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Abstract

Lanthanide complexes of two tris-(amide) derivatives of PCTA were synthesized and
characterized. The relaxometric and luminescence properties of their lanthanide complexes were
investigated as bimodal magnetic resonance (MR) and optical imaging agents. Luminescence
studies show that one of the Th!!! complexes dimerizes in solution at low millimolar
concentrations while the other may have a higher than expected coordination number in solution.
The corresponding Gd!'' complexes display unusually high Ty relaxivities and enhanced kinetic
inertness compared to GAPCTA. These features suggest that these new chelates may be suitable
for in vivo applications. The fast water exchange rates observed for these complexes make them
unsuitable as paramagnetic chemical exchange saturation transfer (PARACEST) agents.
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Introduction

Considerable research has been focused on the rational design of lanthanide (Ln) complexes
for biomedical applications.[1-3] The Ln'"-ions are hard Lewis acids and have a high
affinity for oxygen donor atoms of carboxylate and phosphate groups ubiquitous in
biological systems.[4] Therefore, the synthesis of ligands that can form kinetically inert
chelates with the Ln'"-ion plays an important role in the design of Ln-based biomedical
probes. Ln'!' complexes of polyazamacrocyclic ligands, in particular, 1,4,7,10-
tetraazacyclododecane-N,N’,N”,N " -tetraacetic acid (DOTA) and DOTA-like ligands, are
known to have high kinetic inertness and therefore suitable for in vivo applications.[5] Gd'!l-
complexes of DOTA and HP-DO3A (hydroxypropyl-DOTA) have one metal bound water
molecule which exchanges relatively rapidly with the bulk solvent water. These
paramagnetic complexes are commonly used as MRI contrast agents in clinical practice
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(Dotarem and Prohance, respectively).[6] The presence of a rapidly exchanging inner-sphere
water molecule is essential for the efficient transfer of the paramagnetic effect of Gd'!! to the
bulk water pool. Tetraamide derivatives of DOTA have been synthesized over a decade ago
but their Gd-complexes have been shown to exhibit extremely slow water exchange rate,
which limits their usefulness as MRI contrast agents.[7]

Recently, however, a novel class of contrast agents (CA) known as chemical exchange
saturation transfer (CEST) agents has drawn considerable interest for MRI applications.[8—
15] CEST agents enhance MRI contrast by transferring selectively saturated spins from a
small proton chemical pool to the bulk water proton pool. CEST requires slow-to-
intermediate exchange of protons or water molecules between the two pools (Aw>key) and
the chemical shift difference (Aw) of the exchanging proton pools must be large enough to
allow selective saturation of the small pool without affecting the bulk water. Hence, a large
proton chemical shift difference between the pools is a distinct advantage. The firstCEST
agents were diamagnetic molecules containing exchangeable -NH or -OH groups in which
the chemical shift difference (Aw) was less than 5 ppm. It was later shown that DOTA-
tetraamide complexes of large hyperfine shifting Ln'"-ions such as Dy!'!!, Tb!"l, Tm!!! and
particularly Eu''! produce large paramagnetic shifts of the metal bound water protons and
may have sufficiently slow water exchange rates to satisfy the (Aw>key) condition.[16] This
observation led to the successful development of several LnDOTA-tetraamide complexes as
PARACEST contrast agents.[9] Amide derivatives of other polyamino macrocyclic ligand
platforms have not been studied even though the Ln'"' complexes of some of these ligands
have satisfactory kinetic inertness as well. One such example is 3,6,9,15-
tetraazabicyclo[9.3.1]pentadeca-1(15),11,13-triene-3,6,9-triacetic acid (H3PCTA) 1 in which
one of the macrocyclic backbone nitrogen atoms of DOTA has been substituted by a
pyridine nitrogen (Figure 1). Lanthanide complexes of PCTA have been reported to have
some interesting properties such as rapid formation kinetics coupled with high kinetic
inertness, long luminescent lifetime for the Eul'! and Th!"! complexes and high water
relaxivity (q=2 complex) for the Gd''' complex.[17-19]

Here, we report some chemical features of lanthanide complexes of PCTA-tris(amide)
ligands that make them potentially useful as MRI contrast and optical imaging agents. The
thermodynamic stability and kinetic inertness of some of the LnPCTA-(gly)3 complexes
(Figure 1) are also discussed.

Results and Discussion

Synthesis

The synthesis of PCTA-(gly)s is outlined in Scheme 1. Pyclen was synthesized according to
published procedures.[20,21] The commercially available hydrochloride salt of tert-butyl
glycinate ester was acylated with bromoacetyl bromide to give 9 in excellent yields. Pyclen
was alkylated using three equivalents of 9 in the presence of potassium carbonate as a base
to afford 10 which was deprotected in hydrochloric acid (3 M) to yield the HCI salt of
PCTA-(gly)s. Lanthanide (111) complexes of PCTA-(gly)3 were formed by reacting the
chloride salts of the metals and the ligand in aqueous solution in the pH range of 5-6.

The synthesis of PCTA-(ampOBuU)3 is outlined in Scheme 2. Dibutyl phosphite was reacted
with tribenzylhexahydro triazine under nitrogen gas at 100 °C to yield the benzyl protected
aminomethylene dibutylphosphonate following a published procedure.[22] The protecting
group was then quantitatively removed by catalytic hydrogenation using palladium on
activated carbon in ethanol. The resulting free amine was acylated using chloroacetyl
chloride and diisopropylethyleneamine as a base with 77% yield. Alkylation of pyclen with
the resulting chloroacetamide for 7 days in the presence of potassium carbonate afforded 14
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in 94% yield. The resulting dibutyl phosphonate tris-amide macrocycle was then reacted
with lithium bromide at 80 °C which selectively cleaved one butyl group per arm. Cleavage
of phosphonate esters under these conditions has been described elsewhere.[23-25] This
approach was chosen over the use of a strong base such as sodium or potassium hydroxide
to prevent hydrolysis of the amide bond. Purification by high performance liquid
chromatography (HPLC) afforded PCTA-(ampOBu)3 as the trifluoroacetic salt which in turn
was converted to its hydrochloride form by lyophilizing a solution of the ligand in dilute
hydrochloric acid to give the desired final product.

