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Influence of bidentate ligand donor types on the
formation and stability in 2 + 1 fac-[M'(CO)s]*
(M = Re, °™Tc) complexest

Thomas R. Hayes,? Shalina C. Bottorff,? Winston S. Slocumb,? Charles L. Barnes,”
Aurora E. Clark® and Paul D. Benny*®

In the last two decades, a number of chelate strategies have been proposed for the fac-IM(CO)s]* (M =
Re, ®°™Tc) core in radiopharmaceutical applications. However, the development of new ligands/
complexes with improved function and in vivo performance has been limited in recent years. Expanding
on our previous studies using the 2 + 1 labeling strategy, a series of bidentate ligands (neutral vs. anionic)
containing an aromatic amine in combination with monodentate pyridine analogs or imidazole were
explored to determine the influence of the bidentate and monodentate ligands on the formation and
stability of the respective complexes. The 2 + 1 complexes with Re and 9°MTc were synthesized in two
steps and characterized by standard radio/chemical methods. X-ray characterization and density func-
tional theory analysis of the Re 2 + 1 complexes with the complete bidentate series with 4-dimethyl-
aminopyridine were conducted, indicating enhanced ligand binding energies of the neutral over anionic
ligands. In the 99MTc studies, anionic bidentate ligands had significantly higher formation yields of the
2 + 1 product, but neutral ligands appear to have increased stability in an amino acid challenge assay.

www.rsc.org/dalton

Introduction

Pioneered by Alberto, the organometallic fac**™M'(OH,);(CO);]"
(M = Re, Tc) complex has provided a unique platform for bio-
inorganic medicinal applications.”® In nuclear medicine,
the *™Tc analog has ideal nuclear decay characteristics (t,, =
6.0 h, y = 140 keV (89%)) appropriate for single photon emission
computed tomography (SPECT) imaging, while the radioactive
186/188pe analogs provide isostructural theranostics by combined
gamma and beta (f7) particle emissions (1.07 and 2.12 MeV),
respectively.”™ In the last decades, the development of fac-
[**™Tc'(OH,);(CO);]" based radiopharmaceuticals has expanded
due the quantitative preparation with the Isolink kit and the
ability to accommodate a wide range of ligand types and denti-
city on the fac{M'(CO);]" core.°® The flexibility of the fac-
[M'(CO);]" core has led to the examination of several ligands
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Both bidentate series exhibited improved stability by increasing the basicity of the pyridine ligands.

strategies (e.g:, mono-, bi-, tridentate or a combination) to dis-
place the coordinated waters and saturate the coordination
sphere. A variety of donors have been reported for the low spin d®
center of the fac{M'(CO);]" core, but it typically favors soft
ligands (e.g., amines, pyridines, imidazoles, triazoles, pyrazoles)
over harder ligands. Tridentate systems containing at least one
aromatic amine (e.g., dipicolylamine, histidine, click to chelate)
have garnered the highest attention due to radiochemical yields,
ease of synthesis, and stability (in vitro and in vivo) with the fac-
[M'(CO);]" core.*” While providing a unique combinatorial
ability, monodentate and 2 + 1 (mono- and bidentate) systems
have not exhibited the same degree of stability obtained by tri-
dentate ligands, which may be due to the substitution lability
and absence of the chelate effect for the monodentate donors.
Current trends in fac-[M'(CO);]" radiopharmaceutical
design continue to utilize small molecule or peptide targeting
agents with established chelate systems, without significant
improvement on the chelates themselves. However, several
groups have started to examine the influence of function-
alization on donors to tailor the pharmacological behavior
and in vivo stability.” " In our previous study, the behavior of
substitutions on monodentate pyridine ligands with electron
withdrawing and activating groups in a 2 + 1 system were
examined with fac-[M'(CO);]"."® The direct behavior of pyridine
monodentate ligands was explored using picolinic acid as a

This journal is © The Royal Society of Chemistry 2017


www.rsc.org/dalton
http://crossmark.crossref.org/dialog/?doi=10.1039/c6dt04282a&domain=pdf&date_stamp=2017-01-17
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c6dt04282a
https://pubs.rsc.org/en/journals/journal/DT
https://pubs.rsc.org/en/journals/journal/DT?issueid=DT046004

Open Access Article. Published on 20 December 2016. Downloaded on 1/18/2026 2:37:25 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Dalton Transactions

bidentate ligand, to yield neutral 2 + 1 complexes. The basicity
of the pyridine ligands had profound impact on the synthesis
and in vitro stability. Pyridine ligands functionalized in the 4
position with electron activating groups (e.g., -OMe, -NH,,
-NMe,) with higher pK,’s than pyridine demonstrated higher
synthetic yields and stability than electron withdrawing groups
(e.g., -NO,) with lower pK,’s. While this study conclusively
determined the influence of monodentate pyridine basicity,
the influence of the donor type in the bidentate ligand and
complex charge on the overall system was not explored.

In this paper, a series of bidentate ligands was explored
using a 2 + 1 strategy to examine the influence of the ligands
on radiochemical preparation and stability of the respective
fac[M'(CO);]" (M = Re, *°™Tc) complexes. Two general classes
of bidentate ligands were selected for evaluation, neutral and
anionic ligands. In each class of bidentate ligands, one donor
remained constant (neutral: pyridine, anionic: carboxylate)
while being paired with a series of aromatic nitrogen donors
(e.g., pyridine, imidazole, triazole) (Fig. 1). These combinations
permitted the evaluation of both the overall charge of the
system as well as the type of aromatic nitrogen donor.
Rhenium analogs were prepared for chemical evaluation. X-ray
crystallography data of the 2 + 1 series containing 4-dimethyl-
aminopyridine (DMAP) were collected and used in conjunction
with density functional theory (DFT) calculations to determine
the relative ligand binding energies. Radioactive **™Tc com-
plexes were also synthesized for comparison with the Re
analogs and evaluation of the effect the bidentate ligands
exhibited on the radiochemical labeling and stability of 2 + 1
complexes.
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Fig. 1 Neutral, anionic and monodentate ligands investigated.
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Experimental
Materials and methods

All reagents and organic solvents of reagent grade or better
were used as purchased from Alfa Aesar, Acros, Chem-Impex,
or Fluka without further purification. Compounds 2-(1-methyl-
1H-imidazol-2-yl)pyridine, L,, 2-(1-benzyl-1H-1,2,3-triazol-4-yl)
pyridine, Lj, 1-benzyl-1H-1,2,3-triazole-4-carboxylic acid, Le,
and rhenium complexes fac-[Re'(CO);(L,)(py)](SO5CF;), 1a, fac-
[Re'(CO)5(L;)(DMAP)|(SO;CF;), 1e, fac-[Re'(CO)s(L,)(Melmid)]
(SO;CF;), 1d, fac[Re'(CO);(L,)(MeImid)](SO;CF;) 2d, fac-
[Re'(CO)5(Ls)(py)](SOsCF;),  3a,  fac-[Re'(CO)s(Ls)(DMAP)]
(SO;CF3), 3¢, fac-[Re'(OH,)(CO);s(Ly)], 4, fac-[Re'(CO)s(L4)(py)],
4a, fac[Re'(CO);(L4)(4-MP)], 4b, fac-[Re'(CO);(Ly)(DMAP)], 4c,
and fac-[Re'(OH,)(CO);(Le)], 6 were prepared as previously
described.>"""'® The rhenium starting materials [Re(CO);OTf]
and fac-[Re'(OH,);(CO);](SO;CF;) were prepared by literature
methods from Re,(CO),, purchased from Strem.'*?° *™Tc was
obtained in the form of Na[*™TcO,] from Cardinal Health
(Spokane, WA) and the fac-[**™Tc'(OH,);(CO);]" complex was
prepared using a commercially available Isolink® kit from
Covidien. UV-Vis spectra were obtained using a Varian Cary 50
spectrophotometer (1 cm path-length). 'H and '*C NMR
spectra were recorded on a Varian 300 or 400 MHz instrument
at 25 °C in CD;0D or CDCl;. FT-IR spectra were obtained on a
Thermo Nicolet 6700 FT-IR using NaCl plates and analyzed
with OMNIC 7.1 software. Elemental analyses were performed
on a Perkin Elmer 2400 Series II System. Mass spectrometry
was performed on a Xevo TQ M using ESI.

