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ABSTRACT: Radioisotopes of Cu, such as **Cu and “Cu, are alluring
targets for imaging (e.g, positron emission tomography, PET) and
radiotherapeutic applications. Cyclen-based macrocyclic polyaminocarbox-
ylates are one of the most frequently examined bifunctional chelators in vitro
and in vivo, including the FDA-approved %*Cu radiopharmaceutical,
Cu(DOTATATE) (Detectnet); however, connections between the structure
of plausible reactive intermediates and their stability under physiologically
relevant conditions remain to be established. In this study, we share the
synthesis of a cyclen-based, N,N-alkylated spirocyclic chelate, H,DO3A®*"
which serves as a model for N-protonation. Our combined experimental (in
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N-Alkylation as a
Tool to Model
Protonated Species

vitro and in vivo) and computational studies unravel complex pH-dependent

speciation and enable side-by-side comparison of N- and O-protonated species of relevant **Cu radiopharmaceuticals. Our studies
suggest that N-protonated species are not inherently unstable species under physiological conditions and demonstrate the potential
of N,N-alkylation as a tool for the rational design of future radiopharmaceuticals.

B INTRODUCTION

Early recognition and treatment of cancer is imperative for
patient survival,' > which makes the advancement of
theranostic tools and the unification of detection (e.g., positron
emission tomography, PET) and therapy a decisive step
toward improving life expectancy.*™® As access to cyclotron
sources has become more readily available, radioisotopes of
copper,”"* such as **Cu (t,, = 12.7 h and * = 653 keV) and
“Cu (t;, = 619 h and =~ = 141 keV), have received
increasing attention as theranostic pairs.l"”ls’16 Macrocyclic
polyaminocarboxylates based on cyclen (i.e, H,DOTA and
H;DO03A, Figure 1) have been examined extensively as
bifunctional chelators'’~>* and comprise nearly half of all
active °*Cu clinical trials (Table S1).”’[**Cu]-
Cu][Cu"(DOTATATE)], Detectnet (Figure 1), was recently
approved by the FDA and is currently the only **Cu agent
indicated for use with PET for localization of somatostatin
receptor positive neuroendocrine tumors in adults.”*"°
Successful tumor recognition requires that chelators maintain
excellent stability in vivo, as delocalization of *Cu reduces
imaging sensitivity (ie, tumor recognition) and increases
radiation exposure to off-target organs and tissues.'” Although
H,DOTA, H;DO3A, and their derivatives are well known to
form thermodynamically and kinetically stable complexes in
vitro, a number of studies have indicated challenges and
diminished stability with the corresponding radiochemical Cu"
complexes.”” ' Direct transchelation by biological li-
gands,’>** acid-mediated dissociation (hydrolysis),”*** and
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reduction-induced demetallation®’ ™ have all been suggested
as viable pathways for Cu" decomplexation in vitro and/or in
vivo; however, identification of key intermediates along these
pathways has proven challenging.*’

Over the past decades, several other classes of **Cu[Cu"]
chelators have been identified as suitable agents for
PET.*'>"*" Macrocyclic polyaminocarboxylates derived
from cross-bridged (CB) cyclam provide impressive thermo-
dynamic and kinetic stability through the constrained binding
cavity;>”*>* however, these systems can require harsh and
extended radiolabeling conditions incompatible with biological
conjugating agents*”** without further modification.**™**
Frameworks based on 1,4,7-triazacyclononane (tacn; e.g,
NOTA) can display excellent stability and chelate **Cu[Cu"]
rapidly under mild conditions,”*%*”*" while further mod-
ifications to molecular charge, lipophilicity, and conjugation
can lead to improved performance.'”***'™>° Pre-organized
polycyclic N-donor chelates based on bispidine (bispa)®®~""
and sarcophagi (SarAr) scaffolds’”>™® can enable mild
radiolabeling conditions and reasonable in vivo stability.
Functionalization can be low yielding due to unselective
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Figure 1. (Top) Cyclen-based polyaminocarboxylates and (Mid)
select parent ®*Cu chelates. (Bottom) N,N’-Alkylation as a tool to
model protonated species.

alkylation and the presence of multiple regioisomers; however,
several effective apgroaches have been identified and clinical
trials are ongoing, >*'~#%07%

Given the variety of polyamino and polyaminocarboxylate
chelators being screened as potential **Cu-based PET agents,
the development of a working model for the structural
speciation, reactivity, and plausible modes of decomplexation
could guide the targeted development of future chelates. While
single-crystal X-ray diffraction (SC-XRD) has provided
valuable insight into the solid-state structures of the parent
Cu'' cyclen-based polyaminocarboxylates (e.g.,
Cu"'(H,DOTA) and Cu''(HDO3A)),” much less is known
regarding the structures of the relevant species in aqueous
solution. Pereira observed several pH-dependent equilibria
involving isomers of Cu'(H,DOTA) using electron para-
magnetic resonance (EPR) spectroscopy, but the coordination
geometries of these species were not assigned.”’ Aime followed
the pH-dependent speciation for Cu(HDO3A) using
electronic absorption spectroscopy, where a 35 nm blue shift
in the d—d transition was observed moving from pH 3 to 2.7
The blue shift was tentatively assigned to significant structural
changes associated with protonation of the secondary amine
and coordination of water moving from Cu"(HDO3A) to
[Cu™(H,DO3A)]".” Although there is a strong precedent for
the protonation of macrocyclic amines to form out-of-cage
intermediates involved in metal (de)complexation of f-
elements,”*™'°” the relevance of such species in the
decomglexatlon of transition metals remains to be estab-
lished.”>*”?* Subsequent kinetic studies of acid-mediated
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hydrolysis of Cu"(HDO3A) performed by Hermann sug-
gested that N-protonation was kinetically inaccessible in the
absence of excess acid; however, the identity of the relevant
species remains unresolved.’

Identification of relevant protonated intermediates can be
challenging as these species can display heightened reactivity
and could be minor components of complex pH equilibria.
Models of protonated species could deconvolute complex
speciation and generate critical spectroscopic data to assign the
identity of key species. Sargeson developed structural models
for protonated quaternary ammonium sites in copper-bound
SarAr ligands through N-methylation of these macrocyclic
polyamines (Figure 1).°° Although effective for these
sarcophagine frameworks, the poor selectivity afforded by N-
methylation of other polyamines has limited the effectiveness
of such an approach. Alternatively, we envisioned selective
double N-alkylation of a secondary amine to form a quaternary
(4°) ammonium spirocycle that could serve as a model for N-
protonated intermediates of Cu polyaminocarboxylates (Figure
1). Herein, we report the synthesis, characterization, and
reactivity of a novel spirocyclic cyclen-based polyaminocarbox-
ylate, H,DO3A®*"8  and its copper complex,
Cu"'(DO3A“*M®), to model possible N-protonated intermedi-
ates of Cu”(HDO3A) and its derivatives. Through detailed
spectroscopic and computational studies, we have determined
that while N-protonation is predicted to be thermodynamically
favorable for Cu"™(HDO3A), both Cu'(HDO3A) and
Cu"(H,DO3A)* exist as O-protonated isomers in solution.
Despite their different structures, Cu"(DO3A*"®) and
Cu"(HDO3A) display comparable stability in vivo, which
contrasts with expectations of Cu" species supported by N-
protonated macrocycles as inherently unstable and reactive
intermediates along the dissociation pathway. These results
highlight the importance of full structural characterization of
inorganic radiopharmaceuticals and demonstrate the potential
of N-alkylation as a tool for the rational design of future
radiopharmaceuticals.