Lanthanide (111) complexes of PCTA-(ampOBu)3 were prepared by reacting equimolar
quantities of the chloride salt of the metal with ligand in water while maintaining the pH of
the solution around 6. Complexes of the water insoluble ligand 14 were prepared in
methanol using lanthanide trifluoromethanesulfonate salts.

Luminescence studies

The luminescence emission spectrum of EUPCTA-(gly)s is shown in Figure 2. As
anticipated, the emission lines are quite sharp and have large Stokes shifts. This shift
precludes any overlap between the emission bands of the lanthanide ion and the absorption
band of the chromophore (centered at 284 nm). The shift also prevents self-quenching of
emission which is frequently observed for organic fluorescent dyes, and minimizes the
unwanted effects of scattered light from the excitation source.[26,27]

The monoexponential fit of the emission decay curve of EUPCTA-(gly)s suggests the
presence of a q=3 species in solution. The presence of a complex in solution bearing a third
water molecule bound to its metal center is interesting, yet not entirely unexpected. Based
alone on considerations of the coordination number (CN) of the lanthanide, one would
expect to see no more than two water molecules in order to complete the coordination sphere
of the metal in these complexes. Nevertheless, contradictory reports on the hydration
number of the parent ligand PCTA can be found in the literature and point to the possibility
of a third water molecule in the coordination sphere of the lanthanide ion. Kim et al.
reported q values of 2.4 and 2.9 for the Tb!!' and Eu'' complexes of PCTA based on
luminescence measurements[28] while Aime et al. reported a hydration number of 2 for
GdPCTA based upon fitting of the temperature dependence of the 170 transverse relaxation
rate of the water-bound to the metal center.[17] Our observation, however, is important
since it suggests that the lanthanide ion has an unusually high CN. A few reports of a CN
higher than 9 can be found in the literature for other lanthanide chelates. Hence, Bretonniere
et al. attributed the high relaxivity of the Gd!!! complex of their tripodal ligand TPAA to an
equilibrium in solution of the tris- and bis(aqua) species of the complex, with the tris-
species having a CN = 10.[29] Paschalidis measured the electronic, infrared and *H NMR
spectra of several nitrato-lanthanide (111) hydrazone complexes and found that the La, Ce
and Pr complexes have CNs of 12 while the Y, Nd, Eu, Gd, Tb, Dy, Ho, Er and Yb
complexes all have CNs of 10.[30] Tripathi et al. reported on La, Pr, Nd, Gd and Dy mixed
DTPA-hydroxy acid complexes having coordination numbers of 10 as well.[31]

Both EUPCTA-(ampOBu)3 and ThPCTA-(ampOBu)3 display intense luminescence upon
UV excitation. UV absorption and luminescence emission spectra for these complexes are
shown in Figure 4. The luminescence spectra were recorded in time-gated mode (100 usec
delay) to separate the fluorescent background from the longer luminescence signal. A large
Stokes shift (>200 nm) is observed between the absorption and emission in both spectra.

The emission spectra of lanthanide ions in solution or in solid state consist of sharp line-like
bands resulting from f-f transitions. This particular spectral feature is a direct consequence
of the shielding of the metal’s 4f electrons from the environment by an outer shell of 5s and
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5p electrons.[32] The emission spectrum of TOPCTA-(ampOBu)3 shows only four of the
expected five SD4 — 7FJ- emissive bands of terbium (J=6-3) (Figure 4). The spectrum is
dominated by the band at 494 nm, arising from the °D, — Fg metal centered transition. The
emission spectrum of EUPCTA-(ampOBu)3 also shows only three out of the five expected
bands (J=0-2). For this complex, the maximum emission was observed at 594 nm, which
corresponds to the 5Dy — ’F transition.[33].

Bruce et al.[27] have discussed the spectral characteristics of some DOTA-like complexes of
Eu'l' based on symmetry considerations of the corresponding ligand. AJ=0 corresponds to
the highest energy emission band in the europium °Dg — 7Fj manifold and is formally
forbidden by selection rules. For this transition, both the initial and final states are non-
degenerate and only one band is expected for each Eu'!! species in solution. In the case of
the emission spectrum of EUPCTA-(ampOBuU)3, only one band is observed for this transition
as expected (Figure 4). The AJ=1 transition is magnetically-dipole-allowed and its intensity
varies relatively little with the coordination environment of the metal center. For this
particular transition, three bands are expected for low symmetry systems, whereas two
should be observed for complexes with C3 and C4 symmetries. Interestingly, the emission
spectrum of EUPCTA-(ampOBu)3 shows only one band for this transition. The AJ =2 and
AJ = 4 transitions, known as “hypersensitive” bands, are strongly dependent on the crystal
field environment of the metal ion. In the particular case of AJ=2, its intensity increases as
symmetry of the complex decreases. Here, too, is worth noting that the emission intensity of
this band relative to the AJ=1 band matches the pattern observed for some highly symmetric
Eu'l' complexes with DOTA ligands,[27] suggesting the symmetry of EUPCTA-(ampOBu)3
may be higher than anticipated. The absence of the AJ=4 transition in the spectrum is also
interesting and might be a matter that deserves further investigation. Finally, the AJ=3
transition in the spectrum of these complexes is typically very weak and does not yield
useful information.

Figure S2 shows that the luminescence decay curves of EUPCTA-(ampOBu)3 and ThPCTA-
(ampOBu)3 follow mono-exponential kinetics as expected for a single species in solution.
The number of coordinated waters, g, was estimated from the measured lifetimes (Table 1).

A q value of 2 has been reported for GAPCTA,[17], and values of 2.4 and 2.9 were reported
for TOPCTA and EuPCTA, respectively.[28] From Table 1, it can be seen that for both
chelates, a q value of 2 is found when the experiment is performed under dilute conditions
(10 uM) while more concentrated samples (1-10 mM) gave q values of 1-1.4. This suggests
that the complexes may form oligomers at higher concentrations. This was later confirmed
by MALDI-TOF mass spectrometry performed on the terbium complex as well as by
relaxivity measurements with the Gd'!'-complex. The observation that lanthanide complexes
of DOTA-like ligands bearing phosphonate pendant arms tend to form dimers has been
reported previously.[34] These authors reported the structure of a dimer formed by a
praseodymium (111) complex of a DOTA-tetra methylenephenylphosphonic acid crystallized
from an aqueous solution neutralized with LiOH.