Separation and identification of compounds were con-
ducted on a Perkin Elmer Series 200 High Pressure Liquid
Chromatograph (HPLC) equipped with a UV/VIS Series 200
detector and a Radiomatic 610TR detector. Utilizing a Varian
Pursuit XRs 5 pm particle and 250 x 4.6 mm C-18 column, the
compounds were separated with a reverse phase gradient
system using either 0.05% trifluoroacetic acid (TFA)/water
(Method A) or 2 mM pH 7.4 phosphate buffer (Method B)
switching to methanol (MeOH); 0-1.0 min (50% aqueous, 50%
MeOH), 1.0-19.0 min (50% to 100% MeOH linear gradient),
19-22 min (100% MeOH), 22-30 min (50% aqueous, 50%
MeOH) at a flow rate of 1.0 mL min~'. Detection of com-
pounds was performed at 254 nm.

HPLC purification was performed on a Hitachi preparatory
HPLC. Method 1 utilizing an Agilent Zorbax SB-C18 7 pm par-
ticle size 250 x 21.2 mm column, compounds were separated
with a reverse phase gradient system beginning with 0.1% TFA
aqueous eluent gradually shifting to methanol. The HPLC
method used 0-6 min (50% TFA, 50% MeOH), 6-19 min (50%
to 100% MeOH linear gradient), and 19-25 min (100% MeOH)
at a flow rate of 10 mL min~'. Detection of compounds was
using UV-Vis at a 220 nm wavelength. Method 2 utilized a
Phenomenex Gemini C18 5 pm particle size 250 x 21.2 mm
column. Separation was achieved using the same gradient as
above with H,O shifting to methanol.

General procedure for synthesis of 2 + 1 complexes with
neutral ligands (L;-L;). [Re(CO)50Tf] (40.0 mg, 0.085 mmol)
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and L;-L; (0.093 mmol, 1.1 eq.) were dissolved in 3.0 mL of
MeOH and stirred at 70 °C for 2 h in a sealed 5 mL vial.
Monodentate ligand (0.17 mmol, 2 eq.) was added to the vial
and the reaction was sealed and stirred for 18 h at 70 °C.
Complexes were then purified either by preparatory HPLC or
recrystallization.

Jac{Re'(CO)5(L,)(4-MP)](OTf), 1b. The reaction volume was
concentrated and Et,O was added to precipitate the 1b as an
off white solid (77%). Anal. Caled for C,,H;5F3N30,ReS:
C, 35.09%; H, 2.21%; N, 6.14%. Found: C, 35.03%; H, 2.25%;
N, 6.09%. '"H NMR (400 MHz, CDCI3) 6 9.02 (d, J = 5.1 Hz, 1H),
8.41 (d, J = 8.2 Hz, 1H), 8.29 (t, J = 8.1 Hz, 1H), 8.19 (d, J =
5.8 Hz, 2H), 7.80 (t, J = 7.7 Hz, 1H), 7.59 (t, J/ = 6.5 Hz, 1H),
7.43-7.32 (m, 4H), 4.27 (s, 3H). "*C NMR (101 MHz, CDCl,)
6 195.56, 191.05, 167.59, 155.60, 152.90, 152.54, 141.48,
128.97, 125.52, 113.10, 56.24. A (CH;0H)/nm (¢/dm® mol™*
em™): 249 (26383), 305 (12493), 319 (13310), 355 (4216)
IR (NaCl, vma/em™): 2030, 1914. MS (m/2): [M]" 535.97.

fac-[Re'(CO);(L,)(DMAP)](OTS), 1c. Complex was synthesized
as previously described.'* Crystals were obtained by slow evap-
oration from EtOH/water.

Jac[Re'(CO)5(L,)(py)](CF5CO,), 2a. The reaction solution was
concentrated to dryness and purified by preparatory HPLC
method 1 to yield 2a (74%) as a yellow solid. Anal. Calcd for
CioH1,FsN,O-Re: C, 36.72%; H, 2.27%; N, 9.01%. Found:
C, 36.75%; H, 2.21%; N, 8.98%.'"H NMR (400 MHz, CDCI,)
§9.02 (d, J = 5.1 Hz, 1H), 8.41 (d, J = 8.2 Hz, 1H), 8.29 (t, ] =
8.1 Hz, 1H), 8.19 (d, J = 5.8 Hz, 2H), 7.80 (t, J = 7.7 Hz, 1H),
7.59 (t, J = 6.5 Hz, 1H), 7.43-7.32 (m, 4H), 4.27 (s, 3H).
3C NMR (101 MHz, CDCl3) § 196.29, 195.11, 190.66, 153.56,
151.80, 148.06, 147.13, 141.78, 139.55, 129.47, 129.24, 127.00,
126.91, 124.15, 37.60. UV (CH30H, Apqa nm (g, M™' em™):
266 (21 688), 311 (18 861)). IR (NaCl, vpa/em™): 2029, 1907.
MS (m/z): [M]" 509.00.

fac[Re'(CO);(L,)(4-MP)](CF5CO,), 2b. The reaction solution
was concentrated to dryness and purified by preparatory HPLC
method 1 to yield 2b (79%) as a yellow powder. Anal. Calcd for
CooH6F3N,O6Re: C, 36.87%; H, 2.48%; N, 8.60%. Found:
C, 36.95%; H, 2.52%; N, 8.58%. 'H NMR (400 MHz, CDCl;)
§9.01 (d J = 5.5 Hz, 1H), 8.24 (d, J = 7.0 Hz, 2H), 7.94-7.87 (m,
2H), 7.58 (dd, J = 6.8, 5.5 Hz, 1H), 7.40 (s, 1H), 7.34 (s, 1H),
6.84-6.78 (m, 2H), 4.20 (s, 3H), 3.79 (s, 3H). *C NMR
(101 MHz, CDCl;) § 196.50, 195.34, 190.92, 167.48, 153.63,
152.60, 147.86, 147.00, 141.48, 129.44, 129.21, 126.94, 123.56,
112.95, 56.07, 37.24. UV (Amax(CH;O0H)/nm (g/dm® mol™*
em™Y): 249 (26383), 305 (12493), 319 (13 310), 355 (4216)).
IR (NaCl, vmqa/em™): 2030, 1914. MS (m/z): [M]" 539.09.

fac[Re'(CO);(L,)(DMAP)](CF;CO,), 2¢c. The reaction solution
was concentrated to dryness and purified by preparatory HPLC
method 1 to yield 2¢ (71%) as a yellow powder. A portion of
the material was converted to the PF, salt by addition of NaPFg
(30 mg) and precipitation from water methanol for crystalli-
zation with X-ray quality crystals obtained by slow cooling
of an isopropanol solution. Anal. Calcd for C,;H;9F;N505Re:
C, 37.95%; H, 2.88%; N, 10.54%. Found: C, 38.01%; H, 2.82%;
N, 10.59%. 'H NMR (400 MHz, CDCI3) § 8.99 (d, J = 5.3 Hz,
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1H), 8.39 (d, J = 8.1 Hz, 1H), 8.28 (t, J = 7.9 Hz, 1H), 7.56 (m,
3H), 7.39 (d, J = 10.7 Hz, 2H), 6.35-6.28 (m, 2H), 4.24 (s, 3H),
2.93 (s, 6H). C NMR (101 MHz, CDCl;) § 196.71, 195.68,
191.40, 154.48, 153.61, 150.13, 147.77, 146.87, 141.59, 129.43,
129.17, 126.92, 123.53, 108.27, 39.07, 37.42. UV (Ana(CH;0H)/
nm (¢/dm® mol™" ecm™): 280 (24 503), 312 (11 519)). IR (NaCl,
Umax/em™): 2024, 1910. MS (m/z): [M]" 552.03.