B RESULTS AND DISCUSSION

Synthesis and Characterization of [H,DO3A“"8] and
[HOB“DO3A]Br. Grams of analytically pure [H,DO3A*®]
were obtained in 44% yield over two steps from
[H°®"DO3A]Br without the need for chromatographic
purification (Scheme 1). This was achieved through sequential
alkylation of tert-butyl protected [H°®"DO3A]Br with 1,4-
dibromobutane to yield [°*"DO3A“*"®]Br, followed by

Scheme 1. Synthesis of [H,DO3A“*"®]: (i) Br(CH,),Br (1.5
equiv), K,COj; (2 equiv), CH;CN, 70 °C, 24 h, 72% Yield
and (ii) CF;COOH (20 equiv), CH,Cl,, RT, 12 h, 45%
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deprotection with trifluoroacetic acid (TFA) to vyield
[H,DO3ACS8],

SC-XRD experiments performed on [HO™®"DO3A*H8]-
[Br], and [H;DO3A**¥][Cl] unambiguously established
macrocycle conformational preferences upon introduction of
the spirocycle. [H®®*"DO3A]Br and [H;DO3A][SO,] adopt
the (2,3,3,4)-B macrocycle conformation (Figure 2),108109
while [H°®**DO3A“**][Br], and [H;DO3A“***][Cl] adopt
the closely related (2,3,3,4)-A macrocycle conformation
(Figures 2, S20, and S21). Moving from (2,3,3,4)-B to
(2,3,3,4)-A placed the spirocycle in the least-hindered
macrocycle position (i.e., corner), which minimized steric
interactions between adjacent hydrogen atoms. Despite the
minor differences in macrocycle conformation in the solid
state, the introduction of the spirocycle into the cyclen-based
frameworks did not perturb the global effective symmetry of
[H°®*DO3A]Br and H;DO3A in solution. Similar to
[H®®'DO3A]Br and H;DO3A, 'H and *C NMR spectra of
the isolated species, [°®*"DO3A“**®]Br and H,DO3A*$
displayed effective C; symmetry in solution (i.e., mirror plane
bisecting the quaternary ammonium and trans nitrogen) and
were consistent with facile macrocycle isomerization at room
temperature (RT).

Aqueous potentiometric titrations revealed similarities
between the acid—base behavior of H,DO3A*"® and
H;DO3A (Table 1). H,DO3A“*"® displayed four pK, values,
one attributable to protonation of the tertiary amine trans to
the spirocycle (pK,;: 10.32) and three others below pH S,
which could include protonation of carboxylate and tertiary
amine groups (pK,,_,: 4.64, 3.55, and 1.42). Notably, pK,,_,
for H,DO3A*® are similar to pK,,_s for H;DO3A (ref 90:
100 mM KCI; pK,: 11.59, 9.24, 4.43, and 3.48; this work: 100
mM NaNO;; pK;: 11.99, 9.61, 4.30, 3.63, and 1.84),
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(3)
:(%O N(2) {
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Figure 2. (A) Top and (B) side view of [H;DO3A®"®][CI] with
thermal ellipsoids displayed at 50% probability. Counterions and H-
atoms, except ammonium or carboxylic acid groups, were omitted for
clarity. H-atoms attached to O(4) and O(6) are 50% occupied
(located on Wyckhoff positions) and are homoconjugated with O(4)’
and O(6)’. (C) Diagrams showing the stereochemistry and
conformations of [H;DO3A®®]* and [H,DO3A]** in the solid
state.

1364

Table 1. Summary of pK, Values for H,DOTA,“H,DO3A,"
and H,DO3AC#5¢

L H,DOTA" H,DO3A"* H,DO3AC#HE
pK, 11.41 11.59° (11.99)° 10.32
pK,, 9.83 9.24" (9.61)° 4.64
pK,; 438 4.43" (4.30)° 3.55
PKoy 4.63 3.48" (3.44)° 1.42
PK,s 1.92 (1.16)°
PKys 1.58

“Ref 91 (25.0 + 0.1 °C and 0.1 M [NMe,][Cl]). "Ref 90 (25.0 = 0.1
°C and 0.1 M KCl). 25 °C and 0.1 M NaNO;.

suggesting that the N,N-dialkylated spirocycle, H,DO3A*"
might serve as a viable model for N-protonation of H;DO3A.
Potentiometric titrations of H,DO3A“*"® in the presence of
Cu"(NO,), (1.25:1, [L]:[Cu"]; Figure S17) established
H,DO3A“*"® a5 a competent chelate for Cu'l.
Cu"(DO3A“*"®) remains the dominant Cu" species down
to pH 2.0, while curve-fitting provided an estimated stability
constant (log(ﬂCu(L))) of 16.7. Although log(fc,q) for
Cu"(DO3A“*M®) is ~6 orders of magnitude lower than
[Cu"(DO3A)]™ 17 (log(Beuqy) = 22.9), it is more stable than the
protonated species, Cu (HDO3A), by ~2 orders of magnitude
(log(Beu(m)) = 14.5). 7
Synthesis and Characterization of Cu'(DO3A®"8),
Encouraged by these findings, we pursued the synthesis of
Cu"(DO3AH8). Cu™(DO3A“M®) formed quantitatively
within seconds of mixing aqueous solutions of
[H,DO3A“*"] and Cu"(OAc), at RT. Layering this solution
with acetone (~2:1 v/v) furnished high yields of dark blue
crystals suitable for SC-XRD studies (Figure 3). Instead of the
distorted octahedral, N,O, coordination environment ob-
served for the closely related and isoelectronic O-protonated
species, Cu'"(H,DOTA), Cu''(HDO3A), and
Cu"(Me,DO2A),”"" °Cu(DO3A®) displays a distorted
octahedral N;O; coordination environment in the solid state.
The equatorial plane consists of two N-donors and two O-
donors [N(1), N(2), O(1), and O(5)], while the apical donors

Figure 3. Thermal ellipsoid plot of Cu"(DO3A®*®) displayed at
50% probability. Select bond metrics: Cu(1)—0(1), 1.975(13) A,
Cu(1)—0(3), 2.3160(14) A, Cu(1)-0(5), 1.937(14) A, Cu(1)-
N(1), 2.010(15) A, Cu(1)-N(2), 2.050(16) A, Cu(1)-N(3),
2.611(1) A, and Cu(1)—N(4), 4.444(1) A.
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consist of N- and O-donors [N(3) and O(3)]. Distortion of
the octahedral geometry is best reflected by the bond angle
(£0(3)—Cu(1)—N(3): 156.0° vs 180.0°) and the elongated
apical distances (Cu(1)—0(3): 2.3160(13) A, Cu(1)—-N(3):
2.6111(15) A). The observed deviations from an ideal
octahedral environment arise both from the expected Jahn—
Teller distortion,""' ™" as well as the distinct macrocyclic
conformational constraint induced upon quaternization of
N(4) compared to that of another N;O; macrocycle,
[Cu"(NOTA)]~.""*""¢ With our model complex in hand,
we turned our attention to the solution structure of
Cu"(DO3A*M8) and Cu"(HDO3A) at variable pH.

