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ABSTRACT: The ability of magnetic exchange coupling
to enable observation of paramagnetic chemical exchange
saturation transfer (PARACEST) in transition metal ions
with long electronic relaxation times (z,) is demonstrated.
Metalation of the dinucleating, tetra(carboxamide) ligand
HL with Cu®" in the presence of pyrophosphate (P,0,)*"
affords the complex [LCu",(P,0,)]". Solution-phase
variable-temperature magnetic susceptibility data reveal
weak ferromagnetic superexchange coupling between the
two S = 1/2 Cu" centers, with a coupling constant of ] =
+2.69(S) cm™, to give an S = 1 ground state. This
coupling results in a sharpened NMR line width relative to
a GaCu analogue, indicative of a shortening of 7,
Presaturation of the amide protons in the Cu, complex
at 37 °C leads to a 14% intensity decrease in the bulk
water 'H NMR signal through the CEST effect.
Conversely, no CEST effect is observed in the GaCu
complex. These results provide the first example of a Cu-
based PARACEST magnetic resonance contrast agent and
demonstrate the potential to expand the metal ion toolbox
for PARACEST agents through introduction of magnetic
exchange coupling.

aramagnetic chemical exchange saturation transfer

(PARACEST) magnetic resonance imaging (MRI) contrast
agents represent an emerging class of molecules that offer several
key advantages over conventional Gd-based proton relaxation
agents, including the ability to facilitate on/off contrast switching
and an inherent response to environmental parameters such as
pH and temperature.’ The mechanism through which
PARACEST agents generate contrast exploits labile ligand
protons within close proximity to the paramagnetic center. Here,
irradiation at the resonant frequency of the exchangeable
protons, along with concomitant chemical exchange of these
protons with bulk water protons, induces a suppression of the
bulk water signal and thus an image darkening.” Importantly, the
paramagnetic metal imposes a large hyperfine shift on the
resonant frequency of the exchangeable protons, so as to
minimize interference from resonances associated with sur-
rounding tissue and to permit rapid proton exchange. Despite the
potential utility of PARACEST agents, a fundamental limitation
toward their implementation arises due to proton nuclear spin
relaxation enhancement induced by paramagnetic metal centers,
which leads to spectral broadening and thus low sensitivity and
resolution. In order to reduce proton relaxation effects, the
electronic relaxation time (7,) of the paramagnetic metal must be
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minimized so that it is not resonant with the proton nuclear
spin.1

To date, reported PARACEST agents have taken the form of
non-Gd lanthanide"” and first-row transition metal (Fe', Co",
Ni") complexes.” These ions display short values of z, typically
in the range from 107!! to 107" s, owing to low-lying excited
states that arise from spin—orbit coupling and/or zero-field
splitting. Lanthanide PARACEST agents are air-stable and tend
to exhibit large hyperfine shifts, as high as 720 ppm vs water,’
stemming from their large magnetic moments and strong
magnetic anisotropy. Nevertheless, these agents rely on through-
space pseudocontact shifts of protons, rather than through-bond
contact shifts, due to the contracted 4f orbitals' and therefore
necessitate placement of exchangeable protons within close
proximity to the metal ion. Moreover, the ionic nature of
lanthanides, in conjunction with their redox- and spin-state
inertness, limits the design of responsive agents.le’%’é Compared
to lanthanide complexes, transition metal PARACEST agents
exhibit smaller hyperfine shifts, up to 135 ppm vs water,” but
offer more tunability through coordination and redox chemistry.
Indeed, recent work has demonstrated the ability of transition
metal ions with short values of 7, to engender PARACEST agents
that are stable under physiological conditions.”™® Nevertheless,
metal ions with large values of electronic spin and higher
oxidative stability, such as S = 5/2 Mn" or Fe'!, or metal ions that
exhibit even more kinetically inert substitution, such as cr'l are
precluded from consideration for PARACEST, as they exhibit
long values of 7,= 10"*~10"" s and therefore induce severe NMR
line broadening.7 Taken together, these observations underscore
the need for a general strategy to design transition metal-based
PARACEST agents with short electronic relaxation times.

