I*I Innovation, Sciences et Innovation, Science and CA 2991498 A1 2017/01/12
Développement economique Canada Economic Development Canada
Office de la Propriéte Intellectuelle du Canada Canadian Intellectual Property Office (21) 2 99 1 498

12 DEMANDE DE BREVET CANADIEN
CANADIAN PATENT APPLICATION
13) A1

(86) Date de depot PCT/PCT Filing Date: 2016/07/06 (51) Cl.Int./Int.Cl. A67K 57/04 (2006.01),

L . . A671P 35/00(2006.01), CO/B 59/00 (2006.01),
(87) Date publication PCT/PCT Publication Date: 2017/01/12 CO7D 257/02(2006.01) CO7D 295/145 (2006.01)
(85) Entree phase nationale/National Entry: 2018/01/05

(71) Demandeur/Applicant:

(86) N° demande PCT/PCT Application No.: US 2016/041040 FIVE ELEVEN PHARMA INC., US
(87) N° publication PCT/PCT Publication No.: 201/7/007 790 (72) Inventeurs/Inventors:
(30) Priorités/Priorities: 2015/07/07 (US62/189,652); KUNG, HANK F.; US;

2016/04/08 (US62/320,296) WU, ZERUI, US;

CHOI, SEOK RYE, US;
PLOESSL, KARL, US;
ZHA, ZHIHAO, US

(74) Agent: BORDEN LADNER GERVAIS LLP

(54) Titre : HBED-BISPHOSPHONATES, CONJUGUES DE METAL RADIOACTIF DE CES DERNIERS, ET LEUR

UTILISATION COMME AGENTS THERANOSTIQUES
(54) Title: HBED-BISPHOSPHONATES, RADIOMETAL CONJUGATES THEREOF AND THEIR USE AS THERANOSTIC

AGENTS

O
R0E Ho, A, 0 OR opogR |
| , H P-OR1
X Yor | O _ oR! P—0R1
OH BTORz R1dP N"B
O '® O 0 O
|

(57) Abregé/Abstract:

The present invention relates to compounds according to Formula (I) or Formula (Il), which are potential bone imaging agents and
therapeutic agents for treating bone tumors and metastases. Certain compounds labeled with ®3Ga displayed excellent bor
uptake and retention. The present invention also relates to pharmaceutical compositions comprising a pharmaceutical acceptab
carrier and a compound of Formula (l) or Formula (ll) or a pharmaceutically acceptable salt thereof.

D

D

50 rue Victoria e Place du Portage1l e Gatineau, (Québec) K1AOC9 e www.opic.ic.gc.ca I*I
50 Victoria Street e Place du Portage 1 ¢ Gatineau, Quebec K1AO0C9 e www.cipo.ic.gc.ca al I a



CA 02991458 2018-01-05

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

CORRECTED VERSION

(19) World Intellectual Property =~
Organization —
International Bureau

WIPO|PCT

(43) International Publication Date
12 January 2017 (12.01.2017)

(51) International Patent Classification:

(10) International Publication Number

WO 2017/007790 A9

LC, LK, LR, LS, LU, LY, MA, MD, ME, MG, MK, MN,

AG61K 51/04 (2006.01) CO7D 295/145 (2006.01) MW, MX, MY, MZ, NA, NG, NI, NO, NZ, OM, PA, PE,
AG61P 35/00 (2006.01) CO7D 257/02 (2006.01) PG, PH, PL, PT, QA, RO, RS, RU, RW, SA, SC, SD, SE,
C07B 59/00 (2006.01) SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN, TR, TT, TZ,

(21) International Application Number:

UA, UG, US, UZ, VC, VN, ZA, ZM, £ZW.

PCT/US2016/041040 (84) Designated States (unless otherwise indicated, for every

. . kind of regional protection available): ARIPO (BW, GH,

(22) International Kiling Date: . GM, KfE ER, LSf)MW, MZ, NA, wa SD, SL, S(T, SZ, TZ,

06 July 2016 (06.07.2016) UG, ZM, ZW), Furasian (AM, AZ, BY, KG, KZ, RU, TJ,

(25) Filing Language: English TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,

. . . EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,

(26) Publication Language: English MC. MK, MT. NL. NO. PL. PT. RO, RS, SE. SL SK. SM.

(30) Priority Data: TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ, GW,
62/189,652 07 July 2015 (07.07.2015) US KM, ML, MR, NE, SN, TD, TG).

62/320,296 08 April 2016 (08.04.2016) US
Published:

(71) Applicant: FIVE ELEVEN PHARMA INC. [US/US];
3700 Market Street, Suite 305, Philadelphia, Pennsylvania
19104 (US).

(72) Inventors: KUNG, Hank F.; 232 N Highland Rd., Spring-
field, Pennsylvania 19064 (US). WU, Zehui; 503S 41st
Street, Apt. 302, Philadelphia, Pennsylvania 19104 (US).
CHOI, Seok Rye; 52 Andrew Court, Aston, Pennsylvania
19014 (US). PLOESSL, Karl; 1525 Delaware Ave. #3,
Wilmington, Delaware 19806 (US). ZHA, Zhihao; 221 S
44th St. Apt. 2-F, Philadelphia, Pennsylvania 19104 (US).

Agent: COVERT, John M. et al.; Sterne, Kessler, Gold-
stein & Fox P.L.L.C., 1100 New York Avenue N.W., Wash-
ington, District of Columbia 20005 (US).

(74)

(81) Designated States (unless otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,
AQO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY, BZ,
CA,CH,CL,CN, CO, CR,CU,CZ, DE, DK, DM, DO, DZ,
EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT, HN, HR,

HU, ID, IL, IN, IR, IS, JP, KE, KG, KN, KP, KR, KZ, LA,

—  with international seavch report (Avt. 21(3))

(48) Date of publication of this corrected version:
04 January 2018 (04.01.2018)

(15) Information about Correction:
see Notice of 04 January 2018 (04.01.2018)

(54) Title: HBED-BISPHOSPHONATES, RADIOMETAL CONJUGATES THEREOF AND THEIR USE AS THERANOSTIC

woO 2017/007790 A9 |1 I UL RA 110 T AN R A AR E

AGENTS
i
1
R0 "B HO_ A O OR! ALY O, OR
| Y N AR oY ONAy H P-OR
s NN IY‘J\A/\H—:—(POOR S N N N e
{ YI\,I-\ | 0O Y OR! M. YA N oR
OH B _OR2 ;P_OR "N N N O 1~
N R10 BN\ Yy B R'O
O O}\O $O/§O
|

(57) Abstract: The present invention relates to compounds according to Formula (I) or Formula (II), which are potential bone imaging

agents and therapeutic agents for treating bone tumors and metastases. Certain compounds labeled with %Ga displayed excellent bone
uptake and retention. The present invention also relates to pharmaceutical compositions comprising a pharmaceutical acceptable carrier
and a compound of Formula (I) or Formula (II) or a pharmaceutically acceptable salt thereof.




CA 02991458 2018-01-05

WO 2017/007790 PCT/US2016/041040
_ 1 -

HBED-BISPHOSPHONATES, RADIOMETAL CONJUGATES THEREOF AND
THEIR USE AS THERANOSTIC AGENTS

BACKGROUND OF THE INVENTION

j0001] [”’™Tc]-methylene disphosphonate (MDP) planar or single-photon emission
computerized tomography (SPECT) bone 1tmaging 1s one of the most commonly performed
nuclear medicine procedures to evaluate bone disorders, such as infection (osteomyelitis),
noninfectious inflammation (arthritis), trauma, metabolic bone disease, benign and malignant
neoplasms, and metastasis. Nevertheless, concerns are expressed about recurring shortages
of 7™Tc, which may limit the availability of this imaging agent for routine clinical use.
Recently, [ "F]NaF in conjunction with PET has been approved for the clinical evaluation of
patients with known or suspected bone metastases. lagaru A, et al., Clin. Nucl. Med.
38:€290-6 (2013); Jadvar H, et al., Semin. Nucl. Med. 45:58-65 (2015). There 1s currently

an increasing number of regional commercial distribution centers for PET radiotracers, thus
improving the availability of [ "F]NaF (ti,» 110 min, 97% B", 0.63 MeV max energy) for
routine clinical practice.

10002] *®Ge/*°Ga generators for PET imaging are becoming increasingly available in
nuclear medicine clinics. Velikyan 1., J. Label. Compd. Radiopharm. DOI: 10.1002/jlcr.3250
(published online February 17, 2015). There are several advantages associated with using
“®Ga: 1) A long-lived parent isotope, germanium-68 (*°Ge) (12 271 d), allows for an easy and
widespread generator distribution; 2) The physical properties of *°Ga (1> 68 min, 89% B,
1.90 MeV max energy) are highly suitable for PET imaging; 3) “*Ge/*°Ga generators provide
a convenient mechanism for position emitting 1sotope production without the need for a

nearby cyclotron. An important factor to consider is that the emitting B~ energy for "°F and

“®Gais 0.63 MeV and 1.90 MeV, respectively. However, despite the difference in the B
energy, F and “*Ga radiopharmaceuticals exhibit similar spatial resolution, sensitivity,
1mage contrast, and activity recovery coefficients in human tissue, and they produce
comparable clinical images in humans.

{0003] Due to the relatively short physical half-life of ®®Ga and its potential for binding to
the blood component transferrin, several essential properties for °*Ga radiopharmaceuticals
are needed: 1) The °°Ga complexes should display high in vitro stability; 2) The formation of

*®Ga complexes should be kinetically fast; 3) ®*Ga complexes should be able to form
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bifunctional molecules for targeting, pre-conjugation, to biologically active molecules; and 4)
“®Ga complexes should display suitable in vivo stability in blood circulation with minimal
transferrin exchange.

(0004 Currently, the most common *°Ga labeled radiopharmaceuticals evaluated are
[**Ga]DOTATOC, [°*Ga]DOTATATE, and [*°Ga]DOTANOC. These compounds are
mainly used for detecting the over-expression of somatostatin receptors associated with
neuroendocrine tumors. This has attracted significant attention for using PET 1maging in the
diagnosis of neuroendocrine tumor and various diseases. Morgat C. et al., Gallium-68:
chemistry and radiolabeled peptides exploring different oncogenic pathways, Cancer
Biother. Radiopharm. 28:85-97 (2013), Sandstrom M, et al. J. Nucl. Med. 54:1755-9 (2013);
Velikyan I, et al., Quantitative and qualitative intrapatient comparison of 68Ga-DOTATOC
and 68Ga-DOTATATE: net uptake rate for accurate quantification, J. Nucl. Med. 55:204-10
(2014).

{0005] A number of Ga complexes have been reported, and they are usually macrocyclic
or acyclic polyaza carboxylic acids. These complexes often include metal-chelating ligands
designed to form gadolinium (Gd) complexes for use as magnetic resonance imaging (MRI)
contrast agents, such as: diethylenetriaminepentaacetic acid (DTPA), 1,4,7,10-
tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA), 1,4,7-triazacyclononane-1,4,7-
triacetic acid (NOTA), and related derivatives (Table 1). Many of these ligands are
commonly employed to chelate radioactive metal 1ons. These include single photon emitting
isotopes for SPECT imaging — °’Ga, ~"™Tc, and ' ''In, as well as positron emitting isotopes for
PET imaging — **Cu, *°Y, *’Zr, °*Ga, and *’Sr. Literature reports on polyaza carboxylic acids
such as DOTA and related ligands, suggest that they form highly thermodynamic stable
complexes with Ga(III). Nevertheless, the complexation of no-carrier-added (n.c.a.) **Ga
with DOTA dernivatives has been shown to be 1nefficient, often requiring heating of 80-100
‘C. The formation of DOTA ligands with Ga(II) is more sensitive to experimental
conditions than that of NOTA analogs. It 1s likely that the smaller cavity created by the
NOTA dernivatives fits tighter to the 1onic radius of Ga(IlI). NOTA derivatives, especially 1-
(1,3-carboxypropyl)-4,7-carboxymethyl-1,4,7-tnnazacyclononane (NODAGA), were shown to
be more suitable for chelating the Ga(Ill) 1on than DOTA dernivatives. Price E'W. and Orvig
C., Chem. Soc. Rev. 43:260-90 (2014); Oxboel J., et al., Nucl. Med. Biol. 41:259-67 (2014).
The Ga(III)NODAGA complexes exhibited much higher thermodynamic stability as well as
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rapid complex kinetics. As Ga(Ill) 1s a small 10on and generally requires an octahedral
coordination sphere, Ga(III)NODAGA analogs provide optimal in vitro and 1in vivo stability.
There are several reports in which Ga(III)NODAGA was preferentially chosen as the
chelating group 1n producing bifunctional 1maging agents. By using DOTA and NOTA
derivatives, many *°Ga labeled bisphosphonates were prepared and tested for bone imaging.
It was reported that a bisphosphonate DOTA derivative, [*°Ga] 4-{[(bis-phosphonomethyl)
carbomoyl |methyl }-7,10-bis-(carboxy-methyl)-1,4,7,10-tetraazacyclododec-1-yl)-acetic acid
(BPAMD), displayed good bone uptake and retention 1n humans. Fellner M, et al., Lur. J.
Nucl. Med. Mol. Imaging 37:834 (2010).

10006] Table 1, depicts the structures of bisphosphonates that are reported to be capable
of complexing °°Ga for bone imaging. These include ethylene-diamino-N,N,N',N'-tetrakis-
methylene-phosphoric acid (EDTMP), (4-{[(bis-phosphonomethyl)carbomoyl Jmethyl }-7,10-
bis-(carboxy-methyl)-1,4,7,10-tetraazacyclododec-1-yl)-acetic acid (BPAMD), (4-{[(bis—
phosphonopropyl)carbomoyl|methyl }-7,10-bis-(carboxymethyl)-1,4,7,10-
tetraazacyclododec-1-yl)-acetic acid (BPAPD), tetraethyl-10-{[(2,2-bis-phosphonoethyl)-
hydroxyl phosphoryl|methyl}-1,4,7,10-tetraazacyclododecane-1,4,7-triacetic acid (BPPED or
DO3ABP)), (4-{[(bis—phosphonopropyl)carbomoyl Jhydroxylmethyl }-1,4,7,10-
tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA-BP), 2,2'-(7-(((2,2-
diphosphonoethyl)(hydroxy)phosphoryl)methyl)-1,4,7-tritazo-nane-1,4-d1yl)diacetic acid
(NO2APBP), 4-{[(bis—phosphonopropyl) carbomoyl|methyl }-1,4,7-tr1aza cyclonone-1,4-
diacetic acid (NOTAMBP), 1,4,7-triazacyclononane-N,Nne-1,tris(bis—phosphonopropyl)
carbomoyl Jmethyl-methylenephosphonic) acid (TRAP (NOTP)), and 1,4,7-
triazacyclononane-1,4,7-trifmethylene phosphinic acid] (TRAP(MDP);). The DOTA and
NOTA based bisphosphonates, *’Ga labeled BPAMD and NO2APBP, have been successfully

tested 1n humans as bone-imaging agents.
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Table 1. Bisphosphonates that Can Complex *’Ga for Bone Imaging
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j0007] Several chelating groups reported for complexing Ga(Ill) are: DOTA, 1,4,7-

triazacyclononane-1,4-bis|methylene(hydroxymethyl)phosphinic acid]-7-[methylene(2-
carboxyethyl)phosphinic acid] (TRAP (NOPQ)), cyclohexyl-1,2-[[6-carboxy-pyridin-2-yl |-
methylamino]ethane (HyCHX DEDPA), and (59,85,225,265)-1-amino-5,8-dibenzy]-
4.7,10,19,24-pentaox0-3,6,9,18,23,25-hexaazaoctacosane-22,26,28-tri-carboxylic acid
trifluoroacetate (CHX-A"-DTPA-DUPA-Pep). See Simecek J., et al., Chem. Med. Chem.
8:95-103 (2013); Ramogida C.F ., et al., /norg. Chem. 54:2017-31 (2015); Baur B., et al.,
Pharmaceuticals (Basel) 7:517-29 (2014).