Solution Spectroscopic Studies. Spectrophotometric
titrations following the electronic absorption spectra of
Cu"(HDO3A) suggested that [Cu"”(DO3A)]™ should be the
exclusive species formed at pH 7, while significant amounts of
Cu"'(HDO3A) and [Cu"(H,DO3A)]* formed below pH 5.”
Although differences in A, and peak width were observed for
Cu"(DO3A“*8) and Cu"(HDO3A) (Figures S5 and S6),
these solution measurements were insufficient to fully assign
the structure of these species. Therefore, we performed
variable pH X-band EPR measurements (pH = 7, S, and 3)
on degassed, frozen solutions of Cu'(DO3A®*M®) and
Cu"'(HDO3A) to establish the structure of protonated species
in solution (Figure 4 and Table 2; [Cu"] ~10 mM, [NaClO,]
=100 mM, 77 K).

Cu"'(DO3A“*M®) exists as single species over the pH range
of 3—7 and displays an axial spectrum (g, < g, ~ g, < &) that is
consistent with the axially elongated, distorted octahedral
geometry and N;O; binding mode found in the solid state
(81:8. = & = 2.056 G; g:g. = 2272 G, A, = A, = 19 x 107

91- 9z

I_I_I

91 9x= 9y

1

[Cu'(HDO3A)] pH 7.0
[Cu'(HDO3A)] pH 5.0
[Cu'(HDO3A)] pH 3.0
[Cu'(DO3AC4E)] pH 7.0

2500 2750 3000 3250 3500
Field Strength (mT)

Figure 4. Variable pH X-band (9.65 GHz) EPR spectra of
Cu"'(HDO3A) (pH = 7, 5, 3) and Cu"(DO3A*®) (pH = 7)
with NaClO, (100 mM).
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em™; A, = 176 x 107* em™).""77""Y Both g, and g, g
compare favorably to axially elongated, distorted octahedral
N,O, species, Cu"'(TEBIDA)(bpy)(OH,) (TEBIDA: N-tert-
butyliminodiaceticacid; g:g, = g, = 2.05 G; g:g. = 229 G;
Cu—Neg(ag) = 2.013(5) A, Cu— oeq(avg> =1.962(5) A, Cu—N,,

2483(63 A, Cu-0,, = 2.512(5) A; and O,—Cu—N,,
153.2°)."%Y This pr0v1des further support that the dlstorted
octahedral geometry observed in the solid state is maintained
in solution.

Having established a clear signature for an N-protonated
isomer, we turned our attention to the variable pH speciation
of Cu(HDO3A) (Figure 4). At pH 7, [Cu(DO3A)]™ also
exists as single species with an axial spectrum consistent with
the tetragonal N,O, binding mode observed for
Cu'(HDO3A) in the solid state (gr:g: = g = 2.075 G; gj:g.
=2319G;j A, =A,=32X 10" cm™’; and A, = 170 x 10~
em™!) and comparable to that of [Cu"(DOTA)]*>" (77 K, pH
=7; g =2300 G; and g, = g, = 2.070 G).”"'*"'*? At pH §,
second species formed in a ~3:1 ratio, which further increased
in abundance at pH 3 (~1:2 ratio). This second species also
displayed an axial spectrum, but with g values (gl g = 8 =
2.060 G; gigz—2247G A=A, =13 X 107*ecm™; and A, =
133 X 10~ cm™") distinct from the distorted octahedral N;O,
binding mode found in Cu"(DO3A“*®) and the distorted
octahedral N,O, of [Cu"(DO3A)]™. Deviations from the ideal
g. (2.0023) arise from spin—orbit coupling contributions,
which can be quenched to varying degrees depending on
ligand-field effects. In the case of axial Cu'" spectra, a decrease
in g, implicates increased equatorial ligand field strength, which
could be due to ligand substitution or decreased tetragonal
distortion."'”"*'~'*> The decreased g, and A, values for
Cu"(HDO3A) at lower pH are consistent with increased axial
elongation and/or transition to a square pyramidal geometry,
which when considering the spectral differences between
Cu"(HDO3A) and Cu"(DO3A“*®), must be a consequence
of O-protonation. A similar square-pyramidal geometry was
proposed by Di Marco and coworkers for the mono-
protonated species, [Cu"(HDO2A2S)]* (DO2A2S: 1,7-bis-

[2-(methylsulfanyl)ethyl]-4,10-diacetic acid-1,4,7,10-tetraaza-
cyclododecane), which was the lowest energy spec1es predicted
by density functional theory (DFT) calculations.*

Computational Studies. To provide further support for
our structural assignments and better understand the
speciation landscape of Cu"(H,DO3A) (x = 0, 1, 2), we
performed DFT calculations in water using implicit solvation
at the MO6-L'*® level of theory (see the Supporting
Information for further details). The local meta-GGA func-
tional, M06-L, was selected due to its ability to accurately
reproduce Cu" geometries with relatively low computational
cost,"*°7"** while an ECP10MWB contracted pseudopotential
basis set and 6—31(d’,p’) basis set were used for Cu' and C,
H, N, and O, respectively. Geometry-optimized structures of
Cu"(DO3A“*"®) and Cu"(HDO3A) were obtained starting
from the coordinates of the diffraction experiments, where the
calculated structures were in good agreement with those
obtained by the experiment. Only minor deviations were
observed in the bond lengths and angles associated with the
primary coordination sphere of the minimized structures
(mean-unsigned error; MUE(Cu'(DO3A“*)) = 0.036,
MUE(Cu"™(HDO3A)) = 0.033), and confirmed the suitability
of the selected level of theory for further speciation studies.

