A \
| 4
A4

http://pubs.acs.org/journal/acsodf

Heoo®06

Novel Chelating Agents for Zirconium-89-Positron Emission
Tomography (PET) Imaging: Synthesis, DFT Calculation,
Radiolabeling, and In Vitro and In Vivo Complex Stability

Chi Soo Kang, Shuyuan Zhang, Haixing Wang, Yujie Liu, Siyuan Ren, Yanda Chen, Jingbai Li,
Nilantha Bandara, Andrey Yu Rogachev, Buck E. Rogers, and Hyun-Soon Chong*

I: I Read Online

Article Recommendations |

Cite This: ACS Omega 2022, 7, 37229-37236

ACCESS |

[l Metrics & More ’ Q Supporting Information

ABSTRACT: We report the synthesis and evaluation of novel chelating agents for Y

zirconium-89 (*¥Zr) with positron emission tomography (PET) imaging applications. Hoy L/ p-on

New chelating agents NODHA, NOTHA, and NODHA-PY were constructed on d EH/ e

1,4,7-triazacyclononane (TACN) and possess hydroxamic acid or a pyridine ring as an NN noraa O n/ o
-

acyclic binding moiety. The new chelating agents were theoretically studied for
complexation with Zr(IV). Structures of Zr(IV)-NODHA, Zr(IV)-NOTHA, and
Zr(IV)-NODHA-PY were predicted using density functional methods. NODHA was
found to form stronger bonds with Zr(IV) when compared to NOTHA and NODHA-
PY. The new chelating agents were evaluated for radiolabeling efficiency in binding
$7r. The corresponding [*Zr]Zr-labeled chelators were evaluated for complex
stability in human serum. All new chelating agents rapidly bound to *Zr in excellent
radiolabeling efficiency at room temperature. Among the new [*Zr]Zr-labeled
chelators evaluated, [*Zr]Zr-NODHA showed the highest stability in human serum
without losing 87r, and [¥Zr]Zr-NODHA-PY released a considerable amount of ¥Zr in human serum. [*Zr]Zr-NODHA,
[¥Zr]Zr-NODHA-PY, and [*Zr]Zr-DFO were comparatively evaluated for in vivo complex stability by performing biodistribution
studies using normal mice. [**Zr]Zr-DFO had the lowest bone uptake at all time points, while [¥Zr]Zr-NODHA-PY showed poor
stability in mice as evidenced by high bone accumulation at the 24 h time point. [*Zr]Zr-NODHA exhibited better renal clearance

but higher bone uptake than [*Zr]Zr-DFO.

B INTRODUCTION

Positron emission tomography (PET) is a clinically available
imaging method that employs a radioactive tracer for detection
of various diseases including cancer.'™ 2-Deoxy-2-['*F]-
fluoroglucose (['*F]FDG) is the most frequently used PET
tracer in oncology. However, ['*F]FDG has clinical limitations
including nontarget specificity and short biological half-life."
To overcome the limitation of *F-FDG, the development of
monoclonal antibody (mAb)-based PET tracers, which can
specifically image tumor sites using the mAb’s exquisite
specificity and high affinity against antigens, has attracted a
lot of attention.””” Accordingly, various positron-emitting
radioisotopes including *Y, *Cu, and **Ga have been explored
for the development of PET tracers.”” However, the metallic
radionuclides have some drawbacks that hamper the optimal
construction of antibody-based PET tracers. For instance, **Cu
(t/» = 12.7 h), ®®Ga (t,, = 67.7 min), and *¢Y (t,,, = 14.7 h)
have too short half-life for PET applications of antibody with
long biological half-life.*” On the other hand, **Zr has physical
properties suitable for antibody-targeted PET imaging
applications, and its halflife (t;,, = 78.4 h) is compatible
with biological halflife of the typical antibodies.”'’ The
methods for production of *Zr with high radiochemical purity
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and specific activity are well developed, although its high
energy y radiation (909 keV) necessitates proper shielding and
limits injection dose.'’”'* Recognition of *Zr as an adequate
radioisotope for the application of molecularly targeted PET
imaging led to the investigations on the development of
appropriate chelators, which is a critical component in PET
tracers centered on a metallic radioisotope.”'’ Since the
hydroxamate group has high affinity for zirconium(IV),
desferrioxamine (DFO), a siderophore containing three
hydroxamate groups, has been extensively explored for the
development of PET imaging agents.'*™'® Nevertheless, DFO
is not an ideal chelate for targeted PET imaging applications as
it has been shown that *Zr was liberated from the *Zr
complexes of DFO-antibody conjugates and accumulated in