{0008 Prostate-specific membrane antigen (PSMA) 1s a highly specific prostate
epithelial cell membrane antigen. Many reports suggest that PSMA 1s highly expressed 1n
various tumors, including prostate cancer. Often, PSMA expression increases in higher-grade
cancers and metastatic diseases. In a majority of neovasculature 1n solid tumors, there 1s high

expression of PSMA, but not 1n normal vasculature. This makes PSMA a suitable target for
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cancer detection and therapy. Certain Ga-prostate specific membrane antigen (PSMA)
tagged complexes showed high-affinity binding and effective targeting of PSMA-expressing
tumor models 1n vitro. Two studied agents for imaging PSMA binding sites in cancer
patients are [*°Ga]Glu-NH-CO-NH-Lys(Ahx)-HBED-CC (monomer), and its related dimer,
[°®*Ga](Glu-NH-CO-NH-Lys(Ahx)),-HBED-CC. Both complexes were prepared and were
reported to show high PSMA binding as seen in Table 2. Baur B, et al., Pharmaceuticals
(Basel) 7:517-29 (2014); Schafer M., et al., EJNMMI Res 2:23 (2012); Eder M., et al |
Pharmaceuticals (Basel) 7:779-96 (2014); Eder M., et al., Bioconjug. Chem. 23:688-97
(2012). Although both [**Ga]Glu-NH-CO-NH-Lys(Ahx)-HBED-CC (monomer) and
[°®*Ga](Glu-NH-CO-NH-Lys(Ahx)),-HBED-CC (dimer) exhibited comparable preclinical
data, the current PSMA/PET 1maging agent of choice for human study 1s the monomer. It 1s

generally accepted that Glu-NH-CO-NH-Lys(Ahx)- provides high binding affinity to the

PSMA receptors on the cell membrane of tumors.

Table 2.

Proposed structures of PSMA targeting 1maging agents
[°®*Ga]Glu-NH-CO-NH-Lys(Ahx)-HBED-CC (monomer) and [*°Ga](Glu-NH-CO-NH-
Lys(Ahx)),-HBED-CC (dimer).

WarhCage “? I “?NH

COOH :L
J/:L/ l : r COOH 0 Hooc"N N COOH
O

Hooc"N N COOH : f
H H

[(8Ga](Glu-NH-CO-NH-Lys(Ahx))-HBED-CC

Monomer [08Ga](Glu-NH-CO-NH-Lys(Ahx)),-HBED-CC

Dimer

{0009 Most clinical studies to date have been performed with [*°Ga]Glu-NH-CO-NH-
Lys(Ahx)-HBED-CC (monomer). Using HBED instead of commonly employed DOTA and
NOTA, as a ligand for chelating Ga(Ill) has certain advantages. Stability constants (log Kd)

for Ga(Ill)-DOTA and Ga(IIT)-NOTA complexes were previously reported (log Kd = 21.3
and 31.0, respectively). Compared to DOTA and NOTA, the HBED chelating group forms a

stronger, more stable Ga(IIl) complex: a log Kd value of 38.5 was reported for Ga(Ill)-
HBED-CC.
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10010] A need continues to exist for bone imaging agents that employ available
radionuclides, form complexes quickly, are stable 1n vitro and 1n vivo, and do not rapidly

transter radionuclide to transferrin in the bloodstream.

BRIEF SUMMARY OF THE INVENTION

[0011] One aspect of the invention 1s to novel bisphosphonate derivatives of HBEB CC

and complexes thereof with metal radionuclides.

10012] In one embodiment, the disclosure relates to a compound according to Formula I:
O
RzoJL‘B HO_~ O, OR!
'P-OR!
N | H

— 1
XY/OI_I 5 OR? O P-OR

' RO

O Formula |

or a pharmaceutically acceptable salt thereof,
wherein

A 1s a divalent linking moiety comprising 1 to 10 carbon atoms 1n a chain, a ring,
or a combination thereof, wherein at least one carbon atom 1s optionally replaced with O,
NR’-, or -C(0)-;

B is CR'R™:

X 1s selected from the group consisting of:

RgO 0 O._ORg
O, o 0
Y @0% I Y R
OR ReO | R, YN O HN
5 |."\|\nh}.7_L 70 \/\/l

O 0”~NH
X, X, Xs )/ COORs
. 0
OR; ™ /g A
ol A O  RgOOC”N"N"COORg
N O RBOOC_\ /7~ \ /_</ H H
R0™ NN [ N] N o "
R1 /rl OR1 N N
O RgOOC— —/ \—COORg
X
Xs 6

n1s from 1 to 8;
Y 1s independently CH or N;
R' is hydrogen or a (C,-Cg)alkyl group:;
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R*, R’, and R® are independently hydrogen or a carboxylic acid protecting group:;

R’ and R* are independently hydrogen, a (C;-C1o)alkyl group, an ethylene glycolyl
group, or a propylene glycolyl group;

R°is hydrogen or a (C,-Cs) acyl group; and

R’ is the a-position substituent of a naturally occurring or non-naturally occurring
amino acid, and

R’ is independently selected from the group consisting of H, alkyl, cycloalkyl,
heterocycloalkyl, aryl, alkylaryl, arylalkyl and heteroaryl.

[0013] In another embodiment, the disclosure relates to a complex between a compound
of Formula I and a metal M, wherein M 1s selected from the group consisting of *Sc. *Sc,
203pp, 67Ga %Ga 2As, n. Y. *'Ru. ©2Cu. “Cu. PFe. ™Mn. “°La. *Yb. 3Sm. *Ho

149 1777 .. 142p.. 159~ 1 213py: 67~ 111 199 161 51
Pm, "'Lu, "“Pr, ~Gd, “"B1, 'Cu, Ag, ~“Au, Tb, and Cr.

2 2 2

j0014] In another embodiment, the disclosure relates to a compound according to
Formula II:
A Y. O OR!
N O \ 7
Xr \Yl( = JY\ H P-OR'
= N N O
Y ¢ _<|='>"—0R1
,,,,, Mo, O .
B/N' ',' i\‘ N*---B R1O
o7 O 0~ Yo
Formula 11

or a pharmaceutically acceptable salt thereof,
wherein

A 1s a divalent linking moiety comprising 1 to 10 carbon atoms in a chain, a ring,
or a combination thereof, wherein at least one carbon atom 1s optionally replaced with O,
NR’-, or -C(0)-;

B is CR'R™:

X 1s selected from the group consisting of:
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X, X, X3 )/ COORg
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where n 1s from 1 to 8;

Y 1s independently CH or N;

R' is hydrogen or a (C,-Cg)alkyl group:;

R’ and R* are independently hydrogen, a (C;-C1o)alkyl group, an ethylene glycolyl
agroup, or a propylene glycolyl group;

R, and R® are independently hydrogen or a carboxylic acid protecting group:;

R°is a (C1-Cs) acyl group;

R’ is the a-position substituent of a naturally occurring or non-naturally occurring
amino acid;

R® is independently selected from the group consisting of H, alkyl, cycloalkyl,
heterocycloalkyl, aryl, alkylaryl, arylalkyl and heteroaryl; and

M 1s a metal selected from the group consisting of *Se. Y'Sc. *°Pb, °'Ga, *°Ga,

724 . 1lly. 90x 97p.. 624.. 644~ 52 52 140y 175 153 166 149 177
As, In, Y, "'Ru, "“Cu, ""Cu, “Fe, >*"Mn, "La, "Yb, °°Sm, Ho, "Pm, ''Lu

2 2 2

142, 159~ ¢ 2135y: 67~ 111 199 161 51
Pr, ©°Gd, “"B1, "Cu, "Ag, "Au, Tb, and "~ Cr.

1001 5] In another embodiment, the disclosure relates to a complex between a compound

of Formula I, wherein X is X6, and a metal M. In one embodiment, M is **Sc. *'Sc. *"Y. ”’Ru,

and '"'Lu; the remaining groups are as defined for Formula I, wherein the radio metal is

complexed at the X6 (DOTA) moiety.

10016] Another embodiment of the present disclosure relates to methods of forming a
radiolabeled complex of a compound of Formula I.

[0017] Another embodiment of the present disclosure relates to a method of detecting by

administering to a subject a radiolabeled complex of a compound of Formula I or
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administering to a subject a complex of Formula II, and thereafter imaging said subject or a
portion of said subject.
{00138] Another embodiment of the present disclosure relates to methods of treating bone

tumors 1n a subject by administering a radiolabeled complex of a compound of Formula I to

. . : . 4o . 4o . 90x, 97 177
said subject, wherein M 1s "'Sc, "'Sc, 7Y, "'Ru, and "' 'Lu.

BRIEF DESCRIPTION OF THE FIGURES

[0019] FIG. 1 depicts sagittal, transaxial and coronal sections of microPET 1mages of a

normal mouse at 60 min post 1v injection of ['°F]NaF.

{06020} FIG. 2 depicts sagittal, transaxial and coronal sections of microPET 1mages of a
normal mouse at 60 min post iv injection of [**Ga]BPAMD.

j0021] FIG. 3 depicts sagittal, transaxial and coronal sections of microPET 1mages of a

normal mouse at 60 min post iv injection of [*°Ga]la.

{0022] FIG. 4 depicts a graph that plots the time course of [*"Ga]lg uptakes into PSMA
expressing LNCaP cells (% uptake/well).

10023] FIG. 5 depicts cell uptakes of [*°Ga]lg after 1hr incubation at 37°C (%
uptake/well). The PSMA positive LNCaP cells displayed excellent uptake while the PSMA
negative PC3 cells exhibited no uptake. Specific PSMA 1nhibitor, 2-PMPA (2-

(phosphonomethyl)pentane-1,5-dioic acid), blocked the cell uptake to PSMA positive LNCaP
cells. (T: Total uptake, B: Blocking by 2-PMPA).

j0024] FIGs. 6A-6F depicts MicroPET images of mouse after injection of [*°Ga]lg (500

uCi, 60 min post injection, 15 min scan).

DETAILED DESCRIPTION OF THE INVENTION

0025] Positron emission tomography (PET) imaging using radio labeled
bisphosphonates, for example “*Ga, to target bone metastasis can be a valuable tool for cancer
diagnosis and for monitoring therapeutic treatment. A series of *°Ga labeled N, N'-bis[2-
hydroxy-5-(carboxyethyl)benzyl Jethylenediamine-N N'-diacetic acid (HBED-CC)
compounds containing one bisphosphonate group (1a) or two bisphosphonate groups (2 and

3), were prepared (Table 3). Additional bisphosphonate-HBED-CC containing compounds
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including conjugated 2-glucosamine (1b), glycine (1c¢), alanine (1d), aspartic acid (1e),
glutamic acid (1f), Glu-NH-CO-NH-Lys(Ahx) (1g) and DOTA (1h) were also prepared. The
new HBED ligands, 1a-h, 2, and 3, reacted rapidly in a sodium acetate buffer with
[°®Ga]GaCl; eluted from a commercially available °*Ge/*°Ga generator (pH 4, >95% labeling
at room temperature in 5 min) to form [°*Ga]la-h, [*°Ga]2, and [*°Ga]3, respectively. This
labeling condition avoids the need for further purification. The biodistribution of [*°Ga]la-h
and [°*Ga]2 in normal mice after an i.v. injection showed excellent bone uptake and retention
comparable to that of [ "F]NaF. However, [*°Ga]3 displayed high liver uptake and less bone
localization, therefore it was not studied any further. The results suggest that [*°Ga]la-h and
[°®Ga]2 are suitable as bone imaging agents in humans, serving as alternatives to the current
bone imaging agent of choice, [ "F]NaF. Compounds of the invention provide practical in
vivo bone 1maging agents in conjunction with PET without the need of a near-by cyclotron.
{0026] Disclosed are a group of HBED-CC compounds containing bisphosphonates
[68Ga]la-h, [68Ga]2 and [68Ga]3 were prepared and tested. This series of new compounds,
therefore, contains two independent components. First, the HBED chelating group forms a
stable complex with 68Ga(IIl); second, the bisphosphonate group attached at the end of the

chelating group 1s utilized for targeting and binding to hydroxyapatites on active bone

surfaces, similar to the phosphonate group of [99mTc|MDP.
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Table 3

Chemical structures of *°Ga labeled HBED-CC derivatives containing bisphosphonates,
[*°Ga]la-h, [*°Ga]2, and [*°Ga]3, and a known bone imaging agent, [*°Ga]BPAMD

o O. OH
HO YO o. D\j/
Ga.

0 0.__OH
1c:R=H -
@OH 1d: R = CHs LK,
1e:R=CH,COOH R N

- H
jf‘% 1f: R=(CHy);COOH 4 c.
- h: X =HOOC— /—</ O
1g: X V\/OINH N HN—(/S— H
/ﬁ COOH [N N]
9 HOOC— “—/ \—COOH
HOOC” "N""N"COOH
H H
HO O O, OH
P O H P-OH
H8 N O O‘~. N_< //O
spo H (L Ga. P—OH
/' \ N~ . ~ °N O HO’
HO OH /J//\\ pA l -
O 5 O OH
HOJK%-IO H H P-OH
HO O /\,N\D\/\/N. NH O O..~ N_< O
R /E\gN OH 5 NN S
HO™\_\H~0 0 Y = (CH HO
Osp O ( 2)%;\0 ‘olo
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In one embodiment, the disclosure relates to a compound according to Formula I:
O
RZOJL‘B HO_~ v O, OR
'P-OR!
A Y. | H
( Y\j\/\TNN VRN 0
X Y F O —OR1
OH B OR? POR
N RO
O Formula |

or a pharmaceutically acceptable salt thereof,
wherein

A 1s a divalent linking moiety comprising 1 to 10 carbon atoms in a chain, a ring,
or a combination thereof, wherein at least one carbon atom 1s optionally replaced with O,
NR’-, or -C(0)-;

B is CR'R™:

X 1s selected from the group consisting of:

RBO o O OR8
OYH."‘L ORg )~ ORg I I f;o
OR ReO . R YN O HN
5 N R Mo

O 07 "NH
X, X, X3 )/ COORg
AN O
o L /j§ R:00C™ NN COoOR
A 0 R8000—\ \ /—<’ O °
R10 H [ N] X4
R10/ﬁ 0R1 N N
O RgOOC— “— “—COORy
X6
Xs

n 1s from 1 to 8§;

Y 1s independently CH or N;

R' is hydrogen or a (C1-Cs) alkyl group;

R*, R’, and R® are independently hydrogen or a carboxylic acid protecting group:;

R’ and R* are independently hydrogen, a (C;-Co) alkyl group, an ethylene
alycolyl group, or a propylene glycolyl group;

R°is hydrogen or a (C,-Cs) acyl group; and

R’ is the a-position substituent of a naturally occurring or non-naturally occurring
amino acid, and

R® is independently selected from the group consisting of H, alkyl, cycloalkyl,
heterocycloalkyl, aryl, alkylaryl, arylalkyl and heteroaryl. In one embodiment R® is H,
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alkyl, cycloalkyl, heterocycloalkyl, aryl, alkyl aryl and heteroaryl. In another
embodiment, R® is H, alkyl or arylalkyl.

{0028] In one aspect, X 1s one of X, Xj, X3, X4 or Xs.
[0029] In another aspect, X 1s Xs. In one aspect, n1s 1.
10030] In another embodiment, the disclosure relates to a complex between a compound

of Formula I and a metal M, wherein M is selected from the group consisting of **Sc, *'Sc,
203pp, 67Ga. 8Ga, 2As, Mn. Y, *'Ru, ©2Cu, *Cu. 2Fe, 2™Mn. “°La, *Yb. '3Sm. Ho,

149 1777 .. 1421, 1594~ 1 21315 67~ 111 199 161 51
Pm, “'Lu, "“Pr, ~Gd, “"B1, 'Cu, Ag, ~“Au, Tb, and " Cr.

