of control]

< < @

™
Koy

Figure 4. %Cu transchelation [% of control] in SOD (black) and
human serum (gray) for *Cu-labeled H,L%, H,L*, H,L? L', L% L,
and EDTA, determined after incubation of the complexes for 1 h at 37
°C; each point represents the mean and standard deviation of three
samples.

pathway). At 24 h p.i, nearly the entire activity is found in feces
and urine. The overall fast clearance from the liver and other
organs and tissues indicates a high stability of the %*Cu"
complex of H,LP, and this is in full agreement with the
stability assays reported above.

B CONCLUSIONS

The ligands H,L®, H,L¥, and H,L" are a new class of
macrocyclic bispidine ligands with variable macrocycle hole
shape and size and different degrees of preorganization.
Because of deprotonation of the amide functions upon
coordination, the Cu" complexes are uncharged. Cyclic
voltammetry reveals a high stability of the Cu" species and
also shows that Cu™ complexes are stabilized. The (frozen)
solution EPR and electronic spectra of the Cu" compounds
indicate that the complexes are square-pyramidal in solution
with strong in-plane ligand fields and weak interactions to axial
ligands, and this is in agreement with the solid state structural
data. Radiotracer experiments with **Cu" show a relatively
rapid labeling within 1 h at 50 °C with >95% yield and specific
activities of 26 GBq/umol. Challenge experiments with SOD
and human serum indicate a high stability of the slightly
lipophilic complex [**Cu(L®)(solv)]. Biodistribution studies
showing rapid blood and tissue clearance support the high
complex stability in vivo. In terms of labeling, specific activity,
and stability, [**Cu(LP)(solv)] is well suited for PET
application, and preliminary experiments indicate that efficient
biofunctionalization of H,L® with targeting peptides or

dx.doi.org/10.1021/ic500476u | Inorg. Chem. 2014, 53, 6698—6707
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Table 6. Experimental Octanol—Water Partition Coefficients (log D, ,) of the Cu Bispidine-dioxo-tetraaza Macrocyclic

Ligand Complexes at Different pH Values”

pH 72
[#Cu(L?)(solv)] 0.21 (0.01)
[*Cu(LF)(0,H)] —2.35 (0.03)
[*Cu(L")(0,H)] —2.22 (0.01)

pH 7.4 pH 7.6
021 (0.01) 022 (0.02)
—2.33 (0.03) —2.27 (0.02)
—2.22 (0.01) -2.15 (0.01)

“Shown are the averages of three independent experiments with the standard deviation in parentheses.
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Figure 5. %*Cu biodistribution of [**Cu(L®)(solv)] in male Kyoto-
Wistar rats, four animals per time point (mean + SD). Insert: I%,
intestine plus feces; I, intestine; U, urine; and U¥, urine plus feces.

antibodies is possible by introducing a carboxylic acid linker at
the aromatic bridge.

B EXPERIMENTAL SECTION

General Procedures and Spectroscopic Measurements. All
reactions were carried out under air. Chemicals and solvents were
purchased from Sigma-Aldrich Chemie GmbH (Taufkirchen,
Germany), ABCR GmbH & Co. KG (Karlsruhe, Germany), or
Merck KGaA (Darmstadt, Germany) and were used without further
purification. The bispidine building block (1,5-dimethyl-3,7-
diazabicyclo[3.3.1]nonane) was synthesized as published.**

