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ABSTRACT: Two structural isomers of the heptadentate o
chelator DO3Ala were synthesized, with carboxymethyl groups £ 2

o TN o ‘*oom Gd—=oH
interrogate the relaxivity under different rotatational dynamics AN N /i NN
regimes, the pendant primary amine was coupled to ibuprofen to N 0 OH,
bis(aqua) ternary complexes with Gd(III) or Tbh(III) as estimated
from relaxivity measurements or luminescence lifetime measure-
(H,0),] was measured in the presence and absence of | |_Enhanced relaxivity r,
coordinating anions prevalent in vivo such as phosphate, lactate,
reduced through formation of ternary complexes with lactate and bicarbonate, albeit to a lesser degree then the relaxivity of
Gd(DO3A). In the presence of 100-fold excess phosphate, relaxivity was slightly increased and typical for g = 2 complexes of this
corresponded well to relaxivity obtained for complexes with reduced access for inner-sphere water (13.5 and 12.7 mM ™' s™" at 37
°C, 60 MHz). Mean water residency time at 37 °C was determined using temperature-dependent '’O-T2 measurements at 11.7
DTPA ligand) was found to be comparable to [Gd(DO3A)(H,0)]. Overall, we found that the replacement of one of the acetate
arms of DO3A with an amino-propionate arm does not significantly alter the relaxometric and kinetic inertness properties of the

at either the 1,4- or 1,7-positions of the cyclen macrocycle. To

enable binding to serum albumin. These chelators 6a and 6b form

ments in water. The relaxivity of [Gd(6a)(H,0),] and [Gd(6b)- / \ /[ ﬂ/ M\“ \
and bicarbonate and compared with data attained for the g = 2 complex [Gd(DO3A)(H,0),]. We found that relaxivity was
size (8.3 mM ™' 57" and 9.5 mM™" 57/, respectively, at 37 °C, 60 MHz). Relaxivity for the complexes in the presence of HSA
T and calculated to be *'°7y = 23 + 1 ns for both structural isomers. Kinetic inertness under forcing conditions (pH 3, competing
corresponding Gd complexes; however, it does provide access to easily functionalizable q = 2 derivatives.

B INTRODUCTION

Magnetic resonance imaging (MRI) has established itself as one
of the key diagnostic techniques in modern radiology. The
clinical utility of MR imaging probes (contrast agents) is

achieved at a given magnetic field when the overall correlation
time equals the inverse of the Larmor frequency.

There has been considerable effort to optimize these
molecular parameters through rational complex design. Water

undisputed. At our institution, just over 50% of all MRI
procedures employ a contrast agent. The majority of T,
contrast agents (capable of shortening longitudinal relaxation
time of water molecules) are simple, water-soluble, ternary
gadolinium(III) complexes with Gd(III) coordinated by an
octadentate polyaminocarboxylato ligand and an aqua co-
ligand.l’2 However, these first-generation agents have water-
relaxation properties (relaxivity) that can be greatly improved
upon. Relaxivity (r,) is defined as the change in the relaxation
rate (R; = 1/T;) of solvent water upon addition of the probe
and normalized to the concentration of metal ion. There are
several parameters that affect relaxation: hydration (the number
of water molecules in the first and second coordination spheres
and the Gd—H distance for these waters), water exchange
kinetics, and a correlation time, which describes the fluctuating
magnetic dipole created by the paramagnetic ion (this
fluctuating dipole can be a result of rotational motion, electron
relaxation, or rapid water exchange). Maximum relaxivity can be
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exchange kinetics can be exquisitely tuned by changing the
donor groups on the co-ligand or by steric crowding.>”
Rotational dynamics can be modulated by changing the
molecular size, either by covalent’™'° or noncovalent
modification."'™** Control of internal motion is also para-
mount to optimizing relaxivity and elegant strategies have been
elaborated to this end.”>~"7 Relaxivity is also directly propor-
tional to the number of inner-sphere water ligands (q) and the
number and residency time of second-sphere water mole-
cules."® Increasing q is challenging, because these complexes
have a tendency to be more labile, with respect to Gd(III)
dissociation,'® and because of the susceptibility to water ligand
displacement by coordinating anions.”® However, since
increasing q provides a directly proportional relaxivity boost
across all magnetic field strengths, this has motivated us 2
and others,""**7! to repeatedly revisit the challenge of
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Figure 1. Structures of DOTAla, DOTAIaP, and DO3Ala derivatives.
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Figure 2. Synthesis scheme for 6a and 6b: (i) benzyl bromide (0.7 equiv), K,CO3, MeCN, room temperature (rt), 16 h; (ii) tert-butylbromoacetate
(2 equiv), K,CO3, MeCN, rt; (iii) Pd/C, MeOH, rt, 3 h; (iv) NHS-ibuprofen, DIPEA (2 equiv), DMF, 1t, 48 h; and (v) TFA/DCM (2:1), rt, 16 h.

increasing g without a considerable loss of kinetic inertness of
the complex. However, these endeavors resulted in only limited
success.