2 2 2

2

0031 ] In another embodiment, the disclosure relates to a compound according to
Formula II:;
O OR!
A Y W /7
YOS ONAy |—|_<P—OR1
X Yz |
O-... /s N J\ N l/o
R’ U B R1O
O&\O ‘OAO
Formula Il

or a pharmaceutically acceptable salt thereof,
wherein

A 1s a divalent linking moiety comprising 1 to 10 carbon atoms in a chain, a ring,
or a combination thereof, wherein at least one carbon atom 1s optionally replaced with O,
NR’-, or -C(0)-;

B is CR'R*:

X 1s selected from the group consisting of:
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Re0 O O+ ORg
oy fordor, [ A
HN 7
> \ MO

O O
X, X, Xs )/ COORg
NN 0
Ox P I o 00 - /go Rs0OC” "N "N"COORg
P O N8 _\ I\ H H
R0™ NN [ N] N H 5
R10/|F‘,\OR1 N N
O RgOOC— “— “—~COORj4
Xs X

Y 1s independently CH or N;

n 1s from 1 to §;

R' is hydrogen or a (C,-Cs) alkyl group;

R’ and R* are independently hydrogen, a (C;-Cio) alkyl group, an ethylene
alycolyl group, or a propylene glycolyl group;

R, and R® are independently hydrogen or a carboxylic acid protecting group;

R°is a (C,-C) acyl group;

R’ is the a-position substituent of a naturally occurring or non-naturally occurring
amino acid;

R® is independently selected from the group consisting of H, alkyl, cycloalkyl,
heterocycloalkyl, aryl, alkylaryl, and heteroaryl; and

M 1s a metal selected from the group consisting of *Se. Y'Sc. *°Pb, °'Ga, *°Ga,
s, Wn 0y, Ru. 2Cu, “Cu, Fe. ™Mn, “La. 75Yb, °Sm. *Ho. “Pm. ""Lu,
l42p, 19G4 23B; SCy, WAg Ay, ¥1Th, and *ICr.

2

[0032] In one aspect, M is *’Ga or *°Ga.

[0033] In certain embodiments, the compounds of the present invention are represented
by generalized Formula I and II and the attendant definitions, wherein A 1s a divalent linking
moiety comprising 1 to 10 carbon atoms 1n a chain, a ring, or a combination thereof, wherein
at least one carbon atom is optionally replaced with O, -NR®-, or -C(O)-. In another
embodiment, A 1s a divalent linking moiety comprising a C-C, alkylene group wherein at
least one carbon atom is optionally replaced with O, -NR®-, or -C(O)-. In another
embodiment, A 1s (CH,),, wherein m 1s an integer from O to 6. In another embodiment, A 1s

CH,. Useful examples of the divalent A moiety include -CH,—, -CH,CH,—, -CH,CH,CH,—,
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-OCH,-, -OCH,CH,—-, -OCH,CH,CH,-, -NHCH,-, -NHCH,CH,—, -NHCH,CH,CH,—, —
COCHQ—, —COCHQCHQ—, and —COCHQCHQCHQ—.

{0034] In certain embodiments, the compounds of the present invention are represented
by generalized Formula I and II and the attendant definitions, wherein X 1s selected from the

group consisting of:

O O~ "NH
X, X, Xs )/ COORq
. O
PR T )% Rs00C" N N"CooR
O /ko RI00C~ 4 gN° " H H 8
RiO7INOR [N N] a
’ |c|> ' Rg00C— “— \-COOR;
X6
Xs
{0035] In other embodiments, X of Formula I or Formula II 1s:

A
RSOOC_\ —/\ /—/( .(.fH O

[ N] HN
Rsooc—/NL/NL COORg
X6
{0036] In some embodiments, X of Formula I or Formula IT 1s X6 and n 1s 1.
{0037 In another embodiment, X 1s a carboxylic acid group or its derivative (X1). In

another embodiment, X contains glucosamine group or its derivative (X2). In another
embodiment, X contains an amino acid residue or i1ts derivative (X3). In another embodiment,
X contains Glu-NH-CO-NH-Lys(Ahx) (X4). In another embodiment, X contains a
bisphosphonate group (X35).

10038 Useful R’ groups include glycine, aspartic acid, glutamic acid, and 2-glucosamine.

10039] Useful R’ and R® groups include a methyl ester, a t-butyl ester, a benzyl ester, and
an allyl ester.

{0040] In one embodiment, X is one of X, to Xs and the radionuclide metal (M) is *°Ga.

In another embodiment, X is X and the radio metal is ' 'Lu or Y.
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10041] In one embodiment, the disclosure relates to a compound having the structure:
0 O
— M X
HO\ //O O O HO ~-N N, OH
Ho™ NN, N N on
NH0 O. . T N
Os .-Ga,_ O o
A N7 NN
HO OH ,]//\ \_/ \Al\
o O O” "0
wherein n 1s from 1 to 8. In one embodiment, n1s 1.
[0042] In one embodiment, the disclosure relates to a compound having the structure:
O
)—\ 0
O.. \/\
N N O

/?'\HO O N\ I_uNj H

HO O HO \j@\jHNM\NH—"_/ -0
\ 7/ . n \_/
NN O S

AR O
HO FN‘E\C[/\ H{OH
QbP H O OH
/' \ O

wherein n 1s from 1 to 8. In one embodiment, n1s 1.

[0043] The present invention also provides pharmaceutical compositions comprising a
pharmaceutical acceptable carrier and a compound or a pharmaceutically acceptable salt of
Formula I or Formula II. In certain embodiments the pharmaceutical composition will
comprise the reaction precursors necessary generate the compound or salt according to
Formula I or subformula thereof upon combination with a radiolabeled precursor.

{0044 The present invention provides a kit formulation, comprising a sterile container
containing a compound of Formula I or a pharmaceutically acceptable 1sotonic solution for 1v
injection thereof, and instructions for diagnostic imaging (°°Ga) and radiation therapy use
('""Lu and ’Y).

[0045] The present invention also provides for methods of 1n vivo imaging, comprising
administering an effective amount of a radiometal complex of Formula II to a subject, and
detecting the pattern of radioactivity of the complex 1n said subject.

[0046] Typical subjects to which compounds of the invention may be administered will
be mammals, particularly primates, especially humans. For veterinary applications, a wide
variety of subjects will be suitable, e.g. livestock such as cattle, sheep, goats, cows, swine and
the like; poultry such as chickens, ducks, geese, turkeys, and the like; and domesticated

animals particularly pets such as dogs and cats. For diagnostic or research applications, a
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wide variety of mammals will be suitable subjects including rodents (e.g. mice, rats,
hamsters), rabbits, primates, and swine such as inbred pigs and the like. Additionally, for in
vitro applications, such as in vitro diagnostic and research applications, body fluids and cell
samples of the above subjects will be suitable for use such as mammalian, particularly
primate such as human, blood, urine or tissue samples, or blood urine or tissue samples of the
animals mentioned for veterinary applications.

{0047 One useful radiopharmaceutical in accordance with this invention are positron
emitting gallium-68 complexes which, when used in conjunction with a *Ge/**Ga
parent/daughter radionuclide generator system, will allow PET 1imaging studies, avoiding the
expense associated with operation of an in-house cyclotron for radionuclide production.

[0048] The radiopharmaceutical complexes are used in accordance with the present
method for bone imaging. The complexes are formulated into aqueous solutions suitable for
intravenous administration using standard techniques for preparation of parenteral
diagnostics. An aqueous solution of the present complexes can be sterilized, for example, by
passage through a commercially available 0.2 micron filter. The complexes are typically
administered intravenously 1n an amount effective to provide bone concentrations of the
radionuclide complex sufficient to provide the requisite photon (gamma/positron) flux for
1maging the tissue. The dosage level for any given complex of this invention to achieve
acceptable tissue imaging depends on 1ts particular biodistribution and the sensitivity of the
tissue imaging equipment. Effective dosage levels can be ascertained by routine
experimentation. They typically range from about 1 to about 30 millicuries. Where the
complexes are gallium-68 complexes for PET imaging of bone, adequate photon fluxes can
be obtained by intravenous administration of from about 1 to about 30 millicuries of the
complex.

{0049] The term "amino acid" used herein include both naturally occurring amino acids
and unnatural amino acids. Naturally occurring amino acid refers to amino acids that are
known to be used for forming the basic constituents of proteins, including alanine, arginine,
asparagine, aspartic acid, cysteine, cystine, glutamine, glutamic acid, glycine, histidine,
hydroxyproline, 1soleucine, leucine, lysine, methionine, ornithine, phenylalanine, proline,
serine, threonine, tryptophan, tyrosine, valine, and combinations thereof. Examples of
unnatural amino acids include: an unnatural analogue of a tyrosine amino acid; an unnatural

analogue of a glutamine amino acid; an unnatural analogue of a phenylalanine amino acid; an
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unnatural analogue of a serine amino acid; an unnatural analogue of a threonine amino acid;
an alkyl, aryl, acyl, azido, cyano, halo, hydrazine, hydrazide, hydroxyl, alkenyl, alkynl, ether,
thiol, sulfonyl, seleno, ester, thioacid, borate, boronate, phospho, phosphono, phosphine,
heterocyclic, enone, imine, aldehyde, hydroxylamine, keto, or amino substituted amino acid,
or any combination thereof; an amino acid with a photoactivatable cross-linker; a spin-
labeled amino acid; a fluorescent amino acid; an amino acid with a novel functional group; an
amino acid that covalently or noncovalently interacts with another molecule; a metal binding
amino acid; a metal-containing amino acid; a radioactive amino acid; a photocaged and/or
photoisomerizable amino acid; a biotin or biotin-analogue containing amino acid; a
glycosylated or carbohydrate modified amino acid; a keto containing amino acid; amino acids
comprising polyethylene glycol or polyether; a heavy atom substituted amino acid; a
chemically cleavable or photocleavable amino acid; an amino acid with an elongated side
chain; an amino acid containing a toxic group; a sugar substituted amino acid, e.g., a sugar
substituted serine or the like; a carbon-linked sugar-containing amino acid; a redox-active
amino acid; an a-hydroxy containing acid; an amino thio acid containing amino acid; an o,
disubstituted amino acid; a P-amino acid; and a cyclic amino acid other than proline.

{3050] The term "acyl" used herein refers to the following structure:
O

gé , wherein R* is alkyl, cycloalkyl, aryl, (cycloalkyl)alkyl, or arylalkyl, any
of which 1s optionally substituted. The acyl group can be, for example, C,.¢ alkylcarbonyl
(such as, for example, acetyl), arylcarbonyl (such as, for example, benzoyl), levulinoyl, or
pivaloyl. In another embodiment, the acyl group 1s benzoyl.

{0051 | The term "alkyl" used herein includes both branched and straight-chain saturated
aliphatic hydrocarbon groups, having the specified number of carbon atoms. Examples of
alkyl include, but are not limited to, methyl, ethyl, n-propyl, 1-propyl, n-butyl, s-butyl, t-butyl,
n-pentyl, and s-pentyl. Preferred alkyl groups are C-C,g alkyl groups. Typical C;.jo alkyl
agroups include methyl, ethyl, n-propyl, n-butyl, n-pentyl, n-hexyl, n-heptyl, n-octyl, n-nony]l,
and n-decyl, 1sopropyl, sec-butyl, tert-butyl, iso-butyl, iso-pentyl, neopentyl, 1-methylbutyl,
2-methylbutyl, 3-methylbutyl, 1,1-dimethylpropyl, 1,2-dimethylpropyl, 1-methylpentyl,
2-methylpentyl, 3-methylpentyl, 4-methylpentyl, 1-ethylbutyl, 2-ethylbutyl, 3-ethylbutyl,
1,1-dimethylbutyl, 1,2-dimethylbutyl, 1,3-dimethylbutyl, 2,2-dimethylbutyl, 2,3-
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dimethylbutyl, 3,3-dimethylbutyl, 1-methylhexyl, 2-methylhexyl, 3-methylhexyl, 4-
methylhexyl, S-methylhexyl, 1,2-dimethylpentyl, 1,3-dimethylpentyl, 1,2-dimethylhexyl, 1,3-
dimethylhexyl, 3,3-dimethylhexyl, 1,2-dimethylheptyl, 1,3-dimethylheptyl, and 3,3-
dimethylheptyl, among others. In one embodiment, useful alkyl groups are selected from
straight chain C,.¢ alkyl groups and branched chain Cs_ alkyl groups. Typical C,.¢ alkyl
agroups 1include methyl, ethyl, propyl, 1sopropyl, butyl, sec-butyl, fert-butyl, iso-butyl, pentyl,
3-pentyl, hexyl, among others. In one embodiment, useful alkyl groups are selected from
straight chain C,_ alkyl groups and branched chain Cs4 alkyl groups. Typical C,.¢ alkyl
groups include ethyl, propyl, 1sopropyl, butyl, sec-butyl, ferf-butyl, iso-butyl, pentyl, 3-
pentyl, hexyl among others. In one embodiment, useful alkyl groups are selected from
straight chain C,.4 alkyl groups and branched chain Cs.4 alkyl groups. Typical C,.4 alkyl
agroups include methyl, ethyl, propyl, 1sopropyl, butyl, sec-butyl, ferz-butyl, and iso-butyl.
[0052] The term "cycloalkyl" used herein includes saturated ring groups, having the
specified number of carbon atoms, such as cyclopropyl, cyclobutyl, cyclopentyl, or
cyclohexyl. Cycloalkyl groups typically will have 3 to about 12 ring members. In one
embodiment, the cycloalkyl has one or two rings. In another embodiment, the cycloalkyl 1s a
C;-Cg cycloalkyl. In another embodiment, the cycloalkyl 1s a Cs.7 cycloalkyl. In another
embodiment, the cycloalkyl 1s a Cs¢ cycloalkyl. Exemplary cycloalkyl groups include
cyclopropyl, cyclobutyl, cyclopentyl, cyclohexyl, cycloheptyl, cyclooctyl, norbornyl, decalin,

and adamantyl.