fac[Re'(CO)5(L;)(4-MP)](CF;CO,), 3b. The reaction solution
was concentrated to dryness and purified by preparatory HPLC
method 1 to yield 3b (62%) as a white solid. Anal. Calcd for
C,sH,oF3NsOgRe: C, 41.21%; H, 2.63%; N, 9.61%. Found:
C, 41.35%; H, 2.72%; N, 9.55%. ‘H NMR (400 MHz, CDCl;)
59.01 (d, J = 5.6 Hz, 1H), 8.69 (s, 1H), 8.11-7.97 (m, 2H), 7.88
(d, J = 7.0 Hz, 2H), 7.60-7.38 (m, 7H), 6.71 (d, J = 7.1 Hz, 2H),
5.81-5.63 (ABq, 2H), 3.79 (s, 3H). *C NMR (101 MHz, cdcl3)
0 196.07, 193.87, 190.68, 167.50, 152.49, 152.46, 149.48, 149.08,
141.22, 132.64, 129.56, 129.43, 129.06, 126.98, 126.18, 123.71,
112.92, 56.42, 56.08. UV (CH30H, Ay, Nm (e, M~ ecm™): 229
(73780); 242 (71990); 300 (sh, 25670); 320 (sh, 14170)).
IR (NaCl, vqf/em™): 2034.3, 1920.6. MS (m/2): [M]" 616.12.

fac[Re'(CO);(L;)(DMAP)](SO;CF;), 3c. The reaction was con-
centrated to dryness and redissolved in EtOH. Addition of
Et,0, vacuum filtration and drying in vacuo gave 3c (86%) as a
yellow solid. Crystals were obtained by slow evaporation of
a EtOH/Et,O solution. Anal. Calcd for C,5H,,F3NgOgReS:
C, 38.61%; H, 2.85%; N, 7.33%. Found: C, 38.58%; H, 2.80%;
N, 7.29%. *H (300 MHz, CDCl) § 9.49 (s, 1H), 8.97 (dd, J = 5.6,
1.5 Hz, 1H), 8.36 (dt, J = 7.9, 1.0 Hz, 1H), 8.09 (td, J = 7.8,
1.5 Hz, 1H), 7.59 (dd, J = 7.8, 1.8 Hz, 2H), 7.55-7.33 (m, 7H),
6.19-6.09 (m, 2H), 5.75 (s, 2H), 2.95 (s, 6H). *C NMR
(101 MHz, CDCl;) § 196.5, 194.3, 191.2, 154.4, 152.1, 150.0,
149.8, 149.2, 141.1, 133.2, 129.4, 129.3, 129.1, 127.2, 126.5,
124.3, 108.1, 56.2, 39.1. UV Apa(CH;0H)/nm (e/dm® mol™*
em™Y): 282 (29363). IR (NaCl, vpa/em™): 2030, 1911. MS
(m/z): M| 629.12.

fac[Re'(CO);(L;)(MeImid)](CF;CO,), 3d. The reaction solu-
tion was concentrated to dryness and purified by preparatory
HPLC method 1 to yield 3d (47%) as a yellow solid. Anal. Calcd
for C,3H,gFsNsOsRe: C, 39.37%; H, 2.59%; N, 11.98%. Found:
C, 39.41%; H, 2.55%; N, 12.03%. 'H (300 MHz, CDCl;) § 9.00
(s, 1H), 8.91 (d, J = 4.6 Hz, 1H), 8.22 (d, J = 8.1 Hz, 1H), 8.08
(t, J = 7.2 Hz, 2H), 7.61-7.52 (m, 2H), 7.52-7.30 (m, 5H), 6.85
(s, 1H), 6.74 (s, 1H), 5.77 (d, J = 6.0 Hz, 2H), 3.57 (s, 3H), 1.56
(s, 6H), 1.25 (s, 2H). *C NMR (101 MHz, CDCl;) § 196.38,
194.15, 191.34, 152.42, 149.64, 149.07, 140.83, 139.18, 132.85,
130.75, 129.51, 129.41, 129.17, 127.07, 126.38, 124.15,
122.26, 56.36, 34.68. UV A4 (CH;0H)/nm (¢/dm® mol ™" em™):
236 (32994). IR (NaCl, vpa/em™): 2031, 1913. MS (m/2):
[M]" 589.01.

fac[Re'(OH,)(CO)3(Ls)], 5. Ls (150 mg, 1.19 mmol) was dis-
solved in a 0.1 M solution of fac[Re(OH,);(CO);]OTf (12 mL,
1.20 mmol) with stirring. The pH of the solution was adjusted
to 5 with 1 M NaHCO; and the pH was monitored and main-
tained at 5 for 4 h. The resulting precipitate was collected by
vacuum filtration and dried in vacuo to give 5 (119 mg, 24%) as
an off white powder and used without further purification.

This journal is © The Royal Society of Chemistry 2017
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"H NMR (400 MHz, CD;0D) § 7.39 (s, 1H), 7.26 (s, 1H), 4.05 (s,
3H). ®C NMR (101 MHz, CD;0D) & 196.34, 195.71, 193.11,
165.54, 140.95, 128.08, 126.70, 33.10. UV Ap.(MeOH)/nm
(e/dm® mol™ em™): 251 (1340); 300 (510). IR (NaCl, vpa/
em™): 2024.4, 1907.0, 1877.3. MS (m/2): [M + Na — H,O]"
418.90.

General procedure for synthesis of 2 + 1 complexes with
anionic ligands (L,-L¢). The overall synthesis of the 2 + 1 com-
plexes involved a two-step process. The first step involved the
preparation of aquo complexes, fac-Re(CO);(OH,)(L) (4-6), by
reacting fac-[Re'(OH,);(CO);](SO;CF;) with anionic ligands
(Ly-Le) under aqueous conditions (pH ~ 6) adjusted with
sodium bicarbonate.®'® The second step involved the reaction
of isolated fac-Re(CO)3(OH,)(L) (4-6) (0.1 mmol, 1 eq.) with
excess monodentate ligand (Y) (0.2 mmol, 2 eq.) dissolved in
methanol (~4 mL) in a sealable vial. The vial was then sealed
and heated at 70 °C for ~18 h. The resulting reaction mixture
was then purified by preparatory HPLC or precipitation to yield
the respective 2 + 1 product fac-[Re'(CO);(Ls—¢)(Y)]-

Jac[Re'(CO);(L,)(MeImid)], 4d. The resulting solution was
purified by preparatory HPLC method 2 to give 4d (82%) as a
white powder. Anal. Caled for C;3H;o,N3OsRe: C, 32.91%;
H, 2.12%; N, 8.86%. Found: C, 32.98%; H, 2.15%; N, 8.82%.
'H (300 MHz, CDCl,) § 8.81 (dd, J = 5.1, 1.3 Hz, 1H), 8.16 (dt,
J=7.8, 1.3 Hz, 1H), 8.00 (td, J = 7.7, 1.5 Hz, 1H), 7.65 (s, 1H),
7.61-7.50 (m, 1H), 6.91 (t, J = 1.4 Hz, 1H), 6.76 (t, J = 1.5 Hz,
1H), 3.65 (s, 3H). ">C NMR (101 MHz, CDCl;) § 197.54, 196.28,
194.17, 172.80, 151.13, 150.57, 139.51, 139.26, 129.85, 127.93,
127.37, 121.42, 34.59. UV Apa(CH;OH)/nm (¢/dm’ mol ™"
em™): 247 (14527), 320 (5385) IR (NaCl, vpa/em™): 2019,
1882. MS (m/z): [M + H]" 476.16.