1617
bone in vivo.
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Scheme 1. Synthesis of Chelators NODHA (5) and NOTHA (6)
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Our continued effort to develop chelation chemistry for trifluoroacetic acid (TFA) and triethylsilane to produce the
radionuclides with broad applications in cancer therapy and desired chelators NODHA (5) and NOTHA (6)" in the
imaging has led us to design and synthesize novel chelates for respective isolated yield of 81% and 93%. Improved synthesis
87Zr. New chelating agents (NODHA, NOTHA, and of the key precursor 3 to NODHA is outlined in Scheme 2.
NODHA-PY) are structured on 1,4,7-triazacyclononane TACN (1) was selectively rez%cted with BOC-ON to obtain N-
(TACN) and contain hydroxamic acid (HA) or a pyridine BOC-protected TACN (7).”” The base-promoted reaction of
(PY) ring as an acyclic binding moiety. The novel chelates 2 and 7 provided compound 8 in 84% isolated yield. The BOC
were evaluated and compared with the gold standard DFO for group in .compound 8 was remove.d by treatment of 8 Wlth
their radiolabeling kinetics and complex stability in human TFA to give compo.ur.ld 3 in 96% .1s.olateq Ylelfl- Synt.hesm f)f
serum with *Zr. In addition, a biodistribution study using NODHA-PY containing th.e pyridine ring is f’uamed mn
normal mice was conducted to investigate in vivo stability of Scheme 3. Reductive amination of compound 3 with 2-formyl
[Zr]Zr-NODHA, [¥Zr]Zr-NODHA-PY, and [*Zr]Zr-DFO. pyridine using sodium triacetoxyborohydride as a reducing

agent afforded compound 9. The PMB groups in 9 were
removed by treatment of compound 9 with TFA and
B RESULTS AND DISCUSSION triethylsilane to generate the target chelator NODHA-PY (10).

Synthesis. Synthesis of chelators NODHA and NOTHA is Density Functional Theory (DFT) Calculations. We
outlined in Scheme 1. The reaction of 1,4,7-triazacyclononane conducted theoretical studies on complexation of the new
(TACN) 1 with compound 2'* in CHCI; afforded both chelators NODHA (5), NOTHA (6), and NODHA-PY (10)
bisubstituted TACN 3 (34% isolated yield) and trisubstituted with Zr(IV) using the DFT method (Table 1). NODHA (5) is
TACN 4 (16% isolated yield). The p-methoxybenzyl (PMB) predicted to form a seven-coordinate complex with Zr using all
groups in compounds 3 and 4 were removed using nitrogen and oxygen donors. The oxygen atoms in the DFT-
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Table 1. Distance (A) of Selected Bonds in the DFT-Calculated Structure of Zr(IV)-NOTHA, Zr(IV)-NODHA, and Zr(IV)-

NODHA-PY

bond distance (A)

Zr(IV)-NODHA

Zr-0O1 2.070
Zr-02 2.050
Zr-03 2.082
Zr-O4 2.050
Zr-0OS5

Zr-06

Zr-O (mean) 2.063
Zr-N1 2.691
Zr-N2 2.648
Zr-N3 2.401
Zr-N4

Zr-N (mean) 2.580

Zr(IV)-NOTHA Zr(IV)-NODHA-PY

2.066 2.068
2.123 2.067
2.068 2.080
2.121 2.239
2.069
2.122
2.095 2.114
4.379 3.469
4.373 2.573
4.378 2.496
2297
4.377 2.709

Table 2. Radiolabeling Efficiency (%) of Chelators with Zr (n = 2, pH 7.0, RT)“

radiolabeling efficiency (%)

time [¥Zr]Zr-NODHA [¥Zr]Zr-NOTHA [¥Zr]Zr-NODHA-PY [¥Zr]Zr-DFO

1 min 94.7 + 0.5 98.4 + 0.6 95.9 + 0.6 100.0 + 0.0

5 min 100.0 + 0.0 100.0 + 0.0 97.5 + 0.8 100.0 + 0.0
10 min 100.0 + 0.0 94.7 + 7.5 972 + 3.9 100.0 + 0.0
30 min 100.0 + 0.0 100.0 + 0.0 97.0 + 0.8 100.0 + 0.0

“Radiolabeling efficiency (mean + standard deviation%) was measured in duplicate using TLC (mobile phase: 100 mM EDTA, pH 7.0).