Electrochemistry was performed on a CH Instruments CHI660D
electrochemical workstation, equipped with a CH Instruments
Picoamp Booster. All electrochemical measurements were performed
in a glass cell, covered with a Teflon cap, situated in a Faraday cage. All
complex solution were prepared in degassed solvents saturated with
Ar. The supporting electrolyte for nonaqueous solutions [dimethyl-
formamide (DMF) and methanol (MeOH)] was 0.1 M tetra-n-
butylammonium tetrafluoroborate, and for acetonitrile (MeCN), 0.1
M tetra-n-butylammonium hexafluorophosphate was used. All spectra
in nonaqueous media were recorded with an Ag/AgNOj; reference
electrode, a glassy carbon working electrode, and a platinum wire as
counter electrode. Aqueous solutions contained 3 M sodium chloride
(NaCl) as supporting electrolyte and were performed with an Ag/
AgCl reference electrode, a glassy carbon working electrode and a
platinum wire as counter electrode. Electrochemical measurements in
nonaqueous media were normalized versus ferrocene, where ferrocene
had the following potentials: DMF (—94 mV), MeOH (120 mV), and
MeCN (—87 mV); in aqueous media, potentials were normalized
against potassium hexacyano ferrate (K3[Fe(CN)g]) with 298 mV.
Potentials marked with a * are assigned as irreversible.

UV—vis-NIR spectra were recorded with a Jasco V-570 UV—vis-
near-IR spectrometer as methanolic solutions. NMR spectra were
recorded on a Bruker Avance I (200 MHz), and chemical shifts of 'H
and '*C are referenced to solvent resonances (CDCL,).
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EPR measurements were performed on a Bruker ELEXSYS-E-500
instrument with liquid nitrogen, in frozen methanol/ethanol (9:1)
solution. The spin Hamiltonian parameters were obtained by
simulation of the experimental data with the XSophe software
package.*>>* ESI-MS spectra were recorded on a Bruker ApexQe
hybrid 9.4 T FT-ICR.

Elemental analyses were obtained from a CHN-O-vario EL by the
“Mikroanalytische Labor”, Department of Organic Chemistry,
University of Heidelberg.

Crystal structural data and deteremination details are given as
Supporting Information. Data collection was performed with a Bruker
AXS Smart 1000 CCD diffractometer (Mo—K,, radiation, sealed tube,
graphite monochromator) or with an Agilent Technologies Super-
nova-E CCD diffractometer (Mo— or Cu—K,, radiation, microfocus
tube multilayer mirror optics). Correction for air and detector
absorption were performed, as well as Lorentz and polarization
effects.>>*® Semiempirical multiscan methods**™° were used to
correct the absorption by the c?rstal or an analytical®*® or numerical
treatment.**%*®" Using Olex2,” structures were solved by charge
636+ or conventional direct methods.*®® Structures were
refined by full-matrix least-squares methods based on F* against unique
reflections.®*® All non-hydrogen atoms were given anisotropic
displacement parameters and were put at calculated positions and
refined with a riding model. CCDC 988221-988226 contains the
supplementary crystallographic data for this Article. These data can be
obtained free of charge from The Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data_request/cif.

Radiochemistry. The production of *Cu was performed at a PET
cyclotron as described in detail elsewhere.”” The yields of the nuclear
reaction **Ni(p,n)**Cu were between 3.6—52 GBq (EOB) with
specific activities of 150—250 GBq/umol Cu. The bispidine ligands
were radiolabeled by adding 50—200 MBq of [**Cu]CuCl, to 0.1 to
100 pg of H,L®, H,L%, and H,L" dissolved in 100 L of 0.05 M 2-[N-
morpholino Jethansulfonic acid (MES)-NaOH buffer (pH S.5, 6.0, and
6.5). The radiolabeling yield was determined by radio-TLC (stationary
phase, neutral alumina plates (Merck, F254); mobile phase, methanol/
2 M ammonium acetate (1/1, v/v); %*CuCl,, Ry = 0; and %Cu—
bispidine complexes, Ry = 0.75—0.79). Radio-TLC chromatograms
were scanned using a radioisotope thin layer analyzer (Rita Star,
raytest). The labeling efficiency was investigated as a function of pH,
time, temperature, and ligand concentration. For biodistribution
experiments, H,L® (10 pg dissolved in 250 yL of 1 M MES/NaOH
buffer (pH 6.5)) was radiolabeled with [**Cu]CuCl, (120 MBq) for
90 min at 50 °C. Radio-TLC confirmed full complexation. The
radiochemical purity of [**Cu(L®)(solv)] was also determined by
radio-HPLC on a HPLC Hewlett-Packard System (Series 1100);
activity detector, Raytest Ramona Star; column, Zorbax (Agilent)
300SB-C18, 300 A, S pym, 250 mm X 9.4 mm; gradient, eluent A
(water + 0.1% TFA) and eluent B (acetonitrile + 0.1% TFA), S min
95% A, 10 min 95% A to 95% B, 10 min 95% B, and 1 mL/min
([**Cu(L®)(solv)]; tg = 13.6 min).

