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Abstract

The synthesis, stability and photophysical properties of [ Re(l) and Tc(l)
complexes derived from bipyridingpe ligandsand a series of imidazole derivatives
were investigated as a means of identifying complexes suitable for creating targeted
isostructural optical/nuclear molecular imaging probEse first generatiorcompkexes
were prepared by combiningRe(COx(H20)3]Br with 2,2-bipyridine (bipy) to give
[Re(COX(bipy)Br], which in turn was converted to the desired complexes by treatment
with functionalized imidazolesAll products were fully characterized by conventional
methods which includedrystal structures of two new Re complexes. The corresponding
9¥MTc complexes PTc(COR(bipy)(L)]" (L = imidazole derivatives) were prepared by
combining P°"Tc(COX(bipy)(H20)]CI with the same series afonodentatdigandsused
with Re(l) and heating at 40 °C or 60 °C for 30 min. Quantitative transformation to the
final products was confirmed in all cases by HPLC and the nature of the complexes
verified by comparison to the authentic Re standards. Incubation in saline and plasma,
and amino acid challenge experiments showed thstibdtituted imidazole derivatives,
bearing electron donating groups, exhibited superior stability to analogous metal
complexes derived from less basic ligands. Imaging studies in mice revealed thaewith th
appropriate choice of monodentate ligand, it is possible to prepare robtist][dc
complexes that can be used as the basis for preparing targeted isostructural optical and
nuclear probes.

The synthesis, stability, photophysical properties endivo biodistribution of

[M(CO)3(BPS)(L)I' (M = ReP°™Tc, BPS = bathophenanthrolindisulfonate, L =
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imidazole derivatives) were investigated asseacond generation ofsostructural
multimodal optical and nuclear probes.RgCOR(BPS)(Melm)] (Melm =
methylimidazole) was preparad high yieldas a model compourahd showed enhanced
optical properties to the corresponding bipy analogle.prepare the radiolabeled
compounds, BPS was added " c(CO)(H20)s]* and the mixture heated to 40 °C for
15 min. The prduct, [**"Tc(COR(BP(H20)] was immediately treated with -N
methylimidazole (Melm) and with heating at 40 °C for 15 min yielding
[%°™Tc(COX(BPS)(Melm)} 3b in nearly quantitativeradiochemical yield A targeted
analogue P"Tc(COR(BPS)(IMAIN)F (ImAIn = imidazolealendronate) capable of
binding regions of calcium turaver associated with bone metabolism was also created.
Biodistribution studies showed that the target&Mc(COX(BPS)(ImAIn)F analogue
cleared rapidly from notarget tissues and hagysificant accumulation in thehoulder
(7.9° 0.2% ID/g) and knees (15.1 0.9 % ID/g) by 6 h, with long residence in the
skeleton, up to 24 hThe isostructural Re(l) analogue [Re(GEBPS)(MAIN)]? was
incubated with MCF7 cells and fluorescence micompy used to detect the probe that
was locategredominantly in the cytoplasm.

Having demonstrateih vivo targeting,[2 + 1] complexef **™T¢(l) linked to a
tetrazine were prepared and their utility for preparing radiopharmaceuticals using
bioorthogonal chemistry was evaluated. Specifically, complexes of the type
[%°™Tc(COR(NAN)(L)]" (NN = BPS and bipy)where the monodentate ligand (L) was a
tetrazine linked to the metal through an imidazole gromere preparedn nearly

quantitative radiochemical gfid by adding $°™Tc(COX(N~N)(H20)]" to the imidazole
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tetrazine ligand and heating at 60 °C for 30 min. Measurement of the kinetics of the
reaction betweefOb andtrans-cycloocteneol showed a second rate order constant of 8.6
x 10° M-1St at 37°C, whichis suitable for pretargeting strategies that require rapid
coupling to be effectiven vivo. Stability studies showed that theoductsare resistant to
ligand challenge and suitable for vivo imaging. Biodistribution studies of the more
water soluble BS derivative in normal mice using padministered bisphosphonate
conjugate oftrans-cyclooctene (TCEBP) showed high activity concentrations in the
knee (9.27 0.32% ID/g) and shoulder (5.280.67% ID/g). SPECT/CT images showed
that the [2+ 1] complexcould also be used to visualize the damage associated with a
bone tumor in a murine model further demonstrating the utility of this class of

compounds for preparing new radiopharmaceuticals.
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Chapter 1

1 Chapter 1. Introduction
1.1 Molecular Imaging

Molecular imaging (MIl) aims to study nenvasively biological processein
cells, tissues, or living organisms through the use of instruments, endogenous contrast
mechanisms and exogenous contrast adgetem the clinical perspective, Ml can be
used to improve early detection of diseas#sntify the presence of specific biomarkers,
determire tumor margins, and monitor treatment efficiency. Two of the commonly used
MI techniques, whah are the foci of the work done in this thesis, are nuclear and optical

imaging?

1.1.1 Nuclear Imagingi Positron Emission Tomography

Positron emission tomography (PET) is one of the two main nuclear imaging
methods and is a sensitivel Mechniquethat is usedor quantitative measurements of
physiological processeim vivo. In PET, a positroremitting radionuclide after initial
decay, pr oduc eas as wesulbdf annitklaidn ofathe emitted positron
with an electron. PET ameras detecthe p a i r s-ray® fvhicho are oriented at
approximately 180° from each other using a ring of detectors surrounding the patient.
Some common radioisotopes used in PET afdbChalflife 2 min), G11 (20 min), N13

(20 min), and FL8 (110 min) whichare produced by a cyclotron and-Bb (76 s) which
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is obtained from a generatbMost radioisotopes are incor@ted into molecules to
generate radiotracers, also known as radiopharmaceuticals, which are then injected into
patients prior to imaging. One of the most widely used Riflfopharmaceuticais éF-
fluorodeoxyglucose!fF-FDG); a glucose analogue that eadily taken up by tumops.

The main limitations ofPET areits poor spatial resolution (ppoximately 35 mm),
radiation dose to patients and most PET agaséshort halflife radioisotopes which

requires them to besedshortly after production.

1.1.2 Nuclear Imagingi Single photon emission computed tomography

Single photon emission computedrtography (SPECT) is another nuclear Ml
technique wkimih te mmgl oyRdys®amittedcfrom SPEGT. isotopes
are measured by one or more gamma detectors that are fitted with collimators
Collimatorsonly allows entry of gamma rays that arergendicular to thelpne of the
cameraModern SPECT machines are composedotdting gamma cameras wowultiple
cameras where collected 2D image® combined to generate a 3D im&g&ome
common radionuclides used in SPECT areé99%m (halflife 6.01 h), +123 (13.2 h), Ga
67 (78.3 h), and k111 (2.8 days).The main advantge of SPECT is the availability of
low costradioisotopeshat havereasonablyong haltlives. For example?®™Tc is costs a

few dollars per mCi and is accessible from a gene(atar sectioni.3).

1.1.3 Optical Imaging
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Optical imaging techniques exploit nonionizing photons and several different
sources of contrast such as absorption, emission, reflectance, scattering, and
fluorescencé. Fluorescence imaging requires administration of molecules that absorb
energywithin a specific energy windownd reemit typically at a longewavelengh.1®
Fluorescent imaging remains a sensitive and relatively low cost tool to study cellular
structures, functions, and pathways in living cells organisms. However, the major
disadvantage of this technique arises dunmygivo applications due to the poor depth of
penetration of light in tissues. The depth is limited to millimeters where signal
guantification is challenging due to light attenuation and scattering differences in
different tissues! Despite these limitations, optical imaging agents are increasingly used
for in vivo studies where indocyanine green (ICG) and fluorescein are auplyvthe

FDA for hepatic function testing and ophthalmology respectitfely.