Table 3. Stability of **Zr-Labeled Chelators in Human Serum (n = 2—3, pH 7.0, 37 °C)“

87Zr-labeled chelator (%)

time [¥Zr]Zr-NODHA [¥Zr]Zr-NOTHA [¥Zr]Zr--NODHA-PY [¥Zr]Zr-DFO
1 day 100.0 + 0.0 100.0 + 0.0 96.8 + 5.5 100.0 + 0.0
2 days 100.0 + 0.0 982 + 2.0 95.8 + 3.6 100.0 + 0.0
3 days 100.0 + 0.0 100.0 + 0.0 94.8 + 4.6 100.0 + 0.0
7 days 100.0 + 0.0 95.5 + 4.1 88.5 + 3.2 100.0 + 0.0

“Bound ¥Zr—chelator (mean =+ standard deviation%) was measured in duplicate or triplicate by TLC (mobile phase: 100 mM EDTA, pH 7.0).

optimized Zr(IV)-NODHA are more tightly coordinated to
Zr(IV) than the nitrogen atoms (mean distance of Zr-O and
Zr-N, 2.063 vs 2.580 A). Three hydroxamate groups in
NOTHA are predicted to form a hexacoordinate complex with
Zr(IV) (mean distance of Zr-O: 2.095 A), and the nitrogen
atoms in the TACN ring of the optimized Zr(IV)-NOTHA
complex loosely bound to Zr(IV) (mean distance of Zr-N:
4.377 A). The optimized structure of the Zr(IV)-(NODHA-
PY) complex indicates that NODHA-PY is not capable of
adopting an eight-coordinate geometry around Zr(IV) but
forms a less stable heptacoordinate complex with Zr(IV). One
of the nitrogen atoms (N) in the TACN ring of the optimized
Zr(IV)-NODHA-PY complex is not found to form a tight
bond with Zr(IV). The addition of the pyridyl group into the
macrocyclic backbone in NODHA is predicted to generate a
considerable ligand strain on the Zr-coordination sphere and

results in weaker binding of NODHA-PY to Zr as indicated by
a longer bond length of Zr-O (2.114 A) and Zr-N (2.709 A).

Radiolabeling and In Vitro Complex Stability. The
chelators NODHA, NOTHA, NODHA-PY, and DFO were
comparatively evaluated for radiolabeling efficiency with **Zr.
The new chelator in 0.25 M NH,OAc buffer solution (pH 7.0)
was radiolabeled with ¥Zr at room temperature (RT). During
the reaction time (30 min), the radiolabeling kinetics was
assessed by TLC analysis (Table 2 and Supporting
Information). The radiolabeling data show that all chelates
rapidly bound to ¥Zr with more than 90% labeling efficiency
at the 1 min time point. DFO instantly and completely bound
to ¥Zr at the 1 min time point. NODHA and NOTHA were
more efficient in binding **Zr than NODHA-PY. Radiolabeling
of NODHA or NOTHA with ®Zr was completed at the 30
min time point, while NODHA-PY had a lower labeling
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Figure 1. In vivo biodistribution of [*Zr]Zr-NODHA in CD-1 mice (n = 4—S5, IV injection).
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Figure 2. In vivo biodistribution of [¥Zr]Zr-NODHA-PY in CD-1 mice (n = 4, IV injection).
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Figure 3. In vivo biodistribution of [*Zr]Zr-DFO in CD-1 mice (n = 4, IV injection).

efficiency with ¥Zr (97% labeling efficiency at the 30 min time
point).

[3°Zr]Zr-labeled chelators were further evaluated for
complex stability in human serum (Table 3 and Supporting
Information). [%Zr]Zr-DFO and [%7Zr]Zr-NODHA were
stable in human serum for at least 7 days, while a small
amount of ¥Zr (~5%) was lost from [¥Zr]Zr-NOTHA over 7
days. [¥Zr]Zr-NODHA-PY remained unstable in human
serum and released a considerable amount of ¥Zr (<12%) in
human serum over 7 days. The radiolabeling and in vitro
complex stability data indicate that the heptadentate chelator
NODHA displayed excellent radiolabeling kinetics and stability
with ¥Zr. NOTHA and NODHA-PY were less effective in

holding *Zr than NODHA, and the corresponding [*Zr]Zr-
NOTHA and [*Zr]Zr-NODHA-PY complexes have lower
stability in human serum than [*Zr]Zr-NODHA.

In Vivo Biodistribution. The comparative in vivo stability
of [¥Zr]Zr-NODHA, [¥Zr]Zr-NODHA-PY, and [*Zr]Zr-
DFO was evaluated by performing biodistribution studies in
CD-1 normal mice (intravenous injection, n = 4—S§, Figures
1—3 and Supporting Information). As expected from serum
stability data, three chelators labeled with **Zr produced
different in vivo biodistribution profiles. [*¥Zr]Zr-NODHA
displayed rapid blood clearance with minimal radioactivity in
the blood at all time points (<0.68% ID/g). [*Zr]Zr-NODHA
had a negligible accumulation in the lung, liver, spleen, muscle,