Jac[Re'(CO)3(Ls)(py)], 5a. The resulting solution was puri-
fied by preparatory HPLC method 2 to give 5a (35%) as a white
powder. Anal. Calced for C,3H;(N3OsRe: C, 32.91%; H, 2.12%j;
N, 8.86%. Found: C, 32.84%; H, 2.08%; N, 8.89%. 'H NMR
(400 MHz, CDCl) 6 8.56 (d, J = 5.4 Hz, 13H), 7.80 (t, ] = 7.8 Hz,
7H), 7.34 (dd, J = 7.4, 5.6 Hz, 14H), 7.23 (s, 8H), 6.99 (s, 5H).
3C NMR (101 MHz, CDCl;) § 196.59, 196.26, 193.70, 164.61,
152.26, 141.29, 138.52, 127.68, 125.81, 125.76, 34.12. UV
Jmax(CH;0H)/nm (¢/dm*® mol™ em™): 250 (10 404). IR (NaCl,
Vmax/em™): 2021, 1888. MS (m/z): [M + H]|" 476.06.

fac[Re'(CO);(Ls)(4-MP)], 5b. The resulting solution was puri-
fied by preparatory HPLC method 2 to give 5b (79%) as a white
powder. Anal. Calcd for C;4H;,N30¢Re: C, 33.33%; H, 2.40%;
N, 8.33%. Found: C, 33.39%; H, 2.45%; N, 8.37%. 'H NMR
(400 MHz, CDCl;) § 8.33 (d, J = 5.8 Hz, 2H), 7.20 (s, 1H), 6.97
(s, 1H), 6.78 (d, J = 5.4 Hz, 2H), 3.97 (s, 3H), 3.85 (s, 3H), 2.36
(d, J = 12.6 Hz, 1H), 1.59 (s, 1H). ">*C NMR (101 MHz, CDCl,)
6 196.81, 196.45, 193.84, 166.87, 164.70, 153.20, 141.32,
127.65, 125.67, 111.76, 55.87, 34.11 UV Aya(CH;OH)/nm
(e/dm® mol™ em™): 226 (12 420); 254 (10 900). IR (NaCl, vay/
em™"): 2020.3, 1887.7. MS (m/z): [M + Na]" 527.98.

Jac[Re'(CO);(Ls)(DMAP)], 5¢. The resulting solution was
purified by preparatory HPLC method 2 to give 5¢ (39%) as a
white powder. Anal. Caled for C;5H;5N,OsRe: C, 34.81%;
H, 2.92%; N, 10.83%. Found: C, 34.80%; H, 2.89%; N, 10.81%.
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'H NMR (300 MHz, CDCI;) § 8.00 (d, J = 7.3 Hz, 1H), 7.18 (d,
J=1.4 Hz, 1H), 6.95 (d, J = 1.3 Hz, 1H), 6.41-6.30 (m, 2H), 3.97
(s, 3H), 3.00 (s, 6H). *C NMR (101 MHz, CDCI3) § 164.75,
154.33, 151.01, 141.44, 127.59, 125.42, 107.44, 39.15,
34.06. UV Amax(CH;0H)/nm (¢/dm® mol™ em™): 283 (27 660).
IR (NaCl, vpa/em™): 2017.2, 1883.1. MS (m/z): [M + Nal*
541.04.

fac[Re'(CO);(Ls)(MeImid)], 5d. The resulting solution was
purified by preparatory HPLC method 2 to give 5d (41%) as a
white powder. Anal. Caled for C;,H;;N4OsRe: C, 30.19%;
H, 2.32%; N, 11.73%. Found: C, 30.25%; H, 2.35%; N, 11.78%.
'H NMR (400 MHz, CDCl;) § 7.60 (s, 2H), 7.15 (s, 2H),
6.96 (s, 2H), 6.87 (s, 2H), 6.77 (s, 2H), 4.01 (d, J = 1.2 Hz, 9H),
3.67 (s, 6H). >C NMR (101 MHz, CDCl;) § 196.96, 196.67,
194.29, 164.87, 141.24, 139.41, 129.93, 127.91, 125.41, 121.15,
34.48, 34.07. UV Apa(CH3OH)/nm (¢/dm® mol™ em™): 250
(7450). TR (NaCl, vypa/em™): 2017, 1883. MS (m/z): [M + Na]'
500.87.

fac-[Re'(CO)5(Le)(py)], 6a. The resulting solution was puri-
fied using preparatory HPLC method 2 to give 6a as a
white powder (74%). Anal. Caled for C;3H;3N,O5Re: C, 39.20%;
H, 2.38%; N, 10.16%. Found: C, 39.19%; H, 2.40%; N, 10.18%.
'H NMR (400 MHz, CDCl;) § 8.56 (d, J = 5.4 Hz, 2H), 7.95 (s,
1H), 7.78 (t, J = 7.7 Hz, 1H), 7.43-7.38 (m, 3H), 7.32-7.27 (m,
4H), 5.59 (s, 2H). *C NMR (101 MHz, CDCl;) § 196.03, 195.50,
193.18, 166.90, 152.26, 143.36, 138.59, 132.22, 129.65, 129.45,
128.43, 125.82, 125.72, 55.84. UV A (CH;OH)/nm (¢/dm’
mol™ em™): 263 (12 113). IR (NaCl, vya/cm™): 2027, 1897.
MS (m/z): [M + Na]" 574.91.

fac-[Re'(CO);(Le)(4-MP)], 6b. The resulting solution was puri-
fied by preparatory HPLC method 2 to give 6b (74%) as a white
powder. Anal. Caled for C;9H;5N,0¢Re: C, 39.24%; H, 2.60%);
N, 9.63%. Found: C, 39.21%; H, 2.58%; N, 9.68%. 'H NMR
(400 MHz, CDCl;) § 8.29 (d, J = 6.8 Hz, 2H), 8.02 (s, 1H),
7.42-7.32 (m, 3H), 7.33-7.22 (m, 2H), 6.71 (d, J = 6.7 Hz, 2H),
5.57 (s, 2H). *C NMR (101 MHz, CDCl;) § 196.32, 195.77,
193.40, 167.00, 153.20, 143.34, 132.50, 129.60, 129.44, 128.49,
126.01, 111.80, 55.92, 55.82, 30.72. UV Ay.(CH;OH)/nm
(e/dm® mol™" em™): 263 (5616). IR (NaCl, vya/cm ™ '): 2026,
1895. MS (m/z): [M + Na]" 605.14.

fac[Re'(CO);(Le)(DMAP)], 6¢c. The resulting solution was
allowed to cool slowly resulting in 6c as colorless X-ray quality
crystals (81%). Anal. Caled for C,oH;gN;O0sRe: C, 40.40%);
H, 3.05%; N, 11.78%. Found: C, 40.38%; H, 3.09%; N,
11.71%. "H NMR (400 MHz, CDCl;) § 7.97 (d, J = 7.4 Hz, 2H),
7.94 (s, 1H), 7.41-7.38 (m, 3H), 7.34-7.23 (m, 2H), 6.29 (d, J =
7.4 Hz, 2H), 5.58 (s, 2H), 3.46 (s, 2H), 2.97 (s, 6H). "*C NMR
(101 MHz, CDCl;) § 196.84, 196.37, 194.03, 167.29, 154.50,
151.11, 143.64, 132.72, 129.66, 129.55, 128.61, 125.91, 107.57,
55.88, 39.29. UV Ap.(CH;OH)/nm (¢/dm® mol™ em™): 282
(26 463). IR (NaCl, vpa/em™): 2023, 1892. MS (m/z): [M + Na]*
617.94.