A paramagnetic metal ion displays a long 7, when the
electronic ground state is energetically well-isolated from excited
states, with no significant zero-field splitting or spin—orbit
coupling. A representative example is octahedral Cu", where the
d’, S = 1/2 electronic configuration and Jahn—Teller distortion
result in a long 7, of 107°~107" 5.” Nevertheless, several Cu,
complexes with weak magnetic superexchange coupling between
metal centers have been shown to exhibit much shorter values, as
small as 7, ~ 107" 5.% As the separation of ground and excited
state is correlated to the magnitude of exchange constant J, the
presence of weak coupling leads to a low-lying excited state that
can facilitate fast electronic relaxation and therefore a short ..
Moreover, the S = 1 ground or excited state, resulting from ferro-
or antiferromagnetic coupling, respectively, can possess non-

Received: March 23, 2016
Published: June 8, 2016

DOI: 10.1021/jacs.6b03060
J. Am. Chem. Soc. 2016, 138, 7804—7807


pubs.acs.org/JACS
http://dx.doi.org/10.1021/jacs.6b03060

Journal of the American Chemical Society

Communication

negligible zero-field splitting that further decreases 7, and can
contribute to increasing the hyperfine shift.” Despite the
potential of magnetic exchange coupling to serve as a tool to
shorten 7, no multinuclear transition metal complexes have been
reported as PARACEST agents. Herein, we demonstrate the
utility of magnetic exchange coupling to enable realization of a
Cu', PARACEST agent.

Dinuclear Cu", complexes supported by a phenoxo-centered
tetrapyridyl ligand have previously been shown to exhibit
solubility and stability in aqueous solution and weak exchange
coupling of Il < 25 cm L% Building from these results, we
targeted the analogous tetra(carboxamide) ligand HL, with the
intent that the carboxamide groups could provide CEST-active
protons (see Figure 1). This ligand was synthesized through an
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Figure 1. Synthesis of ligand HL.

Sx2 reaction between 2,2'-iminodiacetamide and 2,6-bis-
(bromomethyl)-4-methylphenol (see Experimental Section and
Scheme S1 in the Supporting Information). The ancillary ligand,
pyrophosphate, (P,0,)*", was selected owing to its tendency to
coordinate metal ions with higher thermodynamic stability than
do water and coordinating anions in aqueous solution.'’
Reaction of 2 equiv of Cu(NOs;),-3H,0 with 1 equiv each of
HL and K,(P,0;) in water gave a brown solution. Subsequent
slow evaporation of this solution afforded brown plate-shaped
crystals of H[LCu,(P,0,)]-0.5KNO;-3H,0 (1). To provide a
related uncoupled species for comparison to 1, a GaCu analogue
was synthesized. Here, HL was treated with 1 equiv of
Ga(NO,);-H,0, followed by 1 equiv each of Cu(NO;),-3H,0
and Na(H,L')-3H,0 (H,L’ alendronic acid), to give
LGaCul'-4NaNO,-7.1EtOH (2; see Figure 2 right). Tetraa-
nionic alendronate was employed in place of (P,0,)*" in order to
impart water solubility to the neutral complex.

Figure 2. Left: Crystal structure of [LCu,(P,0,)]”, as observed in 1.
Cyan, pink, red, blue, and gray spheres represent Cu, P, O, N, and C
atoms, respectively; H atoms are omitted for clarity. Right: Molecular
structure of LGaCuL/, as observed in 2.