{0053] The term "heterocycloalkyl" used herein refers to saturated heterocyclic alkyl
groups.
10054} The term "aryl" used herein includes Cq.14 aryl, especially Ce.10 aryl. Typical Ce.14

aryl groups include phenyl, naphthyl, phenanthryl, anthracyl, indenyl, azulenyl, biphenyl,
biphenylenyl, and fluorenyl groups, more preterably phenyl, naphthyl, and biphenyl groups.
[0055] The term "heteroaryl” or "heteroaromatic” used herein refers to groups having 5 to
14 ring atoms, with 6, 10 or 14 &t electrons shared 1n a cyclic array, and containing carbon
atoms and 1, 2, or 3 oxygen, nitrogen or sulfur heteroatoms, or 4 nitrogen atoms. In one
embodiment, the heteroaryl group 1s a 5- to 10-membered heteroaryl group. Examples of
heteroaryl groups include thienyl, benzo[b|thienyl, naphtho[2,3-b]thienyl, thianthrenyl, furyl,
benzofuryl, pyranyl, 1sobenzofuranyl, benzooxazonyl, chromenyl, xanthenyl, 2H-pyrrolyl,

pyrrolyl, imidazolyl, pyrazolyl, pyridyl, pyrazinyl, pyrimidinyl, pyridazinyl, 1soindolyl, 34-
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indolyl, indolyl, indazolyl, purinyl, 1soquinolyl, quinolyl, phthalazinyl, naphthyridinyl,
cinnolinyl, quinazolinyl, pteridinyl, 4af/-carbazolyl, carbazolyl, B-carbolinyl,
phenanthridinyl, acridinyl, pyrimidinyl, phenanthrolinyl, phenazinyl, thiazolyl, 1sothiazolyl,
phenothiazolyl, 1soxazolyl, furazanyl, and phenoxazinyl. Typical heteroaryl groups include
thienyl (e.g., thien-2-yl and thien-3-yl), furyl (e.g., 2-furyl and 3-furyl), pyrrolyl (e.g., pyrrol-
1-yl, 1H-pyrrol-2-yl and 1H-pyrrol-3-yl), imidazolyl (e.g., imidazol-1-yl, 1H-imidazol-2-yl
and 1H-imidazol-4-yl), tetrazolyl (e.g., tetrazol-1-yl and tetrazol-5-yl), pyrazolyl (e.g., 1H-
pyrazol-3-yl, 1H-pyrazol-4-yl, and 1H-pyrazol-5-yl), pyridyl (e.g., pyridin-2-yl, pyridin-3-yl,
and pyridin-4-yl), pyrimidinyl (e.g., pyrimidin-2-yl, pyrimidin-4-yl, pyrimidin-5-yl, and
pyrimidin-5-yl), thiazolyl (e.g., thiazol-2-yl, thiazol-4-yl, and thiazol-5-yl), 1sothiazolyl (e.g.,
1sothiazol-3-yl, 1sothiazol-4-yl, and 1sothiazol-5-yl), oxazolyl (e.g., oxazol-2-yl, oxazol-4-yl,
and oxazol-5-yl) and 1soxazolyl (e.g., 1soxazol-3-yl, 1soxazol-4-yl, and 1soxazol-5-yl). A 5-
membered heteroaryl can contain up to 4 heteroatoms. A 6-membered heteroaryl can contain
up to 3 heteroatoms. Each heteroatom 1s independently selected from nitrogen, oxygen and
sulfur.

{0056] Suitable carboxylic acid protecting group are well known and include, for
example, any suitable carboxylic acid protecting group disclosed in Wuts, P. G. M. &
Greene, T. W., Greene's Protective Groups in Organic Synthesis, 4rd Ed., pp. 16-430 (J.
Wiley & Sons, 2007), herein incorporated by reference 1n its entirety. Those skilled 1n the art
will be familiar with the selection, attachment, and cleavage of protecting groups and will
appreciate that many different protective groups are known 1n the art, the suitability of one
protective group or another being dependent on the particular synthetic scheme planned.
Suitable carboxylic acid protecting group include, for example, the methyl esters, t-butyl

esters, benzyl esters, and allyl esters.

Materials and Methods
General

{00571 All reagents and solvents were purchased commercially (Aldrich, Acros, or Alfa
Inc.) and were used without further purification, unless otherwise indicated. Solvents were
dried through a molecular sieve system (Pure Solve Solvent Purification System; Innovative
Technology, Inc.). 'H and °C NMR spectra were recorded on a Bruker Avance spectrometer

at 400 MHz and 100 MHz, respectively, and referenced to NMR solvents as indicated.
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Chemical shifts are reported in ppm (0), with a coupling constant, ./, in Hz. The multiplicity
1s defined by singlet (s), doublet (d), triplet (t), broad (br), and multiplet (m). High-resolution
mass spectrometry (HRMS) data was obtained with an Agilent (Santa Clara, CA) G3250AA
LC/MSD TOF system. Thin-layer chromatography (TLC) analyses were performed using
Merck (Darmstadt, Germany) silica gel 60 F,s4 plates. Generally, crude compounds were
purified by flash column chromatography (FC) packed with silica gel (Aldrich). High
performance liquid chromatography (HPLC) was performed on an Agilent 1100 series
system. A gamma counter (Cobra IT auto-gamma counter, Perkin-Elmer) measured *°Ga
radioactivity. An aqueous solution of [*°Ga]GaCl; was obtained from a **Ge/**Ga generator
(1TG, Germany). Solid-phase extraction cartridges (SEP Pak® Light QMA, Oasis” HLB 3¢e)
were obtained from Waters (Milford, MA, USA). [ °F]NaF was purchased from IBA
(Somerset , NJ).
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Scheme 1. Synthesis of Compounds 1a-h
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Example 1a-h

Preparation of Ligand

1. Dimethyl 3,3'-(((2,2,13,13-tetramethyl-4,11-dioxo0-3,12-dioxa-6,9-d1azatetradecane-
6,9-diyl)bis(methylene))bis(4-hydroxy-3,1-phenylene))dipropanoate (4)

10058] As summarized in Scheme 1, di-ferf-butyl 2,2'-(ethane-1,2-
diylbis(azanediyl))diacetate (2 g, 6.94 mmol) and methyl 3-(4-hydroxyphenyl)propanoate
(2.63 g, 14.5 mmol) were dissolved 1n ethanol (50 mL) and toluene (50 mL) 1n a 100 mL
round-bottomed flask. Paraformaldehyde (4.3 g, 145 mmol) was added portion-wise with
stirring, and the suspension was heated to reflux overnight. The solvent was then removed.
The crude product was washed with water, extracted with dichloromethane (DCM), dried,
filtered, evaporated, and purified by FC, to yield 4 as a colorless o1l product (3.94 g, 84.5%,
(EtOAc/hexane = 3/7). '"HNMR (400 MHz, CDCl5) &: 7.00 (dd, 2H, J = 2.0 Hz, .J = 8.4 Hz),
6.77 (d, 2H, J=8.4 Hz), 6.74 (d, 2H, J= 2.0 Hz), 3.70 (s, 4H), 3.67 (s, 6H), 3.17 (s, 4H),
2.83 (t,4H, J="7.8 Hz), 2.69 (s, 4H), 2.57 (t, 4H, /= 7.8 Hz), 1.46 (s, 18H). HRMS calcd for
C36Hs3N,0,0 672.3700; found, 673.3680 [M+H]".
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2. 3,3'-(((2,2,13,13-tetramethyl-4, 1 1-dioxo-3,12-d1oxa-6,9-diazatetradecane-6,9-
diyl)bis(methylene))bis(4-hydroxy-3,1-phenylene))dipropanoic acid (5)
j0059] To a stirred solution of 4 (1 g, 1.48 mmol) 1n methanol (20 mL) and H,O (20 mL),
NaOH (5 mmol, 0.2 g) was added. The reaction continued to stir at room temperature

overnight, and was neutralized by 1N HCI until pH = 7. Most of the solvent was then

removed under vacuum, extracted with ethyl acetate, and dried over MgSQO,. The crude

product was purified by FC (dichloromethane/methanol/NH,OH, 90/9/1, V/V/V) to yield § as
a white foam (909 mg, 94.7%). '"H NMR (400 MHz, CD;0D) §: 7.05 (dd, /=24, 2.0 Hz,
2H), 6.93 (d, J=2.0 Hz, 2H), 6.72 (d, J = 8.4 Hz, 2H), 3.80 (s, 4H), 3.34-3.32 (m, 7H), 2.85-
2.80 (m, 8H), 2.54-2.50 (m, 4H), 1.489 (s, 18H). ’C NMR (100 MHz, CD;0D) §: 176.42,
170.14, 132.02, 130.05, 128.91, 121.21, 115.39, 81.80, 55.34, 54.67, 49.78, 36.49, 30.11,
26.98. HRMS calcd for C34HisN,O19 644.3309; found, 645.3483 [M+H]".

General synthetic procedures for 6a-h

{6060} To a stirred solution of § (200 mg, 0.31 mmol) and one of the protected amino
acids or protected glucose amines (0.31 mmol) in dimethylformamide (DMF) (20 mL), N,N-
duisopropylethylamine (1 mL), N-hydroxybenzotriazole hydrate (HOBt) (84 mg, 0.62 mmol),
and 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDCI) (118 mg, 0.62 mmol) were
added sequentially. The mixture was stirred at room temperature for 3 h before tetraethyl
aminomethylenediphosphonate (94 mg, 0.31 mmol) and HBTU (118 mg, 0.62 mmol) were
added sequentially. The mixture was then stirred at room temperature overnight, diluted with
EtOAc (50 mL), washed with brine (2 x 20 mL), dried over Na,SOy, concentrated, and
purified by FC (DCM/MeOH = 10/1) to yield the desired product.

(06061} 6a: To a stirred solution of 5 (100 mg, 0.15 mmol) and tetraethyl
aminomethylenediphosphonate (52 mg, 0.17 mmol) in DMF (20 mL), triethyl amine (1 mL),
HOBt (20 mg, 0.15 mmol), and EDCI (59 mg, 0.31 mmol) were added sequentially. The
mixture was diluted with EtOAc (50 mL), washed with brine (2 x 25 mL), dried over
Na,S0O,, concentrated, and purified by FC (DCM/MeOH/NH4OH = 90/9/1) to yield 6a as a
white foam (63 mg, 44.3%). 'HNMR (400 MHz, CDCl5) &: 7.11-7.06 (m, 1H), 7.03-7.00 (m,
1H), 6.80-6.72 (m, 4H), 4.26-4.20 (m, 8H), 3.52-3.50 (m, 4H), 3.34 (s, 1H), 2.91-2.78 (m,
6H), 2.68-2.66 (m, 4H), 2.63-2.56 (m, 6H), 1.46 (s, 18H), 1.36 (t, /= 6.4 Hz, 12H). HRMS
calcd for C43HeoN30,5P; 929.4204; found 930.4209 [M+H]".
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10062] 6b: Following the general procedure, treatment of S (200 mg, 0.31 mmol) with
1,3,4,6-tetra-O-acetyl-2-amino-2-deoxy-glucopyranose hydrochloride (118 mg, 0.31 mmol)
afforded 6b (111 mg, 28.4%) as a colorless oil. '"H NMR (400 MHz, CDCl3) &: 9.50 (s, 1H),
7.01-6.97 (m, 2H), 6.79-6.66 (m, SH), 5.34-5.24 (m, 1H), 5.14-4.98 (m, 1H), 4.14-4.09 (m,
8H), 3.69-3.59 (m, 6H), 3.20-3.18 (m, 4H), 2.87-2.47 (m, 8H), 2.67-2.53 (m, 6H), 2.41-2.37
(m, 2H), 1.45 (s, 18H), 1.35-1.30 (m, 12H), 1.27-1.23 (m, 12H). “C NMR (100 MHz,
CDCls3) 0: 172.66, 171.09, 170.89, 170.68, 170.20, 169.46, 169.24, 155.72, 155.61, 131.20,
130.99, 129.15, 129.04, 128.79, 121.60, 116.27, 92.46, 82.14, 82.09, 72.67, 2.43, 68.11,
63.81, 63.46, 61.74, 60.34, 57.58, 56.08, 55.87, 55.43,52.77, 50.02, 38.42, 37.82, 30.69,
30.06, 28.03, 20.81, 20.68, 20.54, 16.32, 16.28, 14.16. HRMS calcd for Cs7HgsN4O»3P;
1258.5315, found: 1259.5321 [M + H]".

{6063] 6¢: Following the general procedure, treatment of § (200 mg, 0.31 mmol) with
tert-Butyl aminoacetate hydrochloride (52 mg, 0.31 mmol) afforded 6¢ (100 mg, 31.1%) as a
colorless oil. '"H NMR (400 MHz, CDCl5) &: 9.53(s, 2H), 7.05-7.00 (m, 2H), 6.77-6.74 (m,
4H), 4.24-4.10 (m, 8H), 3.70-3.67 (m, 3H), 3.19- 3.16 (m, 6H), 2.95- 2.88 (m, 6H), 2.69-2.64
(m, 4H), 2.57-2.47 (m, 4H), 1.46 (s, 27H), 1.35-1.20 (m, 12H). “C NMR (100 MHz, CDCl;)
0: 172.35, 170.05, 155.82, 155.71, 131.38, 130.97, 129.15, 128.88, 121.56, 117.04, 116.39,
82.09, 63.66, 57.81, 55.70, 50.22, 42.01, 40.58, 38.40, 38.02, 30.48, 28.05, 16.33. HRMS
calcd for CaoHgoN4O16P> 1042.5045, found: 1043.6564 [M + H]"

j0064] 6d: Following the general procedure, treatment of S (200 mg, 0.31 mmol) with L-
alanine tert-butyl ester hydrochloride (56 mg, 0.31 mmol) afforded 6d (103 mg, 31.7%) as a
colorless oil. 'H NMR (400 MHz, CDCl5) &: 7.03-6.97 (m, 2H), 6.84-6.76 (m 4H), 4.21-4.09
(m, 8H), 3.70 (s, 4H), 3.46 (s, 1H), 3.21 (s, 4H), 2.87-2.81 (m, 6H), 2.72-2.61 (m, 4H), 2.49-
2.46 (m, 4H), 1.46 (s, 27H), 1.31-1.23 (m, 15H). >C NMR (100 MHz, CDCl;) §: 172.39,
171.85, 170.17, 155.57, 131.41, 131.07, 129.40, 128.98, 121.50, 116.31, 115.44, 82.14,
64.03, 63.82, 63.57, 57,78, 55.65, 50.29, 48.59, 38.55,37.77,30.48, 28.03, 27.95. HRMS
calcd for CsoHgoN4O16P> 1056.5201, found: 1057.7004 [M + H]"

{0065] 6e: Following the general procedure, treatment of § (200 mg, 0.31 mmol) with /-
aspartic acid di-tert-butyl ester hydrochloride (87 mg, 0.31 mmol) afforded 6e (110 mg,
30.8%) as a colorless oil. 'H NMR (400 MHz, CDCls) §: 7.03-6.98 (m, 2H), 6.80-6.73 (m,
4H), 5.11-4.98 (m, 1H), 4.20-4.08 (m, 8H), 3.71-3.66 (m, 6H), 3.46 (s, 1H), 3.16 (s, 4H),
2.96-2.83 (m, 6H), 2.70-2.65 (m, 6H), 2.58-2.55 (m, 1H), 2.48-2.43 (m, 1H), 1.46 (s, 36H),
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1.35-1.25 (m, 12H). “C NMR (100 MHz, CDCls) &: 172.01, 170.43, 170.19, 170.14, 169.93,
155.71, 155.63, 131.30, 131.00, 129.34, 129.26, 128.92, 128.84, 121.62, 121.54, 116.34,
82.29, 82.07, 81.55, 64.04, 63.79, 57.90, 55.64, 50.37, 49.02, 43.23, 42.60, 38.49, 37.78,
37.50, 30.87, 30.64, 30.45, 28.03, 16.30, 16.26, 16.22. HRMS calcd for CssHooN4O5P;
1156.5725, found: 1157.7476 [M + H]".

j0066] 6f: Following the general procedure, treatment of S (200 mg, 0.31 mmol) with /-
glutamic acid di-tert-butyl ester hydrochloride (91 mg, 0.31 mmol) afforded 6f (118 mg,
32.8%) as a colorless oil. "HNMR (400 MHz, CDCl;) &: 7.03-6.99 (m, 2H), 6.76-6.74 (m,
4H), 5.13-4.99 (m, 1H), 4.22-4.10 (m, 8H), 3.69 (s, 4H), 3.47 (s, 1H), 3.18 (s, 4H), 2.87-2.85
(m, 4H), 2.69 (s, 4H), 2.49-2.44 (s, 4H), 2.29-2.13 (m, 2H), 2.11-2.05 (m, 1H), 1.92-1.82 (m,
1H), 1.46 (s, 36H), 1.35-1.26 (m, 12H). °C NMR (100 MHz, CDCl;) §: 172.25, 172.08,
171.41, 171.24, 170.00, 155.94, 155.74, 131.33, 130.92, 129.11, 128.88, 121.56, 116.39,
82.21, 82.06, 82.04, 63.67, 57.97, 55.56, 52.16, 50.32, 43.33, 38.55, 38.00, 3.52, 30.65,
30.46, 28.07, 28.05, 27.98, 27.71, 16.35, 16.32, 16.28. HRMS calcd for Cs¢HoyN4O13P»
1170.5882, found:1171.5891 [M + H] .