Geometry optimization of plausible isomers of
Cu"(HDO3A) led to the identification of four low-energy
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Table 2. Summary of EPR g Tensors and Hyperfine Coupling Constant Values for Cu (HDO3A) and Cu"(DO3A“®)

compound” pH 2 % '
Cu"(HDO3A) 7 2.075 2.075 2317
Cu''(HDO3A) 5 2.075 2.075 2.317
[Cu"(H,DO3A)]* 5 2.060 2.060 2.247
Cu"(HDO3A) 3 2.075 2.075 2317
[Cu"(H,DO3A)]* 3 2.060 2.060 2.247
Cu''(DO3ACHS) 3-7 2.056 2.056 2273

A,(X10™* cm™) A(x107* em™) A, (x107* cm™) (%)
32 32 170 100
32 32 170 ~75
13 13 133 ~25
32 32 170 ~40
13 13 133 ~60
19 19 176 100

“Obtained at 9.65 GHz at 77 K in a glass composed of 50:50 ethylene glycol/H,0, 100 mM NaClO,. g and A values obtained from fits using

EasySpin.

species within a ~3 kcal/mol range (Figure 5). Although the
O-protonated isomer identified by X-ray diffraction experi-
ments, 0-N,0,-Cu”(HDO3A) (distorted octahedral), was a
low energy structure, the corresponding N-protonated
structure, N-N;0;-Cu"'(HDO3A) (square-pyramidal), was 1
kcal/mol more stable. Alternative O-protonated structures, O-
N,0,-Cu''(HDO3A) (square-pyramidal), O-N,O,-
Cu'(HDO3A) (square-pyramidal), and O-N,O;-
Cu"(HDO3A) (trigonal bipyramidal) were also found to be

(A)

Cu'(HDO3A)

, O(4)

0(3)7

(B) 3 [Cu'(H,DO3A)]*

0-N,0, (0) N,0-N,0, (+7.1)

Figure 5. Capped-stick images of the lowest energy isomers (relative
energies, kcal/mol) identified by DFT for (A) Cu(HDO3A) and
(B) [Cu"(H,DO3A)]*. H-atoms other than those residing on
heteroatoms have been removed for clarity.
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~1 to 2 kcal/mol higher in energy than O-N,O,-
Cu"(HDO3A). While N-N;0;-Cu"(HDO3A) was predicted
to be lowest in energy by ~1 kcal/mo], the calculated structure
closely matched that of Cu"(DO3A*) (MUE = 0.023),
which would be expected to display effectively identical g and
A values. The small energy differences between N-N;O;-
Cu (HDO3A) and several other isomers (~1 kcal/mol) are
well within the error of the calculation, especially when
considering additional solvent stabilization effects, which might
not be captured with implicit solvation techniques. Based on
the results of our theoretical studies and literature EPR
measurements on related compounds, the isomers most
consistent with our EPR measurements and theory-predicted
energetics would be O0-N,0,-Cu”(HDO3A) (distorted
octahedral) and 0-N,0,-Cu"(HDO3A) (square-pyramidal).

The predicted speciation profile of [Cu(H,DO3A)]* was
much more clear-cut. The doubly O-protonated isomer, O-
N,0,-[Cu"(H,DO3A)]* (square-pyramidal), was identified as
the lowest energy structure, while the mixed N- and O-
protonated isomer, N,0-N;0,-[Cu”(H,DO3A)]*, the next
lowest isomer, was 7.1 kcal/mol higher in energy. Notably, the
square-pyramidal O-N,O,-[Cu"(H,DO3A)]* structure would
be consistent with the axial spectrum and range of g-values
observed by EPR. While H,O-bound species were previously
hypothesized, especially in the context of N-protonation,”” no
geometry-optimized structures of Cu''(HDO3A) and
[Cu"(H,DO3A)]* with water-coordinated could be identified
in our study. Taken together, both EPR and DFT support that
Cu''(HDO3A) exists predominantly as O-N,O,-
Cu"(HDO3A), the distorted octahedral species identified by
X-ray crystallography. Upon decreasing pH, a second oxygen is
protonated and the structure transitions to N,O,-
[Cu"(H,DO3A)]*, square pyramidal species whose structure
has not been previously characterized.

Crystallization of [Cu"(H,DO3A)][Brl. Intrigued by the
presence of an unaccounted-for isomer at low pH, crystal-
lization of [Cu"(H,DO3A)]" was pursued. Dark-blue, X-ray
quality single crystals of [Cu"(H,DO3A)]Br were obtained in
34% vyield from acetone layered aqueous solutions of
Cu"(HDO3A) and NH,Br adjusted to pH 3 (Figure 6).
[Cu™(H,DO3A)]Br featured a five-coordinate, distorted
square-pyramidal Cu" coordinated by H,DO3A in an N,O,
binding mode. The single carboxylate [O(5)] occupied the
apical position of the distorted square pyramid, while the
cyclen N-donors made up the equatorial base [N(1)—N(4)].
Notably, protonation occurred at two adjacent carboxylate
sites [O(1) and O(3)], both of which remain unbound [Cu—
0O(1) = 2.964(2) A, Cu—0(3) = 3.170(2) A] and engaged in
hydrogen-bonding interactions with interstitial water mole-
cules (Figure S23). This structure was distinct from that of
N,N'-diprotonated out-of-cage species observed for f-block
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Figure 6. Thermal ellipsoid plot (50% probability) of
[Cu"(H,DO3A)]Br. Br~ and interstitial H,0 not displayed for
clarity.

94—107 111

elements or polymetallic Fe clusters.">' Notably,
Anderson and coworkers isolated and crystallographically
characterized Cu" species supported by O-monoprotonated
and O,0’-diprotonated CB cyclam derivatives, yet, unlike
[Cu"(H,DO3A)]Br, the pendant carboxylic acid arm(s)
remains coordinated.">> The distorted square-pyramidal
geometry and primary coordination sphere of
[Cu"(H,DO3A)]Br was consistent with the dominant species
we observed by EPR at pH 3 and matches well with the DFT-
calculated structure (vide infra and Figure S30, MUE = 0.067).

Kinetic Stability: Acid-Mediated Dissociation and
Reduction-Induced Demetallation. While N- and O-
protonated species have been invoked as key reactive
intermediates involved in the chelation and decomplexation
of Cu in aqueous media,***>"3* structure—function relation-
ships linking in vitro and in vivo stability of these species
remain to be established. Acid-mediated dissociation studies
are routinely employed to estimate kinetic inertness,®* ™
although they are not a reliable predictor of in vivo
stability.**7"*° The half-lives for acid-mediated dissociation
(t,/,) were determined from 3 mM solutions of
Cu"(DO3A*®) and Cu"(HDO3A) exposed to 1 M HCI
at RT using UV—vis spectroscopy (Figure S24). Decom-
plexation occurred ~60-fold faster for Cu"(DO3A“*)
compared to Cu'(HDO3A) (t,, = 83.50 + 1.40 vs 1.40 +
0.02 min, respectively) and implicates lower kinetic stability of
N- versus O-protonated Cu" complexes at extremely low pH
(~0).