We recently reported the single amino acid chelate
Gd(DOTAla) as a modular reagent to construct imaging
probes with defined dynamics (Figure 1).>***> The DOTAla
framework offers great synthetic flexibility via solid- or solution-
phase peptide synthesis. When the propionate group is
converted to an amide in a peptide-like structure, its carbonyl
amide O donor coordinates Gd(III) and anchors the chelate to
peptide backbone via two points of attachment. In this way, the
internal motion of the chelate is restricted. We successfully built
multimeric structures based on this modular complex that
would approximate intermediate rotational correlation times
best suited to optimal relaxivity at high magnetic fields. The
modular nature of Gd(DOTAIa) as an amino acid derivative
also lends itself to the design of protein-targeted contrast
agents.”> More recently, we have explored the effect of
changing donor groups on the chelate. By replacing one of
the acetate arms of DOTAla with a phosphonate (Figure 1),
the water exchange rate can be increased to the point where
exchange becomes the correlation time dominating relaxation.
One of these Gd(DOTAIlaP) derivatives showed exceptionally
high relaxivity at high field when bound to serum albumin in
contrast to most of the albumin binding probes, which tend to
have low relaxivity at high fields.**

Here, we sought to further explore the versatility of DOTAla
by furnishing the derivative DO3Ala. The heptadentate ligand

provides an additional entry point for a second water molecule
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into the coordination sphere, which theoretically should result
in a 100% increase of inner sphere relaxivity. We hypothesized
that the propionate arm of DO3Ala would provide greater
steric bulk to the lanthanide coordination sphere when
compared with conventional DO3A derivatives, preventing
formation of ternary complexes with coordinating anions while
also avoiding the binding of protein side chains.

In this study, we sought to address the following questions:

(i) How does the removal of one of the acetate donors in
DOTAla impact the hydration number and water
exchange kinetics, and, subsequently, relaxivity?

(ii) Is there a measurable difference between the 1,4-isomer
and the 1,7-isomer (with respect to the amino-
propionate arm), in terms of hydration number, water
exchange kinetics, relaxivity, and Gd(III) dissociation
kinetics?

(iii) How are these properties altered when the Gd(DO3Ala)
derivatives are bound to serum albumin?

(iv) How susceptible are Gd(DO3Ala) derivatives to the
formation of ternary complexes with coordinating anions,
such as lactate and bicarbonate?

(v) How does removal of one of the coordinating acetate
arms of Gd(DOTAIla) affect kinetic inertness, with
respect to Gd(III) dissociation under forcing condi-
tions?

We synthesized two isomers of the heptadentate DO3Ala

ligand by altering the previously established DOTAla syn-
thesis.>> Both isomers were conjugated to ibuprofen in order to
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provide HSA-binding capability and compare relaxivity under
fast and slow rotational dynamics regimes. The Gd(III)
complexes were prepared and characterized by measuring
relaxivity in the presence of different coordinating anions, water
exchange kinetics, albumin binding, and Gd(III) dissociation
kinetics. Tb(III) complexes were also synthesized and
luminescence lifetime measurements were performed to
quantify the hydration number of these complexes.

B EXPERIMENTAL PROCEDURES

General Materials and Methods. 'H, °C, 170, and 3P NMR
spectra were recorded on a Varian 11.7 T NMR system that was
equipped with a S-mm broadband probe. Spectra were referenced to
internal standards (TMS for 'H and "*C, phosphoric acid for *'P).
HPLC purification of intermediates was performed on a Rainin,
Dynamax (Phenomenex C18 column: 250 mm X 21.2 mm, 10 um)
using Method A: 0.1% TFA in water with a gradient of 5%—95% (0.1%
TFA in MeCN) over 20 min, flow rate = 15 mL/min. HPLC purity
analyses (both UV and MS detection) were carried out on an Agilent
1100 system (Phenomenex Luna C18(2) column: 100 mm X 2 mm,
0.8 mL/min flow rate) with UV detection at 220, 254, and 280 nm and
+ESI using the following methods. Method B: solvent A = H,0, 0.1%
TFA; solvent B = MeCN, 0.1% TFA; 5%—95% B over 15 min. The
synthesis of ligands was carried out as shown in Figure 2. Chemicals
were supplied by Aldrich Chemical Co., Inc., and were used without
further purification. Solvents (HPLC grade) were purchased from
various commercial suppliers and used as received. Compound 1 was
synthesized as described previously.>* Ibuprofen-NHS was synthesized
as described previously.>> Synthesis and complexation of ligand 7 has
been described previously.>

Benzyl(R)-3-(7-benzyl-1,4,7,10-tetraazacyclododecan-1-yl)-2-
(((benzyloxy)carbonyl)amino)propanoate (2a)/Benzyl(R)-3-(4-ben-
zyl-1,4,7,10-tetraazacyclododecan-1-yl)-2-(((benzyloxy) carbonyl)-
amino)propanoate (2b). 1 (0.342 g 0.7 mmol) was dissolved in
MeCN (20 mL) and K,CO; (0.4 g, 4 equiv) was added. Benzyl
bromide (0.096g, 0.56 mmol, 0.8 equiv) was added dropwise to the
reaction and the mixture was allowed to stir for 16 h at room
temperature. H)O (2 mL) was added to prevent overalkylation while
the crude mixture is concentrated during the solvent reduction. The
residual product was purified using preparative HPLC (Method A),
with the products 2a/2b (0.305 g, 0.53 mmol, 95% yield, with regard
to added benzyl bromide) eluting at 10.5 min. Fractions containing the
products were collected and pooled, and the solvent was removed to
afford the product as a colorless oil. 'H NMR (CD,0D, 500 MHz,
ppm): 7.6—7.3 (m, br, 1SH), 523—4.86 (m, 9H), 3.55-2.93 (m,
16H). LC-ESI-MS: Calcd. for Cy;H,N;O,: 574.2. Found: 574.4 [M
+H]*, R, = 6.4 min (Method B).