https://doi.org/10.1021/acsomega.2c03478
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and pancreas at all time points (<0.48% ID/g), and the
radioactivity in the normal organs decreased from 1 to 24 h
time point. [#Zr]Zr-NODHA exhibited the highest renal
uptake at 1 h (2.26% ID/g), which decreased to a minimal
level at the 24 h time point (0.81% ID/g). A considerable
activity (1.55% ID/g) of [¥Zr]Zr-NODHA was retained in the
bones at the 24 h time point. [*Zr]Zr-NODHA had
significantly less uptake (p < 0.05) than [*Zr]Zr-NODHA-
PY in all organs at all time points except for the blood, liver,
and spleen at 4 h as well as the kidney at 1 and 4 h, in which
the differences were not significant. [¥Zr]Zr-NODHA-PY
showed poor stability in mice as evidenced by significantly
greater (p < 0.05) bone accumulation at all time points when
compared to [¥Zr]Zr-NODHA or [¥Zr]Zr-DFO. [¥Zr]Zr-
NODHA-PY had measurable uptake in the kidneys at all time
points (<1.64% ID/g). [*Zr]Zr-NODHA-PY displayed
minimal radioactivity in the liver, spleen, muscle, and pancreas
at all time points (<0.90% ID/g). [*Zr]Zr-NODHA-PY had
higher activity in the lung at the 1 h time point (1.67% ID/g),
which decreased to 0.69% ID/g at the 24 h time point.
[#Zr]Zr-NODHA-PY was significantly greater (p < 0.05) than
[¥Zr]Zr-DFO in all organs at all time points except for the
blood and liver at 4 h and the kidney, where [*Zr]Zr-DFO
was significantly greater at all time points. [*Zr]Zr-DFO had a
negligible activity in the blood, lung, liver, spleen, muscle,
bone, and pancreas at 24 h postinjection (<0.12% ID/g).
[*Zr]Zr-DFO displayed higher radioactivity in the kidneys at
all time points when compared to [¥Zr]Zr-NODHA and
[¥Zr]Zr-NODHA-PY. Among the [*Zr]Zr-labeled chelators
evaluated, [*Zr]Zr-DFO had the lowest bone uptake at all
time points (<0.1% ID/g). [**Zr]Zr-NODHA exhibited better
renal clearance than [¥Zr]Zr-DFO, while rapid liver clearance
was observed for both [¥Zr]Zr-NODHA and [*Zr]Zr-DFO.

B CONCLUSIONS

We have synthesized and evaluated the novel chelators
NODHA, NOTHA, and NODHA-PY for complexation with
$7r(IV). We have shown that all chelates rapidly bound to
%7r at room temperature and displayed comparable radio-
labeling kinetics to that of DFO. Among the new chelators
evaluated, NODHA labeled with %Zr exhibited excellent
complex stability in human serum. [*Zr]Zr-NOTHA and
[%Zr]Zr-NODHA-PY remained less stable in human serum
and released a considerable amount of *Zr in human serum.
The results of DFT calculations suggest that the chelator
NODHA bound to Zr(IV) more tightly than NOTHA and
NOTHA-PY. Poor complex stability of [¥Zr]Zr-NODHA-PY
was further confirmed by high accumulation in the bones of
mice. [¥Zr]Zr-NODHA had better renal clearance than
[¥Zr]Zr—DFO, while [*Zr]Zr-NODHA exhibited higher
bone uptake than [*Zr]Zr-DFO at all time points. Among
the new [¥Zr]Zr—chelator complexes studied, [*Zr]Zr-
NODHA produced the best serum stability and biodistribution
profiles. The in vitro and in vivo data suggest that NODHA
deserves further derivatization for conjugation to an antibody
for targeted PET imaging applications.

B EXPERIMENTAL SECTION

Instruments and Methods. 'H and *C NMR spectra
were obtained using a Bruker 300 instrument, and chemical
shifts are reported in ppm on the J scale relative to TMS, TSP,
or solvent. Electrospray iodization (ESI) high-resolution mass

spectra (HRMS) were obtained on a JEOL double-sector JMS-
AXSOSHA mass spectrometer (University of Notre Dame, IN).
Analytical HPLC was performed on an Agilent 1200, equipped
with a diode array detector, a thermostat set at 35 °C, and a
Zorbax Eclipse XDB-C18 column (4.6 mm X 150 mm, 80 A).
The mobile phase of a binary gradient (0—100% B/15 min;
solvent A, 0.1% TFA in H,O; solvent B, 0.1% TFA in CH;CN
for method 1) at a flow rate of 1 mL/min was used.
Semipreparative HPLC was performed on an Agilent 1200,
equipped with a diode array detector, a thermostat set at 35
°C, and a Zorbax Eclipse XDB-C18 column (9.4 mm X 250
mm, 80 A). The mobile phase of a binary gradient (0—100%
B/25 min; solvent A = 0.1% TFA in water; solvent B = 0.1%
TFA in acetonitrile for method 2) at a flow rate of 3 mL/min
was used for semiprep HPLC. All reagents were purchased
from Sigma-Aldrich or Acros Organics and used as received
unless otherwise noted.