Protonation and stability constants

The protonation constants of PCTA, DOTA, and their glycinate amide analogues are
summarized in Table 2. The protonation scheme of PCTA-(gly)s is analogous to that of the
parent ligand PCTA.[19,21] The first protonation takes places at the N-atom (N6) opposite
to the pyridine nitrogen (Figure 1), followed by a proton shift from this nitrogen to N3 upon
the protonation of N9; (these protonation steps correspond to K; and K5 in Table 2). This
protonation pattern minimizes charge repulsion in the diprotonated macrocycle. The
remaining three protonation constants (K3_g) correspond to the protonation of acetate
groups. In the case of DOTA and DOTA-(gly)4, the first two protonation constants also
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correspond to protonation of two nitrogens in the ring followed by three of the four acetate
groups.[35] The protonation constants of the nitrogens in the macrocycle ring for PCTA and
DOTA are higher than those of their corresponding amides. This reflects the fact that the
negatively charged acetate groups are better hydrogen bond sites for the protonated
nitrogens in the ring, stabilizing the protonated form of the ligand. These intramolecular
hydrogen bonds have been described in the past for both acyclic and cyclic amine systems
bearing different types of pendant arms, although their effect on the protonation constants is
dependant on the nature of the arm.[36,37] The protonation constants for the glycinates in
PCTA-(gly)3 and DOTA-(gly)4 are similar to or higher than those observed for PCTA and
DOTA.

The total basicity (Zlog K;M) of PCTA-(gly)s is significantly lower than that of the parent
ligand PCTA (Table 2). Consequently, the stability constants of the LnPCTA-(gly)s
complexes are about 7-8 log K units lower than those of the corresponding LnPCTA
complexes. The complex formation equilibrium of PCTA-(gly)s with various metal ions can
adequately be described by assuming the formation of the following complex species: ML,
MHL, MH,L, MHsL, MH_1L and MH_,L. (Table 3). As expected, across the four ligands
shown, the trend of the stability constants generally follows the order
DOTA>PCTA>DOTA-(gly)s>PCTA-(gly)s; this is in good agreement with the overall trend
observed for the basicities of these ligands. The pM values calculated with the use of ligand
protonation constants and stability constants of Eu complexes shows very similar trend
(Table S1, Supporting Information). The lower thermodynamic stability for the DOTA-
(gly)4 complexes despite the higher total basicity of the free ligand relative to PCTA may be
attributed to the fact that only noncharged donor atoms are coordinating the metal.[39]
Interestingly, the only exception is MgPCTA-(gly)s, which is about two orders of magnitude
more stable than MgDOTA-(gly)s. This is likely due to the more rigid, preorganized
structure and perhaps slightly smaller cavity size of PCTA-(gly)s as compared to DOTA-
(gly)s. Overall, the stabilities of the Ln!!' complexes increase along the lanthanide series for
all ligands, with PCTA-(gly)s having a slightly higher selectivity for the smaller (heavier)
lanthanides than DOTA-(gly)4. This again may reflect a more preorganized structure of the
former ligand. It is worth noting that in the case of PCTA-(gly)s, the stabilities of its Cu- and
Zn- complexes obey the Irving-Williams rule whereas PCTA does not.[40]

The protonation of the glycine carboxylate groups of PCTA-(gly)s at pH values lower than
4.5 leads to the formation of mono-, di- and triprotonated complex species in the case of
Cu(11), Zn(I1) and Ln""". Furthermore, a comparison of the protonation constants of the
carboxylates in the free ligand to those in its complexes shows that these do not play a
significant role in the complexation of the metals. This has also been reported for the
DOTA-(gly)4 complexes.[39] Under basic conditions, deprotonation of the two metal bound
water molecules results in the formation of of ternary hydroxo complexes (MLH_; and
MLH_5). Similar species (MLH_1) have been reported for DOTA tetraamide complexes as
well.[41-43] Formation of more than one ternary hydroxo complexes under mildly basic
conditions also point to the existence of complex species with hydration number higher than
one in solution.

Formation kinetics

Lanthanide complexes used for medical diagnoses must be both stable and kinetically inert
since both products of dissociation, the free metal ion and the ligand, can be toxic. The
former may interact with oxygen and nitrogen donor atoms found in several biomolecules
present in the body,[4] possibly interfering with important enzymatic processes, while the
latter may sequester biological relevant metal ions such as Zn(I1), Ca(ll), and Cu(ll), as
evidenced by the still significantly high stability constants of the complexes of these metals
with DOTA (Table 4). Hence, it is of importance to study and characterize the dissociation
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kinetics of these complexes in order to evaluate their potential for imaging applications.
Furthermore, knowledge on their rates of formation as well as the intermediates involved
provides insights on the optimum conditions required for the complexation of the lanthanide
ion by the ligand.

The rates of LnPCTA-(gly)s; complex formation were studied in the pH range of 4.19 to
5.54where the ligand is present mostly in its monoprotonated (HL) and diprotonated (H,L)
form. The experimental data indicate that complex formation is a first-order process in the
presence of a large excess of Ln'!! (equation 1).

d[LnL],

dt :kobs[L]t

(1)

Plots of the pseudo-first order rate constant kops against the Ln!!! concentration gave
saturation curves indicating rapid formation of a protonated intermediate, which slowly
rearranges to the final product. This behaviour has been observed in other kinetic studies
involving lanthanide complexes of PCTA, nitrobenzyl-PCTA and DOTA.[19,38,39] The
kinetic data were fitted to equation 2 as published before for LnPCTA complexes, where
Kobs is the observed rate constant, [L] is the ligand concentration, k; is the rate constant of
the rearrangement from the intermediate to the product, Ky is the conditional stability
constant for the protonated intermediate, and [Ln'!"] is the lanthanide ion concentration.

kK, [Ln*|
14K, [Ln*|

kobs

The k, values obtained this way were found to be proportional to the [OH™] concentration,
as illustrated for three lanthanide complexes in Figure 5 (the kops pseudo-first order rate
constants and k; rate constants obtained at different pH values are given in Table S2-S8 in
the Supporting Information). This result is expected since the rate determining step in the
formation of the complex is the deprotonation of the intermediate, followed by a rapid
structural rearrangement of the complex to the final product. This is consistent with a
general base catalysis mechanism and therefore, k; in equation 2 can be expressed in terms
of the relative contributions from each base in solution, (equation 3):

ki=k, o +ko [OH™] 3)

where koo and ko are rate constants characterizing the deprotonation involving a water
molecule (or other base) and OH™ ion catalyzed deprotonation of the intermediate,
respectively. However, the contribution of the pathway characterized by ko is usually
negligibly small in comparision to ko, (this appears to be the case for PCTA-(gly)s as the
plots of koo vales obtained are several orders of magnitude smaller than the ko values,
namely 2.1x1072 571, 1.1x1072 s71 and 1.0x1072 s~ for the Ce, Eu and Yb complexes,
respectively). As a result, the ko values can be used to compare the formation kinetics of
DOTA, PCTA and similar complexes.