In the appropriate coordination environment, Cu' can be
reduced by typical bioreductants found in vivo (—0.4 V vs
NHE), and the resulting Cu' species may be more susceptible
to transchelation and dissociation in vivo."”” This has been
termed reduction-induced demetallation,>” > and variable pH
voltammetry has emerged as a useful technique to interrogate
this pathway on the ms to s timescale.””**"3>"*%~1*! I water,
dissociation of free Cu' will rapidly disproportionate and plate
Cu® on the electrode surface, which will generate a
characteristic stripping feature upon scanning to sufficiently
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oxidizing potentials (Cu®", E,, ~+0.1Vvs Ag/AgCl).! 11
At pH 7, Cu"™(DO3A“*M®) and Cu"(HDO3A) displayed
quasi-reversible Cu'! couples (Figure 7; E;;, = —0.62 and
—0.74 V vs Ag/AgCl, respectively). Given the increasing
appreciation for the effects of cations on modulating the redox
potential of redox-active metals,"*~"*” it may be tempting to
attribute the 120 mV positive shift moving from
Cu'(HDO3A) to Cu"(DO3A®*S) to the introduction of a
positive charge in the framework; however, this could also be
readily attributed to the changes in geometry and donor
number, since it is well-established that the Cu'”! redox couple
is sensitive to donor identity, coordination number, and
geometry.*’ Regardless, both chelates significantly stabilize
the Cu' oxidation-state and disfavor reduction-induced
demetallation at pH 7 (Figures S7b and S8b). At pH S,
Cu"'(DO3A“*M®) displays signs of limited reduction-induced
demetallation, whereas Cu'(HDO3A) remains kinetically
inert on the CV timescale. At pH 3, both complexes undergo
reduction-induced demetallation; however, Cu"(HDO3A)
loses all reversibility and the Cu®" stripping feature is
~fivefold greater than that of Cu"(HDO3A“*"®). Encouraged
by the electrochemical stability at pH 7, we examined the
behavior of the corresponding **Cu-labeled complexes under
physiologically relevant conditions.

Radiolabeling and Biodistribution. H,DO3A“**® and
H;DO3A readily complex [**Cu][CuCl,] (25—30 uCi; Figure
S25) to form [**Cu][Cu(DO3AC*H®)] and [**Cu]-
[Cu"(HDO3A)] with apparent molar activities of 25—100
mCi/pumol at RT (Figure 8A,B). The corresponding
complexes display excellent stability in phosphate-buffered
saline buffer over the course of 15 h (Figure 8C), and
[**Cu][Cu"(DO3A*®)] was stable for greater than 1 d in
blood serum at pH 7.4 (Figure S27). Several independent
studies have noted the propensity for DO3A-based conjugates
to undergo transchelation with native proteins in vivo (e.g,
superoxide dismutase, serum albumin, and metallothio-
neins).”>**"*" Competitive transchelation challenges with a
large excess of acyclic chelators (e.g, EDTA) with rapid
transchelation kinetics have been used to probe this
decomplexation pathway in vitro.”*'>*~">° In the presence of
100-fold EDTA, [**Cu][Cu(DO3A®*®)] and [**Cu]-
[Cu™(HDO3A)] were stable to transchelation over the course
of 1 d at pH 5.5. Given that log /3 values for Cu''(DO3A*)

—— Cu'(HDO3A)
— 0u1|(DosAC4H3)

I (pA)

T1uA

100 mV-s'; 0.1 M NaClO,; pH 7.0

-0..4 -0..6 -0..8
E (V vs Ag/AgCl)

Figure 7. Cyclic voltammetry measurements of Cu”(HDO3A) and
Cu"(DO3A“*) (pH 7, 0.1 M NaClO,, and 100 mV/s).
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Figure 8. (A) Radiolabeling efficiency of H;DO3A. (B) Radiolabeling efficiency of H,DO3A®*5, (C) Time-dependent formulation stability of
complexes in phosphate-buffered saline (PBS), pH 7.4, 25 °C. (D) Time-dependent stability of complexes (1.7 #M) in the presence of EDTA (1.7
mM) and NH,OAc (41.7 mM), pH 5.5, 25 °C. (E) Biodistribution experiments (triplicate) 1 h after injection of either [**Cu][Cu™(HDO3A)] or

[**Cu][Cu"(DO3ACHHS)],

are ~2 orders of magnitude lower than Cu"(EDTA) (Figure
8D; 18.46 vs 16.7),"%"%" this implicates significant kinetic
stabilization of Cu"(DO3A®*®) toward transchelation. This
was unambiguously confirmed by transchelation studies
performed on “cold” (™Cu) samples monitored by EPR
spectroscopy at pH 7 ([Cu"] = 1 mM). Over the course of 3 d,
Cu"(DO3A*M®) was impervious to transchelation with
sevenfold excess Na,EDTA at RT but proceeded quantitatively
at 80 °C (Figure S9). While further studies are needed to
delineate the structural effects contributing to the unexpected
kinetic stability of Cu"(DO3A“*"®), our results suggest that N-
protonation does not necessarily lead to inherently unstable/
reactive species.

Next, we evaluated the stability of [**Cu][Cu"(DO3A“*)]
and [**Cu][Cu™(HDO3A)] in vivo with biodistribution
studies performed on male BALB/c mice intravenously
injected with 0.7—1.3 MBq **Cu species via a tail-vein catheter
(Figure 8E). Biodistribution studies performed 1 h after
injection revealed low accumulation of [%*Cu]-
[Cu"(HDO3A)] and [**Cu][Cu™(DO3A®*®)] in the liver
and the blood. These initial results suggest comparable
complex stability in vivo; however, more detailed metabolism
studies are needed to fully establish the fate of **Cu being
excreted and/or localized in organs/tissues.

B CONCLUSIONS

In conclusion, we have reported the synthesis, characterization,
and reactivity of a novel spirocyclic cyclen-based polyamino-
carboxylate, H,DO3A®*® and its copper complex,
Cu"(DO3A*M®). These species serve as models of possible
N-protonated intermediates of Cu"(HDO3A), the parent
structure of the FDA-approved radiopharmaceutical, [**Cu]-
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[Cu"(DOTATATE)], and several bifunctional chelators
currently being explored in clinical trials. Our detailed
experimental and computational studies helped resolve the
pH-dependent speciation of Cu"(HDO3A) and led to the
isolation and characterization of an unprecedented O-
protonated isomer of [Cu(H,DO3A)]*. Our reactivity
studies demonstrated that both N-alkylated and O-protonated
species were susceptible to (acid-mediated and reduction-
induced) demetallation at low pH (<3) but displayed excellent
stability under more physiologically relevant conditions. The
N-protonated model, Cu''(DO3A®*"®) and [**Cu]-
[Cu"(DO3A“M®)], displayed unanticipated kinetic stability
against direct transchelation with excess Na,EDTA at RT,
despite EDTA’s rapid binding kinetics and higher stability
constant (log f = 18.46 vs 16.7). Both [%*Cu]-
[Cu"(DO3A*H®)] and [**Cu][Cu"(HDO3A)] displayed
encouraging performance in vivo and suggest that alternative
mechanisms for Cu-loss from Cu(DO3A*"®) and
Cu"'(HDO3A) may prevail in vivo.

Looking forward, there remains a clear need to develop
more robust in vitro assays to help benchmark and guide
designs for stable ®*Cu agents. Similar to a growing number of
reports,” 013473038 64 study reveals that several stand-
ard in vitro benchmarks for stability (e.g, acid-mediated
dissociation, reductive-induced demetallation, and stability
constants) were entirely inadequate to forecast the perform-
ance of these agents under more physiologically relevant
conditions. N-protonated species of macrocyclic polyamino-
carboxylates have been proposed as key reactive intermediates
along the dissociation pathway;”>”*~""” however, the signifi-
cant kinetic stability of Cu”(DO3A“*"®) toward transchelation
and encouraging in vivo performance calls this into question.

https://doi.org/10.1021/acs.inorgchem.2c02907
Inorg. Chem. 2023, 62, 1362—1376


https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.2c02907/suppl_file/ic2c02907_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c02907?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c02907?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c02907?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c02907?fig=fig8&ref=pdf
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.2c02907?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Inorganic Chemistry

pubs.acs.org/IC

While N,N-alkylation leads to the lower stability of
Cu"(DO3AH®) relative to [Cu"(DO3A)]", key structural
attributes (e.g., charge and constrained macrocyclic conforma-
tion) must contribute to the enhanced kinetic stability.
Disambiguation of such effects is central to the development
of critical structure—function relationships necessary to guide
further chelator design. Further studies evaluating the proper-
ties and stability of N-alkylated conjugates and the use of N,N-
spirocyclic ammonium as models for N-protonation of other
macrocycles are ongoing.