Di-tert-butyl 2,2'-(4-benzyl-10-(3-(benzyloxy)-2-(((benzyloxy)-
carbonyl)amino)-3-oxopropyl)-1,4,7,10-tetraazacyclododecane-
1,7-diyl)(R)-diacetate (3a)/Di-tert-butyl 2,2'-(7-benzyl-10-(3-(benz-
yloxy)-2-(((benzyloxy)carbonyl)amino)-3-oxopropyl)-1,4,7,10-tet-
raazacyclododecane-1,4-diyl)(R)-diacetate (3b). 2 (0.0S g, 0.087
mmol), K,CO; (0.04 g, 0.262 mmol, 3 equiv) and tert-
butylbromoacetate (0.034 g, 25 uL, 0.174 mmol) were dissolved in
MeCN (25 mL). The reaction was monitored using analytical HPLC
and found to be complete after 1.5 h of stirring at room temperature.
H,O (1 mL) was added and the majority of the solvent was reduced in
vacuo. The crude mixture was purified using preparative HPLC
(Method A). 3a and 3b were isolated as separate product peaks,
eluting at 13 min (3a) and 13.6 min (3b), respectively. The fractions
were pooled and lyophilized to afford the two isomers as white solids,
in an approximate 2:1 product ratio. 3a (0.025 g, 0.031 mmol, 36%
purified yield). "H NMR (CD,0D, 500 MHz, ppm): 7.55—7.30 (m,
br, 15H), 5.20—4.2 (m, 4H), 4.31—4.05 (m, 4H), 3.84—2.91 (m,
18H), 1.49 (s, 18H). LC-ESI-MS: Calcd. for C,sHgN Og: 802.5.
Found: 802.4 [M+H]* R, = 8.6 min (Method C). 3b (0.012 g, 0.015
mmol, 18% purified yield). 'H NMR (CD;0D, 500 MHz, ppm):
7.55—7.33 (m, br, 15H), 5.23—4.32 (m, 4H), 4.31—4.05 (m, 4H),
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3.80—2.81 (m, 18H), 1.49 (s, 18H). LC-ESI-MS: Caled. for
C4sHgyN;Og: 802.5. Found: 802.4 [M+H]*, R, = 8.6 min (Method B).
(R)-2-amino-3-(4,10-bis(2-(tert-butoxy)-2-oxoethyl)-1,4,7,10-tet-
raazacyclododecan-1-yl)propanoic acid (4a). 3a (0.025 g 0.031
mmol) was dissolved in MeOH (8 mL). Pd/C (10% w/v, 0.02g) was
added, and the flask was sealed with a septum and filled with N,. The
flask was charged with H, (1 atm, balloon), and the reaction was
stired for 3 h, until the reaction was complete as indicated by
analytical HPLC. Pd/C was filtered off, and the filtrate was collected
and the solvent evaporated to afford the product as a colorless oil
(0.014 g, 0.028 mmol, 89% yield). '"H NMR (CDCl,, 500 MHz, ppm):
838 (m, br, 4H, NH), 4.11 (s, 1H), 3.37—2.62 (m, 22H), 1.42 (s,
18H). '*C NMR (CDCl,, 125 MHz, ppm): 161.7, 161.4, 82.3, 54.2—
50.1 (br), 27.9. LC-ESI-MS: Caled. for C,3H,N;Oy: 488.3. Found:
488.3 [M+H]*, R, = 4.1 min (Method B).
(R)-2-amino-3-(4,7-bis(2-(tert-butoxy)-2-oxoethyl)-1,4,7,10-tet-
raazacyclododecan-1-yl)propanoic acid (4b). The removal of the Bn
and Cbz protective groups from 4b (0.012 g, 0.015 mmol) was carried
out analogous to the reaction for 4a. 4b was isolated as a colorless oil
(0.006 g, 0.012 mmol, 80% yield). "H NMR (CDCl,, 500 MHz, ppm):
3.43—2.80 (m, 23H), 1.46 (s, 9H), 1.29 (s, 9H). *C NMR (CDCl,,
125 MHz, ppm): 1622, 161.7, 85.3, 56.2—52.1 (br), 29.7, 27.9. LC-
ESI-MS: Calcd. for C,3H,¢N,Og: 488.3. Found: 488.3 [M+H]*, R, =
4.7 min (Method B).
(2R)-3-(4,10-bis(2-(tert-butoxy)-2-oxoethyl)-1,4,7,10-tetraazacy-