The rate constants (kgp) of the LnPCTA-(gly)3 complexes are at least one order of
magnitude higher than those of their DOTA analogues (Table 5). This is not unexpected
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because similar differences were observed for PCTA and DOTA and attributed to the higher
preorganization of the pyclen macrocycle.

Preorganization is defined as the free ligand having a conformation in solution that is similar
to that in the final complex, which should result in faster complex formation and enhanced
complex stability. This phenomenon has been the subject of considerable research in the
past by other groups.[48,49]

Dissociation kinetics

It has been reported that the dissociation of DOTA and DOTA-type complexes takes place
predominantly via an acid catalyzed pathway.[50-55] Hence, dissociation of the LnPCTA-
(gly)3 complexes was studied under acidic conditions where the acid concentration ranged
from 0.2-3.0 M. Under these conditions, the complexes are thermodynamically unstable and
dissociation of the complexes can be described as follows,

d[LnL}_,
- dt ‘l\obS[LnL]t (4)

The observed dissociation rate constants (kqps) Were plotted against acid concentration for
the Ce-, Eu- and YbPCTA-(gly)3 complexes. In this pH range, a linear dependence of Kqps
on acid concentration was observed for CePCTA-(gly)s, while the Eu- and YbPCTA-(gly)s
complexes exhibited saturation behavior (Figure 6). This kinetic behaviour is quite similar to
the that reported for the LnPCTA chelates and indicative of rapid formation of a protonated
intermediate.[19,56] In both instances, kqops can be expressed as equation 5;[47] however, if
the protonation constant K, of the intermediate is relatively low, such that K{[H*]«1, then
equation 5 reduces to the linear expression given by equation 6.

_ko+k K1[H']
1+K1[H'] (5)
ka=ko+ki K1 [H* 1=ko+k\[H*] (®)

Here, kg corresponds to the acid independent spontaneous dissociation (this process is
normally negligible) while k; and ky’ characterize the acid assisted dissociation of the
monoprotonated complexes.

Experimentally, the protonation constant (K4) of the intermediate cannot be accurately
determined for CePCTA-(gly)3 from equation 6. Hence, the dissociation half-lives in 2.5 M
acid solution were calculated from the kinetic data to compare the kinetic inertness of these
ligands [47] (Table 6). As evidenced by these data, the LnPCTA-(gly)s are surprisingly quite
kinetically inert. The long dissociation half-lives of the LnPCTA-(gly)s and LnDOTA-(gly)4
complexes compared to the parent acetate forms of these macrocycles can be attributed to
the lower basicity of the macrocyclics amines in the amides (Table 2) since the rate-
determining step for the dissociation of these complexes is the protonation of one of these
nitrogens [52, 57]. Interestingly, the half-time for dissociation of EUPCTA-(gly)s is at least
twice as slow as GADOTA, which is widely used in Europe for clinical MRI applications
under the brand name of Dotarem®.
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The longitudinal water proton relaxivity rq is defined as the slope of the concentration
dependence of the observed relaxation rate of water protons (Rqgps) in a solution of the
paramagnetic metal complex [17]:

Riobs=r1[M]+R1q (7)

where [M] is the concentration of the paramagnetic species in solution and Rq4 represents
the relaxation rate of water protons in the presence of a solution of a related diamagnetic
analogue and it may be assumed to be equal to the relaxation rate of pure water (i.e. 0.38 s71
at 25°C). At each frequency the relaxivity of the paramagnetic complex r; may be
considered as the sum of three contributions:

r1=r'f+r‘1’s+r§$ (8)

where rq'S arises from the exchange of water molecule(s) in the inner coordination sphere,
r1% deals with the contribution from water molecules which diffuse in the proximity of the
paramagnetic complex and r;% is the contribution from water molecules in the second
coordination sphere.[58,59]

The relaxivity (ry) of GAPCTA-(gly)s at 20 MHz, pH 7 and 25°C was 9.9 mM~1s71,
surprisingly high even for a typical g=2 complex. The temperature and pH dependence of r;
(Figure 7) was further studied to gain more insights. In the temperature range of 275-343 K,
the relaxivity of GAPCTA-(gly)s decreases exponentially with increasing temperature, in
agreement with fast water exchange systems such as GAPCTA and GdDOTA.[21,28] The r;
relaxivity of GAPCTA-(gly)s remains relatively constant between pH 2-8 but then drops
dramatically at higher pH values. This decrease in relaxivity can be attributed to the
substitution of water molecules in the coordination sphere by hydroxyl groups,[28] an
observation consistent with the equilibrium studies where ternary hydroxo complexes were
detected in solution at higher pH values.