Determination of the Distribution Ratio Io% Dy at 25 + 1
°C. Information about the lipophilicity of the **Cu'-labeled bispidine
dioxotetraaza macrocycles H,L®, H,L%, and H,L" was obtained by
distribution experiments in buffer/1-octanol mixtures. Aqueous
solutions of the bispidine ligands (1 mM in MES/NaOH, pH 6.5)
were pre-equilibrated in the presence of 100 uM Cu(NO,),, spiked
with [%Cu]CuCl, (3 MBq) for 1 h at 50 °C. Full complexation was
checked by radio-TLC to give no evidence of free *Cu'’. Then, 50 uL
of the %*Cu'-labeled bispidine complexes, dissolved in MES/NaOH
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buffer, was taken and added to 450 L of 0.05 M 4-(2-hydroxyethyl)-
1-piperazine ethanesulfonic acid (HEPES)-NaOH solutions (pH 7.2,
7.4, and 7.6). The aqueous buffered solutions (HEPES/NaOH buffer)
consist of 100 M bispidine ligands, 10 uM Cu(NO;),, and 300 kBq
[**Cu]CuCl,. The distribution experiments in 1-octanol/buffer
systems were performed at 25 + 1 °C in microcentrifuge tubes (2
cm®) by means of mechanical shaking for 30 min. The phase ratio
Viioctanol)/ Viag) Was 1:1 (0.5 cm® each). All samples were centrifuged
and the phases separated, and the copper(II) concentration was
determined in both phases radiometrically using y-radiation [*Cu,
Nal(TI) scintillation counter automatic gamma counter 1480, Wizard
3", PerkinElmer]. The results are the average values of three
independent experiments.

In Vitro Stability Studies in the Presence of Human Serum
and SOD. The detailed procedure of the in vitro assays in SOD and
human serum was published previously.’* The radiolabeling
conditions of the ligands H,L?, H,L*, and H,L" are described above.
The other bispidine derivatives (L', L?, and L?®) were radiolabeled as
follows: to each ligand (10 nmol, stock solution of 1 mg/mL diluted in
H,0), was added [**Cu]CuCl, (10~14 MBq in 100 L of 0.1 M
MES/NaOH-buffer, pH 5.5) followed by 20 min of incubation at 25
°C. Formation of the complexes was verified by radio-TLC, using
methanol/2 M ammonium acetate (pH 6) (1/1, v/v) on a neutral
alumina plate (*CuCl,, Ry =0; $Cu-bispidine complexes, Ry=0.75—
0.79). The radiochemical yield was higher than 99%; otherwise, they
were rejected. For SOD experiments, **Cu-labeled ligands (0.1 nmol,
1.5 uL) or [**Cu]CuCl, as reference were added to SOD (0.3 nmol,
10 pg). The mixtures were incubated for 1 h at 37 °C followed by
adding 1 volume of native sample buffer. The samples were separated
using nonreducing and nondenaturing polyacrylamide gel electro-
phoresis (PAGE), and after electrophoresis, the gel was exposed for 10
min to an imaging plate (Fujifilm). Following electronic auto-
radiography using a radioluminography laser scanner, the gel was
stained with PageBlue protein staining solution (Thermo Fisher
Scientific) according to the manufacturer’s instructions. Quantitative
analysis of average band intensities was performed with the Advanced
Image Data Analysis (AIDA) program (Raytest). For serum
experiments, aliquots of human serum “off the clot” (Biochrom AG)
were filtered using syringe filters with a pore size of 0.45 pm. After
mixing filtered serum (220 L) with 1 M HEPES/NaOH buffer at pH
7.4 (45 uL), [**Cu]Cu-labeled ligands were added. Following
incubation for 1 h at 37 °C, 2X Laemmli sample buffer (400 uL,
Bio-Rad Laboratories) was added. Importantly, the Laemmli buffer
was not supplemented with any reducing agent, and the samples were
not heated. The mixtures were separated using nonreducing SDS—
polyacrylamide gel electrophoresis (SDS—PAGE). After electro-
phoresis and exposure of the gel to an imaging plate (Fujifilm) for
10 min, electronic autoradiography was accomplished using a
radioluminography laser scanner. Finally, the gel was stained with
PageBlue protein staining solution (Thermo Fisher Scientific)
according to the manufacturer’s instructions. As for the SOD
challenge, quantitative analyses of average band intensities were
performed with the AIDA software.