fac[Re'(CO);(L¢)(MeImid)], 6d. The solution was diluted
with 2 mL of H,O and the volume was reduced to ~4 mL. The
resulting mixture was cooled to 4 °C for 18 h and the resulting
precipitate was collected by vacuum filtration and dried under
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high vacuum to give 6d as a white powder (89%). Anal. Calcd
for C;;H14N5OsRe: C, 36.82%; H, 2.54%; N, 12.63%. Found:
C, 36.91%; H, 2.60%; N, 12.71%. 'H (300 MHz, CDCl;) § 7.80
(s, 1H), 7.65 (s, 1H), 7.47-7.37 (m, 3H), 7.35-7.21 (m, 2H), 6.94
(t,J = 1.4 Hz, 1H), 6.75 (t, J = 1.5 Hz, 1H), 5.56 (s, 2H), 3.65 (s,
3H). *C NMR (101 MHz, CDCl;) § 197.69, 196.44, 194.32,
172.95, 151.29, 150.72, 139.66, 139.42, 130.00, 128.08, 127.52,
121.57, 34.74. UV . (CH;0H)nm (¢/dm® mol™ cecm™):
247 (14 527), 320 (5385). IR (NaCl, vpma/cm™): 2019, 1882. MS
(m/z): [M + Na]" 578.03.

X-ray crystal structure determination

For all structures intensity data were obtained on a Bruker
APEX II CCD Area Detector system using the o scan technique
with Mo Ka radiation from a graphite monochromator. Data
were collected at —173 °C. Intensities were corrected for
Lorentz and polarization effects. Equivalent reflections were
merged, and absorption corrections were made using the
multi-scan method.”’ Space group, lattice parameters and
other relevant information are given in ESL{ The structures
were solved by direct methods with full-matrix least-squares
refinement, using the SHELX package®*>* with the aid of the
program X-SEED.** All non-hydrogen atoms were refined with
anisotropic thermal parameters. The hydrogen atoms were
placed at calculated positions and included in the refinement
using a riding model, with fixed isotropic U.

Computational methods

The unrestricted (U) B3LYP combination of density functionals
was employed for the geometry optimization of: DMAP,
[Re(COB(L)], [Re(COBL,), [Re(COBLs)]  [Re(CO)(Ly)]
[Re(CO);(Ls)], [Re(CO);(Le)], 1c, 2¢, 3¢, 4¢, 5¢, and 6¢ using the
Gaussian09 software package.>®*” The crystallographic data
from each of the structures with DMAP was used as the start-
ing point for geometry optimization in the gas phase.
Comparison of the high and low spin (LS) states of all Re(1)
containing compounds revealed substantial energetic prefer-
ence for the LS states, and thus only those are discussed
herein. The aug-cc-pVDZ-PP pseudopotential and associated
basis set was used to describe the atomic orbitals of Re(r),>®
while aug-cc-PVDZ was used to describe all other atoms.*® The
combined method and basis set is denoted as (U)B3LYP/
aug-cc-pVDZ-PP/aug-cc-pVDZ. Frequency calculations were per-
formed on all optimized structures to obtain thermochemical
corrections and ensure that they correspond to a local
minima. The gas-phase 0 K ligand binding energies were
obtained as the difference of product and reactant energies via
the following reactions:

[Re'(CO),(L1-Ls)DMAP] " — [Re'(CO),(Ls-L3)]" + DMAP (r1)

(r2)

where the geometry of the products were fixed at the optimized
geometry of the reactants (i.e. a single point energy calculation
was performed of the isolated products).

[Re'(CO), (Ly—Ls)DMAP] — [Re!(CO),(Ls-Lg)] + DMAP

1138 | Dalton Trans., 2017, 46, 1134-1144
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99™7c labeling studies

Labeling with bidentate ligands. A solution of L;-Ls in
MeOH (100 pL, 10 mM) was diluted with MeOH (400 pL) and
10 mM pH 3 formate buffer (400 pL) in sealable vials. The
solutions were then sparged for 5 min under N, prior to
addition of fac-[**™Tc'(OH,);(CO);]" solution (100 pL) from an
Isolink® kit. The resulting solutions were then heated to 90 °C
for 30 minutes and purified by radio-HPLC method A (1'-3') or
B (4,5).

Labeling with Lg was performed as previously described.'®
Briefly, A solution of Lg in EtOH (100 pL, 50 mM) was added
to a solution of NaHCO; (800 pL, 10 mM) in a sealable vial.
The vial was sparged with N, for 5 min and a solution of
fac[*°™Tc'(OH,);(CO),]" (100 pL) was added and the solution
was heated to 50 °C for 1 h. 6’ was then purified using HPLC
method B.

Synthesis of 2 + 1 complexes. The desired monodentate
ligand in MeOH (100 pL, 0.1 M), MeOH (400 pL) and phos-
phate buffer (400 pL, 50 mM, pH 8) were added to a sealable
vial. The vial was then sparged for 5 min with N, and a solu-
tion of the purified **™Tc labeled complex 1'-6' (100 uL) was
added. The solution was then heated to 40 °C for 30 min and
analyzed by radio-HPLC method A (1a’-d’, 2a'-d’, 3a’-d’),
method B (4a’-d’, 5a’-d’. 6a’-d).

99™M7c stability studies. Solutions of complexes 1a’-6d’ were
purified by radio-HPLC. 1 mL of purified solutions were then
mixed with 1 mL of either 2 mM histidine or 2 mM cysteine in
10 mM pH 7.4 phosphate buffer to give a final concentration
of 1 mM amino acid in N, sparged sealable vials. The solu-
tions were then placed in a 37 °C water bath and samples were
analyzed at 1 h by radio-HPLC. Percent stability was deter-
mined by comparison of the peak area of the purified complex
to all other °*™Tc species in solution.

Results and discussion

A series of bidentate ligands (L;-Le) with the fac-[M'(CO);]"
(M = Re, *°™Tc) core was explored using the 2 + 1 methodology
to evaluate the overall nature of complexes, synthetic yields,
and stability. Within the series, the ligands were segregated
into two classes (neutral and anionic) based on the overall
charge of the fully deprotonated ligand (Fig. 1). In the neutral
ligand series (L;-L3), each of the bidentate ligands consisted
of a pyridine donor and a second aromatic donor (e.g., triazole,
imidazole, pyridine). In the anionic ligand series (Ly-Lg), the
bidentate ligands consisted of a carboxylate donor paired with
an aromatic donor (e.g., triazole, imidazole, pyridine). Based
on our previous studies illustrating the influence of monoden-
tate ligands on the yields and stability of the complex, each
ligand series was further evaluated as a 2 + 1 complex with a
functionalized pyridine analog (e.g., pyridine (py), 4-methoxy-
pyridine (4-MP), 4-dimethyaminopyridine (DMAP)). Methyl
imidazole was also examined representing a separate class of
aromatic amine donors due to promising stability results
from recent literature studies.'"'® Neutral ligands (L;-Ls)

This journal is © The Royal Society of Chemistry 2017
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coordinated with the fac-[M'(CO);]" core and a monodentate
ligand (Y) gave cationic complexes of the general form fac-
[M'(CO),(L)(Y)]". Anionic ligands (Ls-Le) coordinated with the
fac[M'(CO);]" core and a monodentate ligand gave neutral
complexes of the general form fac-[M'(CO);(L)(Y)]. Probing the
differences within the bidentate ligand series and the mono-
dentate functionalized pyridine allow the overall assessment of
the systems with stable nonradioactive (Re) and radioactive
(°™Tc) complexes.