The ry relaxivity of [GdPCTA-(ampOBu)3], dimer, 24.6 mM~1s71 (r1/[Gd]=12.3 s71) at pH
7, 25°C is also unusually high, significantly higher than the r; of GAPCTA under these same
conditions, 5.1 to 6.9 mM~1s71.[17,28] The design of LnDOTA-tetraamides as PARACEST
agents is based on the idea that the amide bonds can effectively slow the water exchange
into a range where the condition Aw>kgy is satisfied for CEST, where Aw is the frequency
difference between the two exchangeable pools and ke is the rate constant of the exchange.
This in turn results in relaxivities for their Gd-complexes that are much lower than those
expected for q = 1 complexes, as exemplified by the r; values of GADOTAM and GADTMA
(2.5 mM~1s71) and GADOTA-(gly)4 (2.1 mM~1s71).[39,60] It has been suggested that
amide donors increase the residual charge on the metal center (resulting in stronger Ln-OH>
bonds) and/or by participating in extended hydrogen-bonding networks with water
molecules.[61] For GADOTA and GdDOTA-(ampOBu),4 (Figure 1), two complexes with
similar structural features, the relaxivities at physiological pH are only 4.2 mM~1s 1 and
6.0 mM~1s™1 respectively. Hence, the marked increase in relaxivity for complexes under
study cannot be explained alone in terms of the number of coordinated water molecule(s),
the elongation of the molecular reorientational time or the polarity of the pendant arms.
Perhaps a more appropriate explanation might take into consideration the second
coordination sphere effects such as those observed for GADOTP (Figure 1), a q = 0 complex
with a relaxivity of 4.0 mM~1s71,[62] In general, the outer sphere contribution to the
relaxivity of most gadolinium complexes is on the order of 2.0 mM~1s~1. However, in the
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case of GAPCTA-(ampOBuU)3, it is conceivable that the marked increase in ry observed for
this complex is the result not only of the shortening of the T, of the water molecule(s)
directly bound to their metal centers (r1'S), but also of an enhanced dipolar coupling between
the metal ion and water molecules in the outer and second coordination sphere, resulting in a
greater than expected contribution from r1% and r;5S to the relaxivity.

To further understand these observations, the water exchange dynamics of these complexes
were studied by variable temperature 17O NMR measurements. The profile of the
temperature dependence of the water 17O NMR transverse relaxation rate for GAPCTA-
(gly)3 and [GAPCTA-(ampOBuU)3], dimer (Figure 8) is similar to that reported previously for
GdDO3A.[17] The maximum of the curve for GAPCTA-(gly)s is observed at almost the
same temperature as for GADO3A while the maximum for [GAPCTA-(ampOBu)3]; is
shifted to a slightly higher temperature, indicative of somewhat slower water exchange. By
adopting a standard value of —3.8x1078 rad s~ for the hyperfine coupling constant A/% and
assuming that the Gd-O distance of the inner-sphere water molecule is 2.5 A, a good fit of
the data is obtained with the parameters shown in Table 7. (Figure 8)[17]. The water
residence lifetimes were 159 and 329 ns for GAPCTA-(gly)s and [GAPCTA-(ampOBu)3]2
dimer, respectively. These values are similar in magnitude to the value reported for
GdDO3A (160 ns) and about two orders of magnitude smaller than the value reported for
GdDOTA (18 us for the SAP isomer) [63]. Interestingly, the bound water lifetimes for the
two amide ligands examined here are longer than that for GAPCTA (71 ns),[17] indicating
that the amide groups do indeed slow water exchange compared to acetate type complexes.

Even with slower water molecule exchange, the relaxivites of GAPCTA-(gly)3 and
[GAPCTA-(ampOBuU)3], are both higher than that of GAPCTA so outer and second sphere
effects must play a significant role in water proton relaxation in these systems. The
relatively short water residence lifetimes, in particular for GAPCTA-(gly)s, along with the
luminescence data indicating the possible presence of a =3 species for EUPCTA-(gly)s,
suggests that the water exchange in these complexes may occur by an associative
mechanism. We also studied the proton nuclear magnetic relaxation dispersion (NMRD)
profiles of both complexes at 25 °C and pH 7 (Figure 9). Gadolinium complexes are good
relaxation agents as a result of long electron spin relaxation time (T1¢) and large magnetic
moment of the Gd'! ion. For metal complexes with such long T+, values, modulation of
their rotational correlation time (zg) is the most important factor in determining the
relaxivity.[6,64] By studying the magnetic field dependence of the longitudinal relaxation
rates of these complexes it is possible to determine, among other parameters, their zg.
During the fittings, the standard values of the outer-sphere relaxation parameters a and D
(3.8 A and 2.24x107° cm? 51 respectively) were used. In the calculations of the second-
sphere relaxation, a value of 1x10710 s and 4 A were adopted for the generic correlation
time 7% of the mation of the second-coordination sphere water molecules and for the average
distance of the second-sphere water molecules from the paramagnetic center, respectively.).
[58,59]

The NMRD profile of GAPCTA-(gly)3 and [GAPCTA-(ampOBuU)3]» is quite similar to that
of GADO3A and GdPCTA except the former two complexes have higher relaxivity over the
entire frequency range.[17] GAPCTA-(gly)s shows a single dispersion centered near 4 MHz
and two plateaus in the low and high magnetic field regions. Inthe case of [GAPCTA-
(ampOBu)3], a second dispersion is found at higher fields, possibly reflecting an increase in
the rotational correlation time, zg.[6] This provides further evidence for the dimerization in
solution. A fitting of the NMRD data provided an estimate of the rotational correlation times
for these new complexes (Table 7). Both chelates have slower tumbling rates, as evidenced
by their higher zg values, than the corresponding reported values for GADOTA (56 ps) and
GdPCTA (70 ps).[6] For low molecular weight complexes such as these, one would
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anticipate a linear relationship between the rotational correlation times and the molecular
weights of the complexes, with g of GADOTA~GAPCTA<GAPCTA-(gly)3<[GdPCTA-
(ampOBu)3],. In the latter complex, the rotational correlation time is further increased due
to the formation of the dimer.

The contribution of the water molecules in the inner-, outer and second-coordination sphere
of the Gd'!'-complexes to the relaxivity can be estimated from the fitting of the NMRD
profile (Figure 9). The outer- and second-sphere relaxivities are related to the association
and organization of the water molecules in the vicinity of the paramagnetic chelate. One
may anticipate that the polar glycinate and mono-butyl phosphonate moieties are capable of
participating in strong interactions with the water molecules on the surface of the complex,
which should increase the residence time of the water molecules in the proximity of the
paramagnetic center. The NMRD profile of the GAPCTA-(gly)s could reliably be fitted by a
model which took into account the outer sphere effects giving an outer-sphere relaxivity
(r1°) of about 2 mM~1s71 (25°C, 20 MHz). This is in a good agreement with the ry
relaxivity value of GADOTA-(Gly)4 (2.1 mM~1s71 25°C, 20 MHz) which is dominated by
the outer-sphere relaxation. These findings suggest that the presence of the glycinate
pendant arm results in a strong contribution of the outer-sphere relaxivity because of the
formation of hydrogen bonds with the water molecules located near the paramagnetic center.
In case of the [GAPCTA-(ampOBu)3],, we were able to determine the second sphere
contribution from the fitting of the NMRD profile. The presence of about 8-9 second sphere
water molecules (ca. 4 water molecule/Gd''!) located at an average distance of 4 A from the
paramagnetic center was estimated and a value of about 7 mM~1s71 (3.5/Gd!!! s71) at 25°C
and 20 MHz was obtained for the second sphere relaxivity r{%. This result is not surprising
since the negatively charged phosphonate groups can also participate in multiple hydrogen-
bonding interactions with water molecules in the second-coordination sphere. Similar
phenomenon has been observed in the case of the phosphonate derivatives of GADOTA.[59]
The theoretical background of the calculations used to access relaxation parameters is
available in Supporting Information.