1.2 Dual-Modality Imaging Agents

All imaging modalities have advantages and disadvantages in terms of resolution,
sensitivity, tissue penetration, and cost amongst other key features. For example, nuclear
techniques (PET and SPECT) have excellent sensitivity and tissue penetration, but very
poor resolution (millimeters) Optical imaging on the other hand, can have very high
resolution (submillimeter), but verylow tissue penetration and signal intensity due to
tissue absorption, scattering, and autofluoresc&hdeuatmodal imaging is the

combination oftwo imaging techniques in order to benefit from their strengths and
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overcome limitations of single modality imaging. To undertdkatmodal optical and

nuclear imaging, contrast agents that can produce multiple signalesirable

1.2.1 PET/Optical Agents

Agents that can be used for both PET and optical imaging have been reported
notably for imageguided surgery applicatiort8. For example, a porphyribased
photosensitizer was developed as a single agent for PET/optical imaging and
photodynamic therapy (Figure 1.1, left). The compound exhibiidagtabsorption at 662
nm and emission at 667 nm in organic solvents @4 THF). The compound was
labeled with the PET isotop&4, which has a halfife of 4.2 days, and was therefore
ideal for this study due to the long biological Hit of the paent compound® More
recently, F18 labeling of bodipydye has been reported for PET/fluorescent imagjing.

The photophysical properties of this compound features a broad absorption band at 506
nm and an emission band at 528 nm (Figure 1.1, right). No bone uptake was observed
even after 4 h indicating neglidé release of free® and good stability of the
compoundin vivo. Ex vivofluorescent imaging indicated accumulation of the probe in
liver and kidneys, which was consistent with thevivo PET imaging data. Parallel
efforts have been made to develdg-based PET/optical imaging agents despite the
short halflife of *C (20 min)!’ For instance, a styryl dye labeled with cariddnhas

been used as a new probdamet RNA81°
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124|

H30zCC Ph/ 1\8F
Figure 1.1 A porphyrinbased photosensitizer (léft)and labeled bodipy dye for

PET/optical imaging (right}®

Peptide derivatives have also been used to develop targeté¢dpR&AT agents®
A dualmodality nearinfrared fluorescencg NIRF)/PET agent based on an engineered
cystine knot peptide (knottin 2.5D) was prepared by conjugaliyb.5 and*Cu-DOTA
to the Nterminus of the peptide (Figurk?2).?! NIRF and PET imaging results in tumor
xenograft indicated that decreased wash and significantly better retention compared
to a®Cu-labeled single modality agent. Good linear correlation was observed-@vehn 1
for both the optical andwuclear data indicating that the two labels are effectively

delivered to the tumor.
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Figure 1.2 NIRF/PETduatmodality PET probe derived fro@y5.5 and DOTA?

As a second and related exampleyalic peptide (M) that targets MMR2/9 was
combined with a NIRF dye (IRDye 800CW) followed by DOTA conjugation®f@a
labeling??> Radiolabeling with®Ga requires dw pH (3.54) and elevated heating
temperatures (95 °C). Therefore, additional stability studies were performed to evaluate
the impact of°®Ga labeling on the optical properties. The results showed the labeling
conditions did not adversely affect the opti@nd biological properties of the agent. In
another report, octreotate was conjugated Wi@TA chelating group and a neafrared
(NIR) cypate fluorescent dye as a somatostatin (SSTr2) redemging agent® The

agent, which was labeled with b&iCu and*’"Lu, exhibited very low tumor uptake (less
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than 1% ID/g) and predominant hepatobiliary clearance (more than 90% ID/g in the
liver). Bombesin peptide analogues labeled with FIT@ BOTA have been reported by
the same research grotfdt was found that the relative positions of the dye and chelator

on the lysine linker had a major effect on receptor binding affinity.

1.2.2 SPECT/Optical Agents

Similar to the PET/optical agents, the combination of SPECT and opticahignagi
have been alsoexplored® It is known that bisphosphonates (BPs) binds to
hydroxyapatite (HA) bone mineral surésc and aNIRF imaging agent with
bisphosphonate (PaB0D0) have bae developed to target H®R. A BP-based
SPECT/optical imaging agent (Pame/Re800) was used to target breast cancer
microcalcificationr?” For this probe, the BP is labeled with an- S
acetylmercaptoacetyltriglycin®ASs) chelator and IRDye800CW (Figure 1.3 A). NIRF
and SPECT/CTin vivo imaging after labeling wit®™Tc in a breast cancer model
exhibited rapid clearance from the soft tissues and high tumor uptake of the agent
indicating its usefulness for bomaetastasis detection (Figure 1B3 C). A series of
SPECToptical duatmodality agents with the combination of fluorescent molecules such
as acridine and flavone wif®"Tc(COX]* core were developed for cdlased studies;

limited in vivodata has been report&t!
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Figure 1.3 Chemical structure of Paific-800 (A). NIRF (B) and SPECT/CT (@) vivo

imaging after administration of the probe in a breast cancer rat model for the detection of

breast cancer microcalcificatioh

Several targeting peptide derivativesrdalso been reported for SPECT/optical
imaging. A Caspas8-sensitive SPECT/optical imaging agent was developed by linking
9mTc-chelator to a fluorescent rhodamih0 based DEVD peptid®.The probe is not
fluorescent but it becometuorescentupon cleavage from DEVDIn the presence of

Caspas@&. In another study, a cyclic peptide [c(KRGDf)] was dahkled with4n
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(through DTPA), and a nedmfrared dye, IRDye80& It was found that targeb-
background ratios (TBR) of nuclear and optical imaging at the targeted tumor site are
similar. Futhermore, an analysis of sigratnoise ratio (SNR) showed greater
sensitivity of NIRF over SPECT imaging for the subcutaneous tumor targets. Another
SPECT/optical dualabeled imaging agent was developed by attaching a cyclic peptide
c(CGRRAGGSC), whichs known to target interleukin 11 receptor aluein (IL-
11RR) to DTPA #in labeling) and a fluorescent dye (83-S-Ph-CO) via a lysine
linker (Figure 1.4, A¥* The cross validation and direct comparison of optical and nuclear
imaging of the agent in a mice bearing human breast cancer xenograft-KNE3231)

using a single injectiodemonstrated the tumor targeting capabilities of the conjugate

vivo (Figure 1.4, B).
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Figure 1.4 Chemical structure dftin-DTPA-(IR-783-S-Ph- CO)}-c(CGRRAGGSC) (A).
NIRF and SPECT/CT imaging 24 h after administration of the probe in a mice bearing

human breast cancer xenograft (MIMB-231) (B)3*

1.2.3 Isostructural Multi modal Agents

10
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Nuclear/optical duaimodalty imaging agents can be particularly usedinically
in cancer patient managememhey make it possible @mploywhole-body PET/SPECT
imaging to identify the location of a disease and optical imaging to guide tumor resection.
The ability to use one imaging agefar both applicationdnstead & two separate
compounds (the radiolabeled and fluorescent forms) can reduce development cost,
facilitate clinical translations, and simplify lead discovangd validatiorefforts1® These
multimodal optical and nuclear probes were traditionally prepared by modifying targeting
vectos with a radonuclide binding prosthetic group and an optical ¥&. The
challenge with this approach is that the two groupsiave a significantly detrimental
impact on target affinity and ability to bind to the target of interest.

More recently, research has focused on developing a single construct that can be
used asnultimodal nuclear/optical agenRadiolabeled dye€ 43 for example,including
18F-labeled BODIPY have been reported as a PET/opticgimodal imaging probe that
can be used for the labeling of small molecules as well as biological macromofécules.
As an another example, a modified DTHRRnnosyldextran (Lymphoseek) has been
used for PET/NIRF imaginof sentinel lymph nodgSLNSs) in preclinicalstudes* SLN
imaging has attracted attention because changes in the lymph nodes are closely related to
tumour metastasis, espally in breast and prostate carcinomas as well as melanomas
Lymphoseekwas originally developed to locate the sentinel node®r surgcal
resectiorf'®

A related approach involves generating the radiolabeled analogue of luminescent

metal complexes. Here the stable isotope of the metal is replated wadioactive

11
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isotope or the same element or a transition metal congener to generate isostructural
complexed”>® For example, functionalized bis(thiosensirbazone) is an excellent
tetradentate chelator which selectivity targets hypoxic tissues, particularly in the heart
and brair’¥ > When chelatedo metals such as Zhand Cid*, the product ifluorescen
andhas been used in optical microscagiydies’’ The radiolabeled“Clii bis(thiosemi
carbazonate) complex was prepared using facile transmetallation from the corresponding
Zn?* analogues usintfCu(OAc) to givetheisostructurahuclearprobe®®

One of the first examples of isostructural SPECT/optimcaltimodal agent was
based on the so called single amino acid quinoline (SAACQ) ch8a#®CQ contains
two quinoline groups which form a lumiseent complex with Re(l) artthatcanalsobe
labeled with®*™T¢c>%%1 ReSAACQ has been used to image neurosphereiro while

the**"TcSAACQ was utilized to monitor cell transplantation using SPECT (Figure 1.5).