N-[(4-Methoxyphenyl)methoxy]-2-[4-({[(4-
methoxyphenyl)methoxy](methyl)carbamoyl} methyl)-
1,4,7-triazonan-1-yl]-N-methylacetamide (3) and 2-[4,7-
Bis({[(4-methoxyphenyl)methoxy](methyl)carbamoyl}-
methyl)-1,4,7-triazonan-1-yl]-N-[(4-methoxyphenyl)-
methoxy]-N-methylacetamide (4). To a solution of TACN 1
(50.0 mg, 0.39 mmol) in CH,Cl, (5§ mL) was added
compound 2'* (245.3 mg, 0.85 mmol) in CH,Cl, (3 mL) at
0 °C. The resulting mixture was stirred for 6 days at room
temperature and concentrated to dryness in vacuo and purified
by semiprep HPLC (method 2) to afford compound 3 (72.5
mg, 34.4%) and compound 4 (21 mg, 15.5%).

Compound 3. Analytical HPLC (tz = 9.74 min, method 1).
'H NMR (CDCl,, 300 MHz) § 2.69—2.72 (m, 4H), 2.90—3.00
(m, 4H), 3.12—3.19 (m, 4H), 3.21 (s, 6H), 3.43 (s, 4H), 3.81
(s, 6H), 4.75 (s, 4H), 6.92 (d, ] = 8.4 Hz, 4H), 7.30 (d, ] = 8.6
Hz, 4H). ®C NMR (CDCl,, 75 MHz) & 33.3 (q), 44.0 (t),
50.9 (t), 52.3 (t), 55.3 (q), 56.2 (t), 75.6 (t), 114.2 (d), 125.8
(s), 131.5 (d), 160.5 (s), 170.4 (s). HRMS (ESI) calcd for
C,eH,,NOg [M + H]* m/z 544.3130. Found: [M + H]* m/z
544.3148.

Compound 4. Analytical HPLC (tz = 11.92 min, method 1).
'H NMR (CDCl,, 300 MHz) & 2.96 (s, 12H), 3.20 (s, 9H),
3.74—3.79 (m, 15H), 4.78 (s, 6H), 6.90 (d, J = 8.5 Hz, 6H),
7.33 (d, J = 8.5 Hz, 6H). 3*C NMR (CDCl,;, 75 MHz) § 33.4
(q), 51.0 (t), 55.3 (q), 55.8 (1), 75.6 (1), 114.2 (d), 126.0 (s),
131.5 (d), 160.5 (s), 169.4 (s). HRMS (ESI) calcd for
C3oHgsNgOy [M + H]* m/z 751.4025. Found: [M + H]* m/z
751.4050.

N-Hydroxy-2-(4-{[hydroxy(methyl)carbamoylImethyl}-
1,4,7-triazonan-1-yl)-N-methylacetamide (5). To compound
3 (12.0 mg, 0.02 mmol) was added TFA (1 mL) and
triethylsilane (10.3 mg, 0.09 mmol) at 0 °C. The resulting
mixture was stirred for 14 h at room temperature. The reaction
mixture was concentrated to dryness in vacuo and washed with
CH,Cl, to afford compound 5 (5.4 mg, 81%). Analytical
HPLC (g = 2.85 min, method 1). '"H NMR (D,0, 300 MHz)
8 3.14 (s, 6H), 3.18—3.22 (m, 4H), 3.30—3.44 (m, 8H), 4.06
(s, 4H). ®C NMR (D,0, 75 MHz) & 36.2 (q), 43.1 (t), 50.4
(t), 51.5 (t), 562 (t), 169.5 (s). HRMS (ESI) calcd for
C,Hy4NO, [M + H]* m/z 304.1979. Found: [M + H]* m/z
304.1981.

2-(4,7-di{[Hydroxy(methyl)carbamoylimethyl}-1,4,7-tria-
zonan-1-yl)-N-hydroxy-N-methylacetamide (6). To com-
pound 4 (12.0 mg, 0.02 mmol) was added TFA (1 mL) and
triethylsilane (11.6 mg, 0.10 mmol) at 0 °C. The resulting
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mixture was stirred for 14 h at room temperature. The reaction
mixture was concentrated to dryness in vacuo and washed with
CH,Cl, to afford compound 6 (6.0 mg, 93%). Analytical
HPLC (tz = 5.38 min, method 1). '"H NMR (D,0, 300 MHz)
5 3.14 (s, 9H), 3.45 (s, 12H), 421 (s, 6H). '*C NMR (D,0,
75 MHz) 6 36.2 (q), S1.2 (), 56.4 (t), 168.3 (s). HRMS (ESI)
caled for C;sH;oNOg [M + H]* m/z 391.2300. Found: [M +
H]* m/z 391.2285.