PARACEST and NMR spectroscopy

CEST spectra were collected on concentrated (30 mM) samples of EuUPCTA-(gly)s and
EuPCTA-(ampOBu)3. Although substantial CEST effects are seen for most EUDOTA-
tetraamide complexes even at concentrations well below 30 mM, no water exchange peak
was observed for either of these complexes. Given the water exchange rates measured for
these complexes by 170 NMR (Table 6), this was not a surprising result. Nevertheless,
CEST from water can be detected in some EuDOTA-tetraamide complexes having water
exchange lifetimes on the order of 20-30 us[65] so the water lifetimes measured here for
EuPCTA-(gly)s and EUPCTA-(ampOBu)3 are about 50-100-fold too short for CEST
observation. Hence, it may be possible to slow water exchange in these systems by placing
them in the different solvent or by binding them to biological receptors to slow water
exchange by this amount.

A comparison of the high resolution 1H NMR spectra of EUPCTA-(gly)3 (Figure S2) with
that of EUDOTA-(gly)4 (SAP isomer) (Figure S3) shows that the lanthanide induced shifts
observed in the ligand protons of EUPCTA-(gly)3 are substantially smaller. For example,
one of the macrocyclic backbone protons (H4), commonly the most highly shifted proton in
the EuUDOTA-tetraamide complexes, can be found at 8 ppm in EUPCTA-(gly)3 (spectra not
shown). Given the known relationship between the chemical shift of the H4 proton and the
bound water molecules in the LnDOTA-tetraamide complexes (the hyperfine shift of Ln!!!-
bound water is typically twice that of the H, protons)[66], one can estimate that the bound
water signal in EUPCTA-(gly)s, if slow enough to observe, would be expected to be seen
around 18-20 ppm. However, a bound water signal could not be detected in any of the Ln'!!
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complexes of PCTA-(gly)s, even at low temperatures. These combined results are consistent
with the general conclusion that water exchange is too fast in all LnPCTA-(gly)3 complexes
to satisfy the CEST requirement, Aw>kqy. The one complex examined here could potentially
become an exception to this rule. The luminescence results for EUPCTA-(ampOBu)3
showed that this complex exists predominantly as a dimer above 10 mM with only a single
Eu'"'-bound water molecule. Since water exchange should be slower in g=1 complexes such
as this, it probably represents the best-case scenario for detecting CEST effect and observing
the metal bound water. The absence of a bound-water signal in these NMR spectra along
with the fast water exchange rate of the gadolinium complex of PCTA-(gly)s and 14
strongly suggest the general conclusion that the water exchange rates in Ln-PCTA amide
complexes are too fast to satisfy the Aw>key requirement.

Conclusion

Two new tris-amide derivatives of PCTA were prepared and their complexes with
lanthanides examined as potential contrast agents for imaging applications. The gadolinium
complexes displayed surprising high water protons rq relaxivities, consistent with rapid
water exchange plus a large outer-sphere contribution. The LnPCTA-(gly)3 complexes also
displayed a surprising high Kinetic inertness which may allow them to be considered for in
Vivo use as Ty contrast agents. Furthermore, the intense luminescence observed for the
europium and terbium complexes of PCTA-(gly)s and PCTA-(ampOBu)3 may be useful for
certain optical imaging applications. Luminescence data for the Eu'!' and Tb!!! complexes of
PCTA-(ampOBu)3 indicate that these complexes exist in dilute solution (low uM) asa q =2
species, but undergo dimerization at higher concentrations (mM). The lack of a PARACEST
effect for either the europium complex of PCTA-(gly)s or PCTA-(ampOBu)3 indicates that
the rules governing the design of PARACEST agents derived from the LnDOTA-tetraamide
complexes do not apply to the PCTA analogues.

Experimental Section

General remarks

All reagents and solvents were purchased from commercially available sources and used as
received. 1H and 13C spectra were recorded with a Varian 400 spectrometer operating at 400
and 100 MHz, respectively The chemical shift values are reported relative to TMS.
Elemental analyses were performed by Galbraith Laboratories, Inc. (Knoxville, TN).
3,6,9,15-tetraazabicyclo[9.3.1]pentadeca-1(15),11,13-triene (pyclen) was synthesized
according to a published procedure.[67] The synthesis of dibutyl aminomethylphosphonate
(12) was accomplished according to procedures published elsewhere.[22] The syntheses of
PCTA and its derivatives and their complexes with lanthanide ions have been previously
reported in detail in the literature.[20,68]

Synthesis of the ligands and complexes

Detailed synthetic procedures are given in the Supporting Information.

pH-potentiometric determination of protonation constants

The pH-potentimetric titrations were carried out with a Thermo Orion expandable ion
analyzer EA940 pH meter using Metrohm combined electrode 6.0234.100 in a mixing
vessel thermostated at 25.0 °C. A Metrohm DOSIMATE 665 autoburette (5 mL capacity)
was used for base additions and 1.0 M KCI was used to maintain the ionic strength. All
equilibrium measurements (direct titrations) were carried out in 10.00 mL sample volumes
with magnetic stirring. During the titrations, samples were kept under argon gas to ensure no
COy, is present. The electrodes were calibrated according to the standard two point
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calibration procedure with the use of commercially available buffers (0.01 M borax for pH =
9.180 and 0.05 M KH-phthalate for pH = 4.005). The concentrations of H* ions were
calculated from the measured pH values according to the method proposed by Irving et al.
[69] The protonation constants of the ligand (log K;) are defined as:

H [HiL]

" [Hi- LI[H*] 9)

where i=1, 2, ..., 5 and [Hj—;L] and [H*] are the equilibrium concentrations of the ligand
(i=1), protonated forms of the ligand (i=2, ..., 5) and hydrogen ions, respectively. The
thermodynamic stability constants (Kps.) listed in Tables 3 and 4 were evaluated and
reported based on the following equations:

_ IML]
ML (10)

_ [MLH,  J[H*]
MLHX__] [MLX] (1 1)

where x=0 and —1 for ternary hydroxo complexes and 2-5 for the protonated complex
species.