Figure 1.5 Epifluorescent image of a single neurosphere incubated with a ReSAACQ
TAT peptide for 2 h at 37°C (A), SPECT/CT scan of cells labeled with the Tc analogue

(image taken at 20 min pesansplantation) (B§°

1.3 The Chemistry of Re/Tc

12
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9mT¢ is the most widely used radioisotapediagnostic nuclear medicirsue to
its favorable propertieand low cost.*™Tc is readily available from®*Mo-**"Tc
generatcg®® where the isotope can be isolated®d8rcOs on a daily basis from the
decay of*®Mo (Figure 1.62%®™ch as a pr i mafri40 keV, whiohiisswithino n o
the desired range (3800 keV) for commercial gamma cameras. For gamma rays that
have energies below this range they are extensively absorbed by tissue. For those above
300 keV, commonly available scintillators are not able ttectethe gamma rays
effectively. The nature of the emissions frafffTc minimize the radiation dose to
patients. Furthermore, the I6 halflife of ®*"Tc provides sufficient time to prepare,
purify, and administer doses and to allow for optimal uptake #atamce from the

target sites.

13
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Figure 1.6 Decay scheme d®Mo to ®°™Tc. Arrows going left to righti n d i tdadaye b
while vertical arrows show isomeric transi

levels are not showto scale®®

Technetium (atomic number 43) is a transition metal in group 7 (Mn, Tc, and Re).
Technetium forms compounds in a wide variety of oxidation states ranging-irdm
+7 8485 For nuclear medicine applications, complexes of Taf)l Tc(l) are the most
common. Tc(V) complexes generally adopt square pyramidal geometries and often

contain oxo, nitrido, imido, onydrazisd group in theaxial position®® The chelates used

14
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for Tc(V) are generally tri or tetradentate and contain a combination of oxygen, nitrogen,
sulfur, andphosphorous atos?’

Davison, Jones et al. prepared stable, water solulfl® damplexes ofhexkis
(alkyl isocyanide) anchexakis (aryl isocyanide)directly from ®™TcOs as the first
examples oforganometalliccomplexes that can be used foedicalimaging®® They
showed that théc(l) complexwas a highly effectivenyocardial perfusionimaging
agent®® The biodistribution characteristics weftgther refinedby using a methoxybutyl
isocyanide substituemd creaé Tc-MIBI, which was ultimately approved for clinical use
under the trade name Cardiolife’! As an alternative startinmaterial to prepare Tc(l)
complexes, Albertet al reported a convenient method to pregd&CO)(H20)3]" in
agueous media from pertechnetate. This complex reacts with a wide variety of ligands
through displacement of the labile water moleculesrof§ tremendouwersatility when
developing novel Tc radiopharmaceuticals (see sectih$1.3.4.7274

Technetium has no stab isotopes consequently rfo most °™Tc
radiopharmaceuticals, ngadioactive Res often used for structural characterization and
preliminaryin vitro screeningComplexesof Re and Tare typically the samgize due to
larthanide contraction and relativistic effe€tsThe chemistry of the twelementscan
however differ particular with respect to redox potential and stability of complexes
towards disproportionatiolRe-complexes are thermodynamically more stable in higher
oxidation states comparing their Tc counterparts. Aesalt reducing rhenium from high

oxidation states to lower oxidation states requires much harsher conditions. Re complexes

15
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are also moranert than their Tc analogueshile complexationtype reactionsoften
requires more forcing conditior ”’

Notwithstanding the potential differences in their chemistrio verify the
formation of nev °*™Tc complexes, which are produced in small (ng) quantities, the Re
complex once full characterized by traditional methodsaften co-injected with the
9®mMTc-species onto an HPLC equipped with UV and gamma detectors. Correlation of
retention times isised to indicate the desired product has been formed. An additional
advantage of using Ris thatith a s temitting fadioisotope¥®Re and'®®Re that can

be used to create radiotherapeutic analogu&$™t based diagnostic8.

1.3.1 Organometallic Complexes of Tc

®¥MTc is obtaned from the®*Mo-*°"Tc generator a$°™TcOs in saline which
necessitateghat radiolabeling be performed in aqueous solstioAlberto et al.
developed a method to produce a precursor that can be used to generate organometallic
complexes of®"Tc in aqueus solutions at the tracer level. [Tc(GE)RO)s]* can be
produced in water in a single step by direct reduction of pertechnetate with
boranocarbonat€:® The water molecules in [Tc(C&MH20)s]* are labile and can be
displaced by a wide range of donor groups and used to create tavgga@dmetallic
radiopharmaceuticals.

Typically, the design of targepecific ®*"Tc radiopharmaceutical involves the
use of a bifunctional chelating agent (BFC) approach. A BFC consists°¥fTe-

chelating unit and a reactive functional group for linking to a biomolééuba ideal

16
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BFC should be able to form a stable complex with the radiometal in high radiochemical
yield (RCY) and purity (RCP) at very low concenimats of a BFC-biomolecule
conjugaté? The diverse coordination chemistry of [Tc(GP) core has led to
development of a variety of BFCs based ondbitridentate ligand systems, and target
specific radiopharmaceuticgl¥8°

A large array of tridentate Tc(l) chelates have been reported. For exdnede,
c al | diclt-to-cfih e | anetmod was developed in which funionalization of
biomolecules and radiolabeling can be achieved in a convenieqtobreactiorf®. In
t h elickfio-c h el at e 0 thes doppaerfl) ecgtglyzed aziddkyne cycloaddition
(CUAAC; click reaction’ is used for the synthesis and conjugation of tridentate
chelating systemshat form stable compless with the Re(l)/Tc(l)-tricarbonyl core®®
Since its first-tochpbat edapdia fodhe devefo@ient ofk
numerous novel Re(l)/Tc(l) radiopharmaceuti®f. In one ineresting example,
isostructural ®®*™Tc-tricarbonyl folic acid radiotracersone histidinebased and one
triazolebased were prepared! The 1,2,3triazole-containing folic acid derivative was
prepared usinghe ficlick-to-c h e | a t el whiclp was achieveth higher yield and
in fewer steps than for the histidine derivativbile stability and biological properties
including the SPECT/CT images of ttveo agentsvere identical.

A facile synthetic route based on a tridentate chelatystesr with a pendent
amino or carboxylic acid functionality for coupling to peptides and proteins via formation
of an amide bond has been develoffe@ur group was involved in preparing single

amino acid chelates (SAACs) whiene lysine derivativesapable of bindindre(l) and

17
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Tc(1).22% The tridentate chelating SAAC ligands have been prepared using a wide array
of donors including pyridine, quinoline, imidazole and thiazoleugsodesigned for
effective coordination to the [M(CGJ]J core. The other functional groups on the SAAC
ligands allow for incorporation into peptide sequences using solid phase peptide synthesis
(Figure 1.5).

Tridentate complexes 8f™Tc(l) have been uskto create agents that are now in
clinical trials. Several differer®™Tc(l)-labeled PSMA inhibitors have been previously
reported® % Many of them however, have shown high liver uptake and clearance
through intestine which is not ideal since prostate cancer usually metastasizes to the
abdominal cavity. More recently, ne®W"Tc(l)-labeled PSMA inhibitors based cm
SAAC constructcontaining fundbnalized polar imidazole ring€°™Tc-MIP-1404 and
®MTc-MIP-1405 have been developed to reduce lipophilicity and to avoid
gastrointestinal clearance (Figur&’)1®® Pharmacokiatics and biodistribution of these
two agents have been studied in patients with metastatic prostate €aficey. both
showed rapid clearance from the blood, acceptable liver aneykidptake, and high

tumorto-background ratioshich rangegrom 3:1 to 9:1.