tert-Butyl 1,4,7-triazonane-1-carboxylate (7).°° To a
solution of 1,4,7-triazacyclononane (200.3 mg, 1.55 mmol)
in CH,Cl, (50 mL) at —5 °C was added dropwise fert-
butyl[(E)-[cyano(phenyl)methylidene]amino] carbonate
(BOC-ON) (362.0 mg, 1.47 mmol) in CH,Cl, (35 mL)
over 1 h. After addition was completed, the reaction mixture
was concentrated in vacuo. The residue was treated with 1 M
NaOH (30 mL), and the resulting solution was extracted with
diethyl ether (2 X 30 mL) and dichloromethane (2 X 30 mL).
The organic layers containing the product were combined and
dried over MgSO,, filtered, and concentrated in vacuo to afford
compound 7 (74 mg, 21.8%). '"H NMR (CDCl,;, 300 MHz) &
1.45 (s, 9H), 2.40 (s, 2H), 2.72 (s, 4H), 2.91-2.96 (m, 4H),
3.27-3.34 (m, 4H). *C NMR (CDCl;, 75 MHz) § 28.5 (q),
472 (t), 48.1 (t), 48.9 (1), 54.3 (t), 54.6 (1), 79.5 (s), 155.5
(s). HRMS (ESI) caled for C,;H,,N;0, [M + H]* m/z
230.1863. Found: [M + H]* m/z 230.1852.

tert-Butyl 4,7-bis({[(4-methoxyphenyl)methoxy](methyl)-
carbamoylimethyl)-1,4,7-triazonane-1-carboxylate (8). To
a solution of compound 7 (50.0 mg, 0.218 mmol) in CH;CN
(1 mL) was added K,CO; and compound 2 (125.6 mg, 0.436
mmol) in CH;CN at 0 °C. The resulting mixture was stirred
for 16 h at room temperature. The reaction mixture was
filtered while washing with CH,Cl, and concentrated to
dryness in vacuo. The residue was purified via column
chromatography on silica gel (60—220 mesh) eluting with
3—5% CH;OH in CH,Cl, to afford 8 (118.1 mg, 84.4%). 'H
NMR (CDCl;, 300 MHz) § 1.45 (s, 9H), 2.72—3.49 (m,
22H), 3.81 (s, 6H), 4.77 (s, 4H), 6.91 (d, ] = 8.1 Hz, 4H),
7.33—7.36 (m, 4H). °C NMR (CDCl,, 75 MHz) § 28.5 (q),
29.7 (t), 33.5 (q), 49.5 (1), 50.2 (1), 53.4 (1), 55.3 (q), 56.8
(t), 75.8 (1), 79.2 (s), 114.1 (d), 126.4 (s), 131.3 (d), 155.5
(s), 160.3 (s), 173.5 (s). HRMS (ESI) calcd for C;3;HN<Og
[M + H]* m/z 644.3654. Found: [M + H]* m/z 644.3647.

N-[(4-Methoxyphenyl)methoxy]-2-[4-({[(4-
methoxyphenyl)methoxyl(methyl)carbamoyl} methyl)-
1,4,7-triazonan-1-yll-N-methylacetamide (3). To a solution
of 8 (20.3 mg, 0.032 mmol) in CH,Cl, (1 mL) was added
TFA (1 mL) at 0 °C. The resulting mixture was stirred for 1 h
at room temperature. The reaction mixture was concentrated
in vacuo and washed with diethyl ether several times to afford
compound 3 (16.4 mg, 95.9%). "H NMR (CDCl;, 300 MHz)
52.69-2.72 (m, 4H), 2.90—3.00 (m, 4H), 3.12—3.19 (m, 4H),
321 (s, 6H), 3.43 (s, 4H), 3.81 (s, 6H), 4.75 (s, 4H), 6.92 (d, ]
= 8.4 Hz, 4H), 7.30 (d, ] = 8.6 Hz, 4H). *C NMR (CDCl,, 75
MHz) 5 33.3 (q), 44.0 (t), 50.9 (), 52.3 (), 55.3 (q), 56.2 (1),
75.6 (t).114.2 (d), 125.8 (s), 131.5 (d), 160.5 (s), 170.4 (s).
'H and *C NMR spectra data of 3 obtained from this reaction
are the same as those of 3 obtained from the reaction described
above.

N-[(4-Methoxyphenyl)methoxy]-2-[4-({[(4-
methoxyphenyl)methoxy](methyl)carbamoyl} methyl)-7-
[(pyridin-2-yl)methyl]-1,4,7-triazonan-1-yl]-N-methylaceta-
mide (9). To a solution of 3 (46.6 mg, 0.086 mmol) in CH,Cl,
(5 mL) was added 2-formyl pyridine (20.2 mg, 0.188 mmol) at