Compound 1 crystallizes in the space group P—1, with an
asymmetric unit that contains two nearly identical Cu,
complexes (see Figure 2 left and Table S1). The two Cu"
centers of each molecule reside in distorted octahedral
coordination environments, with significantly elongated Jahn—
Teller axes along the O,4e=Cu—O henoxy a0d Ophosphate—Cu—
N, mine Vectors. As a result, all four pendant amides are structurally
inequivalent in the solid state. The pyrophosphate unit acts as a
tetradentate, dinucleating ligand that coordinates the two Cu
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centers in a yi,-k* configuration. This binding mode presumably
engenders a chelate effect of (P,0,)*" that results in preferential
coordination of the Cu, complex over water and other anions in
solution. The mean Cu--Cu distance of 3.658(1) A is
comparable to those reported for alkoxo- or phenoxo-bridged
Cu", complexes that feature acetate bridging ligands,” and the
mean Cu—O—Cu angle of 123.8(2)° is similar to those reported
for Cu, complexes with weak antiferromagnetic or ferromagnetic
exchange coupling."'

In anticipation of CEST experiments, we sought to confirm the
integrity and structure of [LCu,(P,0,)]” in buffered aqueous
solution. Toward this end, the kinetic and thermodynamic
profiles of complexation for Cu®* ions by L™ and (P,0,)*" in
aqueous solution were monitored by UV—vis spectroscopy. First,
small aliquots of a 50 mM aqueous solution of Cu(NO,),-3H,0
were titrated into a pH 7 buffer solution of S mM 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) con-
taining 0.317 mM HL (see Figure S1). Prior to Cu addition, the
spectrum of HL was characterized by one major peak at 285 nm,
which we tentatively assign as a 7—z* transition. Upon Cu
addition, two new features at 398 (¢ = 580 M~ cm™!) and 726
nm (¢ = 129 M™' cm™) emerged, which we assign as ligand—
metal charge transfer (LMCT) and d—d transitions, respectively,
based on literature precedent.”” Spectral changes ceased within
3 min following each addition, suggesting relatively rapid Cu
complexation by L™. Moreover, the peak intensity at 398 nm is
linearly dependent on the concentration of Cu®" and reaches a
maximum value upon addition of 2 equiv of Cu®* (see Figure S2),
suggesting the formation of a 1:2 complex of L™ and Cu** with a
dissociation constant well below millimolar. The resulting
species is likely the aquo adduct [LCu,(H,0),]*" or the u-
hydroxo adduct [LCu,(u-OH)]*, as have been observed in
related tetrapyridyl-supported Cu'", complexes.'”

Titration of the Cu, solution with a buffered pH 7 aqueous
solution of K (P,0,) revealed similarly rapid complexation
kinetics. Here, peak maxima corresponding to the LMCT and d—
d transition shifted from 398 to 432 nm (¢ = 735 M~! cm™) and
726 to 779 nm (& = 104 M~ cm™"), respectively, with each
conversion proceeding through an isosbestic point (see Figure
S3). These spectral changes suggest that aquo or hydroxo ligands
are displaced by (P,0,)*" ligands. In addition, the d—d transition
at 779 nm lies between that of [Cu(H,0)¢]*" (810 nm, £ = 12
M cm™) and [Cu(EDTA)]*" (735 nm, £ = 85 M™' cm™),
confirming the preservation of the elongated Cu" octahedral
geometry in solution."” Fitting the absorbance data at 246 nm
from titrations at lower concentration (40.2 uM) gave a
dissociation constant of K3 = 9(2) uM (see Figures S3—4),
confirming the high affinity of (P,0,)*". The diffuse-reflectance
spectrum collected for a solid sample of 1 features peaks with
maxima at 436 and 788 nm (see Figure SS), and an electrospray
mass spectrum exhibits three major patterns corresponding to
adducts of the anionic complex of 1 (see Figure S6). Taken
together, these data lead us to conclude that the structure of
[LCu,(P,0,)]” determined from X-ray diffraction is preserved
in aqueous HEPES solution. Finally, the spectrum of 2 exhibits
similar features to that of 1 (see Figures S7—8), with the LMCT
and d—d transitions at 418 nm (& = 297 M~ cm™) and 784 nm
(e = 75 M™! ecm™), respectively, only slightly shifted. These
spectral similarities suggest that the Cu centers in 1 and 2 feature
similar coordination environments in aqueous solution.