18



Ph.D. Thesisi Abdolreza Yazdani; McMaster Universify Chemistry & Chemical
Biology

MIP-1404 MIP-1405

Figure 1.7 Chemical structures of Mi2404 and MIP1405

1.3.2 Rhenium(l) Polypyridine Complexes

Bipyridine and related bidentate pyridine type ligands coordinate to the
[Re(CO}]* core and form complexes of the type [Re(&bipy)(L)]. These complexes
have been shown to have attractive photophysical prop&itidhey typically show
excitation bands in the UVis region (358410 nm),which areassociated witlsinglet
metatto-ligand charge transfer'NILCT), and broad emission bds G00-700 nn)
attributed t®MLCT.1%* The Re(l) complexes often exhibit long emission-ifaes (us to
ms ) and | ar ge St okeso shifts (> 100 nm)
autofluorescenct?

Compounds of the type [Re(C4Dipy)(L)] are commonly referretb as [2+ 1]
complexes, where thi&0 represents the bidentate ligand and fihé the monodentate

donor. This structure provides a great deal of versatility when designing praleds.
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The bidentate chelator can be used to optimize the photophysical properties, while the
monodentate ligand in the axial position has been employed to modify cellular uptake
andthe intracellular targef® Furthermore, the solubility and stability can be tuned by
altering substituents on the bidentate ligand and chgnging the nature of the
monodentate ligantf?

Rhenium polypyridyl complexes are typically peged bycombining arhenium
halide pentacarbonyl, [Re(C§J)] , wi t h t he chel ating bi si
resulting species [Re(C&) NEN) X] I's then act i precipiatdn t o | i
of the halide with silver salt in an appropriate solventaly, [Re(CO} NEN) (sol ) ] X
converted to the target complex by treatment with the substituted monodentate ligand

which has to date been largglyridine based.

1.3.3 Rhenium(l) [2 + 1] Type Imaging Agents

Luminescentienium [2+ 1] systems have been utilt¢o prepare cell imaging
agents®1% The first example o Re polypyridyl application in cell imaging was
reported in 2007, in which a variety of cationic, anionic, and neutral complexes were
used to image parasitic flagebaassociated witlspironucleus vorten¥? It was shown
that the change in formal charge and lipophilicity was the driving force in controlling
uptake and cellular localization. For example, the hydrophilic anionic
[Re(COX(BPS)(L)] complex (BPS = bathophenantline disulphonate, L = 3
hydroxymethylpyridine) was ncubated with MCH cell ling which exhibited

localization in the exterior plasma membrane (Figur®).1The lipophilic cationic
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complexesappeared to reside mainly in the lipid membranesile the neutral species

showedcell uptake but alshigh cytotoxcity.
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Figure 1.8 Chemical structure of [Re(Ce&iBPS)(py3-CH.OH)] (A), Overlaid
fluorescence and transmitted light images of the complex in -WIQElls showing
localization in the exterior plasma membrane @)d 3D reconstruction shomg the

complex in the plasma membrane of MZEells (C)*°

A number of groups demonstrated that the uptake and localization of the rhenium
[2 + 1] complexes can be controlled by small variation in ligand structure. For example,
the [Re(CO}(bipy)(L)] comp | e x ( b-bipysidines L 2 3cBladpmethylpyridine)
exhibited accumulation in mitochondfi&. The chloromethyl unit is known to lhiol-
reactive for which mitochondria @ particularly rich (Figure 9). In another study,
biotin-appended complexes have been studied as a metpoohabtingcell uptake!! In
vitro studies showed thate complex was localized in the parclear region after

internalization.
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Figure 1.9 Chemical structure of [Re(Cé&fbipy)(py-3-CH.CI)] (A), Fluorescent image

of the complex (B), TMRE (C), and overlaid image (D) in MTEells!!°

1.3.4 Technetium Polypyridine Complexes

Although rhenium (I) polypyridine complexes have been widely used to prepare
luminescent probesthere have been limited investigation on their tedhngl)
analogues for developing targeted M| prob8413That is due in part to concerns about
premature loss of the monodentate ligamdiivo, which results in high protein binding
and high background activity imé liver and blood streat? Our hypothesis was that
with the appropriate choice of monodentate ligand and the development of a convenient
radiochemical synthesis method, compaiofl the type [M(CQ) N E N Jwhdre M =
Re,®Tc, NEN = bisimine, and L= monodentate
class of isostructural luminescent and nuclear probes with superior optical properties

compared to existing isostructuedents
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Chapter 2

2 Chapter 2. Imidazole-Based [2+ 1] Re(1)/**"Tc(I) Complexes as Isostructural

Nuclear and Optical Probes
Abdolreza Yazdani, Nancy Janzen, Laura Banevicius, Shannon CdohmyF. Valliant
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2.1 Abstract

The synthes stability andphotophysical properties df2 + 1] Re()/Tc(l)
complexes derived from bipyridine and a series of imidazole derivativesrev
investigated as a means of identifyimpmplexes suitable for creating targeted
isostructural optical/nuclear malelar imaging probes. To prepare the desired
complexes, [Re(CQ{H20):Br was combined with 2 Bipyridine (bipy) to give
[Re(COX(bipy)Br], which in turn was converted to the desired complexes by treatment
with functionalized imidazoles, yielding crystfuctures of two new Re complexes. The
correspondind®™Tc complexes®™c(COX(bipy)(L)]* (L = imidazole derivatives) were
prepared by combininff*™Tc(COX(bipy)(H20)]CI with the same series of ligands and
heating at 40 °C or 60 °C for 30 min. Quaatiite transformation to the final products
was confirmed in all cases by HPLC and the nature of the complexes verified by
comparison to the authentic Re standards. Incubation in saline and plasma, and amino
acid challenge experiments showed thasu¥stitded imidazole derivatives, bearing
electron donating groups, exhibiteiperior stability to analogous metal complexes
derived from less basic ligands. Imaging studies in mice revealed that with the
appropriate choice of monodentate ligand, it is possilerepare robust [2 1] °™Tc
complexes that can be used as the basis for preparing targeted isostructural optical and

nuclear probes.
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2.2 Introduction

Molecular imaging (MI) is being used increasingly to study specific biochemical
pathways and drug targenoninvasively, and to enable early disease detection, selection
of patients for targeted therapies and active monitoring of treatment effitaduiti-
modal MI makes it possible to combine the strengths of different imaging techfiques.
For instance, nuclear and optical imaging strategies are by for sentinel lymph
node tumour detection and surgical guidance with impressive ré8ultke ability to
link optical and nuclearmaging also provides the opportunity to use the former to
validate the binding of a new radiopharmaceutical to a specific target and to study
cellular uptake and distribution with high resolutfoh.

Multi-modal optical and nuclear probes are commonly prepareddalfying a
targeting vector with a radionuclide and a fluoroph8r&. The challenge with this
approach is that the two groups often have a detrimental impact on the ability of a
targeting vector to reach and effectively bind to the target of interest consequently
extensive optimization workis required. More recently the focus has shifted to
developing radiolabeled fluorophot&g® and isostructural metal complexes as synthons
for developing multimodal probes®3! The key advantage to the new approaches is that
only one prosthetic group has to be added to the targeting vector of interest, which greatly
simplifies lead discovery efforts.