room temperature. The resulting mixture was stirred for 40
min and treated with NaBH(OAc); (72.0 mg, 0.340 mmol)
and continuously stirred for 24 h and concentrated in vacuo.
The residue was purified by semiprep HPLC (method 2) to
afford compound 9 (20.0 mg, 36.6%). Analytical HPLC (t; =
9.80 min, method 1). '"H NMR (CDCl,, 300 MHz) § 2.85—
2.94 (m, 4H), 2.97-3.11 (m, 8H), 3.22 (s, 6H), 3.75 (s, 4H),
3.80 (s, 6H), 4.30 (s, 2H), 4.78 (s, 4H), 6.89 (d, ] = 8.4 Hz,
4H), 7.30 (d, ] = 8.5 Hz, 4H), 7.74 (t, ] = 6.4 Hz 1H), 7.99 (4,
J=7.3 Hz, 1H), 8.23 (t, J = 7.2 Hz, 1H), 8.75 (d, ] = 5.2 Hz,
1H). *C NMR (CDCl;, 75 MHz) 6 33.4 (q), 49.4 (t), 50.5
(t), S1.8 (t), 55.3 (q), 55.6 (t), 57.3 (t), 75.8 (t), 1142 (d),
125.5 (d), 125.9 (d), 127.3 (s), 131.4 (d), 143.3 (d), 144.3
(d), 153.3 (s), 160.5 (s), 169.4 (s). HRMS (ESI) calcd for
Cy,H,-N,O, [M + H]* m/z 635.3552. Found: [M + H]* m/z
635.3559.

N-Hydroxy-2-(4-{[hydroxy(methyl)carbamoylimethyl}-7-
[(pyridin-2-yl)methyl]-1,4,7-triazonan-1-yl)-N-methylaceta-
mide (10). To a solution of 9 (17 mg, 0.027 mmol) in CH,Cl,
(2 mL) was added trifluoroacetic acid (1 mL) and
triethylsilane (6.38 mg, 0.054 mmol) at 0 °C. The resulting
mixture was stirred for 6 h at room temperature and
concentrated in vacuo. The residue was washed with ether (3
X 10 mL) and purified by semiprep HPLC (method 2) to
afford compound 10 (3.4 mg, 31.9%). Analytical HPLC (t; =
5.88 min, method 1). 'H NMR (D,0, 300 MHz) § 2.53—3.16
(m, 18H), 3.94—4.22 (m, 6H), 7.86 (t, ] = 6.6 Hz, 1H), 7.98
(d, J=82Hz 1H), 843 (t, ] = 7.6 Hz, 1H), 8.52 (d, ] = 6.4
Hz, 1H). *C NMR (D,0, 75 MHz) & 36.1 (q), 47.8 (t), 49.5
(1), 51.0 (t), 54.3 (1), 56.6 (), 126.4 (d), 127.9 (d), 141.4 (d),
147.3 (d), 1532 (s), 169.1 (s). HRMS (ESI) calcd for
CsH30NgO, [M + H]* m/z 395.2401. Found: [M + H]* m/z
395.2394.

Computational Studies. Geometries of Zr(IV) complexes
were optimized usin% a highly efficient electronic structure
approach, PBEh-3¢.”' A hybrid Perdew—Burke—Ernzerhof
(PBE) functional with 42% of nonlocal Fock exchange was
employed. All atoms were described using the basis set of
double-{ quality, def2-mSVP,*" which includes the effective
core potential (ECP) developed by Stuttgart and Dresden for
Zr”® Basis set superposition errors (BSSEs) and London
dispersion effects were accounted by the implementation of
geometrical counterpart (gCP)*’ and dispersion correction
(D3)** schemes, respectively. To accelerate calculations, the
“resolution-of-identity” (RI)** approximation to Coulomb
term and the corresponding auxiliary basis set”® for Coulomb
fitting were utilized. All calculations were performed using the
ORCA 4.0.0 program.27

Radiolabeling of Chelating Agents with #Zr. An
ultrapure HCI solution (JT Baker, #6900—05) was used to
prepare all HCI solutions. Plasticware including pipette tips,
tubes, and caps were soaked in 0.1 M HCI overnight and
washed thoroughly with Milli-Q (18.2 M) water and air-
dried overnight. Ultrapure ammonium acetate (Aldrich,
#372331) was used to prepare 025 M NH,OAc buffer
solution (0.25 M, pH 7.0). After being adjusted to pH 7.0
using 0.1 M, 1 M HCI, or NaOH solution, a 0.25 M NH,OAc
buffer solution was treated with Chelex-100 resin (Bio-Rad lab,
#142-2842), shaken overnight at room temperature, and
filtered through a 0.22 uM filter (Corning, #430320) prior
to use. TLC plates (2 cm X 6.6 cm, silica gel 60 F,5,, EMD
Chemicals Inc., #5554-7) with the origin line drawn at 0.6 cm
from the bottom of TLC were prepared. A stock solution of
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$7r (75 uL, 3 mCi) was adjusted to pH 7.0 by adding 1 M
Na,CO; solution that was chelexed.