clododecan-1-yl)-2-(2-(4-isobutylphenyl)propanamido)propanoic
acid (5a). 4a (0.023 g, 0.048 mmol) was dissolved in DMF (S mL),
together with ibuprofen-NHS* (0.016 g, 0.052 mmol) and DIPEA (7
uL). The reaction mixture was stirred for 48 h, followed by purification
of the product using preparative HPLC (Method A). The product 5a
elutes at 11.3 min. Fractions containing the product are collected,
pooled, and lyophilized to afford Sa as a white powder (0.004 g, 0.006
mmol, 12.5% purified yield). '"H NMR (CD,0D, 500 MHz, ppm):
8.38 (s, br, 1H), 7.27—7.11 (dd, 4H), 4.86—4.19 (m, 4H), 3.68—2.93
(m, 16H), 2.45 (m, br, 4H), 1.85 (s, 1H), 1.52—1.37 (s, 25H), 0.90 (s,
6H). *C NMR (CDCl,, 125 MHz, ppm): 172.9, 162.3, 140.4, 128.9,
127.0, 1269, 81.5, 54.8—58.6, 45.5—42.5, 30.0, 27.1, 26.7, 21.3, 17.2.
LC-ESI-MS: Calcd. for C34Hg,NO-: 676.5. Found: 676.4 [M+H]*, R,
= 8.0 min (Method B).
(2R)-3-(4,7-bis(2-(tert-butoxy)-2-oxoethyl)-1,4,7,10-tetraazacy-
clododecan-1-yl)-2-(2-(4-isobutylphenyl)propanamido)propanoic
acid (5b). Sb was synthesized in analogous fashion to Sa, but with 4b
as the starting material. Sb was also isolated as a white powder (0.004
g, 0.006 mmol, 12.5% purified yield). "H NMR (CD,0D, 500 MHz,
ppm): 7.30—7.12 (dd, 4H), 3.74—3.09 (m, 24H), 2.47 (m, 2H), 1.85
(m, 1H), 1.84—1.47 (s, 20H), 0.89 (s, 6H). *C NMR (CDCl,, 125
MHz, ppm): 171.5, 160.2, 140.5, 129.2, 127.0, 82.5, 47.5—44.6, 30.0,
27.0, 21.3, 17.3. LC-ESI-MS: Calcd. for C3sHg,NO,: 676.5. Found:
676.4 [M+H]*, R, = 8.3 min (Method B).
2,2'-(4-((2R)-2-carboxy-2-(2-(4-isobutylphenyl)propanamido)-
ethyl)-1,4,7,10-tetraazacyclo-dodecane-1,7-diyl)diacetic acid (6a).
Sa (0.004 g, 0.006 mmol) was dissolved in a 2:1 mixture of TFA and
DCM (3 mL) and stirred for 16 h at room temperature. After reaction
monitoring via HPLC revealed full conversion of the starting material,
the solvent was removed in vacuo and the oily product 6a (0.003 g,
0.00S mmol) was redissolved in H,0 and lyophilized to afford the
product as a white powder. '"H NMR (CD,;0D, 500 MHz, ppm):
7.17—6.99 (dd, 4H), 4.60—4.46 (m, br, 2H), 3.64—2.92 (m, 23H),
2.34 (m, 2H), 1.75 (m, 1H), 1.50—1.19 (m, SH), 0.79 (s, 6H). *C
NMR (CDCl,, 125 MHz, ppm): 175.2, 173.5, 172.9, 168.3, 161.5
140.4, 1384, 117.8, 115.5, 55.4—42.2, 30.1, 29.3, 21.3. 17.5. LC-ESI-
MS: Calcd. for C,H,(N;O;: 564.3. Found: 564.2 [M+H]*, R, = 6.3
min (Method B).
2,2'-(7((2R)-2-carboxy-2-(2-(4-isobutylphenyl)propanamido)-
ethyl)-1,4,7,10-tetraazacyclododecane-1,4-diyl)diacetic acid. 6b
(0.002 g, 0.003 mmol) was synthesized the same way as 6a. '"H NMR
(CD,0D, 500 MHz, ppm): 7.17—7.01 (dd, 4H), 4.76 (s, br, 1H),
3.84—2.55 (m, 23H), 2.35 (m, 2H), 1.74 (m, 1H), 1.38—1.19 (s, SH),
0.78 (s, 6H). *C NMR (CDCl,, 125 MHz, ppm): 174.2, 173.8, 1612,
140.4, 1384, 129.1, 1269, 117.8, 115.5, 53.4—44.6, 30.1, 29.3, 21.3,
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17.3. LC-ESI-MS: Caled. for CogH,N;O,: 564.3. Found: 5642 [M
+H]*, R, = 6.6 min (Method B).