General synthetic procedures for 1a-f

[0067] To a stirred solution of 6a-f in acetonitrile (1 mL), bromotrimethylsilane was
added, and the mixture continued stirring at room temperature overnight. The solvent was
then removed under vacuum, trifluoroacetic acid (TFA) (2 mL) was added, and the reaction
was again stirred at room temperature overnight. The mixture was then removed under
vacuum, and the residue was recrystallized from ether/EtOH to yield 1a-f as a white solid.

0068] 1a: Following the general procedure, treatment of 6a (50 mg, 0.054 mmol) with
bromotrimethylsilane (73 mg, 0.47 mmol) gave 1a (31 mg, 82.3%) as a white solid. 'HNMR
(400 MHz, dimethyl sulfoxide, DMSO-d6) ¢: 7.90-7.86 (m, 4H), 7.36-7.33 (m, 2H), 3.77-
3.75 (m, 5SH), 3.33-3.29 (m, 6H), 2.66-2.61 (m, 4H).

[0069] 1b: Sodium methylate (25 mg, 0.47 mmol) was mixed and stirred with 6b (60 mg,
0.047 mmol) dissolved 1n methanol (5 mL) at room temperature for 2 h. Deprotection was
monitered by LC-MS, and the reaction was neutralized by 1N HCI until pH = 7. Most of the
solvent was then removed under vacuum and extracted with ethyl acetate. The crude product
was dried over MgSO, without further purification and dissolved 1n acetonitrile (1.0 mL)
before bromotrimethylsilane (1.0 mL) was added. The mixture was then stirred at room

temperature overnight before the solvent was removed under vacuum, ether was added,
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filtered, and the solid was collected. The solid was then dissolved in TFA (2 mL), and the
reaction was stirred at room temperature overnight. The above mixture was removed under
vacuum, and the residue was recrystallized from ether/EtOH to give 1b as a light yellow
solid. "HNMR (400 MHz, DMSO-d6) &: 7.91 (s, 1H), 7.34-7.06 (m, SH), 6.80-6.77 (m, 2H),
4.02-3.89 (m, 10H), 3.62-3.56 (m, SH), 3.23-3.16 (m, SH), 2.72-2.70 (m, 4H), 2.45-2.34 (m,
2H), 2.05-1.98 (m, 2H). °C NMR (100 MHz, DMSO-d6) &: 173.17, 171.41, 171.11, 170.72,
158.72, 158.40, 155.08, 154.77, 132.38, 131.91, 131.43, 130.28,119.49, 118.97, 115.89,
115.72, 65.36, 55.34, 52.80, 51.69, 50.13, 35.64, 30.64, 21.60, 21.11, 15.61.

[0070] 1¢: Following the general procedure, treatment of 6¢ (50 mg, 0.047 mmol) with
bromotrimethylsilane (73 mg, 0.47 mmol) afforded 1¢ (29 mg, 80.1%) as a white solid.
'HNMR (400 MHz, DMSO-d6) &: 7.11-7.09 (m, 4H), 6.73-6.70 (m, 2H), 3.71 (s, 4H), 3.46
(s, 1H), 2.98-2.68 (m, 8H), 2.51-2.41 (m, 10H). "CNMR (100 MHz, DMSO-d6) 174.95,
173.86, 172.99, 161.24, 154.93, 132.73, 118.37, 116.20, 115.11, 4.18, 49.61, 40.91, 30.03,
21.32.

j0071] 1d: Following the general procedure, treatment of 6d (50 mg, 0.047 mmol) with
bromotrimethylsilane (73 mg, 0.47 mmol) afforded 1d (30 mg, 81.5%) as a white solid.
'HNMR (400 MHz, DMSO-d6) &: 7.09-7.05 (m, 4H), 6.78-6.75 (m, 2H), 3.70 (s, 4H), 3.42
(s, 1H), 2.73-2.68 (m, 6H), 2.54-2.45 (m, 10H), 1.36-1.32 (m, 3H). "CNMR (100 MHz,
DMSO-d6) 6: 174.71, 172.28, 171.96, 170.82, 159.13, 155.07, 132.38, 132.26, 130.40,
118.66, 15.89, 115.79, 65.36, 56.62, 47.88,22.87, 18.93.

{6072] le: Following the general procedure, treatment of 6e (50 mg, 0.043 mmol) with
bromotrimethylsilane (65 mg, 0.43 mmol) atforded 1e (30 mg, 81.3%) as a white solid.
'HNMR (400 MHz, DMSO-d6) 6: 8.18 (s, 1H), 7.13-7.01 (m, 4H), 6.81-6.78 (m, 2H), 3.36-
3.31 (s, 2H), 3.20 (s, 6H), 2.73-2.66 (m, 6H), 2.56-2.54 (m, 2H), 2.45 (s, 4H), 2.37-2.34 (m,
4H). “C NMR (100 MHz, DMSO-d6) &: 172.96, 172.13, 171.94, 170.59, 158.86, 158.50,
158.14, 155.02, 154.89, 65.36, 56.49, 49.03, 37.44, 36.55, 30.58, 19.00, 15.61.

[0073] 1f: Following the general procedure, treatment of 6f (50 mg, 0.042 mmol) with
bromotrimethylsilane (65 mg, 0.42 mmol) gave 1f (29 mg, 80.9%) as a white solid. 'HNMR
(400 MHz, DMSO-d6) ¢6: 7.11-7.08 (m, 4H), 6.72-6.69 (m, 2H), 3.72 (s, 4H), 3.45 (s, 1H),
3.31 (s, 1H), 2.72-2.68 (m, 6H), 2.51-2.45 (m, 6H), 2.39-2.34 (m, 4H). "CNMR (100 MHz,
DMSO-d6) 6: 174.71, 172.28, 171.96, 170.82, 159.13, 158.81, 158.49, 154.95, 154.79,
132.38, 132.26, 130.40, 118.66, 115.89, 115.79, 65.36, 56.52,47.88,22.87, 18.93, 17.61.
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Synthesis of 1g

[0074] To a stirred solution of § (50 mg, 0.054 mmol) and (.5)-di-zert-butyl 2-(3-((.5)-6-(6-
aminohexanamido)-1-fert-butoxy-1-oxohexan-2-yl)ureido)pentanedioate (20 mg, 0.11 mmol)
in 20 mL DMF, 1 ml N,N-diisopropylethylamine, HOBt (15 mg, 0.11 mmol) and EDCI (118
mg, 0.62 mmol) were added sequentially. The mixture was stirred at room temperature
overnight. The mixture was diluted with EtOAc¢ (50 mL), washed with brine (2 x 20 mL),
dried over Na,SQO,, concentrated, and purified by FC (DCM/MeOH = 10/1) to yield a crude
product 6g (46 mg, 61.2%). To a stirred solution of 6g (30 mg, 0.021 mmol) in 1 mL
acetonitrile, bromotrimethylsilane (16 mg, 0.1 mmol) was added. The mixture was stirred at
room temperature overnight, the solvent was removed under vacuum, TFA (4 mL) was
added, and the reaction was stirred at room temperature overnight. The above mixture was
then removed under vacuum, and the residue was recrystallized from ether/EtOH to yield 1g
as a white solid product (21 mg, 86.4%). 'HNMR (400 MHz, DMSO_z) &: 7.85-7.69 (m, 2H),
7.18-7.08(m, 4H), 6.89-6.67 (m, 2H), 6.89-6.67 (m, 1H), 6.34 (s, 1H), 3.49-3.21 (m, 10H),
2.89-2.65 (m, 10H), 2.49-2.18 (m, 7H), 2.19-1.88 (m, 6H), 1.77-1.55 (m, 4H) , 1.48-1.09 (m,
8H). "CNMR (100 MHz, DMSO.4) ’C NMR (100 MHz, CDCl5) &: 177.48, 174.95, 174.58,
174.17,172.49, 171.85, 171.50, 170.40, 170.12, 159.31, 158.95, 158.58, 157.79, 154 .99,
132.55,132.39, 130.63, 120.39, 118.51, 117.50, 115.91, 114.61, 111.71, 65.35, 60.21, 56.50,
52.75, 52.15,35.82,30.36, 29.28, 27.99, 25.49, 23.08, 18.97, 15.59.

Synthesis of 1h

10075] To a stirred solution of compound 6a (0.4 g, 0.43 mmol ) and compound 2-
Aminoethyl-mono-amide-DOTA-tris(t-Bu ester) (0.29 g, 0.43 mmol) in 20 mL DMF, 2
mL DIEPA, HOBt(6 mg, 0.043 mmol) and EDCI(0.16 g, 0.86 mmol) were added
sequentially. The reaction was stirred at room temperature for overnight. The mixture was
diluted with 100 mLEtOAc, washed with brine (25 x 2 mL), dried over Na,SO,, concentrated
and purified by combitlash (DCM/MeOH/NH,OH = 90/9/1) to give 6h as white foam (0.39
o 60%). 'HNMR(400 MHz, CDCl;) &: 8.04(s, 1H), 7.90(s, 1H), 6.80-6.82(m, 2H), 6.65(s,
1H), 6.62(s, 1H), 6.53(t, /=8.2 Hz, 2H ),4.96-4.84(m, 1H), 4.00-3.92(m, 8H), 3.50(s, 4H),
3.23-3.15(m, 16H), 3.03(s, 6H), 2.68-2.62(m, 8H), 2.49(s, 6H), 2.41-2.31(m, 8H), 1.28(s,
45H),1.16-1.09(m, 3H). C NMR (100 MHz, CDCl5) &: 173.64, 172.33, 172.04, 171.67,
170.06, 155.44, 155.13, 131.83, 131.00, 129.25, 129.10, 128.83, 128.67, 121.26, 116.03,
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115.84, 81.80, 81.77, 81.73, 81.67, 77.33,77.01, 63.56, 63.54, 57.68, 57.55, 55.89, 55.52,
55.45, 55.29, 53.96, 52.58,49.94, 43 .25, 42.25, 39.14, 38.99, 38.10, 37.51, 30.87, 30.32,
27.83,27.78,27.72, 16.16, 16.13, 16.10, 16.07. HRMS calcd for C73H135N9O,,P, 1525.8465;
found, 1526.8258[M+H]". To a stirred solution of 6h (0.4 g, 0.26 mmol) in 10 mL
acetonitrile, 1.5 mL bromotrimethylsilane was added. The mixture continued stirring at room
temperature overnight. The solvent was then removed under vacuum, TFA (4 ml) was added,
and the reaction was, again, stirred at room temperature overnight. The mixture was then
removed under vacuum, and the residue was purified EZ combflash 1h (0.27 g,

93.1%). 'HNMR(400 MHz, CDCl;) §: °C NMR (100 MHz, CDCl3) § 172.44, 172.10, 169.95
159.37,159.01, 158.63, 155.14, 132.84, 132.45, 130.98, 120.08, 117.19, 116.01, 114.31,
111.44, 69.35, 65.36, 60.21, 56.48, 55.20, 54.34, 53.00, 51.68, 51.05, 49.63, 48.93, 48.43,
30.60, 22.90,21.21, 20.92, 18.99, 15.61, 14.54, 13.92 HRMS calcd for C4sHgoNoO,P;
1133.4083: found, 1134.4131[M+H]".

2

Scheme 2

Preparation of [""'Ga’]1a

o ) > 2NN Pz 0
HO™ ™0 O kr( Ho £ O L N l HOOH
OH O 0”0
® ®
1a ["aGa]1a
Example 2

Synthesis of compound [""Ga’'|1a

[0076] As shown 1n Scheme 2, GaCls (1.7 mg, 0.01 mmol) in 0.1 mL H,O was added to a
solution of 1a (7 mg, 0.01 mmol) in DMSO (0.5 mL). The reaction solution was adjusted to
pH 4 and stirred at room temperature overnight. The solution was then evaporated under
vacuum, and the crude product was recrystalled from ethanol and H,O to vield ["*Ga’"]1a as
a white solid (6.8 mg, 90.2%). 'HNMR (400 MHz, DMSO-d6) &: 7.38 (s, 1H), 7.25-7.20 (m,
4H), 6.88 (s, 1H), 3.61-3.52 (m, 4H), 3.49 (s, 2H), 3.33-3.15 (m, 6H), 2.71 (s, 4H), 2.55 (s,
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2H), 2.45 (s, 2H). °C NMR (400 MHz, DMSO-d6) &: 174.39, 173.04, 171. 69, 168.39,
168.23. 155.46, 155.36, 133.53, 132.49. 132.12, 131.80, 117.00, 116.19, 115.51, 70.19,
53.10, 49.04. 37.26. 35.90, 29.83. 22.64.

Scheme 3

Synthesis of 2,2'-(ethane-1,2-diylbis((S-(3-((diphosphonomethyl)amino)-3-oxopropyl)-2-
hydroxybenzyl)azanediyl))diacetic acid (2)

o o
HO
tBuOJ‘K'HO tBuOJH : E/OEJ[
NN oH Epci HQ 0 N ~ okt
HO ON EtO OEt
O SR H ®
r 4
. HO OH -
®
o~ O H O
N N_ _p-OH
~ HO:D' OH ® D=0
2) TFA P-
) O. >—N O OH O \OH
R H O
HO OH >
Example 3

Synthesis of compound 2

1. ((3-(3-(((2-((5-(3-((b1s(diethoxyphosphoryl ) methyl Jamino)-3-oxopropyl )-2-
hydroxybenzyl)(2-(zert-butoxy)-2-oxoethyl)amino)ethyl)(2-(zert-butoxy)-2-oxoethyl)
amino)methyl)-4-hydroxyphenyl)propanamido) methylene)diphosphonic acid (7)

0077} As summarized in Scheme 3, triethyl amine (2 mL), HOBt (44 mg, 0.33 mmol),
and HBTU (129 mg, 0.34 mmol) were added sequentially to a stirred solution of § (100 mg,
0.15 mmol) and tetraethyl aminomethylenediphosphonate (52 mg, 0.33 mmol) 1n 20 mL
DMF. The mixture was stirred at room temperature overnight, diluted with EtOAc (50 mL),
washed with brine (20 x 2 mL), dried over Na,SO,, concentrated, and purified by FC
(DCM/MeOH/NH,OH = 90/9/1) to yield 7 as a white foam (116 mg, 41.2%). "HNMR (400
MHz, CDCls) o: 7.01 (t, /= 3.6 Hz, 12H), 6.78-6.75 (m, 4H), 4.22-4.14 (m, 16H), 3.71 (s,
4H), 3.18 (s, 4H), 2.89-2.85 (m, 6H), 2.70 (s, 4H), 2.56-2.52 (t, /= 3.6 Hz, 4H), 1.46 (s,
18H), 1.36-1.30 (m, 24H). HRMS calcd for Cs;HogN4O20P4 1214.5099; found 1215.5061
M+H]".
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2. 2,2'-(ethane-1,2-diylbis((5-(3-((diphosphonomethyl)amino)-3-oxopropyl )-2-
hydroxybenzyl)azanediyl))diacetic acid (2)

{06078} To a stirred solution of 7 (60 mg, 0.049 mmol) 1n acetonitrile (1 mL),
bromotrimethylsilane (75 mg, 0.49 mmol) was added. The mixture was stirred at room
temperature overnight, the solvent was removed under vacuum, and TFA (2 mL) was added
before the reaction was, again, stirred at room temperature overnight. The mixture was then
removed under vacuum, and the residue was recrystallized from ether/EtOH to yield 2 as a
white solid (34 mg, 82.1%). "HNMR (400 MHz, DMSO-d6) &: 7.24-7.20 (m, 4H), 6.88 (d, J
=432 Hz, 2H), 4.41-4.37 (m, 4H), 3.87 (s, 2H), 2.88-2.81 (m, 6H), 2.61-2.68 (m, 4H), 2.35-
2.33 (m, 4H).