A buffer solution (0.25 M NH,OAc, pH 7.0), chelator (25
nmol) with a concentration of 10 mM dissolved in buffer
solution, and **Zr (0.74 MBgq, 20 uCi) were sequentially added
to a microcentrifuge tube (1.5 mL). The total volume of the
reaction mixture was 10 L. The resulting mixture was agitated
at room temperature for 30 min using a thermomixer
(Eppendorf, 5355) set at 1000 rpm. Labeling efficiency of
the complexes was determined by TLC using a TLC scanner
(Bioscan, B-FC-100). The reaction mixture (2.0 uL) with-
drawn at each designated time point was spotted on the TLC
plate and eluted with the mobile phase (100 mM EDTA, pH
7.0). After elution was completed, the TLC plate was dried on
the surface of a heating plate set at 35 °C. Bound and unbound
$7r appeared 30—45 and 50—60 mm from the bottom line of
TLC, respectively.

Serum Stability of [#°Zr]Zr—Chelators. Human serum
was purchased from Gemini Bioproducts (#100110). A
[¥Zr]Zr-labeled chelator was freshly prepared by the reaction
of a chelator (0.075 umol) with ¥Zr (2.22 MBgq, 60 uCi) in
0.25 M NH,OAc buffer (pH 7.0) for 1 h at room temperature.
The total volume of the reaction mixture was 20 yL. Labeling
efficiency of the [*Zr]Zr-labeled complex was determined to
be 100% by TLC analysis. Therefore, the freshly prepared
[¥Zr]Zr-labeled complex was directly used for serum stability
studies without purification. Human serum (80 yL) was added
to a solution of the [¥Zr]Zr-labeled chelator (60 xCi) in a
microcentrifuge tube. The [**Zr]Zr-labeled chelator in human
serum was incubated at 37 °C for 7 days. Stability of the
[¥Zr]Zr-labeled chelator in human serum was determined by
TLC (eluent: 100 mM EDTA, pH = 7.0). Bound and unbound
$7r appeared 30—45 and S0—60 mm from the bottom line of
TLC, respectively.

In Vivo Biodistribution. All solvents and reagents were
ultrapure or trace metal grade and obtained from Sigma-
Aldrich (St. Louis, MO) and used as received unless stated
otherwise. All solutions and buffers were prepared using water
purified from a Millipore Integral S Milli-Q water system (18
MQ-cm resistivity, Billerica, MA). All buffers were treated with
Chelex overnight and filtered through a 0.22 ym nylon filter to
remove trace amounts of metal ions. Radioactivity was counted
with a Beckman y 8000 counter containing a Nal crystal
(Beckman Instruments, Inc., Irvine, CA). ®Zr was produced
via the ?Y(p,n)*Zr reaction on a TR-19 biomedical cyclotron
(Advanced Cyclotron Systems Inc., Richmond, BC, Canada) at
the Department of Radiology, Washington University School
of Medicine."” Dissolution of the target and the separation
steps were conducted through an automated module to reduce
operator exposure. About 37 MBq (1 mCi) of *Zr-oxalate
solution (pH < 1) was neutralized to pH 7.1—7.4 by first
adding an equivalent volume of 0.25 M NH,OAc (pH 7.0),
followed by slow addition of 2 M NaOH. Each chelator was
radiolabeled by adding SO ug of chelator to 3.7 MBq (100 uCi)
of neutralized [*Zr]Zr-oxalate in 30 uL of 0.25 M NH,OAc
(pH 7.0). The reactions were incubated on a thermomixer
with 1000 rpm agitation at room temperature for 1 h.
Radiochemical purity was determined by TLC with a mobile
phase of 100 mM EDTA (pH 7.0). A radiochemical yield of
greater than 99% was achieved and therefore used without
further purification.

The animal experiment was performed in compliance with
the Guidelines for Care and Use of Research Animals
established by the Division of Comparative Medicine and
the Animal Studies Committee of Washington University
School of Medicine. Biodistribution studies were conducted in
female 5—7 week old CD-1 mice (Charles River Laboratories).
Animals were injected with ~0.19 MBq (~S uCi, 100 uL of
PBS) of [%°Zr]Zr-NODHA, [¥7Zr]Zr-NODHA-PY, or
[¥Zr]Zr-DFO while being anesthetized with 2% isoflurane.
Pancreas, liver, kidney, and other organs of interest were
harvested at 1, 4, and 24 h postinjection. The amount of
radioactivity in each organ was determined by y counting and
the percent injected dose per gram of tissue (%ID/g)
calculated. Samples were calibrated against a known standard.
Quantitative data were processed by Prism 7 (GraphPad
Software, v 7.00, La Jolla, CA) and expressed as mean + SEM.
Statistical analysis was performed using an unpaired t-test with
Welch’s correction. Differences at the 95% confidence level (p
< 0.05) were considered statistically significant (Table 3).
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