Lanthanide Complexes. The general synthesis protocol for
lanthanide complexes can be described as follows. The ligand was
dissolved in H,O (1 mL). An amount of a stock solution containing
LnCl;-6H,0 (0.95 equiv, based on the ligand weight) was added to
the ligand solution under monitoring of the pH. The pH was adjusted
to 7 using a 0.1 M NaOH solution. The lightly cloudy solution was
filtered and lyophilized to afford the corresponding lanthanide
complex as an off-white powder. The purity of the complex was
assessed using LC—MS; the presence of free lanthanide ion was
excluded using the Xylenol Orange test. LC-ESI-MS: [Gd(6a)] Calcd.
for CogH,;3GANO,: 719.2. Found: 719.1 [M+H]*, R, = 6.2 min
(Method B). [Gd(6b)] Calcd. for C,sH,;;GAN;O,: 719.2. Found:
719.1 [M+HJ*, R, = 6.5 min (Method B). [Tb(6a)] C,sH,;TbNO,
Calcd.: 720.2. Found: 720.1 [M+H]*, R, = 6.0 min (Method B).
[Tb(6b)]CysH,;TbNO, Calcd.: 720.2. Found: 720.1 [M+H]* R, =
6.3 min (Method B).

Relaxivity Measurements. Longitudinal relaxation times (T1)
were measured on Bruker Minispecs equipment (Models mq20 (20
MHz) and mq60 (60 MHz)), using an inversion recovery method with
10 inversion time values ranging from 0.1T1 to ST1. Relaxivity in the
absence of HSA was calculated from a linear plot of three different
concentrations ranging from 0.05 mM to 0.4 mM versus the
corresponding inverse relaxation times. The temperature was
controlled at 37 °C. Samples with HSA were prepared in a 4.5% w/
v solution of HSA (0.66 mM) at concentrations of 0.02—0.05 mM.

HSA Binding. In order to measure HSA binding of the complexes,
a 0.1 mM solution (determined by ICP-MS) of the Gd complex in
4.5% w/v HSA was prepared and pipetted into a Ultrafree-MC
Microcentrifuge Filter (NMWL 5000 Da, PLCC, Millipore). The
mixture was incubated at 37 °C for 10 min and subsequently
centrifuged at 12000 rpm for 15 min. Binding was determined by
measurement of Gd content in the filtrate by ICP-MS. % bound =
([initial] — [filtrate])/[initial].

Luminescence. Luminescence lifetime measurements of Tb
complexes in H,O and D,0 were performed on a Hitachi Model f-
4500 fluorescence spectrophotometer. Concentrations of the samples
were 0.4—1 mM. For the measurements in D,0, the complexes were
first dissolved in D,O (99.98% D), lyophilized, and dissolved in D,0
again to reduce the amount of residual HDO. Measurements were
taken with the following settings: excitation at 270 nm (Tb) emission
at 550 nm, 30 replicates, 0.04 ms temporal resolution (0—20 ms),
PMT voltage = 400 V. Lifetimes were obtained from monoexponential
fits of the data using Igor Pro software (Version 6.0, Wavemetrics,
Lake Oswego, OR, USA).

70 NMR of Gd Complexes for Determination of 7). O
NMR measurements of solutions (pH 7.4, 10 mM PBS buffer, with
and without 3 mM Gd complex) were performed at 11.7 T on 350-uL
samples contained in S-mm standard NMR tubes on a Varian
spectrometer. Temperature was regulated by an airflow controlled by a
Varian VT unit. H,"7O transverse relaxation times were measured
using a CPMG sequence. The exact concentration of the sample was
determined by ICP-MS. Reduced relaxation rates, 1/T,, were
calculated from the difference of 1/T, between the sample and the
water blank, and then divided by the mole fraction of coordinated
water, assuming g = 2. The temperature dependence of 1/T,, was fit to
a four-parameter model, as previously described.*® The 7O hyperfine-
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coupling constant of coordinated water ligands (A/%) was fixed to 3.8
x 10° rad/s.%”

Measurement of Kinetic Inertness. Stock solutions of MS-325-L
(the ligand of the MS-325 complex),*® [Gd(6a)(H,0),], [Gd(6b)-
(H,0),], and [Gd(DO3A)(H,0),] were prepared. MS-325-L was
added to solutions of the Gd complexes in pH 3 water (adjusted using
0.1 mM NaOH) and incubated at 37 °C. The final concentrations of
the Gd complexes and MS-325-L were 0.1 mM. A 10 uL aliquot was
removed for HPLC analysis and analyzed at time points of 0.25, 0.5,
0.75, 1, 1.25, 1.5, 2, 2.25, 2.5, and 15 h, while the remainder of the
solution was incubated at 37 °C.

B RESULTS AND DISCUSSION

Synthesis. We synthesized 1,4-DO3Ala-Ibu and 1,7-
DO3Ala-Ibu, using a similar reaction pathway as that used for
DOTAIla. Benzyl 2-(((benzyloxy)carbonyl)amino)-3-(1,4,7,10-
tetraazacyclododecan-1-yl)propanoate (1) represents an inter-
mediate common to DO3Ala*> (see Figure 2). Intermediate 1
was benzylated under alkylating conditions and the resulting
monobenzyl derivatives 2a and 2b were isolated as a mixture
using preparative HPLC. Alkylation with tert-butyl-bromoace-
tate in acetonitrile results in the formation of the isomers 3a
and 3b, which can be separated by preparative HPLC, with a
ratio of 2:1 in favor of the 1,7-isomer. While these isomers are
not readily distinguishable by NMR at this stage, after
debenzylation the symmetry of 4a versus the asymmetry of
4b is apparent from the 'H NMR and "*C NMR resonances of
the tert-butyl groups. To introduce the ibuprofen moiety, we
first attempted a conventional HATU/DIPEA coupling as in
previous syntheses,>*** but the desired product could not be
isolated, because intramolecular macrocyclization appears to be
a strongly thermodynamically favored product. Instead, we
synthesized NHS-activated ibuprofen, which, when mixed with
4a/4b in the presence of 2 equiv of DIPEA base, affords the
products Sa/Sb after 48 h of stirring at room temperature and
subsequent preparative HPLC purification. The tert-butyl ester
protective groups are then removed using an acid-catalyzed
deprotection reaction with trifluoroacetic acid in dichloro-
methane, yielding the final ligands 6a/6b without the formation
of side products.