B EXPERIMENTAL SECTION

General Methods. Materials. Deuterated solvents were pur-
chased from Cambridge Isotope Laboratories, Inc. Reagent-grade
dichloromethane and acetone were purchased from Fisher Scientific.
Anhydrous acetonitrile was obtained from HPLC-grade acetonitrile
sparged for 20 min with dry Ar that was dried using a commercial
two-column solvent purification system (LC Technologies). Reagent
grade (70%) nitric acid was purchased from sigma Aldrich. Ultrapure,
deionized water (18.2 MQ) was obtained from a Millipore Direct-Q 3
UV Water Purification System. Cyclen (Carbosynth; 98%), 1,4-
dibromobutane (Oakwood Chemicals; 99%), tert-butylbromoacetate
(AK Scientific; 98%), K,CO; (Fisher Chemical, Anhydrous, >99.0%,
Certified ACS), Cu(OAc), (Sigma Aldrich; 98%), and ethyl-
enediaminetetraacetic acid (EDTA) disodium salt dihydrate (Sigma
Aldrich; 99.0—101%) were obtained from commercial sources and
used without further purification. [*®*DO3A]Br"*® and H;DO3A"*’
were synthesized according to previous literature procedures.

Synthesis and Characterization. Synthesis of 8,11,14-Tris(2-(tert-
butoxy)-2-oxoethyl)-5,8,11,14-tetraazaspiro[4.11]hexadecan-5-
ium ([°"®“DO3A*"¢]Br). A 200 mL round-bottom flask was charged
with [H-°®"DO3A]Br (5.06 g, 8.49 mmol, 1 equiv; MW: 595.62 g-
mol™"), acetonitrile (70 mL), and a Teflon-coated stir bar. Potassium
carbonate (2.35 g, 17.03 mmol, 2 equiv; MW: 132.5 g-mol™') and 1,4
dibromobutane (2.54 mL, 21.27 mmol, 2.5 equiv; MW: 21592 g
mol ™) were added to the stirring colorless solution. The white slurry
was heated in an oil bath at 70 °C for 24 h, where the solution
gradually took on a yellow hue. After cooling to RT, the reaction was
passed through a coarse-porosity fritted filter padded with Celite. The
solvent was removed under reduced pressure (rotary evaporator) to
furnish a yellow oil. The oil was dissolved in minimal dichloro-
methane (4 mL) and purified by column chromatography (SiO,,
80:20 CH,Cl,/MeOH). The filtrate was collected, and solvents were
removed under reduced pressure to isolate the product,
[OB*DO3A]Br, as a yellow tacky glass: 4.04 g (7.10 mmol,
MW: 650.72 g-mol™!, 72% yield). In one instance, X-ray diffraction
quality crystals of [H*®*DO3A“**]Br, could be produced from the
crude product (no chromatographic purification) via slow evaporation
of a concentrated CH,Cl, solution (>100 mg/mL) at RT. 'H NMR
(400 MHz, CDCl,, 298 K) &: 1.32 (s, 9H, O'Bu), 1.32 (s, 18H,
O'Bu), 2.12 (br, 4H, spiro-N*CH,CH,), 2.53 (br, 4H, NCH,CH,),
2.60 (br, 4H, NCH,CH,), 3.10 (t, ] = S4 Hz, 4H, cyclen-
N*CH,CH,), 3.15 (s, 2H, NCH,COO~), 3.20 (s, 4H NCH,COO"),
3.74 (t, ] = 5.7 Hz, 4H, spiro-N'CH,CH,), 3.81, (t, ] = 5.5 Hz, 4H,
¢yclen-N*CH,CH,), “C{'H} NMR (101 MHz, CDCl, 298 K) &
21.3, 27.8, 48.6, 52.8, 53.7, 56.2, 56.8, 57.3, 62.7, 81.1, 81.4, 170.2,
170.6. IR: (ATR): 3350 (O—H, m br), 1714 (C=0, s), 1663 (C=
O, s), 1487 (w), 1463 (w) 1416 (w), 1391 (w), 1351 (w), 1319 (w),
1284 (w), 1185 (m), 1164 (m), 1122 (m), 1089 (m), 1067 (m), 1049
(m), 997 (m), 969 (w), 946 (w), 898 (w), 829 (w), 798 (w), 719
(w), 675 (w), 599 (w), 574 (w), 551 (w), 476 (w), 445 (w), 405 (w).
HRMS (ESI) m/z: [M]* caled for C30H,N,Oq: 567.4122; found:
567.4109.

Synthesis of 2-(8,14-Bis(carboxymethyl)-5,8,11,14-
tetraazaspiro[4.11]hexadecan-5-ium-11-yljacetate (H,DO3A%*").
A 200 mL round-bottom flask was charged with [H-°*"DO3A]Br
(5.00 g, 8.4 mmol, 1 equiv; MW: 595.62 g:mol™"), acetonitrile (70
mL), and a Teflon-coated stir bar. Potassium carbonate (2.32 g, 17.50
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mmol, 2 equiv; MW: 132.5 g'mol™") and 1,4-dibromobutane (1.09
mL, 9.130 mmol, 1.10 equiv; MW: 215.92 g-mol™") were added to the
stirring colorless solution. The white slurry was heated in an oil bath
at 70 °C for 24 h, where the solution gradually took on a yellow hue.
After cooling to RT, the reaction was passed through a coarse-
porosity fritted filter padded with Celite and the solvent was removed
under reduced pressure (rotary evaporator, Schlenk line) to furnish a
light brown solid. The solid was dissolved in a minimal amount of
dichloromethane (15 mL), and a Teflon-coated stir bar was added.
TFA (30 mL) was added over the course of 10 min to the stirring
light-yellow solution resulting in a color change to dark yellow. The
mixture was stirred for 12 h at RT before solvents were removed
under reduced pressure (Schlenk line, external trap) to form a brown
oil. The exact concentration of the product and total amount of
trifluoroacetate and TFA were determined through quantitative 'H
NMR and F NMR spectroscopy using potassium hydrogen
phthalate and potassium hexafluorophosphate as internal standards,
respectively. The brown oil was dissolved in a minimal amount of
acetonitrile (30 mL) and triethylamine (2.90 g, 28.7 mmol, 3.4 equiv,
1:1 NEt;/TFA & TFA™; MW: 101.19 g~mol_1) was added over the
course of S min to form a light-brown precipitate. The solution was
stirred for 1 h at RT. The precipitate was isolated on a medium-
porosity fritted filter, washed with acetonitrile (60 mL), and dried
under reduced pressure (Schlenk line, SO mTorr) to isolate the
product, H,DO3A®"® a5 a white powder. 1.50 g (3.75 mmol, 45%
yield; MW: 400.47 g-mol™").