Biodistribution Experiments. All animal experiments were
carried out in male Wistar rats (Wistar-Kyoto strain; aged 7—8
weeks, 140—195 g; Harlan Winkelmann GmbH, Borchen, Germany)
according to the guidelines of the German Regulations for Animal
Welfare. The protocol was approved by the local Ethical Committee
for Animal Experiments. The biodistribution experiments were
performed as published in detail elsewhere.*>*' The injection volume
of [**Cu(L®)(solv)] (0.4—2.6 MBgq; radiochemical purity, >99% after
HPLC separation; specific activity, 12 MBq/ug [**Cu(L®)(solv)];
dissolved in electrolyte solution E-153 (Serumwerk Bernburg,
Germany) at pH 7.2) was 0.5 mL. The **Cu activity concentration
in organs and tissues was calculated as either the percentage of the
injected dose per gram tissue (% ID/g tissue) or, for both intestine
and urine, the percentage of the injected dose (% ID).

Syntheses. N,N’-Bis(chloroacetyl)-1,2-phenylenediamine, N,N'-
bis(chloroacetyl)-1,2-ethylenediamine, and N,N’-bis(chloroacetyl)-
1,3-propylenediamine were prepared as described in the literature.**®
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2,10-Dioxo0-6,19-dimethyl-1,4,8,11-tetraazatetracyclo-
[12.3.3.16,19.012,17]-heneicosa-12,14,16-triene (H,LB). 1,5-Di-
methyl-diazabicyclo[3.3.1]nonane (0.77 g; 5.00 mmol; 1 equiv) and
N,N'-bis(chloroacetyl)-1,2-phenylendiamine (1.30 g; 5.00 mmol; 1
equiv) were refluxed with Na,CO; (5.30 g; 50.00 mmol; 10 equiv) in
acetonitrile (250.00 mL) for 24 h. After cooling to room temperature,
the solid was removed by filtration, and the solvent was evaporated.
The residue was redissolved in a small amount of ethanol, and after the
addition of water, the solution was left to crystallize uncovered at room
temperature. The product (1.11 g; 3.24 mmol; 65% yield) forms
colorless block shaped crystals that were dried in vaccuo. "H NMR
(CDCl,, 200 MHz): & [ppm] = 0.80 (s, CH,, 6H), 1.16 (s, CH,, 2H),
2.14-2.19 (d, CH, ., ] = 10.7 Hz, 4H), 2.76—2.82 (d, CH, e, ] =
11.0 Hz, 4H), 2.97 (s, NCH,C=0O0, 4H), 7.06—7.11 (m, H,,,,, 2H),
7.93—7.98 (m, H,,,m, 2H), 9.49 (bs, NH, 2H). *C NMR (CDCl,, 100
MHz): 6 [ppm] = 25.77, 33.10, 46.18, 62.56, 63.90, 121.30, 124.80,
127.81, 169.20. Elemental analysis: caled C(66.65), H(7.65),
N(16.36); exp C(66.73), H(7.65), N(16.36). Mass spectrometry:
HR-ESI MS (MeOH) m/z 343.21299 (calcd 343.21340)
[H,LB+H]*, 365.19490 (caled 365.19535) [H,LP+Na]*, 381.16887
(calced 381.16928) [H,L® +K]*, 707.40063 (calcd 707.40092) [2 H,L®
+Nal*, 1049.60673 (1049.60650) [3 H,LP +Nal*.