Re 2 + 1 complexes with ligands (L,-Le) were synthesized
for characterization and comparison with the analogous
9™Tc analogs. With neutral ligands (Ly-L3), a two-step, one-
pot synthesis provided the general synthetic route to obtain
cationic complexes ( fac-[Re'(CO);(L)(Y)]"). In the first step, the
[Re(CO)sOTf] starting material was decarbonylated with a
slight excess of ligand (L;-L;) in MeOH at 70 °C to generate
the intermediate fac-[Re'(CO);(sol)(L)]" after 2 h. The second
step involved the direct addition of the monodentate ligand
(2 equivalents) with additional heating overnight to give the
rhenium complexes 1a-d, 2a-d and 3a-d in moderate to good
yields (35-89%) after isolation (Scheme 1). Preparation of the
Re 2 + 1 complexes with the anionic ligand series (Ly-Lg) was
also attempted using the previously mentioned two-step in
one pot route. However, it was unsuccessful to obtain a single
well defined product by HPLC analysis. The requirement of
additional base to deprotonate the carboxylic acid group in the
bidentate ligands (Ls-L¢) may have contributed to the incom-
plete intermediate fac-[Re'(CO);(L)(OH,)] formation and the
observation of several species in the reaction mixture chroma-
togram upon addition of the monodentate ligand. An alterna-

orf o
OSC,,, | @ LLilals WN
" o MeOH, 70 °C, 3 h; o
\ 2. py, 4-MP, DMAP, / \
‘ Csp  Melmid, MeOH 70 °C,
i 1eh
o]
1a) NN=L,, Y =py 3a) NN=L;, Y =py
b) NN=L;,Y=4-MP  b) NN=L; Y=4-MP
¢ NN=L;,Y=DMAP  ¢) NN=L;, Y =DMAP
d) NN=L;,Y=Melmid d) NN=L;, Y =Melmid
2a) NN=L,, Y =py
b) NN =L, Y =4-MP
¢) NN=L,, Y =DMAP
d) NN =L,, Y =Melmid
OH,

Oz,

SCu,,, | \N> py.4-MP,DMAP,  OSC,, | ‘m\\\N>
“Rel or Melmid, “Rel
~
e ‘ o/ MeOH70°C, 16h o ‘ ~
C ¢

4a) NO=L,, Y =py 6a) NO=Lg, Y =py

HNO=L
5; No—L4 b) NO=L,, Y =4-MP b) NO =Lg, Y = 4-MP
-1, - - - -
6)NO=Lg ¢) NO=L, Y=DMAP  ¢) NO=Lg Y=DMAP

d) NO=L,, Y=Meclmid d) NO=Lg, Y =MecImid
5a) NO=Ls, Y =py

b) NO=Ls, Y =4-MP

¢) NO=Ls, Y=DMAP

d) NO =Ls, Y = Melmid

Scheme 1 Synthesis of 2 + 1 complexes, fac-[Re'(CO)s(L)(Y)I*, with
bidentate ligands (L;—Le) and monodentate aromatic amine ligands (Y).
Top: a two-step one pot procedure for neutral ligands (L;—L3) and
Y. Bottom: second step using the intermediate fac-[Re'(CO)s(L)(OH,)] of
anionic ligands (L4—Le) with Y.
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tive synthetic route with ligands (L,-Le) involved a two-step
route including the isolation of the intermediate fac-[Re'(OH,)
(CO)3(L)] prior to addition of the pyridine ligands. It was
found that the aqueous starting material fac-[Re'(OH,);(CO)s]
OTf(,q) provided the best route to obtain the intermediates fac-
[Re'(OH,)(CO)3(Ly,Le)] in agreement with previous preparation
for 4 and 6.'® However, the isolation of fac-[Re'(OH,)
(CO)3(Ls)], 5, via this route was observed in lower yields (24%).
The second step involved the addition of a monodentate
ligand (Y) to the intermediate complex in methanol at 70 °C.
Isolation via precipitation or preparatory HPLC gave the
desired fac-[Re'(CO)5(L)(Y)] complexes 4a-d, 5a-d and 6a-d in
moderate to good yields (47-86%) (Scheme 1). Each of the new
Re complexes were characterized by 'H and "*C NMR, UV-Vis,
IR, MS and elemental analysis. While the analytical analysis
details for each complex are reported within, the similar struc-
tural nature of the aromatic nitrogen rings and carboxylic
acids in the bidentate ligand series (L;-L¢) did not have signifi-
cant variances in the data collected between the compound
series. We had anticipated the basicity of the pyridine analogs
(DMAP > 4-MP > Py) to potentially impact the data in the
respective bidentate ligands in the 2 + 1 complexes, but no sig-
nificant trend was observed within statistical error for each
ligand series. IR spectra collected confirmed the presence and
conformation of the carbonyls in each of the 2 + 1 rhenium
complexes by exhibiting the characteristic two peaks of a
pseudo Cj, symmetry of the Re(CO); core. In each of the com-
plexes, a sharp peak was observed at ~2050 cm™" along with a
broad peak 1850-1900 cm™" was consistent in each complex.
'H and C NMR analysis of the 2 + 1 rhenium complexes
exhibited a downfield shift due to the electron withdrawing
role of the metal of the complexed ligands (bidentate (L;-Lg)
and monodentate) from the respective free ligand chemical
shifts. Within the bidentate ligand series in both the cationic
and neutral complexes, the singlet "H NMR shifts of the tri-
azole (L3, L¢) and imidazole (L,, Ls) protons on the coordinat-
ing ring to the metal were specifically examined to ascertain
the influence of basicity of the monodentate pyridine on their
shifts. Unfortunately, no conclusive trend comparing
pyridine basicity and NMR shifts was observed in the down-
field shifts of the singlets (triazole 7.95-8.00 ppm, imidazole
7.60-7.65 ppm) within the rhenium 2 + 1 complexes. Mass
spectra analysis in positive mode was conducted on the
rhenium 2 + 1 complexes. In general, the cationic complexes
with L;; gave the expected molecular ion peak [M+]. In
the neutral 2 + 1 complexes with Ly 6, m/z values of [M + H]" or
[M + Na]" species were observed. Both series of complexes had
relatively stable 2 + 1 complex ions in the gas phase with
minimal loss of the monodentate ligand. One notable
exception was fac-[Re'(CO);(Ls)(OH,)] (5) with a m/z resulting
from the loss of coordinated water and the addition of a
sodium ion.

To evaluate the structural differences observed in the bi-
dentate series, the single crystals of the 2 + 1 Re complexes
with DMAP (1c-6¢) were obtained and analyzed by X-ray dif-
fraction analysis (Fig. 2). Complete experimental parameters
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1c 2c

o1

4c 5c

6¢

Fig. 2 Crystal structures of 1c—6c with thermal ellipsoids at 30% probability. Hydrogen atoms, anions, and included solvent have been omitted for

clarity. 4c was reproduced from literature.*°

Table 1 Selected bond lengths and angles of fac-[Re'(CO)s(L)(DMAP)]
complexes, 1c-6¢

Re-X bond length (A) Angle (°)
Re(1)-
Complex Re(1)-N(1) Re(1)-N(2) Re(1)-O(1) N(DMAP) Bite angle
1c 2.170 2.165 — 2.205 74.96
2¢ 2.118 2.211 — 2.222 74.16
3c 2.140 2.194 — 2.206 74.49
4c 2.177 — 2.138 2.191 75.48
5¢ 2.151 — 2.161 2.226 75.32
6¢c 2.152 — 2.161 2.190 75.23

and tables of bond lengths and angles for each of the struc-
tures can be found in the CIF and ESL.t Commensurate with
other 2 + 1 fac[Re'(CO);]" complexes,'®'>'” the bidentate
ligands (L,-L¢) and DMAP saturate the coordination sphere to
present distorted octahedral complexes (1c-6¢) with similar
bond angles and distances (Table 1). The geometries of the
bidentate ligands within both ligand classes can vary slightly
based on the type and orientation of the nitrogen donor in the
ligands (5-member: triazole, imidazole vs. 6-member: pyri-
dine). The bite angles of the bidentate ligands ranged from
74.16-75.48°. In general, the neutral ligands (L;-L;) exhibited
more constrained values than the anionic ligands (L,-Le).
Within the series, the aromatic amine donors within the
bidentate ligands (L;-Le) had similar bond distances through-
out (2.118-2.177 A) the complexes. The coordinated carboxy-

1140 | Dalton Trans., 2017, 46, 1134-1144

late in anionic ligands had relatively consistent distances
(2.138-2.161 A) within the structures 4c-6¢ for a Re carboxylate
bond. In general, Re(1)-N(DMAP) bond lengths are slightly
longer in the neutral ligand complexes (1c-3¢) than in the
corresponding anionic ligand complexes (4c-6¢) with the
exception of 5c¢ (Table 1), however; this does not represent a
significant difference in bond lengths between the two classes
of complexes.