Complexes Gd(6a)(H,0), and Gd(6b)(H,0), (Figure 3)
were formed under standard conditions by mixing the ligand
with an aqueous solution of the lanthanide trichloride salt. The
pH of the solution was adjusted to 7 by dropwise addition of a
0.1 M solution of NaOH. Complexation was followed by
analytical HPLC in order to confirm that >95% of the ligand
was complexed. A slight excess of ligand was used to ensure
that there was no excess, unchelated Ln** present that would
impact the veracity of the relaxivity and luminescence results.
We also used the Xylenol Orange test to further confirm that
there was no free lanthanide present.’® The lanthanide
complexes each comprise a group of diastereoisomers, because
of the two chiral carbon centers in the molecule, because of
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Figure 4. Temperature dependence of the 7O NMR (11.7 T) reduced transverse relaxation rates of [Gd(6a)(H,0),] and [Gd(6b)(H,0),] in PBS,

in the presence of 5% H,'7O. Solid line represents the fit to the data.

chirality induced by the metal ion, and likely the presence of
twisted square antiprism (TSAP) and square antiprism
geometries. No effort was made to resolve these isomers.
Water Exchange Kinetics. The removal of a carboxylate
donor to increase the hydration number of a Gd(III) complex
can lead to a decrease” or an increase®® of the inner-sphere
water exchange rate, when compared to the parent q = 1
complex. We measured water exchange kinetics for the Gd(11I)
complexes by variable-temperature measurement of the trans-
verse relaxation time of H,'7O in the presence and absence of
each GA(III) complex at 11.7 T. We calculated the transverse
O-17 relaxivity, 75, and found that the maximum 75 value was
consistent with two coordinated water ligands. The maximum
1 values were 50, 52, and 49 mM ™ s for [Gd(6a)(H,0),],
[Gd(6b)(H,0),], and [Gd(DO3A)(H,0),], respectively. This
is consistent with the luminescence lifetime data for the Tb(III)
complexes, vide infra. Figure 4 shows the natural logarithm of
the reduced transverse relaxation rate R, as a function of
reciprocal temperature. We used a four-parameter model
described previously®® to fit the data and found indistinguish-
able water exchange kinetics for both [Gd(6a)(H,0),] and
[Gd(6b)(H,0),] (see Table 1). These water exchange rates

Table 1. Summary of Experimentally Obtained Water
Exchange Rates, Activation Enthalpies, and Mean Water
Residency Time at 310 K for [Gd(6a)(H,0),],
[Gd(6b)(H,0),], and Gd(DO3A)(H,0), (from ref 30)

[Gd(6a) [Gd(6b) [Gd(DO3A)

(H,0),] (H,0),] (H,0),]
8L, X 106 [s71] 28.0 + 34 284 + 0.6 11.1%
AH* [KJ mol™'] 257 £ 1.5 247 + 0.1 33.3%
31071 [ns] 232 + 1.0 232 + 0.1 52

are similar, but slower than the related g = 1 complexes
[Gd(DOTAIa)(H,0)]” and [Gd(DOTAIaP)(H,0)]*>". One
possible explanation for the reduced exchange rate is decreased
crowding around the sites for water coordination, when
compared with the g = 1 complexes. Another explanation is
the increased positive charge, which often results in slower
water exchange kinetics. The water exchange rate for
[Gd(6a)(H,0),] and [Gd(6b)(H,0),] is about twice as fast
as for [Gd(DO3A)(H,0),] which may be due to the greater
spatial demand of the functionalized amino-propionate arm
when compared with a simple, nonfunctionalized acetate arm.
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Relaxivity in the Presence of Coordinating Anions.
One of the major limitations of q = 2 Gd(III) complexes is their
propensity to form ternary complexes with biologically relevant
coordinating anions. Parker and co-workers have studied this
phenomenon in detail using various DO3A-type derivatives and
found that sterically restrictive systems are indeed capable of
shielding the water coordination sites from access of the
coordinating anion.*>*"*> We were interested in testing if the
sterically more demanding propionate of 6a and 6b would have
such an effect when coordinated to Gd, compared to
[Gd(DO3A)(H,0),], which is known to form ternary
complexes with coordinating anions.*” We determined
relaxivities in the presence of the following buffers at pH 7.4:
HEPES (noncoordinating, S0 mM), phosphate (coordinating,
25 mM), lactate (coordinating, 20 mM), bicarbonate
(coordinating, 20 mM). Results are summarized in Table 2.