Scheme 4
2,2'-(((((propane-1,3-diylbis(azanediyl))bis(3-oxopropane-3,1-diyl))bis(2-hydroxy-3,1-

phenylene))bis(methylene))bis((2-((carboxymethyl)(5-(3-((diphosphonomethyl) amino)-
3-oxopropyl)-2-hydroxybenzyl)amino )ethyl)azanediyl))diacetic acid (3)

O
wmxylﬁHo
EtO ,p NN St P~ EDCH
EtO" O O *  HoN NH >
>_N oH N - 18U
O 1a

EtO OEt

R H O = (CHy)3
5tO Ot 8

1)TMSBr
2) TFA
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Example 4

Synthesis of compound 3

1. Di-fert-butyl 2,2'-(((((propane-1,3-diylbis(azanediyl))bis(3-oxopropane-3,1-diyl))bis(2-
hydroxy-5,1-phenylene))bis(methylene))bis((2-((5-(3-((bis(diethoxy
phosphoryl)methyl)amino)-3-oxopropyl)-2-hydroxybenzyl ))(2-(7erz-butoxy)-2-
oxoethyl)amino)ethyl)azanediyl)) diacetate (8)

[06079] To a stirred solution of 1a (50 mg, 0.054mmol) and 1,3-diaminopropane (2 mg,
0.027 mmol) in 10 mL DMF, triethyl amine (2 mL), HOBt (14 mg, 0.11 mmol), and EDCI
(40 mg, 0.22 mmol) were added sequentially, as shown in Scheme 4. The mixture was stirred
at room temperature overnight, diluted with EtOAc (50 mL), washed with brine (2 x 20 mL),
dried over Na,SQO,, concentrated, and purified by FC (DCM/MeOH/NH,OH = 90/9/1) to
yield 8 as a white foam (27 mg, 53.2%). HRMS calcd for CooH146NgO23P4 [M]+2H"

949.9577; found 949.9581 [M]+2H".

2. 2,2'-(((((propane-1,3-diylbis(azanediyl))bis(3-oxopropane-3,1-diyl))bis(2-hydroxy-5, 1-
phenylene))bis(methylene))bis((2-((carboxymethyl)(5-(3-((diphosphonomethyl) amino)-
3-oxopropyl)-2-hydroxybenzyl)amino )ethyl)azanediyl))diacetic acid (3)

0080} To a stirred solution of 8 (20 mg, 0.01 mmol) 1n acetonitrile (1 mL),
bromotrimethylsilane (16 mg, 0.1 mmol) was added, and the mixture was stirred at room
temperature overnight. The solvent was removed under vacuum, TFA (2 mL) was added,
and the reaction was, again, stirred at room temperature overnight. The mixture was then
removed under vacuum, and the residue was recrystallized from ether/EtOH to yield 3 as a
white solid product (12 mg, 81.5%). "HNMR (400 MHz, DMSO-d6) &: 7.11-7.07 (m, 8H),
6.74-6.68 (m, 4H), 3.73 (s, 8H), 3.43 (s, 2H), 3.08-2.92 (m, 8H), 2.82-2.72 (m, 12H), 2.67-

2.56 (m, 10H), 2.49-2.31 (m, 8H).

Example S

Radiolabeling with **Ga

{0081 Gallium-68 eluted in a 0.05 N HCI solution was obtained from a **Ge/**Ga
generator (iTG, Germany). Preparation of “°Ga labeled BPAMD was accomplished using the

labeling procedures previously reported.
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Scheme 5: ""Ga labeling of compounds 1a-h
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10082] To prepare the new HBED-CC bisphosphonate derivatives for °°Ga labeling, a
stock solution of ligands 1a-h (200 uM 1n 0.1 N NaOAc), 2 (200 uM 1n 0.1 N NaOAc), and 3
(200 uM in 0.1 N NaOAc) were prepared and used for each study. “°Ga labeling was
performed by adding the ®*Ga solution to different solutions of ligands 1a-h, 2, and 3 as seen
in Schemes 5-7. Labeling conditions for 1a-h, 2, and 3 were, 200 uL of °®*GaCls in 0.05 N
HCI and a 200 uM ligand solution of 1a-h, 2, or 3 (250 uL) 1n 0.1 N NaOAc maintained at
room temperature for 10 min (final concentration: 111 uM, pH 5.0). Radiolabeling yields
were determined after holding the reaction mixture at room temperature for 5-10 min.
Radiochemical yields for [°*Ga]la-h, [**Ga]2, and [**Ga]3 were determined by Macherey
Nagel cellulose TLC plates (Polygram Cel 300) developed with a solvent mixture consisting
of 2 parts, 0.1 N NaOAc (10 mL, pH 4.10, 88 mL acetone), and 1 part, 2,4-pentadione. The
activity distribution on each TLC plate was measured by autoradiography using a Typhoon
FLA 7000 laser scanner. The HPLC analysis was performed using a C18 column (Supelco
Ascentis C18 150 x 4.6 mm Su, MeOH: 0.1% TFA 1n H;O (gradient: O min, 100% 0.1%
TFA 1in H,O; 6 min, 0% 0.1% TFA 1n H,O, flow rate, 2 mL/min).

{0083] For in vivo imaging studies, a larger amount of **Ga labeled agents was needed.
The labeling was performed 1n an aqueous NaOAc buffer (200 uL, 2.0 M) by adding a ligand
solution (200 pL, 200 uM in 0.1 N NaOAc) to a **Ga solution (400 pL in 0.6 N HCI) in H,O
(200 uL). The final pH of the solution was 4.10.

Example 6

In vivo biodistribution in mice

{0084} Biodistribution experiments were performed by intravenously administering **Ga
labeled 1a-h, 2, 3, BPAMD, and [ °F]NaF into normal, healthy male CD-1 mice (25-30 g).
The 1njection activity was 20-30 uCi/animal. Animals were sacrificed at 2, 30, 60, and 120
min post injection. Organs of interest were harvested, weighed, and counts of radioactivity
were measured by a gamma counter. The biodistribution of each sample was calculated as a
percentage of the injected dose per gram of wet tissue weight (% ID/g). Tibia and femur

bones were harvested and counted as bone samples.
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Example 7

In vitro binding to hydroxyapatite

[0085] Hydroxyapatite (20 mg, Sigma-Aldrich, reagent grade powder) was incubated 1n
isotonic saline (1 mL) for 24 h. Subsequently, either “*Ga labeled 1a-h, 2, 3, BPAMD, or
["*F]NaF (1 uCi) was added to the hydroxyapatite suspension. After vortexing for 10

seconds, the suspension was incubated for 10 min at room temperature. The samples were

then centrifuged at 10,000 rpm for 3 min and the supernatant was removed. The
hydroxyapatite fraction was washed twice with saline (1 mL). Radioactivity in the combined
supernatants and the hydroxyapatite fraction was measured using a gamma counter. The

proportion of the ®*Ga complex binding to hydroxyapatite was determined as percent of *°Ga

absorbed to hydroxyapatite.

Example 8
Micro-PET 1imaging studies in mice

[0086] [°®*Ga]la, [*°Ga]BPAMD and ['°F]NaF were tested in normal CD-1 male mice.
[°®Ga]lg was tested in PSMA expressing LNCaP tumor bearing nude mice. Mice received
300-500 uCi radiotracer through a tail vein injection. PET 1maging was performed under
1soflurane anaesthesia (2% 1soflurane, 1.5 L/min oxygen). The microPET imaging was
performed with a small animal PET (Mosaic by Phillips, USA). During PET measurements,
the animals were placed 1n the prone position. At 60 min post injection of the radiotracer,

data acquisition was performed for 15 min.

Results

Synthesis

{06087 Synthesis of target compounds 1a-h, 2, and 3 were prepared by the reactions
described 1n Schemes 1, 3, and 4. In order to prepare a protected compound S, compound 4
was synthesized by a Mannich reaction with di-ferf-butyl 2,2'-(ethane-1,2-
diylbis(azanediyl))diacetate and methyl 3-(4-hydroxyphenyl)propanoate 1in excellent yield
(84.5%). The carboxylic functional groups of 4 were separately protected by either an OtBu
or OMe ester group, The methyl ester of compound 4 was selectively removed by NaOH

hydrolysis to give compound S (94.7% vield). To make bisphosphonate derivatives,
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compound S was activated with EDCI and HOBt in DMF. The addition of tetraethyl
aminomethylenediphosphonate gave the desired protected bisphosponate, 6a, in 44.3% yield.
After treatment of 6a with trimethylbromosilane at room temperature overnight, removal of
the solvent, and stirring 1n TFA for another night, the phosphonate ethyl ester groups and the
t-butyl esters were removed simultaneously to give 1a (82.3% yield).

j0088] In order to produce 6¢ which bears a different group, an amino acid group was
added to the protected HBED-CC 3 core first in order to produce an intermediate, because
tetraethyl aminomethylenediphosphonate has a greater steric hindrance compared to the
protected amino acid. A further intermediate reaction was conducted with tetraethyl
aminomethyl-enediphosphonate to yield 6¢. After treatment of 6¢ with trimethylbromosilane
and TFA using a stmilar method to 1a, 6¢ was obtained 1n 80.1% yield. This approach was
simple and versatile. Using a similar reaction sequence and a different derivatives, 1b-h were
prepared. The synthesis of the desired bisphosphonates was successfully accomplished and

easily controlled.

Radiolabeling of 1a-h, 2 and 3 using **GaCl;

{0089] The preparation of radioactive [°®*Ga]la-h, [*°Ga]2, and [*°Ga]3 was accomplished
by mixing *°GaCls in 0.05 M HCI with a suitable amount of precursor 1a-h, 2, or 3ina 0.1 N
NaOAc solution and maintaining the reaction at room temperature for 10 minutes. The
radiochemical purity was measured by both TLC and HPLC methods. TLC results showed
that the ®*Ga complex exhibited Rf = 0-0.1 and the free “*Ga’" product displayed Rf = 0.8-
0.9. As expected, HPLC analysis revealed multiple peaks for the Ga-HBED-CC-BP
complexes. [°®*Ga]1a-h, [*®Ga]2, and [**Ga]3 showed a retention time of 4-5.5 min, while
free °*GaCl; showed a retention time of 1 min.

[0090] The ["™Ga]la ligand was synthesized by reacting 1a with GaCl; in DMSO at
room temperature overnight. The compound was then characterized spectroscopically.

[0091] Importantly, the preparation of [*°Ga]la-h and [*°Ga]2 can be readily achieved at
room temperature 1n 5 to 10 minutes at a ligand concentration of 111 uM, whereas the
preparation of the known agent, [*°Ga]BPAMD, required heating at 80-90 C for 5-10 min.
The new bone imaging agents, [*°Ga]la-h and [*°Ga]2, may provide a kit formulation, which
can be conveniently adopted 1n nuclear medicine clinics without the need for heating,

cooling, and a nearby cyclotron for production of ['°F]NaF.
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10092 A proper metal 10n, such as Lu(III) chloride, can be identified for selective
radiolabeling of the DOTA moiety of compound 1h based on difference in the metal’s
complexing capability and stability constants for metal complexes with DOTA and HBED.
The conditions for the selective radiolabeling can be routinely optimized under a similar
reaction condition as described above for **Ga(IIl), except that the reception may require

heating the reaction mixture of */'Lu(III) and the ligand, 1h.

In vivo biodistribution in normal mice

[0093] To evaluate bone uptake, °*Ga labeled complexes and known bone imaging agent,

['°F]NaF, were 1njected intravenously into normal mice. The results of a biodistribution

study displayed in Table 4 show that the bone uptake for ["*FINaF, [*°Ga]la, and [°*Ga]?2 at

60 min post 1v injection in normal mice was 24.6 3.2, 23 5+ 1.4 and 19.7 + 4.2 (%dose/g),
respectively. The bone/muscle indicating signal/background ratio in normal mice for
['*FINaF, [*°Ga]la, and [*°Ga]2 at 60 min post 1v 1njection was 291, 94.5 and 82.7,
respectively. It is demonstrated that [*°Ga]BPAMD exhibited less bone uptake and
retention as compared to the new agents, [°*Ga]la-h and [*°Ga]2. In particular, [°*Ga]la,
[68Ga]1g, [°®*Ga]1h and [°®*Ga]2 demonstrated excellent bone uptake and fast kidney excretion
compared to that observed for [ '°F]NaF. The results suggest that [*°Ga]la, [*°Ga]lg, [*°Ga]lh
and [°°Ga]2, will likely be comparable in imaging human bone uptake and perhaps bone

metastasis, similar to the current agent of choice ["*F]NaF.

Table 4a-g: Biodistribution of bone imaging agents : [ F]NaF, [**Ga]BPAMD, [*°Ga]la-h,
['""Lu]1h, [*°Ga]2, [*°Ga]3, and [*°Ga]HBED-CC in normal CD-1 male mice (%dose/g, Avg +
SD of n=3)

a. Radiotracer: [ °F]NaF

2 min 30 min 60 min 120 min
Blood 556+ 037 0.64 + 0.08 0.15+0.01 0.03 £ 0.00
Heart 2.80+0.24 0.96 £ 0.23 0.18£0.02 0.04 £ 0.00
Muscle 1.50+ 0.06 033+0.11 0.09+0.02 0.04 £ 0.04
Lung 337+0.17 055+0.11 0.14+ 0.01 0.04+0.01
Kidney 104+122 1.70 £ 0.62 0.68 £0.36 0.57+ 043
Spleen 233+0.14 0.93 + 0.56 0.12+0.02 0.03 +£0.01
Pancreas 1.76 £ 0.07 042+ 027 0.07 £ 0.00 0.02 + 0.00
Liver 2.56+0.24 065+0.17 0.13+0.01 0.03+0.01
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Skin 235+ 045 051+£0.11 0.11+£0.02 0.03 £ 0.00
Brain 022+ 0.07 0.10+£0.02 0.06+0.01 0.04 £ 0.00
Bone 10.8 + 0.51 24.2 +2.71 24.6 + 3.18 25.2 +£3.89

b. Radiotracer: [*°Ga]BPAMD
2 min 30 min 60 min 120 min

Blood 045+ 0.55 1.02+0.19 0.93 +£0.06 090+ 041

Heart 274 + 0.23 0.29+0.02 0.37+£0.06 026+ 0.07
Muscle 1.63 £0.35 0.55+0.11 0.31+£0.04 0.29+ 0.06

Lung 458 £ 0.36 0.50£0.16 0.51£0.09 0.45+£0.10
Kidney 221+ 8.80 146+0.19 2.88+1.51 1.09+0.26
Spleen 190+0.14 022+0.14 021+£0.02 025+ 0.08
Pancreas 1.73£0.11 027+0.14 0.30+0.02 033 +0.07
Liver 192+031 0.22+0.02 0.25+0.03 031+£0.11
Skin 2.57 +0.53 039+0.15 0.60+0.08 0.55+0.04
Brain 026+ 001 0.06 £ 0.02 0.04 £ 0.00 0.03 +£0.01
Bone 7.07 £ 0.94 10.5+ 0.6 9.21 + 0.90 9.62 + 0.71
c. Radiotracers: [*°Ga]la