Formation and dissociation kinetic studies

The rates of complex formation of CePCTA-(gly)s, EUPCTA-(gly)s and YbPCTA-(gly)s
were studied at 25 °C and 1.0 M KCl ionic strength by the “stopped-flow” method with the
use of an Applied Photophysics RX.2000 rapid mixing accessory attached to a Cary 300 Bio
UV-Vis spectrophotometer. The formation reactions at low pH (below pH=4.87) were
sufficiently slow to be followed by conventional UV-vis spectroscopy. Samples were mixed
in semi-micro quartz cells (Starna, optical path length =1 cm) kept in a thermostated
multicell holder at 25 °C. The typical concentration of 4 was 0.20 mM and the concentration
of the metal ions was varied in the range of 2.0-8.0 mM (10 to 40-fold metal excess).
Formation kinetic studies were carried out with the non-coordinating buffer N-
methylpiperazine (NMP, log K,"=4.83) at a concentration of 0.05 M in the pH range of 4.19
to 5.54.

Acid catalyzed dissociation kinetics of CePCTA-(gly)s, EUPCTA-(gly)3 and YbPCTA-
(gly)3 complexes were performed under pseudo-first-order conditions by mixing the
appropriate complexes with a large excess of hydrochloric acid (0.25-3.0 M) while keeping
the ionic strength constant at 3.0 M [H*+K*]CI~; typically 16-21 data points were obtained
at 25 °C. The reactions were followed in 0.3 mM complex solutions by direct
spectrophotometry and the complex concentrations were adjusted so that changes of ~0.7
absorbance units were detected throughout the dissociation reaction. Equation 12 was used
to calculate the first-order rate constants (k is kqps for formation and kg for dissociation),
where Ag, Ag, and A; are the absorbance values measured at the start of the reaction (t=0), at
equilibrium, and at time t, respectively. The kinetic curves were acquired usually until
equilibrium was reached, and to obtain the rate constants, the complete kinetic curves were
fitted. However, dissociaton reactions in dilute concentrations of HCI were followed only
until 85-90% conversion. The data were fitted to equation 12 with the software Scientist
(Micromath) using a standard least-squares procedure.
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Luminescence studies

The high-resolution emission spectrum of EUPCTA-(gly)s and TbPCTA-(gly)s (using a
450W xenon arc lamp) along with the lifetime measurements (using a 100W pulsed mercury
lamp) were recorded on an Edinburgh Instruments Steady State/Lifetime FS900 fluorimeter.
The pyridine antenna in these complexes was excited at 281 nm and the emission was
monitored at 615 nm for the Eul!! complex and at 545 nm for the Tb!!' complex, at a
concentration of 1.0 mM (pH=6.5). Luminescence spectra for the Eu!' and Tb"! complexes
of 7 were recorded on a Perkin-Elmer LS55 instrument (Waltham, MA) exciting the
pyridine ring at 284 nm and detecting the emission at 545 nm for Tb'!' and 594 nm for Eul!!.
Slit widths were set to 15 nm (excitation) and 5 nm (emission) for emission spectra, and 5
nm (excitation) and 15 nm (emission) for excitation spectra. Lifetimes were measured on the
same instrument using the pHlemming software provided by Andrew Beeby at the
University of Durham.[70]

Lifetime measurements were fitted to a single exponential decay curve using a least-squares
regression (Equation 13),

()
I:I()~e ‘s (13)

Where 1 is the intensity of the signal at time t, Ig is the initial intensity at t=0, t is time in
seconds, and zg is the reciprocal lifetime for the excited state in a given solvent.

The number of water molecules coordinated to the metal center, g, was calculated using the
Supkowski et al. calibration method (Equation 14).[71]

-1 -1
q=A[TH1() - Tl)go] (14)

where A has been determined to be 1.05 (water molecules-ms) and 4.2 (water molecules-ms)
for Eul't and Tb'!!, respectively.

Relaxivity measurements

Water proton relaxation measurements were made using an inversion-recovery pulse
sequence (180°-r—90°). Each data point was the average of 5 scans at 6 different
concentrations. Data for the GAPCTA-(gly)3 complex was collected with the use of an
MRS-6 NMR analyzer (Institut “Jozef Stefan”, Ljubljana, Slovenia) operating at 20 MHz.
The temperature of the sample holder was controlled with a thermostated N, gas stream. The
relaxivity of GAPCTA-(gly)s was calculated from the linear dependence of the relaxation
times plotted against the concentration of the complex and were corrected for the
diamagnetic contribution measured in the absence of paramagnetic complex. In the study of
the temperature and pH dependence of the relaxation times the concentration of GAPCTA-
(gly)3 (with slight ligand excess) was 1.0 mM and the pH of the solutions was set to 6.5. Ty
values of GAPCTA-(ampOBu)3 were recorded in a Maran Ultra relaxometer (Oxford
Instruments, United Kingdom) at 24 MHz and 25 °C. Relaxivity was determined by the
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linear regression analysis of the relaxation rates of two sets of five solutions (20-60 pM and
2-6 mM), in 50 mM HEPES buffer and in triplicate.

CEST spectra of EUPCTA-(gly)s were recorded in a 6.3 T JEOL Eclipse spectrometer at
room temperature. Magnetization transfer profiles for the lanthanide complexes of 14 were
measured at room temperature in a 9.4 T Varian spectrometer, using B4 saturation powers
ranging from 200 to 900 Hz, with an irradiation time of 3 seconds and a delay time of 10
seconds. For the low temperature experiments, samples were cooled to —30°C using liquid
nitrogen. All samples studied ranged in concentration between 20 and 30 mM and were
dissolved in mixtures of deuterated acetonitrile and dioxane. Water was added to these
samples in 2 uL increments.