Table 2. Relaxivities Measured in the Presence of Different
Buffers at 37 °C and 60 MHz with >100-fold Excess Buffer
Concentration, Relative to [Gd]

HEPES (50  phosphate lactate (20  bicarbonate

mM) (25 mM) mM) (20 mM)

complex mM's!] [mM's!] [mM'sT!] [mMT'sTY]
Gd(DO3A) 441 3.70 1.89 1.70
Gd(6a) 7.02 8.25 372 312
Gd(6b) 8.06 9.53 4.45 3.73

estimated inner-sphere relaxivity contribution [mM™' s7']
(estimated residual, )

Gd(DO3A) 271 (2) 200 (148)  0.19 (0.14) 0 (0)
Gd(6a) $32(2) 655 (246) 202 (076) 142 (0.53)
Gd(6b) 636 (2)  7.83 (246)  275(0.86)  2.03 (0.64)

We used complex concentrations of 0.2 mM and lower to
ensure that the coordinating anion was present at >100-fold
excess. The relaxivity measured in the presence of HEPES was
representative of a typical g = 2 complex with a molecular
weight of 719 Da.® In the presence of 20 mM lactate or 20 mM
bicarbonate, however, the relaxivity is strongly decreased.
Interestingly, the relaxivity of the 1,4-isomer [Gd(6b)(H,0),]
is 15% higher than the 1,7-isomer and this increase is
maintained when measured under the different buffer
conditions. We also estimated the inner-sphere relaxivity
measured in the presence of coordinating anions to relaxivity
measured in HEPES buffer. For this, we used the relaxivity of a
Gd(TTHA) derivative reported previously that is known to be
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q = 0. That compound exhibited a relaxivity of 1.70 mM ™" s™*
at 60 MHz, 37 °C, and we assume here that the outer/second-
sphere contribution to these complexes is also 1.70 mM ™" s~
This seems a good approximation as the relaxivities of
[Gd(DO3A)(H,0),] in bicarbonate or lactate approach this
limiting value and suggest a ¢ = 0 complex, consistent with the
literature. The low relaxivity of Gd(6a) and Gd(6b) measured
in lactate and bicarbonate no longer corresponds to what one
would expect for a ¢ = 2 Gd complex, but still has considerable
contribution from inner-sphere water. In the presence of 25
mM phosphate, however, we found that relaxivity increased in
contrast to what we observed for [Gd(DO3A)(H,0),]. In the
case of [Gd(DO3A)(H,0),], relaxivity was reduced by almost
20%, when compared to relaxivity measured in HEPES;
however, for [Gd(6a)(H,0),] and [Gd(6b)(H,0),], the
relaxivity is 18% higher.

Tb Luminescence. We also prepared the Tb complex
[Tb(6a)(H,0),]. Conveniently, the aromatic residue of
ibuprofen acts as an antenna for Tb luminescence, which
leads to a great increase in luminescence intensity. This, in turn,
allows for measurements of luminescence lifetime using
[Tb(6a)(H,0),] solutions at concentrations of 0.4—1 mM
with our fluorimeter. Luminescence lifetime measurements of
[Tb(6a)(H,0),] gave g values that reflected the relaxivity
measurements. In the HEPES buffer and in the presence of
phosphate, g = 2, while there was a marked decrease to g = 0.5
in the presence of bicarbonate, and g = 0.25 in the presence of
lactate (Table 3).

Table 3. Luminescence Lifetime Constants of
[Tb(6a)(H,0),] Measured in the Presence of Different
Anions

anion 1/7(H,0) 1/7(D,0) q (calcd)
HEPES 091 0.47 1.9
phosphate 0.89 0.47 1.8
bicarbonate 0.69 0.53 0.5
lactate 0.7 0.59 0.25

Luminescence lifetime showed no change in q in the
presence of phosphate indicating that phosphate does not form
an inner-sphere complex with [Tb(6a)(H,0]. However, the
relaxivity of [Gd(6a)(H,0),] increased in the presence of
phosphate, suggesting the presence of a second-sphere complex
with phosphate. This was tested by measuring the *'P NMR
spectrum of phosphate in the presence of either [Tb(6a)-
(H,0),] or [Tb(7)(H,0)]". The latter compound showed no
change in relaxivity in the presence of phosphate. We observed
a considerable increase of the line width of the phosphate
resonance in the presence of [Tb(6a)(H,0),] (76.1 Hz), when

compared with the phosphate resonance in the presence of an
equivalent concentration of [Tb(7)(H,0)] (34.1 Hz) as
illustrated in Figure S. This result supports the presence of a
second-sphere complex between [Tb(6a)(H,0] and phos-
phate. This organization of the second-sphere may result in the
presence of second-sphere water ligands with longer residency
times promoting higher relaxivity. Alternately, the hydrogen
phosphate itself may undergo relaxation and protic exchange
leading to higher relaxivity.

Proton Relaxivity of [Gd(6a)(H,0),] and [Gd(6b)-
(H,0),], in the Presence of Human Serum Albumin
(HSA). We designed [Gd(6a)(H,0),] and [Gd(6b)(H,0),] to
be analogous to [Gd(7)(H,0)]~,** which is capable of binding
albumin through the ibuprofen residue. In the case of
[Gd(7)(H,0)]~, we observed an almost S-fold relaxivity gain
at 60 MHz in the presence of HSA (from 4.8 mM™ s™! to 22.4
mM™ s}, at 37 °C).** (See Table 4.) The relaxivities of

Table 4. Relaxivities Measured in Phosphate Buffered Saline
(PBS) or in the Presence of 4.5% HSA at 37 °C, at 20 MHz
and 60 MHz

20 MHz, 37 °C [mM ' s™'] 60 MHz, 37 °C [mM ! s7']

ligand PBS 4.5% HSA PBS 4.5% HSA
6a 7.4 15.2 8.25 13.5
6b 8.3 15.1 9.5 12.7
7 5.6 372 4.8 22.4