The calculated gas-phase DFT geometries of 1c-6¢ are in
excellent agreement with the X-ray crystallographic infor-
mation. All Cartesian coordinates are provided in the ESLf
The average deviation in calculated versus experimental Re-N
bond lengths is <0.05 A, Re-C is 0.01 A, and Re-O is 0.004 A.
The relative ligand binding energies were examined by
DFT calculations using (U)B3LYP/aug-cc-pVDZ-PP/aug-cc-pVDZ
gas-phase analysis to determine ligand binding energy of the
DMAP with respect to the bidentate ligand (Table 2). Cationic

Table 2 (U)B3LYP/aug-cc-pVDZ-PP/aug-cc-pVDZ gas phase 0 K
DMAP binding energies determined as a function of the bidentate
ligands Ly —Lg using reactions (r1) and (r2)

Complex Binding energy (kcal mol™) Qgre

1c 52.5 —0.80
2¢ 50.2 -0.81
3c 51.6 -0.81
4c 40.0 -0.72
5c 38.9 -0.73
6¢c 39.6 -0.73

This journal is © The Royal Society of Chemistry 2017
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Scheme 2 Synthesis of 2 + 1 complexes fac-[99'“Tc'(CO)3(L)(Y)]°’+ using a two step reaction from the starting material fac-[99"‘Tc'(CO)3(OH2)3]+

through the intermediate fac-[?°™Tc'(CO)s(L)(OH,)1%’* to the final product.

complexes fac[Re'(CO);(L)(DMAP)]* formed with neutral
ligands (L;-L3) had the highest binding energies for DMAP for
the series, where complex 1c¢ had a binding energy at 52.5 kcal
mol™" with complexes 2¢ and 3c only slightly lower. Neutral
complexes fac[Re'(CO);(L)(DMAP)] formed with anionic
ligands (L4-Le) had lower binding energies for DMAP between
38.9 and 40.0 kcal mol™" indicating significantly lower bond
stability for the neutral complexes. The similarities within the
groups show that the neutral ligand species (cationic com-
plexes) allow the metal centers to attract more electron density
from the DMAP ligand, creating stronger bonding. Conversely,
the carboxylate in the anionic ligands donates significant elec-
tron density to the metal reducing the bonding interaction
between DMAP and the metal. Interestingly, the type of aro-
matic nitrogen donor had very little effect overall on the
binding energy of the complex, indicating that overall complex
charge has a more significant effect than the nitrogen donor.

Synthesis and stability studies were conducted with
the radioactive analog °°™Tc for comparison to the
rhenium data. Available from an Isolink® Kkit, the starting pre-
cursor fac-[**™Tc'(OH,);(CO);]" was used to prepare the 2 + 1
complexes in a two-step route. Initial complexation of
fac[?°™Tc'(OH,);(CO),]" with the bidentate ligands (Ly-Ls) at
107* M was performed at pH 3 at 90 °C to yield the intermedi-
ate complexes fac[**™Tc(CO);(OH,)(L)]"° (1-5") in moderate
to excellent (62-99%) yields. L required using our previously
described method at pH 8 and 5 x 10~ M concentration to
obtain complex 6’ in good yields (62%).'® It is noteworthy to
mention double addition of the bidentate ligands was
observed in most of the systems. At neutral pH, the double
addition products were more apparent in the HPLC chromato-
gram, but were significantly reduced (<10%) by conducting the
reactions at a slightly acidic pH. In order to simplify identifi-
cation, avoid competition reactions, and prevent peak overlap,
the intermediates (1'-6") were purified prior to addition of the
monodentate ligands.

The 2 + 1 complexes were prepared from the intermediate
complexes 1'-6' by reacting with functionalized pyridine

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 HPLC chromatogram of isolated fac-[Re'(CO)s(L,)(DMAP)] (2c,
blue) with a UV detector (254 nm) and radiochromatogram (y) of the
fac-[*°"Tc!(CO)s(L,)(DMAP)] (2¢', red).

ligands (107> M) at 40 °C for 30 min (Scheme 2). The products
(1a’-6d’) were analyzed by radio-HPLC and correlated to reten-
tion times of the respective Re analogs (1a-6d) for identifi-
cation (ESI Table 1) using HPLC method A for the neutral
and method B for the anionic ligand systems (Fig. 3). Product
yields ranged from 20-99% throughout the series based on
both the bidentate and the monodentate ligands combination
(Table 3). Comparison of the two bidentate ligand classes
found significant differences in the complexation of mono-
dentate ligands between the neutral and anionic ligands.
Across the pyridine series, 2 + 1 complexes formed with
neutral bidentate ligands (L;-L;) had lower radiochemical
labelling yields than the complexes formed with anionic
bidentate ligands (L,-Ls), with the exception of L (Fig. 4).
Among the neutral ligands, L, had the highest labeling yields
with the monodentate ligands (68%, DMAP) over similar yields
observed for L; and Lz (53, 47%, DMAP). For 1a’ only an
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Table 3 Radiochemical formation yields of fac-[>*™Tc(CO)s(L;—g)(Y)] complexes obtained from the reaction of the intermediate fac-
[°°™Tc!(CO)3(Ly—6)(OH)I®* with the monodentate ligand (Y) followed by analysis with radio-HPLC. Transchelation stability studies were conducted
by incubation of the isolated 2 + 1 complexes in 1 mM amino acid solution (histidine or cysteine) for 1 h at 37 °C

Bidentate (L) Monodentate (Y) Complex Yield His stability® Cys stability®
Neutral ligands L, OH, 1 91.3% 71.6% 59.0%
py 1a’ <20%? NAC NAC
4-MP 1b’ 25.3% 80.2% 39.2%
DMAP 1c’ 53.6% 93.3% 84.7%
Melmid 1d’ 48.4% 97.3% 96.4%
L, OH, 2 98.9% 61.9% 39.6%
Py 2a’ 31.1% NA¢ NAC
4-MP 2b’ 46.2% NA® 38.9%
DMAP 2¢' 68.6% 84.0% 81.1%
Melmid 2d’ 85.0% 89.4% 87.5%
L, OH, 3 80.0% 55.0% NAC
py 3a’ 27.5% 71.6% 24.2%
4-MP 3b’' 31.5% 83.0% 78.4%
DMAP 3¢’ 47.0% 93.5% 88.1%
MelImid 3d’ 57.8% 89.0% 91.3%
Anionic ligands L, OH, 4’ >98% — —
Py 4a’ 71.4% 6.3%" 2.9%°
4-MP ab’ 92.9% 42.7%¢ 15.7%¢
DMAP ac' 96.4% 82.3% 68.0%"
Melmid ad’ >99% 65.5% 46.2%
Ls OH, 5/ 65.0% — —
py 5a’ 80.1% 17.0% <1%
4-MP 5b’ 91.6% 31.5% 12.3%
DMAP 5¢/ 98.4% 76.3% 57.5%
Melmid 5d’ 98.0% 87.4% 70.7%
Le OH, 6’ 62.0% — —
Py 6a’ 29.0% 23.9% 27.8%
4-MP 6b’ 38.8% 54.7% 38.1%
DMAP 6c’ 53.3% 86.9% 41.0%
MelImid 6d’ 53.7% 91.4% 46.4%

o of starting complex remaining in the presence of 1 mM amino acid after our a . 7 Estimated value due to partial peak overlap.
%% of starting pl g in the p f 1 mM d after 1 h t 37 °C. ” Estimated value due to partial peak lap
“Value not obtained due to complete peak overlap. ¢ Reproduced from literature.'”
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Fig. 4 Plot of radiochemical yields of 2 + 1 formation with monoden-
tate pyridine ligands (a—c) vs. pK, of monodentate pyridine ligands.
Neutral bidentate ligands (L;—3) (top), anionic bidentate ligands (Ls_¢)
(bottom) and pyridine ligands (py (pK, 5.33), 4-MP (pK, 6.55), DMAP
(pKy 9.71)). *Yield for 1a’ estimated at 16% for this plot due to peak
overlap.