In the case of®™Tc, which is tle workhorse of nuclear mediciidecause of its
widespread use, low cost and modest dose burden compared to other medical 3otopes,

it is possible to use Re as a A@dlioactive surrogate fo¥™Tc, to create isostruoral
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luminescent probeshere has been extensive work done on the development of Re(l)
based dyes for cellular imaging studies where complexes are typically derived from one
bidentate heterocyclic arene ligand and one monodentate fig&hd.h e s e+ 1 [02
systems typically exhibit broad excitation (3500 nm) and emission (560 nm)
bands with large Stokes shifts and long lifetimes where targeting specific cellular
compartments can be achieved by attaching the appropriate veeithe@othe bidentate
or monodentate ligant' 4°

Of particular interest to us were [2 1] Re bipyridine complexes containing
imidazolebased donors as the monodentate ligand. Complexes of this nature have been
used sccessfully as redox probes and luminescent labels for biomoléédfdsy taking
advantage of the sensitivity of their emissive properties to the nature of the donor ligands
and environment. While they possess features that are attractive for developing targeted
luminescent probes, one concern with tluse as radiotracers is the premature loss of the
monodentate liganth vivo, which can result in high protein binding and uptake in-non
target organs. Recently we reported that robust complexes such as
[%°™Tc(COX(bipy)(DMAP)]* can be produced using basimnodentate pyridine ligands,
where analogous Re(l) complexes are effective luminescent prétgsre( 2.1).4°
Imidazole ligands are sufficiently basic that they should also form stabtel]2°™Tc
complexes. Howevan contrast to the work on Re, thdrave been limited investigations
of the chemistry of the analogous42L] bipyridyl-imidazole technetium(l) complexé$.
We report here the synthesis and characterization of a series of novel BEIED|L)]"

complexes (M =°"Tc, Re) where L represenitsalkyl imidazoleligands, which islude
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new bifunctionalderivatives that can be used to prepare targeted isostructural optical and

nuclear probes

CcOo |l
OC’//, ‘\\‘N =

A
oc” | Sy

N

— ﬂ _—

2\

R

M = Tc, R = p-NMe, (1a)
M = Re, R = m-CH,C(0)OCy (1b)

Figure 2.1 [**™Tc(CO)(bipy)(DMAP)]" 1a and confocal images of the Re(l) complex

1b incubated with MCF7 cells for 1.5 h at room temperature (cy = cycloheyl).

2.3 Results and Discussion
2.3.1 Synthesis of [M(CO}(bipy)(L)] * Complexes (M =°"T¢, Re)

The synthetic approach utilize®TTc(COX(H20)s]*, which can be prepared in a
single step frm TcQy, following the method developed by Albegbal*’ 8 Quantitative
formation of [*°™Tc(COX(bipy)(H20)]Cl 4b was a&hieved by the addition of
[%°"™Tc(COR(H20)3]* to bipy and heating the reaction mixtuire a microwavereactorto
110 °C for 6 min $cheme2.1). While there are numerous classes of imidazole ligands to

choose from for preparing the desired{2] complexs, we focused on Nubstituted
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imidazolesto avoid forming mixtures of producésd to provide a convenient site for the
attachment of different functional groups and targeting vectors. The archetypal ligand N
methylimidazole (Melm) was combined wif??™Tc(CO)(bipy)(H20)]Cl resulting in the
formation of P"Tc(CO)(bipy)(Melm)]* 5b in quantitative yield at 46C (Scheme2.1).

The retention time of the product matched that of the Re corbplexhich was prepared
according to a literature method in 72% Igié¢' It was also possible to prepare the

complexat room temperature using a reaction time of just 5 min.

+ 1 R co | N |
X
CO —| . Co || ‘N/N oc, | N~
OoC,, | .OH: bipy (3) oc,, | Nz \=N /M\
M -
7 > X
oc”” (|) H\OH2 110°C, 6min oc” )\(\N X a0°C, 20min~ O° ,L N| P
2 L [ S
2 N
M =Re, X=Cl (n =0) (4a), \
M =Tc, X = OH, (n = +1) (4b) R

R=Me, M = Re (5a), M = Tc (5b)
R=(CH,),COOH, M = Re (6a), M = Tc (6b)
R=(CH,),COOMe, M = Re (7a), M = Tc (7b)

Scheme 2.1 Synhesis of [2+ 1] Re(l) and®*™Tc complexes from bipyridine and
substituted imidazole ligands. The conditions shown are for the reactions performed at

the tracer level.

Building on the success using-iethylimidazole, zoledronic acid (ZA) was
investigated as an example of a bifunctional agent. This imidazole derived
bisphosphonatbas been used previously to treateoporosis and to target radiometals to

bone metastaséd>? [*°"™T¢c(COX(bipy)(H20)]CI 4b was combined with ZA in water at
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pH 7 and the mixture was heated in a wweave at 60 °C for 30 min, whereupon
[9°™Tc(COX(bipy)(ZA)] 8b was isolated by HPLC in high yiel&¢heme2.2). The Re
analogue 8a, which had not been previously reportedas prepared by adding
[Re(COXx(bipy)(H20)][CFSCs] to ZA at pH 7 and heating the xture to reflux
overnight. The product was isolated in 77% yield by sgraparative HPLC.

Single crystals of [Re(CQ(pipy)(ZA)] 8a were obtained by slow diffusion of
acetone into an aqueous solution of the complex. The molecular structure, which has a
distorted octahedral geometry, is depictedrigure 21 and the associated-bay data is
provided in the supportinigpformation(Table S6.1). The imidazole moiety, as opposed
to the bisphosphonate group, is coordinated to the metal through N1 with @iR&nce
of 2.175(6)A (Table S2.2 in the supportinginformatior). The ReN bonds to the bipy
ligand are2.180(5)and 2.173(8)A, and GO bond lengths vary from 1.147 to 1.164 A,
which is typical of [Re(CQ]* complexes of this naturd.>®> The complex is oriented

such that the bipyridine ligand is tilted to the center of the unit cell.
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Scheme2.2 Synthesis of [M(CQYbipy)(ZA)] 8a/b, [M(CO)s(bipy)(ImSfn)] 9a/b and

[M(CO)s(bipy)(ImAIn)] 10a/b (M = Re or®*™T¢). The reaction conditions shown are

those used to prepae and10b.

41



Ph.D. Thesisi Abdolreza Yazdani; McMaster Universify Chemistry & Chemical
Biology

Figure 2.2 ORTEP plot (50% thermal ellipsoid gdrability) for [Re(CO}(bipy)(ZA)] 8a.

Hydrogen atoms have been omitted for clarity.

To provide a site for future attachment of targeting vectors, an imidazole
derivative bearing a pentanoic acid linker was prepared by simple alkylation of imidazole
with methyl 5bromovalerateThe ligand was subsequently coupled to aminosulfonic
acid to givel2 (ImSfn), or to alendronate (Aln) to giv&3 (Scheme2.3). The latter
compound was chosen to allow for direct comparison oirthviro stability andin vivo
biodigribution with 8b, while the addition of the sulfonate was done as part of a series of

experiments to assess stabilityivo (vide infrg).
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Scheme2.3 Synthesis of ImSfi2and ImAIn13.

The Re complexf the sulfonate ligand (ImSfii2) was prepared by combining it
with 4a and heating to reflux in MeOH overnight. The desired product was isolated in
45% vyield by sempreparative HPLC and single crystals of [Re(&Ripy)(ImSfn)] 9a
were grownby slow ewaporation of an acetonitri@ater solution. The molecular
structure is depicted iRigure2.3, wherethe imidazole ligand is again coordinated to the
metal through N1 and thieond lengths and angles are within the rangpecepted for
analogous complexg3able S6.2 in thesupportingnformation). As was the case f@a,
there was no evidence of a counter ion in the structure, which is consistent with the
overall neutral charge of the complex. For the tracer level work, ImSfn was combined
with  [*™Tc(COX(bipy)(H20)]CI at 40 °C and resulted in the formation of

[9°™T¢c(COX(bipy)(ImSfn)] 9b which was isolated by HPLC in quantitative yield.
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Figure 2.3 ORTEP plot (50% thermal ellipsoid probability) for [Re(G®)py)(ImSfn)]

9a. Hydrogen atoms have been omitted for clarity.

The Re complexes of other ligands containing spacer groups incldding
(ImPA), the correspondg methyl ester (ImPAMe), antB were obtained following the
same conditions used to prepd@ia The desired products were isolated by semi
preparative HPLC, in 21% to 42% vyield, respectively. TH{*H} NMR spectrum of
10ashowed a peak at 18.6 ppm, wainiwas similar to that fo8a (19.5 ppm), signifying
the ligand was coordinated to the metal through the imidazole group and not the
bisphosphonate. The Tc analogues [*°™T¢c(COX(bipy)(ImPA)]* 6b,
[%°™Tc(COX(bipy)(IMPAMe)]* 7b and [*°*™Tc(COX(bipy)(ImAIn)] 10b were prepared
under the same condition used to pre@wrand isolated by HPL@ nearly quantitative
yield.