Variable-temperature dc magnetic susceptibility data were
collected to determine the sign and magnitude of magnetic
coupling in the Cu, complex. To approximate the magnetic
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interactions in aqueous solution, magnetic data were collected on
a solution of 1 in a 1:1 H,O/glycerol mixture.'* The
corresponding plot of yyT vs T is shown in Figure 3. Due to
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Figure 3. Variable-temperature dc magnetic susceptibility data for 1 in
1:1 H,0/glycerol, collected under an applied field of 1 T. The red line
corresponds to a fit of the data. Inset: Spin ladder and graphical
representation of the energetic separation between S = 1 ground and § =
0 excited states.

the error associated with mass determination of such a small
amount of solute, the number of moles of Cu, complex was
determined by a fixed g = 2.0629 obtained from X-band EPR,
along with the assumption that the high-temperature values of
yaves correspond to two noninteracting S = 1/2 centers (see
Experimental Section and Figure S10). With decreasing
temperature, yyT remains relatively constant to ~100 K,
whereupon it undergoes a gradual increase to a maximum
value of y3, T = 0.929 cm®K/mol at 6 K. Below 6 K, ), T decreases
sharply to a minimum value of 0.853 cm®K/mol at 2 K. The
increase in yT below 100 K stems from ferromagnetic coupling
between the Cu" ions, likely dominated by superexchange
through the phenoxo bridge, to give an § = 1 ground state.

The data were fit in the range 10—300 K to the Van Vleck
equation considering the spin Hamiltonian H = _2](Scu1 SCuZ) ,
where S, and Sc,, are the spin operators."> The fit to the data
gave an exchange constant of | = +2.69(5) cm™, indicating a
weak ferromagnetic Cu---Cu interaction (see Figure 3). This
interaction results in an energetic separation of the S = 1 ground
state and S = 0 excited state of only 5.38 cm™" (see Figure 3,
inset), which suggests that 1 may feature a considerably
shortened 7, relative to a monocopper complex with Cu"
similar coordination.

The relaxation of proton nuclear spins in 1 and 2 was probed
by 'H NMR to obtain a qualitative comparison of 7, Here,
electronic spins with long values of 7, induce a shortening of
spin—lattice relaxation time (T;) in proximal nuclear spins, which
leads to a broadening of the NMR spectra. Such an analysis has
been previously employed to obtain a qualitative measure for 7,
in related Cu, complexes Importantly, the presence of similar
local coordination at Cu" in 1 and 2 suggests that the hyperfine
shifts of analogous protons on the two complexes should be
similar. In the case of 1, the '"H NMR spectrum collected for a 10
mM H,O solution at 37 °C features three paramagnetically
shifted resonances at 12, 14, and 29 ppm vs H,O. Inversion
recovery experiments of the three peaks gave values of T} = 8(1),
13(1), and 22(4) ms, respectively (see Experimental Section and
Figure S11), suggesting that the T, shortening of the peaks by the
Cu" centers is comparable for all three resonances. In addition,
the peak at 29 ppm is absent in the spectrum of 1 in D,0,
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indicating that this peak corresponds to the exchangeable amide
protons. The presence of only one amide resonance suggests fast
interchange among the four pendant arms in solution that leads
to an average of four inequivalent amides. As such, the broadness
of the amide resonance, compared to the other two paramagnetic
peaks, is likely due to the combination of fast molecular dynamics
and proton exchange, rather than relaxation induced by Cu™. In
contrast, an aqueous sample containing 30 mM of 2 in either
D,0 or H,0O gave a spectrum that is absent of resolvable
resonances in the paramagnetic region (see Figure S1 1),
presumably due to line broadening induced by Cu'. This
comparison provides strong qualitative evidence that the Cu,
complex in 1 features a shorter 7, than does the GaCu complex in
2, likely resulting from the presence of weak magnetic exchange
coupling in 1.°