1142 | Dalton Trans., 2017, 46, 1134-1144

estimate was able to be obtained for radiolabeling yields due
to overlap of the peaks between the bidentate intermediate 1’
and 1a’ (ESI Fig. 11). With the anionic ligands, radiochemical
yields obtained for 2 + 1 complexes with L, and Ls were typi-
cally very good (>70%) for each of the pyridine analogs, but Lg
had significantly lower yields (29-53%). Examination of the
monodentate pyridines within the 2 + 1 series showed similar
increased yields as a function of pK,. The general trend (DMAP
(pKa 9.71) > 4-MP (pK, 6.55) > py (pK, 5.33)) for radiochemical
labeling was observed similarly for both neutral and anionic
ligands.

While complexation provided insight into the rate of coordi-
nation of monodentate ligands to the compounds, stability
studies provide critical modeling of the overall behavior of the
complexes for in vivo applications. Amino acid challenge
assays using histidine and cysteine were performed with *°™Tc
complexes (1a’-6d’) to determine their stability to substitution
and transchelation. HPLC purified complexes were incubated
with 1 mM cysteine or histidine in pH 7.4 phosphate buffer for
1 h at 37 °C followed by HPLC analysis (Table 3). In general, the
2 + 1 complexes formed with neutral bidentate ligands (L;-Ls)
had a higher stability towards both histidine and cysteine than

This journal is © The Royal Society of Chemistry 2017
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Fig. 5 Radiochemical labeling yields of the reaction of with monoden-
tate ligands DMAP (gray) and Melmid (blue) with fac-[**"Tc'(CO)s(L)

(OHN* containing bidentate ligands (L;—Lg) to yield the respective
product fac-[?°™Tc!(CO)s(L)(DMAP/Melmid)]°’*.

2 + 1 complexes formed with anionic bidentate ligands (L,-Lg).
Analogous to the formation results, increasing pK,’s in functio-
nalized pyridine ligands (DMAP > 4-MP > py) showed increased
complex stability across all of the **™Tc complexes.'” At 1 h,
DMAP complexes with neutral ligands (L;-Ls) had excellent stabi-
lity (81-94%) compared the anionic ligands (L,-Le) (41-87%)
that showed greater transchelation, particularly with cysteine.

A distinct difference was observed in the transchelation
HPLC chromatograms between the 2 + 1 complexes of neutral
and anionic bidentate ligands. In a typical transchelation
assay, the formation of the amino acid complex (e.g., fac-
[°°™Tc'(CO)s(histidine)]) is monitored, indicating loss of both
ligands of the 2 + 1 system. While 2 + 1 complexes with anionic
ligands formed the respective cysteine and histidine products
upon degradation, 2 + 1 complexes bearing neutral bidentate
ligands (L,-L3) did not, indicating incomplete decomplexation
of the ligands. Further evaluation of the complexes (1'-3') under
challenge assay conditions revealed that the neutral bidentate
ligands did not transchelate, suggesting the formation of a
monodentate bound amino acid 2 + 1 complexes (e.g., fac-
[°°™Tc'(CO)s(L)(histidine)]). Due to this coordination, stability of
the py coordinated complexes 1a’ and 2a’ were not obtained due
to the difficulty approximating the close overlap of the 2 + 1
product and the 2 + 1 species formed with cysteine.

Methyl imidazole was examined due to increased interest in
tridentate imidazole-based ligands for radiopharmaceuticals
and high reported stability of methyl imidazole 2 + 1 com-
plexes in comparison to pyridines.">*°? The 2 + 1 **™Tc com-
plexes were prepared from the intermediate complexes 1'-6' by
reacting MeImid under the same conditions as the pyridine
analogs followed by HPLC analysis. MeImid 2 + 1 complexes
(1d'-6d’) demonstrated good to excellent (48-98%) radio-
chemical yields across the bidentate series (Fig. 5). The combi-
nation of neutral ligands, L, and Lz, with MeImid exhibited
higher labeling yields over DMAP analogs despite its lower
basicity (pK, = 7.2). Amino acid challenge studies with 2 + 1

This journal is © The Royal Society of Chemistry 2017
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9™ Te complexes were also conducted with MeImid complexes
(1d'-6d’) exhibiting slightly higher stability than analogous
DMAP complexes for cysteine and histidine in nearly all cases.
Also in agreement with pyridine analogs, the MeImid contain-
ing 2 + 1 complexes exhibited higher stability with neutral
bidentate ligands (L;-Ls3) over anionic ligands (Ls-Le).

Conclusion

Using a 2 + 1 strategy, a series of neutral and anionic bidentate
ligands based on aromatic nitrogen donors were explored with
monodentate pyridine analogs to determine the behavior on
fac-[M'(CO);]" complexes with Re and “*™Tc. Distinct differ-
ences were observed in the formation and the stability of the
respective complexes based on the overall charge, whether cat-
ionic or neutral, under the conditions examined. In general,
the *™Tc cationic complexes (fac-[M'(CO);(Ly_3)(Y)]") formed
with neutral ligands exhibited lower synthetic yields, but
higher stability. =~ Whereas, neutral complexes (fac-
[M'(CO);(L46)(Y)]) constructed with anionic bidentate ligands
typically had higher yields, but significantly lower stability.
Both computational and experimental studies confirm stron-
ger binding of the complexes formed with the bidentate
neutral ligands. Both classes of bidentate ligands were also
examined with functionalized pyridine analogs as a function
of pK,. Each of the 2 + 1 complexes bidentate ligand displayed
a clear trend for formation and stability based on the mono-
dentate pyridines (DMAP > 4-MP > py). A comparable aromatic
amine, Melmid, was also evaluated under the same conditions
to directly compare to the functionalized monodentate pyri-
dine series. While the pK, (7.2) of MeImid is greater than the
pK, for 4-MP, it had excellent formation yields and high stabi-
lity across the bidentate series similar to DMAP suggesting the
importance of donor type on the stability. The combination of
pK, effect, ideal charge, and ligand types will help to more
effectively design 2 + 1 fac[**™Tc'(CO)s]" complexes with
improved behavior.

Despite the differences in the bidentate ligands reported,
these results were in agreement with our previous studies illus-
trating electron donation influencing the preparation and stabi-
lity of the *™Tc complexes. These results provide insight into
designing tridentate ligands using this strategy. Use of neutral
tridentate ligands may increase stability over ones containing car-
boxylate functionalities. Additionally, functionalized pyridines or
imidazoles are likely to enhance the overall stability of newly
developed tridentate ligands. These modifications may provide
complexes with greater in vivo and in vitro stability, while provid-
ing an approach to modify pharmacokinetic properties.
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Abbreviations

pic Picolinic acid

Py Pyridine

4-MP 4-Methoxypyridine

DMAP  4-Dimethylaminopyridine
Melmid Methylimidazole

bipy 2,2'-Birpyridine

DPA 2,2"-Dipicolylamine.
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