An attempt was also made to develop a one pot labeling method, whereby both

the bidentate and monodentate ligands are present in the reactiome at the same
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time, to simplify the radiolabelling procedure. Here the tendency of the two ligands to
coordinate at different pH values was exploite{?°"Tc(COx(H-0)s]* was added to a
solution containing bipy and Melm at pH 2 and the mixture heated to 40 °C. After 15 min
the pH was adjusted to 9 and the reaction was allowed to proceed at 40 °C forra furthe
15 min, yielding the desired product in comparable yield to thestep procedure.
HPLC of the reaction mixture at pH EiQure2.4) clearly showed the formation db,
whereupon raising the pH resulted in the formatioblpfwhich was confirmed throig
comparison of the retention times of both products to that of the corresponding Re

standards.

45



Ph.D. Thesisi Abdolreza Yazdani; McMaster Universify Chemistry & Chemical
Biology

3.004

2.007

AU

1.007

0.004

1500.00
1000.00

500.00]

0.00-

1000.00+
800.004
> 600.003
E  400.00:
200.00°
0.0 5.0 10.0 15.0 20.0 25.0

Figure 24HPLC chr omat ogr ams gHpy)(Mam)f 5agtgp) cof [ Re (
injected with P°"Tc(COX(bipy)(Melm)]" 5b (middle), and T™Tc(COX(bipy)(H20)]CI

4b (bottom) prepared using a pH mediated one pot reaction.

2.3.2 Stability Studies

The stability of the Tc complexes was evaluated through amino acid challenge
and by incubation in both isotonic saline and plasma. For the amino acid challenge
experimentsbb was incubated separately with histidine and cysteirfeBS pH = 7.9

at 37 °C. HPLC analysis (chromatograms provided in the supporting information) out to
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6 h showed no sign of ligand substitution with either amino a&dier incubation in
0.9% saline, 5b also showed no evidence of decomposition after 6 h. In contrast,
compound P°"Tc(COX(bipy)(ZA)] 8b showed 50%decompositionto the intermediate
4b afterincubation in salindor 6 h However the compound was stable in the presence
of a small amount of excess ligand (30 pg/mL). The same trend was observed in mouse
plasmaas a function of timeHRigure 2.5), where if the monodentate ligand is lost, the
resulting species *{™c(COX(bipy)(H20)]* exhibits high protein binding and the
radioactivity precipitates upon the addition of acetonitrile. To verify that the activity
as®ciated with the complex in which the monodentate ligand was lost was precipitated
guantitatively, HPLC analysis of the supernatant was perforimedll cases a single
peak associated with the [2 1] complexes was observed confirming that products
formed through loss of the monodentate ligand and subsequent protein binding were
readily isolatedy precipitation

Despite being more polar (log P-£68vs. 0.36), {°"Tc(CO)(bipy)(ZA)] 8b had
higher protein binding thaBb (23% versus 13%at 6 h The lower stability of the ZA
complex compared to the Melm derivative was attributed to the elewitbdrawing
nature of the bisphosphonate group, which reduces the basicity of the donor ligand.
Support for this hypothesis was that Tc complexes bearing a spemgp, which
eliminated the electronic influence of the bisphosphonatd®inand the sulfonate @b
on the basicity of the amine, showed no sign of degradation over 6 h.

The results are somewhat surprising in that it had been previously reported that

neutral bidentate ligands like bipy that form cationic complexes tend to favour
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coordination to a halide over a neutral donor like imida?otéln contrast [2+ 1]
complexes derived from anionic bidentate ligands form neutral complexes where neutral
monodentate ligands, such as imidazoles or isocyanides, are reported to form robust
species?®? Interestingly, a [2+ 1] ®°™Tc complex derived from an amiiw bidentate

ligand (picolinate) and a Nubstituted imidazole bearing an electron withdrawing
substituent showed (similar to what we observed) reduced stability compared to a more
basic imidazole derivativ® These results highlight one of the attractive features of the

[2 + 1] system in that the properties of the metal complex including stability can be
readily modified ly judicious choice of mono and bidentate ligands, which is an

important feature when designing and optimizing targeted molecular imaging probes.
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Figure 2.5 Results of plasma binding studies &rand8b.
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2.3.3 Fluorescence Properties

Given the results of the stability studies and in consideration that a goal was to
create isostructural optical and nuclear probes, the abserlaamcemission spectra for
the novel Re imidazole complexes were also measured. Experiments were performed in
agueous solutions at the same concentration to allow for comparison of the emission
intensities (spectra provided in the supporting informati@ompoundsBa-10a showed
a dominant absorption band at approximately 246 nm, which were attributed to intra
ligand~ Y ~ * t r aand lower enargy bands at 300 and 316 nm, which were
attributed to metalo-ligand charge transfetNILCT).64%° Broad emission bands were
observed with maxima typically around 600 nm, which were attributed to emission from
triplet metal to ligand charge transféM_LCT). The intensities varied significantly with
the sulfonate 9a) being the most intese. This is not an unexpected result as sulfonate
groups are often added to dyes to increase solubility and reduce intramolecular
guenching. Interestingly the phosphonate derivatives were not nearly as intense.
Nevertheless these measured values companardbly to the literature values for this

class of luminophores including those that have been used as celluld?tyes.

2.3.4 Biological Testing

Given the tendency o8b to lose the monodentate ligand in solution, prior to

performing biodistribution studs we thought it would be prudent to first performimn
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vitro assay to see if the complex could adequately retain the ability to bind its target, prior
to loss of the monodentate ligand. The study was performed using an established calcium
salt binding asay for assessing radiolabeled bisphosphonates in direct comparison to
9%mTc-MDP, which is a clinically approved radiopharmaceutical used for imaging bone
metastase® *"Tc-MDP is produced using an instant kit in the presarf@xcess ligand

so to eliminate variability caused by the presence or absence of excess Sigavek
prepared similarly (for both thie vitro assay and subsequent biodistribution studies).

vitro calcium salt binding ofP™Tc(CO)(bipy)(ZA)] 8b and**™Tc-MDP is depicted in
Figure26 HA = hydr ox@ a pta-faiciune phosphate, CPD = calcium
phosphate dibasic, CO = calcium oxalate, CC = calcium caido@®P = calcium
pyrophosphate). Compour@b showed lower binding to calcium oxalate compared to
MDP (15% vs. 61%) but superidinding to hydroxyapatite (72% vs. 52%), calcium
phosphate (40% vs. 2%), calcium phosphate dibasic (55% vs. 5%), calcium carbonate
(22% vs. 2%), and calcium pyrophosphate (14% vs. 4%). The binding data suggested that
8b as formulated has sufficient affip for calcium salts compared to MDP and stability

to warrantassessing its distributian vivo.
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I MDP
i 8b

Calcium salt

Figure 2.6 In vitro calcium salt binding of’f™c(COX(bipy)(ZA)] 8b (grey bars) and
®"Te-MDP (bl ack bars) . -{-HAstri=taldusn ghosphate,sCPR+ i t e,
calcium phosphate dibasic, CO = calcium oxalate, CC = cal@arbonate, CPP =

calcium pyrophosphate)

2.3.5 Invivo Imaging Studies

One way to assess the utility of 21] complexes as platforms for developing
probes is to compare their distribution[t8™Tc(CO)(bipy)(H20)]Cl, which is the initial
product that wouldform if the monodentate ligand were last vivo. As expected,
SPECT/CT images odb administered to Balb/c mice demonstrated high liver uptake,
which is likely associated with the binding of the reactive complex with serum proteins
(Figure2.7a and Ip. The compound remains in the liver beyond 6 h providing a point of
reference for assessing the stability of othe#[2] Tc complexes. fie polar sulfonate

ligand complexdb (Figure2.7c and ¢l was a stark contrast @b in that it was excreted
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rapidly and pedominantly through the kidneys and bladder with negligible liver uptake
evident. Had the monodentate imidazole ligand been displaced within the time the agent
was in circulation, significant liver uptake would have been expected, as was observed
with 4b.