Variable temperature 170 NMR measurements

The data were collected on a Bruker DRX 500 NMR (11.7 T) and DRX 600 NMR (14.1 T)
spectrometer, equipped with a 10 mm probe and Bruker VVT-1000 thermocontroller. NMR
data was acquired using a spectral width of 10000 Hz, a 90° pulse of 7 ps, an acquisition
time of 10 ms, 1000 scans and no sample spinning. Solutions containing 2.6% of 170
isotope (Yeda, Israel) were used.

Proton 1/T; NMRD profiles

The measurements were performed over a continuum of magnetic field strengths from
0.00024 to 0.47 T (corresponding to 0.01-20 MHz proton Larmor Frequency) on a Stelar
field-cycling relaxometer, under complete computer control with an absolute uncertainty of
1%. Data points from 0.47 T (20 MHz) to 1.7 T (70 MHz) were collected on a Stelar
Spinmaster spectrometer working at variable field.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Structures of ligands discussed in this work. The atoms in PCTA are numbered to facilitate
the discussion of its protonation constants (see Results and Discussion section).
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Figure 2.
Emission spectrum of EUPCTA-(gly)s.
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Figure 3.
Emission decay profiles for 1 mM EuPCTA-(gly)s (Aex=281 nm; Agm=615 nm).
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Emission spectra of TOPCTA-(ampOBu)3 (top) and of EUPCTA-(ampOBu)3 (bottom).
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Figure 5.
Rates of formation of lanthanide ion complexes with PCTA-(gly)s. Data are shown for Cel!!
(o), Eu' (A) and Yb!!! ().
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Pseudo-first-order rate constants of acid catalyzed dissociation of Ln-PCTA-(gly)s
complexes of Eull! (o), Cel!' (A), and Yb!!! (). The ks rate constants measured at
different pH values are given in Table S9 in the Supporting Information.
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Temperature (top) and pH (bottom) dependence of the relaxivity of GAPCTA-(gly)s. (pH=7

for the temperature dependence; 25 °C for the pH dependence; [GdL]=1 mM, 20 MHz
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Temperature dependence of the water 170 transverse relaxation rate for Gd-PCTA(gly)3
(top) and for [GAPCTA-(ampOBu)3], dimer (bottom) at 500 MHz (pH=7, [GdL]=6.35 mM)
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Page 25

NMRD profile for 1 mM GdPCTA-(gly)s (top) and [GAPCTA-(ampOBu)3], dimer (bottom)
at 25 °C (pH=7, [GdL]=1 mM) The solid curves represents the profile calculated with the
parameters (Table 7.) obtained by a best fitting procedure of the paramagnetic relaxation.
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The synthesis of PCTA-(gly)s. Reagents and conditions: i) KoCO3, MeCN, 65 °C; ii) HCI,

H,0.
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Scheme 2.

The synthetic route to PCTA-(ampOBu)3. Reagents and conditions: i) 1. 1,3,5-
tribenzylhexa-hydro-1,3,5-triazine, 100 °C, 2. H,/Pd on C, EtOH ii) chloroacetyl chloride,
diisopropylethylamine, dichloromethane, —97 °C; iii) pyclen, K,CO3, acetonitrile, 55 °C; iv)
LiBr, 2-hexanone, 80 °C.
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Table 1

Number of inner sphere water molecules, g, determined by luminescence

Chelate Kizo, Ms™  Kpzo, MS™ g (10 uM) g (10 mM)
EUPCTA-(gly)s 3.20 0.50 31 2.9
TbPCTA-(ampOBu); 0.78 0.32 1.9 13
EUPCTA-(ampOBuU); 2.45 0.51 2.0 14
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Table 2

Page 29

Protonation constants of PCTA-(gly)s as measured by pH potentiometry (1.0 M KCI and 25 °C) compared to
values for PCTA, DOTA and DOTA-(gly)4 from the literature.

logki"  PCTA[19]

PCTA-(gly)s

DOTA®), [38]

DOTA-(gly).®), [39]

og K1 11.36
og Ko+ 7.35
og KsH 3.83
0g Ko™ 212
og KsH 129
og Ke -

>log K;H 25.95

9.35 (1)
4.47 (1)
373 (1)
3.20 (1)
272 (1)

23.46

12.6
9.7
4.5

4.14

9.19
6.25
4.08
3.45
3.2
1.4

27.57

@
(b)

In 0.1 M Me4NCl and 25 °C;

in 1.0 M KCl and 25 °C.
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Table 5
Rate constants (kop) of the Ln-PCTA-(gly)3 complexes.

M PCTA-(gly)s® pCTA[19] DOTA-(gly)u[39] DOTA[47]

Ce  (1.92+0.12)x10°8  9.68x107 4.6x108 3.5x10°
Eu  (1.63:0.14)x108  1.74x108 6.6x10° 1.1x107
Yb  (9.60£0.14)x108  1.11x10° - 4.1x107

@100 values: (2.0£0.3)x102 s~ (Celll), (1.1£0.1)x102 s~ 1 (Eul!l), and (1.0£0.1)x102 5~ 1 (vb!!ly
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Table 6

Half-time (ty/» in hours) of dissociation reactions in 2.5 M acid.

M PCTA-(gly)s PCTA[19] DOTA-(gly)s DOTA

Ce 0.48 0.38 0.54 0.013[51]
Eu(Gd) 6.14 0.15 9.18[39] 1.35[47] (3.85)[53]

Yb 13.44 0.20-0.32 - -
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Relaxation parameters calculated from the simultaneous fitting of the temperature dependence of the

Table 7

Page 34

water 170 transversal relaxation rate and the NMRD profile of GAPCTA-(gly)3 and [GAPCTA-(ampOBu)3],

atpH 7.

Parameter

GdPCTA-(gly); [GdPCTA-(ampOBu)z],

2% (mM~1s71) (20 MHz)
q
A2 (572x10%9)

7,28 (ps)
2% (ns)
=28 (ps)

AHpy (kd-mol™1)

AHy (kJ-mol™1)

nsf (H,0)

9.9 24.4
3 2
4.06+0.45 2.34%1.21
17.2+1.1 22.0+0.7
159+4 329+19
98+2 332+10
53.2+0.8 39.8+2.1
18.9+3.5 3.8+1.4
0 9+1

Chemistry. Author manuscript; available in PMC 2010 December 1.