2 min 30 min 60 min 120 min
Blood 039+ (.93 045+0.10 020+ 0.06 0.07 £0.03
Heart 328 +0.13 0.22 £0.02 0.12 £ 0.02 0.07 £0.01
Muscle 1.80+0.16 0.17 £ 0.03 0.08 +£0.02 0.05+0.01
Lung 428 +0.21 0.38 £0.03 021 +0.03 0.12 £ 0.03
Kidney 31.2+1.92 1.54 +£0.29 1.63+£0.71 092+0.10
Spleen 1.89+0.20 0.17 £ 0.01 0.10+0.02 0.09 £ 0.03
Pancreas 1.58+0.10 030+027 0.09 +0.02 0.05+0.01
Liver 195+0.15 032+020 0.17 £ 0.01 0.14 £ 0.02
Skin 218+ 0.28 042 +0.12 0.19 £ 0.05 0.13 £0.03
Brain 031+0.10 0.02+0.01 0.02+0.01 0.01 £0.00
Bone 8.60 £ 0.85 16.0 + 1.22 23.5+1.42 23.9 +1.99

d. Radiotracers: [*°Ga]lb

2 min 30 min 60 min 120 min
Blood 022 +0.83 0.83 £ 0.04 039+ 0.06 021 +£0.06
Heart 3.01 £0.23 0.62 +0.04 037+0.02 028 £0.04
Muscle 1.79 £ 028 0.24 + 0.03 0.13 £0.01 0.09+0.01
Lung 511 +£0.28 1.31+£0.29 0.96 £+ 0.05 0.86+ 0.03
Kidney 18.5 £ 245 321+1.59 265+ 044 271+0.17
Spleen 2.03+0.13 0.75+0.22 0.66+0.15 0.53 +£0.04
Pancreas 1.51 +£0.06 024 +0.02 0.11 £0.01 0.08+£0.01
Liver 258+022 120+ 0.10 1.15+£0.13 1.22+0.07
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Skin 2.55+0.58 0.60+0.02 026+ 0.04 0.18+0.01
Brain 020+ 0.04 0.03+0.01 0.02 +0.01 0.02+0.01
Bone 8.34 + 0.88 16.6 + 1.37 19.4 + 2.05 17.1 + 3.70

e. Radiotracers: [*°Gallc
2 min 30 min 60 min 120 min
Blood 11.7 £ 0.55 134+032 064+0.17 041+ 0.07
Heart 4.57 + 0.45 049+ 0.07 024 + 0.08 0.19+ 0.03
Muscle 168+0.11 0.23 + 0.05 0.14 +£ 0.01 0.16+£0.01
Lung 566+ 024 084+0.11 042 + 0.08 031+ 0.06
Kidney 277 +5.46 2.58 + 0.05 1.88+0.10 2.05+027
Spleen 341 +0.08 097+ 0.01 0.74 + 0.10 0.71 £ 0.29
Pancreas 1.99 + 0.23 0.39 + 0.05 023 +0.02 0.20+ 0.03
Liver 478 +0.18 221+027 1.85+0.11 1.99 + 0.09

Skin 205+0.16 0.53+0.18 033 +0.03 031+0.04
Brain 027 + 0.06 0.05+0.02 0.03 +£0.01 0.02+0.01
Bone 8.40 + 1.32 11.3+0.26 14.7 £ 0.66 16.1 +2.71

f Radiotracers: [*°Ga]ld
2 min 30 min 60 min 120 min
Blood 008 + 0.58 0.53+0.13 0.10+£ 0.01 0.06+ 0.02
Heart 299+ (0.26 0.26 + 0.06 0.08 +£0.01 0.06+0.01
Muscle 1.72+0.15 0.24 + 0.06 0.06 + 0.00 0.04+0.01
Lung 4.83 + 0.25 045+ 0.10 0.17 £ 0.01 0.09+0.02
Kidney 253 +3.89 2.14 + 0.60 1.05+0.17 091 +0.15
Spleen 1.72 £ 024 021+0.07 0.06 + 0.00 0.05+0.01
Pancreas 153+£0.14 021+0.12 0.06 +0.01 0.04+0.01
Liver 1.89+0.16 0.26 + 0.09 0.12+ 0.01 0.10+0.01

Skin 239+ 0.13 042+ 0.10 0.13 +£ 0.01 0.09+0.01
Brain 0.29 + 0.05 0.03 +£ 0.00 0.01 £ 0.00 0.00 £+ 0.00
Bone 10.1 £ 2.05 15.3+1.26 14.7 £ 0.50 17.0+1.10

o Radiotracers: [**Ga]le

2 min 30 min 60 min 120 min
Blood 831+ 0.57 057+0.12 0.11 +£0.02 0.08+0.02
Heart 2.55+0.06 026+ 0.04 0.08 + 0.00 0.06+0.01
Muscle 1.71£0.19 0.25+ 0.03 0.06 + 0.00 0.04+0.01
Lung 4.00 +0.20 0.42 + 0.08 0.15+0.01 0.12+0.02
Kidney 24 8 +3.02 226+ 027 2.12 + 0.55 141 +£028
Spleen 1.72+£0.19 0.19+0.02 0.09 +0.01 0.06+0.01
Pancreas 127 +£0.07 0.17 £ 0.05 0.06 +0.01 0.04+0.01
Liver 190+ 0.13 027+ 0.02 0.14 + 0.01 0.14+0.02
Skin 254+ 0.26 0.86+ 0722 0.12+ 0.01 0.12+ 0.03
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Brain 020+ 0.04 0.02+0.01 0.01 £0.00 0.01 £0.01
Bone 8.82 +0.77 16.5 + 0.56 14.9 + 1.45 17.6 + 2.61
h. Radiotracers: [*°Ga]1f
2 min 30 min 60 min 120 min
Blood 8 98 + 0.68 0.52+0.05 0.18 £ 0.04 0.09 +0.01
Heart 3.53 +£0.57 023+0.01 0.11 £0.01 0.07 +£0.01
Muscle 2.10+£0.12 023+0.01 0.06 £ 0.00 0.04 +£0.01
Lung 501 +£0.81 0.42 + 0.03 021 +0.01 0.13 £0.01
Kidney 247+ 3.13 2.05+0.52 1.59+0.72 1.08+£0.20
Spleen 220+ 0.26 0.22+0.03 0.12 £+ 0.04 0.08 +£0.01
Pancreas 196+0.15 0.15+0.01 0.08 +£0.02 0.04 £ 0.00
Liver 243+ 027 028 +£0.02 020+ 0.02 0.19+ 0.01
Skin 262+0.11 0.49 + 0.04 0.15+0.01 0.09 +0.01
Brain 0.22 +0.00 0.02+0.00 0.01 £0.00 0.01 £0.01
Bone 8.62 £ 0.23 16.8 + 1.66 14.4 + 3.01 16.7 + 1.12
i. Radiotracers: [*°Ga]lg
2 min 30 min 60 min 120 min
Blood 834 +0.51 056+0.10 028 £ 0.05 0.17 £ 0.03
Heart 3.13 £0.15 045+ 0.07 0.32 +0.03 0.20 £+ 0.03
Muscle 2.19+0.11 035+0.02 021 +£0.02 0.17 £ 0.04
Lung 4.19 +£0.50 1.02+£0.13 0.58 £0.02 0.47 £ 0.04
Kidney 353 +3.75 77.1 £ 824 784+ 7.11 70.3 £ 8.29
Spleen 250+041 2.09+0.75 091 +£0.13 0.87+0.20
Pancreas 1.69+0.13 0.69+0.02 037 +0.07 0.34 +0.03
Liver 1.73 £0.09 027 +£0.02 0.18+0.01 0.18+0.02
Skin 297+0.14 0.65 £ 0.05 042 +0.06 0.29 + 0.06
Brain 021 +£0.03 0.03 £0.00 0.03+£0.01 0.02 £ 0.00
Bone 8.13 +1.87 16.3 + 0.68 15.1 + 1.04 17.0 £ 0.05
j. Radiotracers: [*°Ga]lh
2 min 30 min 60 min 120 min
Blood 069+ 1.49 045+ 0.07 0.11£0.05 0.04 +£0.01
Heart 3.10+ 0.35 024+0.12 0.08+0.01 0.05+0.01
Muscle 192+0.14 0.14 £ 0.04 0.05+0.01 0.03 £ 0.00
Lung 435+0.52 0.31+£0.05 0.14 £ 0.03 0.10+0.01
Kidney 182+ 1.65 2.07+0.62 1.13+£0.08 1.67+0.54
Spleen 191 +048 0.13 £ 0.03 0.07 £0.01 0.07 £0.01
Pancreas 148 +£0.27 0.09 £ 0.03 0.05+0.02 0.04 +£0.01
Liver 1.99 +£0.29 0.15£0.05 0.07£0.01 0.09 £ 0.04
Skin 231+0.25 0.39+0.13 0.11+£0.02 0.07+0.01
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Brain 0.24 + 0.03 0.02+0.01 0.01 £0.00 0.01 £0.01
Bone 8.31 + 0.84 12.1 + 0.84 11.9+ 1.31 12.0 + 0.82
k. Radiotracers: [/'Lu]lh
0.5 hr ] hr 6 hr 24 hr
Blood 054+0.11 0.12+0.02 0.016 £ 0.007 0.003 + 0.001
Heart 0.23 +£0.05 0.08+£0.02 0.024 + 0.005 0.014 + 0.003
Muscle 039+ 0.24 0.06 £+ 0.01 0.031+0.011 0.021 £ 0.005
Lung 135+ 1.52 0.20+ 0.05 0.062 + 0.006 0.040 + 0.003
Kidney 1.21£0.94 1.48 £ 0.60 0.686+0.191 0411 +0.125
Spleen 0.15+0.04 0.07£0.01 0.038 + 0.005 0.034 + 0.005
Pancreas 0.15+0.03 0.07+£0.02 0.021 £ 0.001 0.013 £ 0.005
Liver 0.20+ 0.03 0.13+£0.03 0.088 £ 0.021 0.068 +0.013
Skin 041+0.12 0.11£0.03 0.052 + 0.006 0.042 + 0.008
Brain 0.03 +£0.01 0.01 £0.00 0.003 £ 0.003 0014 +0.016
Bone 12.4+1.19 11.4+ 0.31 12.7 + 0.90 11.6 + 1.14
I. Radiotracers: [*°Ga]2
2 min 30 min 60 min 120 min
Blood 097+ 1.40 0.73 £0.28 047 +0.08 0.31+£0.09
Heart 4.13 + 0.30 0.99+0.13 0.57+0.13 042+ 0.08
Muscle 226+ 0.34 0.32+0.05 024+ 0.04 0.23 +£0.05
Lung 547+ 0.57 0.96 £ 0.23 0.58 £0.09 0.40 £ 0.05
Kidney 194+ 138 298+ 1.13 2.61+095 286+1.16
Spleen 2.08+022 048 £ 0.09 0.43 +£0.05 043 +£0.24
Pancreas 2.05+ 023 036+0.17 027 +0.01 031+£0.11
Liver 267+0.12 0.44 + 0.09 0.43 £ 0.03 0.40 £+ 0.03
Skin 3.19+£0.45 0.71 £0.13 0.38 £0.05 0.33 £0.06
Brain 0.30+0.02 0.03 £0.00 0.02 £ 0.00 0.02 £ 0.00
Bone 11.0 £1.95 18.8+2.82 19.7 + 4.17 23.9 + 5.54
m. Radiotracers: [*°Ga]3
2 min 30 min 60 min 120 min
Blood 833+0.23 1.92+0.15 0.70 £0.13 037 +0.07
Heart 345+ 025 2.02+0.97 1.16 £0.13 1.05+£0.11
Muscle 1.62+047 0.68 £ 0.09 057+0.14 028 +£0.04
Lung 71.6 £ 6.33 156+ 1.39 413+5.15 34.8 +£1.90
Kidney 122+ 1.51 17.1+£0.70 7.99 + 1.08 899+ (.20
Spleen 12.8 £ 435 833+222 10.3 £2.65 15.7+ 1.59
Pancreas 1.73 £0.08 1.07+1.04 026+ 0.02 025 +0.03
Liver 19.7 £ 1.05 086+ 0.66 235+3.13 254+ 2.80
Skin 1.24 +£0.01 1.10£0.18 041 +0.02 033+ 0.06
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Brain 028 + 0.03 0.06+0.01 0.06 +0.01 0.05+0.01
Bone 4.17 £ 0.35 9.26 + 1.45 9.26 + 1.13 10.6 = 0.85
n. Radiotracers: [°°Ga]JHBED-CC
2 min 30 min 60 min 120 min
Blood 7.66 +0.75 0.83 + 0.09 0.14+ 0.04 0.01 £ 0.00
Heart 274 +0.34 034+ 0.06 0.17+0.11 0.09 + 0.00
Muscle 230+0.13 032+ 0.06 0.11+0.04 0.05+0.02
Lung 427+ 034 058 +0.07 0.19+ 0.04 0.07+0.02
Kidney 272+ 0.64 322+ 041 091 +032 0.08 +£ 0.05
Spleen 1.69+0.18 026+ 0.04 0.12+0.02 0.13 +£ 0.03
Pancreas 1.60+0.12 026+ 0.01 0.13 + 0.05 0.07 £ 0.01
Liver 1.75 +0.08 038 + 0.08 0.11+0.02 0.04+0.02
Skin 3.18 +£0.43 0.64 + 0.08 0.09+0.07 0.03+£0.01
Brain 0.29 + 0.08 0.04 +0.01 0.02 +0.01 0.02 + 0.00
Bone 1.85 £ 0.05 0.28 + 0.06 0.25 + 0.16 0.18 + 0.06

Table 5. Comparison of a) bone to blood ratio and b) bone to muscle ratio in normal CD-1 male

mice after an 1v injection

a) bone to blood ratio

2 min 30 min 60 min 120 min

[°F]NaF 1.9 38 161 760
[®*Ga]BPAMD 0.8 10 10 11
[®®Galla 0.9 36 118 320
[®®Gal]lb 0.9 20 50 82
[®*Gallc 0.7 3 23 39
®*Galld 1.1 29 144 278
[®®Galle 1 29 138 230
**Gallf 1 33 78 180
[**Ga]lg 0.97 29 53 08
[;’;Ga]lh 0.9 27 112 305

["""Lu]lh "4 o7 493019;
*°Gal2 1.1 26 42 77
*%Gal3 0.5 4.8 13 29
[®3Ga]HBED-CC 0.2 0.3 1.7 12

b) bone to muscle ratio
2 min 30 min 60 min 120 min

[ °FINaF 7.2 73 281 593
[*°Ga]BPAMD 43 19 30 33
[**Ga]la 4.8 96 291 447
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[**Ga]1b 4.7 68 147 197
[*°Ga]lc 5 49 102 103
*°Ga]1d 5.9 64 235 417
[*°Ga]le 5 67 258 411
[*°Ga]lf 4 74 222 374
[*°Ga]lg 3.71 46 74 08
[*°Ga]1h 43 85 233 383
""Lu]lh 454°
[ _ | 41 200 <ot
[°®*Ga]2 49 58 33 103
] [*°Ga]3 2.6 14 16 39
[°**Ga]HBED-CC 0.8 0.9 2.3 3.3

b

* 6 hr post-injection, 24 hr post-injection

Theranostic agent, 1h: [*°Ga]lh and ['"'Lu]1h

{0094 1h, a dertvative containing DOTA chelating group for other therapeutic metals,

177

such as '"'Lu and Y, was also prepared as radionuclide therapeutic agents for bone

metastasis. The results of a biodistribution study displayed in Table 4j-k showed that the bone

uptake for [*°Ga]1lh and ['"'Lu]1h at 60 min post iv injection in normal mice was 11.9 + 1.3

and 11.4 = 0.3 (% dose/g), respectively. The bone to muscle ratio in normal mice for
[°®Ga]1h and ['/'Lu]1h at 60 min post 1v injection was 233 and 200, respectively. The bone
to blood ratio in normal mice for [°°Ga]lh and ['"'Lu]1h at 60 min post iv injection was 112
and 97, respectively. Both radiotracers also displayed high hydroxyapatite binding (>90%).

It is demonstrated that [/

Lu]1h exhibited excellent bone uptake, retention 1n bone and fast
kidney excretion. No differences were observed between [*°Ga]lh and ['/'Lu]1h. The DOTA
containing agent, 1h can be employed as a theranostic agent for bone imaging with *°Ga

labeling and for the palliation of metastatic bone pain when it is labeled with '"'Lu or Y.