In the case oBb, SPECT/CT imagescquired at 1, 4, and 6 h after injection
showed uptake in regions of high calcium turnover (e.g. knee and shoulder joints),
consistent with MDPmages. However despite the presence of excess ligand there was
significantaccumulation in the liverigure 2.88). This suggested that a loss of the ZA
ligand was occurring, as was seen in ithevitro stability studiesCompound10b was
subsequently evaluated to study the impact of using a more basic imidazole ligand.
SPECT/CTshowed that the compound had modest liver uptake compa8bddespite a
higher log Pand the absence of any excess ligand, but retained significant accumulation
and long residence time in the bone, especitdlly largerjoints (Figure 2.8b). The
trans\erse images through the knees showed intense uptake for both complexes at 6 h
(Figures2.8c, d), where forlOb activity in thebladder particuldy at early time points
was evident. While the goal here was not to develop a superior alternativeMDH,c
the results do demonstrate that with a suitable choice of monodentate ligand, rabust [2

1] constructs can be prepared and used to develop targeted probes.
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Figure 2.7 ScintigraphieCT images of Balb/c mice administerédwhere images were

obtained after (a) 1 h and (b) 6 h. ImageStbbtained after (c) 1 h and (d) 6 h.
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Figure 2.8 ScintigraphieCT images of Balb/c mice at 6 h post injection ofglajnd (b)
10bwith images set to the same maximum threshold. The corresponding transverse
images through the knees, spine and bladder f@b(end ¢) 10bat 6 h, set to the same

maximum threshold.

2.4 Conclusion

A series of new Re(l)/Tc(l) [2 1] complexes derived from imidazole ligands
were prepared and-Ky structures of two new Re@dmplexesvere determined. A high
yield method to preparé€®™Tc analogues of a class of rhenium loophores was
developed, which included a pH mediated-poé reactionln vitro andin vivo imaging
studies determined that incorporation of a spacer group between the imidazole donor
group and electron withdrawing substituents renders the complex swstablg for use
in vivo. In addition to being constructs that can be used to prepare targeted isostructural

luminescent and nuclear probes, ther[2] system has the benefit that the nature of the
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monodentate ligand can be easily varied to optimize aginpability and retention,
pharmacokinetics and to select the preferred route of clearance. This will facilitate the

discovery of new molecular imaging probes.

2.5 Experimental Section
2.5.1 Materials and Instrumentation

All solvents were purchased from Caledd@hemicals were purchased from
SigmaAldrich and used without further purification, unless otherwise st@echpound
43, 5a, (5-imidazole1-yl)pentanoic acianethyl ester (ImPAMel4), and (5imidazole1-
yl)pentanoic acid(ImPA, 11) were prepared accordjnto literature methad®7%°
Histidine and cysteine challenge studies were performed according to literature
procedureg? Briefly, a solution ofTc(l) complexwas incubatel separately ir2 mm
histidineand 2 mM cysteine in PBS (pH = 7.4) at 37 °C. Samples taksn at different
time points p to 6 h and analyzed by HPLC to determine the degree of decompaosition
Deuterated solvents for NMR samples were purchased from Cambridge Isotope
Laboratories. Technetitw®m P°"TcOs]” was obtained from &°Mo/**™Tc generator
(Lantheus Medical Imaging) isaline (0.9% NaCl)Caution: ®°™Tc¢ is as-emitter (B =
140 keV, #2 = 6 h) and should only be used in a licensed and appropriately shielded
facility.
Nuclear magnetic resonance specthd, (*3C, 3P{*H}) were recorded on a Bruker

AV600 MHz spectrometer at ambient temperatiiécrowaveassistd reactions were
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performed on a Biotage Initiator 60 microwave reactor using esegbed vials. Mass
spectrometry analyses was provided by the McMaster Regional Centre for Mass
Spectrometry on an Agilent 6340 lon Trap LC/MS mass spectrometer operating in
electrospray ionization (ES) mode. High resolution mass spectra (HRMS) were collected
on a Waters/Micromass-Qof Global Ultima spectrometelR spectra were obtained on

a Biorad FT$0 FTIR spectrometer. The fluorescence spectra were collected with the
Tecan Infinite M1000 plate reader and the concentration of the solutions were 50
eM. High performance liquid chromatography (HPLC) was performed on a Waters 1525
Binary (Midford, MA, USA) monitored simultaneously with 2998 Photodiode Array
Detector at 220/26 nm and idine radioactivity Bioscan gamma detector with Nal(TI)
scintillator using the Empower software package. Phenomenex Gerii@iaDalytical

column (250x 4.60 mm, 5um) and Phenomenex Synergy PeR# analytical column
(250x 4.60 mm, fum) operaing at a flow rate of 1.0 ml/min, and Phenomenex Gemini

C-18 semipreparative column (260 mm, 5um) operating at a flow rate of 4.0 ml/min

were used for all analyses. The following solvent gradients were emplvlgtdod A
(solvent A = HO + 0.1% TFA, slvent B = acetonitrile + 0.1% TFA):-2 min 2% B, 2
20 min 100% B; 22 min 100% B, 223 min 2% B, 2325 min 2% B.Method B
(solvent A = HO + 0.005% TEA, solvent B = acetonitrile + 0.005% TEAR énin 2%
B, 2-20 min 100% B; 222 min 100% B, 223 min2%B, 2325 min 2% B.Method C
(solvent A = HO + 0.1% FA, solvent B = acetonitrile + 0.1% FA)20min 2% B, 220

min 100% B; 2622 min 100% B, 223 min 2%B, 225 min 2% B.Method D(solvent
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A = H>O + 0.03% TFA, solvent B = acetonitrile + 0.03% TFAR tin 2% B, 220 min

100% B; 2022 min 100% B, 223 min 2%B, 2325 min 2% B.

2.5.2 X-ray crystallography

Suitable quality crystak were mounted inParatone oil on a MiTeGen lognd
placed in the cold stream of the diffractometer. Data were collected usirdg@rée
omega and phi scans on a Bruker Apex2 diffractometer usingiMadiation. Thedata
were integrated using SAINT, corrected for absorption with SAD&B& indexing and
redundancy) and solved in the space grodpfér 8a (CCDC 1041058and P21/c foPa

(CCDC 10410545+

2.5.3 Synthetic Procedures

[Re(COX(bipy)(ImMPA)][CFsSQCs] 6a

(5-Imidazole1-yl)pentanoic acidimPA) 11 (34 mg, 0.2 mmol) was dissolved in MeOH

(10 mL), and diisopropylethylamine (8fL, 0.5 mmol) added to the solution.
[Re(COX(bipy)(H20)][CFSGs] (60 mg, 0.1 mmol) in MeOH (10 mL) was then added
and the mixture heated to reflux overnight. The solution was subsequently evaporated to
dryness under reduced pressure. The desired product was isolaiidabgel column
chromatograpy using MeOH:DCM (1:10 v/v) as a yellow solid (31 mg, 42%). m.p-141
143 °C. IR gcolent): 2020, 1892'H NMR (600 MHz, CROD): Ui (ppm) = 9.08 (dJ =

5.4 Hz, 2 H); 8.53 (dJ = 8.2 Hz, 2H); 8.22 (m, 2H); 7.86 (s, 1H); 7.66 (m, 2H); 7.14 (s,
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2H); 3.81 (t,J = 7.1 Hz, 2H); 1.86 (t) = 7.2 Hz, 2H); 1.37 (m, 2H); 1.08 (m, 2HjC
NMR (150 MHz, CROD): t (ppm) = 180.85, 157.64, 154.78, 141.44, 141.13, 128.72,
128.39, 125.17, 124.79, 55.94, 36.87, 31.15, 24BOS: m/zcalc for Co1H20N4O0sRe

595.0991found:595.1003. HPLC (UV 254 nm, method Ax=12.1 min.