2,10-Dioxo-6,1 5-dimeth¥I-1 ,4,8,11-tetraazatricyclo-
[8.3.3.16,15]heptadecane (H,L%). 1,5-Dimethyldiaza-bicyclo[3.3.1]-
nonane (0.77 g 5.00 mmol; 1 equiv) and N,N’-bis(chloroacetyl)-1,2-
ethylendiamine (1.06 g; 5.00 mmol; 1 equiv) were refluxed with
Na,CO; (5.30 g; 50.00 mmol; 10 equiv) in acetonitrile (250.00 mL)
for 24 h. After cooling to room temperature, the solid was removed by
filtration, and the solvent was evaporated. The product (0.50 g; 1.70
mmol; 34% yield) was crystallized as small white crystals from hot
water. '"H NMR (CDCl;, 200 MHz): § [ppm] = 0.77 (s, CH;, 6H),
1.09 (s, CH,, 2H),1.87—1.94 (d, CH, .y J = 11.3 Hz, 2H), 198 (s,
NCH,C=0, 2H), 2.29-2.36 (d, CHy,y.e J = 10.8 Hz, 2H), 2.49—
2.55 (d, CH, 1y, J = 10.8 Hz, 2H), 2.79—2.85 (d, CH,py e J = 113
Hz, 2H), 2.89 (s, NCH,C=0, 2H), 3.20—3.22 (m, NHCH,,
2H),3.39—-3.45 (m, CH,NH, 2H). *C NMR (CDCl,;, 100 MHz): §
[ppm] = 25.46, 32.88, 37.53, 41.39, 42.79, 46.10, 58.76, 60.59, 62.54,
65.05, 171.33, 174.11. Elemental analysis: caled (H,LE +1 H,0) calcd
C(57.65), H(9.03), N(17.93); obsd C(57.54), H(9.17), N(17.75).
Mass spectrometry: HR-ESI MS (MeOH) m/z = 295.21298 (calcd
295.21340) [H,LE+H]*, 611.40053 (calcd 611.40092) [2 H,LE+Na]*,
905.60640 (caled 905.60650) [3 H,LE+Nal*.

2,10-Diox0-6,1 6-dimethy|-1 ,4,-8,11-tetraazatricyclo-
[9.3.3.16,16]oxtadecane (H,L"). 1,5-Dimethyldiaza-bicyclo[3.3.1]-
nonane (0.77 g 5.00 mmol; 1 equiv) and N,N’-bis(chloroacetyl)-1,3-
propylendiamine (1.13 g 5.00 mmol; 1 equiv) were refluxed with
Na,CO; (5.30 g; 50.00 mmol; 10 equiv) in acetonitrile (250.00 mL)
for 24 h. After cooling to room temperature, the solid was removed by
filtration, and the solvent was evaporated. The product (1.14 g; 3.71
mmol; 74% yield) was crystallized as small colorless needles from
aqueous ethanol by evaporation at room temperature. 'H NMR
(CDCly, 200 MHz): § [ppm] = 0.78 (s, CHs, 6H), 1.09 (s, CH,, 2H),
1.70—1.78 (quint, J = 5.56, CH,CH,CH,, 2H), 1.96—2.02 (d, ] = 10.7
Hz, CHyyeq 4H), 2.67-2.73 (d, ] = 10.9 Hz, CH,yy g 4H), 2.82 (s,
NCH,C=0, 4H), 3.37-3.45 (q, J = 5.18 Hz, CH,, 4H). *C NMR
(CDCl,, 100 MHz): 6 [ppm] = 25.08, 28.57, 32.89, 39.72, 46.53,
62.36, 64.58, 170.96. Elemental analysis: (H,L"+1 H,0) calcd
C(58.87), H(9.26), N(17.16); exp C(58.89), H(9.26), N(17.10).
Mass spectrometry (HR-ESI MS (MeOH)): m/z = 309.22859 (calcd
309.22905) [H,LP+H]*, 331.21054 (caled 311.21100) [H,LF+Nal*,
347.18449 (caled 347.18493) [H,LP+K]*, 617.44981 (calcd
617.45028) [2 HLP+H]".