In vitro binding studies using hydroxyapatite

[0095] To confirm the binding of [68Ga]BPA1\/£D,, [68Ga]1a-h, 2. and 3, as well as
['®FNaF (a positive control), associated with active bone surfaces, these compounds were
tested 1n a modeling system using hydroxyapatite aggregates. An 1n vitro binding study using
the preformed hydroxyapatite aggregates showed that the bisphosphonates, [*°Ga]BPAMD,

[°®Ga]la-h, 2, and 3, as well as [ "F]NaF, displayed excellent binding in vitro (70-90 %

binding) as seen in Table 6. As expected, [*°Ga]JHBED-CC, a chelator without

bisphosphonate groups, showed very low hydroxyapatite aggregate binding in vitro (0.4 &
0.1% binding).
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Table 6. In vitro hydroxyapatite binding

PCT/US2016/041040

Radioligand Hydroxyapatite Binding (%)
[ °F]NaF 784+ 39
["'gGa]BG_EAMD 90.6 + 6.0
|""Galla 023+1.1
[®®Gal]lb 917+ 5.6
®®Gallc 89.1+ 1.0
®*Ga]ld 95.1 + 0.5
®*Galle 958 £ 0.9
[Gallf 06.4+ 1.2
[®*Gallg 88 0+ 10.5
®®Gallh 96.7 + 0.9
['""Lu]lh 909 + 1.1
*°Gal2 90.8 + 1.5
*%Gal3 058 + 0.1
[®Ga]HBED-CC 04+0.1

Each value represents the mean +

Micro-PET imaging of mice for bone

10096]

SD for n=2-4 1n triplicates.

Micro-PET imaging studies in mice were successfully performed using [ F]NaF

(0.3 mCi), [*°Ga]BPAMD (0.5mCi), and [*°Ga]la (0.5 mCi). Images acquisition was

10097

performed for 15 min at 60 min post-injection. The results clearly indicate that all agents
localized 1n the spines of mice as seen 1n Figures 1-3. Although it 1s likely that due to the
size of mice, the individual sections of vertebrate were not visually separable, the bone
uptake of the °*Ga labeled bisphosphonates and [ °F]NaF provided equally high bone uptake.
The new bone imaging agent, [*°Ga]la, will likely be suitable as a bone imaging agent,

producing comparable images to those previously reported from [°F]NaF (Fig 1-3).

Both HBED-CC-BP agents, [°*Ga]la and [*°Ga]2 showed excellent bone uptake
and retention comparable to that of ['"*FINaF. Similar to that of [ ""F]NaF, mechanisms of
uptake and retention of these new “°Ga labeled bisphosphonates are likely associated with the
deposition of bisphosphonates via 1on exchange reaction on the active bone surfaces
(hydroxyapatite). Clearance rates of bone imaging agents from the kidney via glomerular
filtration will determine the background clearance, thus strongly influence the signal to noise
ratio. It 1s reported earlier that the fluoride 1on showed a high rate of clearance and less

reuptake in the kidney, therefore ['"F]NaF displayed the best bone vs. background ratio in
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vivo. The new [**Ga]JHBED bisphosphonate, [°®*Ga]la-h and [*°Ga]2, probably share the
same 1n vivo kinetics of mechanisms for bone uptake and retention. Adding additional amino
acid, 2-glucoamine, Glu-NH-CO-NH-Lys(Ahx) or DOTA functional group, 1b-h, did not
significantly changed 1n vivo kinetics of mechanisms for bone uptake and retention in normal

mice.

10098 To test the selective binding of [*°Ga]lg to bone ( by bisphosphonate group) and
PSMA (by Glu-NH-CO-NH-Lys(Ahx) group) receptor, 1in vivo biodistribution 1n mice
showed high bone uptakes similar to that of [*°Ga]la and [*°Ga]2 (Table 4). In addition,
[°®Ga]lg exhibited high kidney uptake and retention, as kidney is also an organ express high

levels of PSMA receptors (Table 4-1). The biodistribution data in mice support the notion that

[°®*Ga]lg targets both bone and PSMA binding sites. In vitro binding studies were also

performed using PSMA positive LNCaP cells and the PSMA negative PC3 cells. It was

observed that [*°Ga]lg exhibited high cell uptake and retention only in LNCaP cells over
expressing PSMA binding sites, suggesting that [*°Ga]lg binding to these cells was selective

to the PSMA receptors on the membrane of cells (Figure 4 and 5).

Micro-PET imaging of [**Ga]lg in PSMA expressing tumor bearing mouse

{0099] The novel probe, [*°Ga]lg, was invented to target both bone metastasis and
actively growing tumor which over-express PSMA. The microPET 1mage 1in mouse support
the notion that [°*Ga]lg targets both bone and PSMA binding sites as shown in Fig 6.

10100] While certain embodiments have been 1llustrated and described, 1t should be
understood that changes and modifications can be made therein in accordance with ordinary
skill 1n the art without departing from the technology 1n 1ts broader aspects as defined 1n the
following claims.

10101 The present disclosure 1s not to be limited 1n terms of the particular embodiments
described 1n this application. Modifications and variations can be made without departing
from 1ts spirit and scope, as will be apparent to those skilled 1n the art. Functionally
equivalent methods and compositions within the scope of the disclosure, in addition to those
enumerated herein, will be apparent to those skilled in the art from the foregoing descriptions.
Such modifications and variations are intended to fall within the scope of the appended
claims. The present disclosure 1s to be limited only by the terms of the appended claims,

along with the full scope of equivalents to which such claims are entitled. It 1s to be
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understood that this disclosure 1s not limited to particular methods, reagents, compounds
compositions or biological systems, which can of course vary. It 1s also to be understood that
the terminology used herein 1s for the purpose of describing particular embodiments only, and
1s not intended to be limiting.

10102] All publications, patent applications, 1ssued patents, and other documents referred
to 1n this specification are herein incorporated by reference as 1f each individual publication,
patent application, 1ssued patent, or other document was specifically and individually
indicated to be incorporated by reference in 1ts entirety. Definitions that are contained 1n text

incorporated by reference are excluded to the extent that they contradict definitions 1n this

disclosure .
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WHAT IS CLAIMED IS:
A compound according to Formula I:
O
RZOJ\‘B HO v O OR!
| H P-OR
rA\“/\Yr\N/\/N YJ\A/\an—< 0
X YA o é OR? O P-OR!
' R1O

O Formula |

or a pharmaceutically acceptable salt thereof,
wherein

A 1s a divalent linking moiety comprising 1 to 10 carbon atoms in a chain, a ring,
or a combination thereof, wherein at least one carbon atom 1s optionally replaced with O,
NR’-, or -C(0)-;

B is CR'R*:

X 1s selected from the group consisting of:

ReO O O..ORg
OYH”-L @ORG I '\ Ja‘iro
OR RgO | R YN O HN
S H N \;FII(- [4 H \/\/2\

O 07~ NH
X. X, X, )) COOR
N o o
OR; /J% A X
ol A 0  Rg0OC” N"NCOOR,
. O RBOOC_\ I\ /_4 H H
RO™ NN [ N] NG ‘.
R,O /ﬁ OR; N N
0 RgOOC— “—/ \—COORg
Xs Xe

n 1s from 1 to 8;

Y 1s independently CH or N;

R' is hydrogen or a (C;-Cs) alkyl group;

R*, R’, and R® are independently hydrogen or a carboxylic acid protecting group:;

R’ and R* are independently hydrogen, a (C;-Cio) alkyl group, an ethylene
glycolyl group, or a propylene glycolyl group;

R°is hydrogen or a (C,-Ce) acyl group; and

R’ is the a-position substituent of an amino acid, and
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R® is independently selected from the group consisting of H, alkyl, cycloalkyl,
heterocycloalkyl, aryl, alkylaryl, arylalkyl and heteroaryl.

The compound of claim 1, wherein
A 1s (CHy)pm, whereinm1s O, 1, 2, or 3;
R'is Et;

X 1s selected from the group consisting of:

O ORG OR6 I AT i ’_,JJJJ\JFO
T RO A HN

ORs i‘% R, YN0
HN 71
X T
X1 X2 X3 )) COORg
AN, = O
o L A Rs00C” "N "N COOR
\:P N ORBOOC_\/—\/—q_(_['H O ° H H ¥
R,O Y"' [ NJ HN y
4
R10 ﬁ OR 1 N N
0 RgOOC— “— “—COORg
Xe Xe

n 1s from 1 to §;

R* R’, and R®are t-Bu:

R°is AcO: and

B. Y. R’ R* and R’ are defined as in claim 1.

The compound of claim 1, wherein
A 1s CHy;
Y 1s CH;
R’ is selected from the group consisting of hydrogen, methyl, -CH,COOR®, and
—(CH,),COOR?;
R' R* R’ R* R’ R® and R® are hydrogen.

The compound of any of claims 1 to 3, wherein
Oﬁ}i
OR®

X 18 X1
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The compound of any of claims 1 to 3, wherein

OR SN
R or I /g

R®O HN\[("LL{L R

O
X is X2 X3

The compound of any of claims 1 to 3, wherein

J,Hl}o

The compound of any of claims 1 to 3, wherein

OR;

ann
Os )§
R,0” \[/

R0 u “OR;
O

X is X5

The compound of any of claims 1 to 3, wherein
X 18

VNN,

000
o

RgOOC— “—/ “—COORg
Xe

and n 1s from 1 to 8.
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The compound of claim 1, having the structure:

O
HOJ}\H\OD\/\’(H O
N N R
OGS Lo
HO™ S0 OHH-(OH Oho PO
O OH
The compound of claim 1, having the structure
O
~N N i_-'_,.»OH
HHc?‘ép ,J:\@\/\N OH O \Fl’/OOH
o. >—N O OH LG \OH
R _H O
HO OH

O

HO)W HN

o P H7TO oH\OH HO O™ NH
\'/N O )) COOH

/P\
HO™ 11 "OH
O

HooC™ N N"“CooH

A complex comprising a compound of claam 1 chelated to a metal M, or a

pharmaceutically acceptable salt thereof, wherein M 1s selected from the group
consisting of *Sce. Y'Sc, “°Pb, °'Ga, *°*Ga, *As, 'M'In, Y, 7'Ru, ®*Cu, **Cu, **Fe, >"™Mn,

140y 175 153 166 149 177y .. 142p.. 159~ 1 2130: 67~ . 111 199 161

La, ""Yb, ""Sm, "Ho, "Pm, "'Lu, “Pr, ~°Gd, “"B1, "Cu, "Ag, ~Au, Tb, and
51
Cr.

2 2 2

The complex of claim 12, having the structure according to Formula II:

% 0 O
Z Y |-|—_<P—OR1
/ -
O. 7 A N— ,O
BBGa Y A/\g P’—OR1
N"'B RO
O O O 0

or a pharmaceutically acceptable salt thereof,

wherein
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A 1s a divalent linking moiety comprising 1 to 10 carbon atoms in a chain, a ring

2

or a combination thereof, wherein at least one carbon atom 1s optionally replaced with O,

-NR’-, or -C(O)-;
B is CR'R™:

X 1s selected from the group consisting of:

‘1771 RSOG\ 0.._0ORg
O OR6 ORg I " v ’r‘:’iro
S | Ao HN

O 0O~ NH
X. X, X, )/ COORg
AN O
o L /J%o Rs00C” "N "N"COOR
SpP. _NTO RSOOCW V) /—‘(/ (—f H H 8
R.0 H [ Nj HN+/n H y
4
R1 /|P| 0R1 N N
0 RgOOC— “—/ \—COORg
X Xe

n1s from 1 to 8;

Y 1s independently CH or N;

R’ and R* are independently hydrogen, a (C;-Cj) alkyl group, an ethylene

aglycolyl group, or a propylene glycolyl group;
R’, and R® are independently hydrogen or a carboxylic acid protecting group;
R°is a (C1-Cs) acyl group;

R’ is the a-position substituent of an amino acid;

R® is independently selected from the group consisting of H, alkyl, cycloalkyl,

heterocycloalkyl, aryl, alkylaryl, arylalkyl and heteroaryl; and

M 1s a metal selected from the group consisting of *Se. *'Sc. “°Pb. °’'Ga, ®°Ga,

149 177
Pm Lu

2 2

724 . 1lly. 90v 97p.. 624.. 64p.. 52 52 140y 175 153 166
As, In, 7Y, 7'Ru, "“Cu, ""Cu, *“Fe, >“™Mn, "La, "’Yb, 7’Sm, Ho

“Pr, P°Gd, “VBi, °'Cu, "' Ag, " Au, '*'Tb, and °'Cr.

2 2 2 2 2

2

The complex of claim 13, wherein
A 1s (CHy)m, whereinm1s O, 1, 2, or 3;

X 1s selected from the group consisting of:

2
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RSO O 0 ORB
opforron ] ¢
O

X4 X2 X3

OR, ww»w
O\I 1 /J*o

/ko RBOOC_\ V) /—</
R40” YH [ N] NG
0 | RgOOC— “— “-COORg

Xs Xe
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#L0

HN

\/\j\NH

O

)/ COOR
Z 0

E 0L
Rsooc/‘: : COORg

X4

n, Y,R’.R* R>. R° R’ and R® are defined as in claim 13.

The complex of claim 13, wherein
A 1s CHQ,
Y 1s CH;

R’ is selected from the group consisting of hydrogen, methyl, -CH,COOR®, and

—(CH,),COOR?;
R’.R* R’,R® and R® are hydrogen.

The complex of any of claims 13 to 15, wherein
oﬁ”}g
OR?

X 18 X1

The complex of any of claims 13 to 15, wherein
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18. The complex of any of claims 13 to 15, wherein

OR, =

Ny g
R,O” YH

RO~ || “OR,
O

X is X5

19. The complex of any of claims 13 to 15, wherein
X 1s

A
RBOOCW 7\ /—¢ (—fH O

N_ HN

C )

N N
RgOOC— “—/ “—COOR;{

Xe

and n 1s from 1 to 8.
20. The complex of any of claims 12 to 15, wherein M is *°Ga.

21. The complex of claim 13, having the structure:

22, The complex of claim 13, having the structure:
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23. The complex of claim 13, having the structure:
H
HO O
\ /7 O O N
/P ':'
Ao >—NH‘(O\(?O.... p\j A/OINH
Os -Ga,
5 =N )/ COOH
7/ \ R
HO OH LoUolo 70 (
O HOOC” N"N"COOH
H
24 The complex of claim 13, having the structure:
0 O
M X
g O N N
"2 N NS0 Y o. s m N
O~ -Ga_ O O
hx N NN
HO OH )/: N_ L
o 0 O "0
wherein n 1s from 1 to 8.
25. The complex of claim 12, having the structure:

o>\_\ N /—<0
HO O Ho)o\Ho S-HN [ Lu """" 0
\F{/ N/\/N\D\j H/\NHW_/ \_/ \—<

wherein n 1s from 1 to 8.

26. A pharmaceutical composition comprising a pharmaceutically acceptable carrier and the
compound or complex according to any of claims 1-25 or a pharmaceutically acceptable

salt thereof.

27. A method of in vivo imaging comprising administering an effective amount of the
complex according to any of claams 12-25 to a subject, and detecting the pattern of

radioactivity of the compound 1n said subject.

28. A method of treating one or more bone tumors 1n a subject, comprising administering an

effective amount of the complex of claim 12, wherein
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X 18
NN

RgOOC— /—\ — (.J—HAO

N_ HN

C )

N N
RgOOC— “—/ \—COOR;{

X6

and n1s from 1 to 8.

A kit comprising a sterile container containing an effective amount of the compound of

any one of claims 1-11 or a pharmaceutically acceptable salt thereof, and instructions for

therapeutic use.
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