Note: After establishing an accurate molecular weight from 'H
NMR and '”F NMR, the material can be used for metalation reactions
without further purification. Note: In one instance, X-ray diffraction
quality crystals of [H;DO3A“**]Cle3H,0 were produced upon
layering a 100 mg/mL aqueous solution of H,DO3A“*"® (lowered to
pH < 2 with HCI) with acetone (~2:1). '"H NMR (400 MHz, D,0,
298 K, pH 9.0): 6 = 2.21 (m, 4H; spiro-N*CH,CH,), 2.97 (t, ] = 4.9
Hz, cyclen-N*CH,CH,), 3.14 (t, ] = 5.9 Hz, 4H; NCH,CH,), 3.27
(br, 8H; NCH,CH, + NCH,COOH), 3.57 (t, ] = 6.6 Hz, 4H; spiro-
N*CH,CH,), 3.61 (s, 2H; NCH,COO"), 3.81(t, ] = 5.8 Hz, 4H;
cyclen-N*CH,CH,),”C{'H} NMR (101 MHz, D,0, 298 K, pH 9.0):
5 = 21.5, 47.9, 50.0, 51.5, 57.1, 58.2, 58.3, 64.1, 174.0, 178.8. IR:
(ATR): 3350 (O—H, m br), 1714 (C=0, s), 1663 (C=0, s), 1487
(w), 1463 (w) 1416 (w), 1391 (w), 1351 (w), 1319 (w), 1284 (w),
1185 (m), 1164 (m), 1122 (m), 1089 (m), 1067 (m), 1049 (m), 997
(m), 969 (w), 946 (w), 898 (w), 829 (w), 798 (w), 719 (w), 675 (w),
599 (w), 574 (w), 551 (w), 476 (w), 445 (w), 405 (w); HRMS (ESI)
m/z: [M]" caled for C,gH3,N,Of 402.2478; found: 402.2448.

Synthesis of Cu"(DO3A“"8), A 20 mL scintillation vial was
charged with H,DO3A“*™® (250.0 mg, 0.624 mmol, 1 equiv; MW:
400.47 g-mol™"), a Teflon-coated stir bar, and water (3 mL). Copper
acetate (94.3 mg, 0.520 mmol, 1 equiv; MW: 181.63 g:mol™") was
added to the stirring colorless solution. The clear blue solution was
stirred for 24 h at RT. After this time, the stir bar was removed, and
the solution was layered with acetone (6 mL). Blue crystals were
formed after 12—24 h at RT, isolated by filtration over a medium-
porosity fritted filter, and dried under reduced pressure to yield the
product, Cu”(DO3A*®). 235.0 mg (0.509 mmol, 76% yield; MW:
462.01 g:mol™") IR: (ATR): 3373 (O—H, m, br), 1643 (m), 1587
(C=0, s), 1481 (w), 1428 (w), 1424 (w), 1333 (m, br), 1176 (w),
1134 (w), 1147 (w), 1078 (w), 1064 (m), 1061 (m), 1035 (w), 990
(m), 982 (w), 936 (m), 920 (m), 906 (m), 871 (m), 818 (m), 777
(w), 734 (m), 700 (m), 627 (m), 556 (m) cm™'; elemental analysis
caled (%) for CigH;oN,O4Cu-(H,0),: C 4048, H 7.17, N 10.49;
found: C 40.83, H 7.19, N 10.39. HRMS (ESI) m/z: [M + H]* calcd
for C,gHy N,O(Cu: 462.1534; found: 462.1528.

Synthesis of Cu"(HDO3A). Note: Cu''(HDO3A) was synthesized
with slight modifications to the literature procedure.’*® A 20 mL
scintillation vial was charged with H;DO3A (384.0 mg, 1.11 mmol, 1
equiv; MW: 346.38 g'mol™'), a Teflon-coated stir bar, and water (3
mL). Copper acetate (201.6 mg, 1.11 mmol, 1 equiv; MW: 181.63 g
mol™") was added to the stirring colorless solution. The resulting blue
solution was stirred for 24 h at RT. After this time, the stir bar was
removed, the pH was adjusted to 7.0 through dropwise addition of 0.1
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M sodium hydroxide, and the solution was concentrated to ~500 uL
under reduced pressure. The dark blue solution was layered with ether
and allowed to sit undisturbed overnight. The light-green precipitate
was isolated, dried under reduced pressure, and redissolved in a
minimal amount of methanol (~2 mL). The product was then re-
precipitated with excess ether (~S mL). The solution was allowed to
sit undisturbed at 0 °C overnight to yield the product, Cu"(HDO3A),
as a light green powder (348.0 mg, 0.853 mmol, 77% yield; MW:
407.91 gmol™). IR: (ATR, Cu(HDO3A)): 3218 (w), 2966 (w),
2924 (w), 2861 (w), 1716 (C=0, m) 1632 (C=0, 5), 1573 (C=0,
s), 1455 (w), 1439 (w), 1409 (w), 1395 (w), 1359 (s), 1327 (m),
1239 (w), 1088 (m), 1045 (w), 991 (w), 956 (m), 926 (m), 910 (m),
874 (w), 831 (w), 804 (m), 780 (w), 727 (w), 696 (m), 626 (s) 573

w).

[Cu”(HzDOB’A)]Br. A 4 mL vial was charged with Cu"'(HDO3A)
(50.0 mg, 0.126 mmol, 1 equiv; MW: 407.91 g-mol™") and dissolved
in water (0.5 mL). Ammonium bromide (120.0 mg, 1.225 mmol, 10
equiv; MW: g-mol~'g/mol) was dissolved in the solution, and the pH
was adjusted to ~3 through dropwise addition of hydrochloric acid.
The solution was then layered in acetone. Over a period of ~1 week,
[Cu(H,DO3A)]Br-(H,0), precipitated as light blue crystals (22.0
mg, 0.042 mmol, 34% yield; 505.83 g:mol 'g/mol). IR: (ATR,
[Cu(H,DO3A)]Br(H,0),): 2882 (O—H, m br), 1722 (C=0, s),
1662 (C=0, s), 1594 (C=O0, s), 1464 (w) 1403 (w), 1348 (w),
1173 (s), 1125 (s), 1073 (s), 970 (w), 922 (w), 898 (w), 881 (w),
826 (w), 796 (m), 717 (m), 680 (w); elemental analysis calcd (%) for
C,4H,BrCuN,O4 -(H,0),5: C 33.78, H 5.26, N 11.25; found: C
33.73, H 5§.29, N 11.10.