The dramatic sharpening of the NMR line widths for the Cu,
complex relative to the GaCu analogue indicates the possibility to
observe the CEST effect. We therefore collected "H NMR
spectra on solutions of 1 and 2 in 50 mM HEPES buffer at pH 7
and 37 °C on an 11.75 T NMR spectrometer (see Figure 4). The

ﬁ/-\ :./"—'
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Figure 4. CEST spectra of 10 mM of 1 (top) and 30 mM of 2 (bottom)

solutions in SO mM of HEPES buffer at pH 7 and 37 °C, with a 2 s
presaturation pulse of 21 uT.

resulting CEST spectra, also known as Z spectra, were
constructed by plotting the intensity of the water '"H NMR
signal (M;/M,, where M, and M; correspond to the bulk water
signal before and after presaturation at a given frequency,
respectively) against the presaturation frequency (i.e., frequency
offset) relative to the bulk water frequency, set to 0 ppm. For 1
and 2, complete disappearance of the water signal was observed
at 0 ppm, arising from direct saturation at the water proton
resonance. For 1, in stark contrast to 2, a peak was observed at 29
ppm corresponding to a 14% decrease in intensity of the water
signal due to CEST. Although significant, the CEST effect is
likely limited due to incomplete presaturation of the broad
resonance of the amide protons. The presence of a slight
shoulder on the water resonance in 2 likely corresponds to CEST
arising from carboxamide protons coordinated to the diamag-

netic Ga™' center. Since the Tl of water protons can significantly
influence the CEST effect,'” these values were measured for 20
mM solutions of 1 and 2, in addition to pure water, as T, =
352(4) ms, 152(1) ms, and 4.36(4) s, respectively. The lower
value for 2 relative to 1 is consistent with more efficient proton
relaxation stemming from a longer 7,. For 1, the CEST peak
intensity at 25 °C decreases to 7.8%, suggesting that the exchange
rate of the carboxamide protons is in the slow exchange regime
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with respect to the saturation offset (see Figure S12). The
exchange rate at 37 °C was estimated at k., = 420(20) s™* by
employing the omega plot method (see Figure $13),'® and this
value is comparable to those reported for mononuclear Fe-based
PARACEST agents with pendant carboxamide groups.*
Interestingly, despite containing S = 1/2 metal centers with
negligible single-ion magnetic anisotropy, 1 gives rise to a CEST
peak shift and intensity that is comparable to some reported
mononuclear PARACEST agents comprised of the high-spin,
high-anisotropy Fe'" ion.*! In sum, these experiments demon-
strate the ability of 1 to provide MR contrast through the CEST
effect.

Preliminary experiments were carried out to probe the stability
of 1 to reduction, pH variation, and ion substitution. The cyclic
voltammogram of 1 shows a reduction wave at ca. =500 mV vs
NHE (see Figure S14), suggesting that 1 would not undergo
reduction under physiological conditions.'” In addition, the
UV—vis spectra of 1 confirm the integrity of [LCu,(P,0,)]” in
the pH range 6—8 or in the presence of excess Na,COj; and
NaH,PO, (see Figures S15—16). However, in the presence of
excess Zn>* ions, the LMCT is red-shifted by 20 nm, and the d—d
transition disappears (see Figure S17), suggesting the presence
of Zn" substitution.

The foregoing results demonstrate that the limited scope of
metal ions suitable for PARACEST can be expanded through
introduction of magnetic exchange coupling in multinuclear
complexes. Efforts are underway to extend this initial proof-of-
concept investigation to metal ions with larger values of spin and
higher stability and to apply this strategy to the design of
responsive PARACEST agents.
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