[Cu"(LB)(O)]. The ligand H,L® (50 mg; 146.01 pmol; 1 equiv) was
dissolved in MeOH (1 mL) and a solution of Cu(OAc), X 2 H,0O
(29.2 mg; 146.01 ymol) in MeOH (1 mL) was added while stirring.
After stirring at room temperature overnight, the purple precipitate
was separated by filtration, redissolved in MeOH, and subjected to
ether diffusion. The analytically pure complex crystallized as long red-
purple needles (33 mg, 81.68 pmol, 56% yield). Elemental analysis:
([Cu"(@®)]+1 H,0) caled C(55.09), H(6.47), N(12.85); expd
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C(54.96), H(6.29), N(13.02). UV—vis spectroscopy: 4 = 483 nm
(20704 ecm™), € = 149 M™' em™'; cyclic voltammetry 310 mV
(MeCN), =17 mV (MeOH), —29 mV, —2264 mV* (DMF), 219 mV
(H,0).

[Cu"(LE)(OHz)]. The ligand H,LE (50 mg; 169.84 umol; 1 equiv)
was dissolved in MeOH (1 mL) and a solution of Cu(OAc), X 2H,0
(34.0 mg; 169.84 umol) in MeOH (1 mL) was added while stirring.
After stirring at room temperature overnight, the purple precipitate
was separated by filtration, redissolved in MeOH, and subjected to
ether diffusion. The analytically pure complex crystallized as long red
purple needles (33 mg, 81.68 ymol, 56% yield). Elemental analysis:
([Cu"(LE)]+1.5 MeOH) caled C(49.06), H(7.48), N(13.87); exp
C(49.10), H(7.56), N(14.05). UV—vis spectroscopy: 1 = 476 nm
(21008 cm™), € = 189 M™' em™); cyclic voltammetry 121 mV
(MeCN), —88 mV (MeOH), 118 mV, —2116 mV* (DME), 71 mV
(H,0).

[Cu"(L")(OHZ)]. The ligand H,L? (50 mg; 162.12 umol; 1 equiv)
was dissolved in MeOH (1 mL), and a solution of Cu(OAc), X 2 H,0
(32.0 mg; 162.12 ymol) in MeOH (1 mL) was added while stirring.
After stirring at room temperature overnight, the purple solution was
evaporated to dryness and the residue redissolved in MeOH and
subjected to ether diffusion. The analytically pure complex crystallized
as long red purple needles (33 mg, 81.68 yumol, 56% yield). Suitable
crystals were obtained by slow evaporation of a methanolic solution.
Elemental analysis: ([Cu™(L")]+2 H,0) caled C(47.34), H(7.45),
N(13.80); exp C(47.32), H(7.16), N(13.80). UV—vis spectroscopy: A
=524 nm (19084 cm™), & = 117 M™" cm™; cyclic voltammetry 451
mV (MeCN), 266 mV (MeOH), —254 mV, —2253 mV* (DMF), 418
mV (H,0).
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