Instruments and Measurements. Unless specified, all reactions
were performed under an ambient atmosphere. Unless specified,
ultrapure, deionized water (18.2 MQ; Millipore) was used for all
reactions and measurements. Glassware was oven-dried for at least 2 h
at 150 °C prior to use. The following spectrometers were used for
NMR characterization: a Bruker Avance III HD Ascend ('H: 600
MHz, C: 152 MHz) and a Bruker DRX (*H: 400 MHz, *C: 101
MHz). '"H and *C NMR shifts for samples run in CDCl; are
referenced relative to the solvent signal (CDCly: 'H: 7.26 ppm, *C:
77.16 ppm), samples run in D,O are referenced relative to the solvent
signal and external solution standards (D,0: 'H: 4.79, triethylamine:
3C: 47.19 ppm, methyl tertbutyl ether *C: 27.9 ppm). UV—vis
absorption spectroscopy was performed with a Cary 8454
spectrometer. Mass spectra were obtained on an Agilent 6530 LC—
MS utilizing electrospray ionization and quadrupole time of flight
detection. Infrared spectra were recorded on powder samples using a
Jasco FT/IR-4100 spectrometer. Elemental analyses were performed
by Robertson Microlit Laboratories (Ledgewood, NJ) and/or
Midwest Microlab, LLC (Indianapolis, IN).

X-ray Crystallography. Samples were removed from the mother
liquor, rinsed with acetone, and then transferred covered in Paraton
oil to a glass slide where it was evaluated and mounted with the
assistance of an optical microscope. X-ray reflection intensity data
were collected on a Bruker D8 Quest with a Photon 100 CMOS
detector employing graphite-monochromated Mo-Ka radiation (4 =
0.71073 A) at a temperature of 173(1) K. Rotation frames were
integrated using SAINT," producing a listing of unaveraged F* and
o(F*) values, which were then passed to the SHELXT® program
package for further processing and structure solution. The intensity
data were corrected for Lorentz and polarization effects and for
absorption using SADABS.® The structures were solved by direct
methods (SHELXT).> Refinement was by full-matrix least squares
based on F* using SHELXL.” All reflections were used during
refinements. Non-hydrogen atoms were refined anisotropically, and
hydrogen atoms were refined using a riding model. In
[©B*DO3A“*"®]Br,eH,0,2CH,Cl,, one molecule of CH,Cl, was
found to be disordered over two positions, and H-atoms were not
assigned for the one water molecule (O7) due to issues with reliable
placement from the difference map (the two H-atoms were still
included in the formula). In the case of [H;DO3A*¥]Cle3H,0,
both O(4) and O(6) are homoconjugated with O(4)" and O(6) ’
over a special position (net charge balance of the carboxylate/
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carboxylic acid groups: two carboxylic acids and one carboxylate). In
the case of Cu(DO3A*®), two water molecules (09 and 010) were
found to be disordered over two positions.

EPR Spectroscopy. EPR spectra were collected on a Bruker EMX
Premium-X spectrometer with a field strength of 9.65 GHz and a
microwave power of 2.0 mW at 77 K using a liquid-nitrogen finger
dewar (Wilmad, S0 mL Suprasil). Sample solutions (~10 mM) were
prepared as 50:50 V/V solutions in deionized water/ethylene glycol
with 100 mM sodium perchlorate. All samples were degassed with
nitrogen and placed in 4-mm o.d. quartz EPR tubes. Samples were
glassed by slowly lowering the sample into liquid nitrogen (~2 mm
s71). The experimental spectra were simulated using EasySpin.” In all
cases, a representative fit was achieved through the use of the Nelder/
Mead simplex model or Levenberg/Marquardt algorithm while
assuming isotropic line broadening.

Potentiometric Titrations. Potentiometric measurements were
performed using a Metrohm 916 Ti-touch autotitrator equipped
with a Metrohm unitrode electrode. Solutions of sodium hydroxide
and nitric acid were prepared from boiled deionized water and
blanketed under nitrogen. NaOH solutions were standardized against
aspartic acid. The nitric acid concentration and percent carbonate
impurity were established using Gran’s method. The solution
temperature was maintained at 25 + 2 °C. In a typical titration, the
desired analyte (~0.0S mmol; 100 mM NaNOj;) was titrated with a
standardized solution of NaOH (0.200 M) at 25 °C. The ligand to
metal ratio was held at 1.25:1, and 80—120 data points were obtained.
Solutions were back-titrated with standardized solutions of HNO,
(0200 M) to confirm that equilibria were reached. To provide
additional validation, titrations were repeated in the presence of 0.05
mM disodium EDTA (1.25:1:1 ratio of H,DO3A“*™ to metal to
EDTA). Each titration was performed in triplicate, and all pK, and
log(f}) values are averages of triplicate data that were fit using
HyperQuad.'® Speciation curves for the ligands and metal complexes
were constructed from these values using HyperSpec.'®’ Log(f)
values for Cu and DO3A*™® were determined by holding the pK,
values of H,DO3A*™ the pK, values of H,EDTA (pK,, = 10.24,
pK,, = 6.16, pK,; = 2.66, pK,, = 2.0, pK,s = 1.5, and pK,s = 0.0), and
the log(f) values of Cu(EDTA) (log(ff) = 18.46) constant while
minimizing residuals through variation of the log(f) of Cu-
(DO3AC#) ' Fits with calculated residuals are provided in the
Supporting Information (Figures S17 and S18).

Cyclic Voltammetry. Cyclic voltammetry measurements were
performed using a CH730E Electrochemical Analyzer/Workstation,
and the data were processed using CHI software version 12.04.
Experiments were performed with deoxygenated aqueous solutions
blanketed with a nitrogen atmosphere in a 10 mL glass cell using an
Ag/AgCl (saturated KCl) reference electrode, glassy carbon working
electrode, and platinum counter electrode. Prior to each experiment,
the working electrode was polished for 60 s in a figure-eight motion
on a microcloth polishing pad with 0.05 ym alumina powder and
rinsed with deionized water. Typical measurements were performed
on 2 mM analyte using 100 mM NaClO, as the supporting
electrolyte. All potentials are not only reported with respect to the
Ag/AgCl reference electrode but also referenced externally to a water-
soluble ferrocene derivative, ferrocenemethanol [Fe'(C;H,CH,OH)-
(CSHS)].162,163

Computational Methods. All calculations were performed employ-
ing the Gaussian 09 package (revision D.Ol).10 Geometries were
optimized at the MO6-L level of theory'”® with Grimme’s D3
dispersion correction,'" using the Stuttgart [8s7p6d2flgl 6s5p3d2flg]
ECP10MWB contracted pseudopotential basis set on copper'®* and
the 6-31G(d’,p’) basis set on all other atoms. > Solvation effects
associated with water were accounted for by using the SMD
continuum solvation model.'®” Optimized geometries were confirmed
as minima by frequency analysis (the absence of negative
frequencies). To validate the selected methodology, the mean
unsigned error (MUE) between the predicted and the experimentally
determined (SC-XRD) bond lengths in the primary coordination
sphere of Cu'(DO3A“*"®) (MUE = 0.036), Cu"(HDO3A) (MUE =
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0.107), and [Cu"(H,DO3A)]* (MUE = 0.067) were calculated by
the following equation.

3y — «f
=1} i

n

MUE =
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