[Gd(6a)(H,0),] and [Gd(6b)(H,0),] are increased in the
presence of HSA (13.5 and 12.7 mM ™' s™' at 37 °C and 60
MHz), but these relaxivities are considerably lower than that
observed for g = 1 [Gd(7)(H,0)]™. The lower than expected
relaxivities are not a result of poor albumin binding. Both
complexes appeared to bind to HSA efficiently (82% (Gd(6a))
and 75% (Gd(6b)) bound, 4.5% w/v HSA, 0.1 mM Gd(III), 37
°C, compared to 70% bound for Gd(7) under the same
conditions). This relatively low relaxivity is likely due to
displacement of the water ligands by a coordinating amino acid
side chain from the protein. Similar displacement of
coordinated water ligands in Gd(DO3A)-type systems has
been observed previously.”* Evidently, the increased size of the
propionate arm, compared to the acetate arm, again is not able
to fully prevent binding of protein side chains in the case of
[Gd(6a)(H,0),] and [Gd(6b)(H,0),] either, resulting in a
complex with a strongly decreased q. We attempted to measure
the hydration number of [Tb(6a)(H,0),] in the presence of
HSA, but we were hampered by the power of our fluorimeter.
Direct excitation of Tb** required a concentration that was too
high to have the HSA present in excess; on the other hand,
when we used sensitized emission via the ibuprofen handle,

[To(7)(H,O)]

[Tb(6a)(H,0)-]

e e e e e e L S S m s S S S |
10 5 0 ppm -10
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Figure 5. *'P NMR spectra of phosphate buffer in the presence of [Tb(7)(H,0)]™ (left) and [Tb(6a)(H,0),] (right), at 202.404 MHz.
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there was too much absorption of light by the protein. Despite
these limitations we were able to acquire good luminescence
decay data under the conditions 0.015 mM HSA, 0.7 mM
[Tb(6a)(H,0),] and found that q had decreased to 0.75 from
1.9 (value measured in the absence of HSA). This value reflects
a mixture of HSA-bound and unbound complex and the g-value
of the HSA-bound complex is undoubtedly lower.

We also compared the relaxivity values obtained from known
q = 0 complexes bound to HSA under the same conditions. In
4.5% w/v HSA, at 60 MHz and 37 °C, the relaxivity of the g =0
DOTA-picolinate derivative reported by Dumas et al.®> was 5.96
mM~" 57, while the g = 0 TTHA analogue of MS-325>" gave a
relaxivity of 6.53 mM™ s7'. The fact that the relaxivities of
[Gd(6a)(H,0),] and [Gd(6b)(H,0),] are higher suggests
that, while they certainly have decreased inner-sphere
hydration, the inner-sphere water molecules are not entirely
displaced.

Kinetic Inertness under Forcing Conditions. By
decreasing the number of donor atoms of the ligands 6a and
6b by omission of one of the acetate arms compared to 7, it is
evident that kinetic inertness of the corresponding lanthanide
complex will also decrease. This is a behavior that has been
well-documented in the literature by us* and other
researchers.*** We previously evaluated the kinetic inertness
of various other Gd(DOTAIla)-type derivatives by challenging
the corresponding Gd complex 1 equiv MS-325 ligand at pH 3
(MS-325 ligand is a DTPA derivative*’). The transchelation is
monitored via HPLC. Previously, we were able to establish a
half-life of 115 h for [Gd(7)(H,0)]~ under these conditions.>*
We tested [Gd(6a)(H,0),], [Gd(6b)(H,0),], and [Gd-
(DO3A)(H,0),] under the same conditions. We found that
these three q = 2 complexes display similar lability and are
~100 times more labile than [Gd(7)(H,0)]~ with respect to
transchelation (see Table S). This behavior is as expected.

Table 5. Half-Life (¢,,,) for Transchelation of Gd by the MS-
325 Ligand at pH 3, at 37 °C, for the Complexes Discussed
Here”

complex half-life, t,,, [h]
[Gd(6a)(H,0),] 121
[Gd(6b)(H,0),] 045
[Gd(DO3A)(H,0),] 1.5
[Gd(7)(H,0)]~ 115

“Data for [Gd(7)(H,0)]™ taken from ref 34.

When comparing [Gd(6a)(H,0),] with [Gd(6b)(H,0),],
there is a 2-fold difference in the measured half-life, with the
1,7-isomer being slightly more inert. With a kinetic inertness
comparable to [Gd(DO3A)(H,0),], the new DO3Ala
derivatives [Gd(6a)(H,0),] and [Gd(6b)(H,0),] may be at
the border of what is acceptable for in vivo use.

B CONCLUSIONS

In summary, we have successfully synthesized two isomers of
DO3Ala, which is the heptadentate version of the single amino
acid chelator DOTAla. Overall, the Gd(III) complexes with
these two isomers behaved remarkably similar in terms of
kinetic inertness with respect to transmetalation, relaxivity,
anion binding, and water exchange kinetics. Since the kinetic
inertness for both derivatives is strongly decreased and because
of the propensity of these complexes to coordinate anions,
these complexes are likely not suitable candidates for further

development as gadolinium-based imaging agents. However,
DO3Ala may provide a suitable, easily functionalizable platform
for the synthesis of kinetically inert complexes with smaller
metal ions.
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