[Re(COX(bipy)(IMPAMe)][CF:SCOs] 7a

(5-Imidazolel-yl)pentanoic acidmethyl ester (ImMPAMel4) (21 mg, 0.12 mmol) in
CHzCN (10 mL) was added to [Re(C&hipy)(H20)][CFSCs] (60 mg, 0.1 mmol) in
CHzCN (10 mL) and the mixture heated to reflux overnight. The solution was then
evaporated to dryness under reduced pressure. The desired product was isaidited by
gel column chromatography using MeOH:DCM (1:10 v./v) as a yellow solid (28 mg,
37%). m.p. 188187 °C. IR éco/cn): 2028, 19101H NMR (600 MHz, CRCN): i
(ppm) = 9.14 (dJ = 5.4 Hz, 2 H); 8.41 (d) = 8.1 Hz, 2H); 8.26 (m, 2H); 7.73 (m, 2H);
7.38 (s, 1H); 6.91 (s, 1H); 6.50 (s, 1H); 3.8Q0(% 7.0 Hz, 2H); 3.59 (s, 3H); 2.17 (=

7.3 Hz, H); 1.57 (m, 2H); 1.22 (m, 2H)}*C NMR (150 MHz, CRCN): U (ppm) =
174.13, 156.59, 154.66, 141.83, 140.86, 129.68, 129.42, 125.49, 122.32, 51.96, 48.28,
33.43, 30.09, 21.97THRMS: m/z calc for C24H24NOeRe 609.1161found: 609.1165.

HPLC (UV 254 nm, method): R = 15.5 min.

[Re(CO}(bipy)(ZA)] 8a
[Re(COX(bipy)(H20)][CFSCs] (60 mg, 0.1 mmol) was dissolved in water (10 mL) and

the pH adjusted to 7 with 0.1 M NaOH. Zoledronic acid (42 mg, 0.15 mmol) was
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suspended in water (5 mL), the pH adjusted to 7 @ithM NaOH, and added dropwise

to the solution containing Re. The mixture was heated to reflux overnight and
subsequently evaporated to dryness under reduced pressure. DCM (5 mL) was added and
the precipitate removed by filtration. The product was isdlé® mg, 77%) as a yellow

solid by semipreparative HPLC (method C). m.p.-288 °C. IR gco/cm?): 2026,

1910. *H NMR (600 MHz, DO): @i (ppm) = 9.22 (d,J) = 5.5 Hz, 2 H); 8.44 (d) = 8.3

Hz, 2 H); 8.25 (m, 2 H); 7.72 (m, 2 H); 7.53 {sH); 7.01 (m,1 H); 6.56 (m, 1 H); 4.30

(t, J = 10.1 Hz, 2 H)33C NMR (150 MHz, DO): Ui (ppm) = 196.79, 155.78, 153.35,
140.50, 127.89, 127.60, 124.13, 123.15, 73.03, 56'B¢'"H} NMR (242 MHz, D;0): U

(ppm) = 14.55HRMS: m/zcalc forCigH18N4O10P.Re 699.0056found 699.0072. HPLC

(UV 254 nm, method B)R = 7.8 min.

[Re(CO}(bipy)(ImSfn)] 9a

(5-Imidazot1-yl-pentanoylamino)methanesulfonic a¢ichSfn) 12 (32 mg, 0.12 mmol)

was dissolved in MeOH (10 mL) and diisopropylethylamine (t040.6 mmol) added
followed by [Re(CO}(bipy)(H20)][CFsSGs] (60 mg, 0.1 mmol) in MeOH (10 mL) and

the mixture heated to reflux overnight. The solution was then evaporated to dryness under
reduced pressure and the desired product isolated by-gdicehromatography using
MeOH:DCM (13 v/v) as a yellow solid (32 mg, 38%). m.p. 2588 °C. IR gco/cm?):

2026, 1905'H NMR (600 MHz, CROD): ti (ppm) = 9.22 (dJ = 5.6 Hz, 2 H); 8.63 (d]

= 8.2 Hz, 2H); 8.33 (m, 2H); 7.80 (m, 2H); 7.60 (s, 1H); 7.05 (s, 1H); 6.67 (s, 1H); 4.30

(s, 2H): 388 (t,J = 6.8 Hz, 2H); 2.09 (1] = 7.2 Hz, 2H): 1.61 (m, 2H); 1.16 (m, 2HjC
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NMR (150 MHz, CROD): U (ppm) = 174.74, 157.24, 154.82, 142.44, 141.28, 130.45,
129.77, 126.29, 122.71, 56.81, 48.50, 35.95, 30.86, 22HFIMS: m/z calc for
C22H23Ns07SRe 688.0876found: 688.0883. HPLC (UV 254 nm, method Ay = 12.6

min.

[Re(COX(bipy)(ImAln)] 10a

[Re(COXx(bipy)(H20)][CFSCs] (60 mg, 0.1 mmol) was dissolved in water (10 mL) and
the pH adjusted to 7 with 0.1 M NaOH[1-Hydroxy-4-(5-imidazol1-yl-
pentanoyhmino}1-phosphonebutyl]-phosphonic acidimAln) 13 (43 mg, 0.11 mmol)

was suspended in water (5 mL), the pH adjusted to 7 with 0.1 M NaOH and added
dropwise to the solution containing Re. The mixture was heated € &ernight and

then evaporated targhess under reduced pressure. The desired product was isolated (19
mg, 21%) as a yellow solid by seqieparative HPLC (method D). m.p. 3435 °C. IR
(3co/cm®): 2029, 1912'H NMR (600 MHz, DO): i (ppm) = 9.07 (dJ = 5.3 Hz, 2 H);

8.26 (d,J = 7.5 Hz,2 H); 8.09 (m, 2 H); 7.57 (m, 2 H); 7.38 (sH); 6.76 (s, 1H); 6.39

(s, 1 H); 3.68 (] = 6.3 Hz, 2 H); 3.03 (s, 2H); 1.84 (m, 2H); 1.79 (m, 2H); 1.67 (m, 2H);
1.38 (m, 2H); 0.88 (m, 2H)3C NMR (150 MHz, DO): i (ppm) = 175.85, 155.75,
153.53, 140.71139.84, 128.87, 128.00, 124.06, 121.10, 77.94, 47.28, 39.52, 34.72,
28.81, 23.27, 21.76, 20.6%P{H} NMR (242 MHz, D;0): ii (ppm) = 18.62HRMS:

m/z calc for CosH3z1NsO11P.Re 826.1053found: 826.1031. HPLC (UV 254 nm, method

B): R = 8.9 min.
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(5-Imidazot1-yl-pentanoylaminojmethanesulfonic acidimSfn) 12
Aminomethanesulfonic acid (222 mg,02nmol) was dissolved in # (25 mL), and
diisopropylethylamine (533L, 3.0 mmol) was added to the solution stirring at room
temperature. After 30 min, the sthn was added to a second premixed solution of (5
imidazolel-yl)pentanoic acidll (168 mg, 1.0 mmol) andenzotriazod-1-yl-oxy-tris-
(dimethylaminophosphonium hexafluorophosphateyBOP, 775 mg, 1.5 mmol) in
DMF (25 mL). The resulting solution was s#id overnight and then purified by
semipreparative HPLC (method A). The pure product was isolated as colorless oil (122
mg, 47%).:H NMR (600 MHz, CROD): U (ppm) = 9.01 (s, 1 H); 7.68 (s, 1 H); 7.54 (s,
1H);4.34 (s,2H); 4.28 (§=7.4 Hz, 2 H); 2.34t,J=6.8 Hz, 2 H); 1.99 (m, 2 H); 1.69
(m, 2 H). ®C NMR (150 MHz, CROD): ii (ppm) = 175.09, 136.67, 123.41, 120.92,
56.53, 50.03, 35.82, 30.04, 23.03RMS: m/z calc for CoH14N304S: 260.0705found:

260.0700.

[1-Hydroxy-4-(5-imidazol1-yl-pentanoylamino)-1-phosphonebutyl]-phosphonic acid
(ImAln) 13

Alendronate sodium trihydrate (498 mg, 2.0 mmol) was dissolved@ &5 mL), and
diisopropylethylamine (1.8 mL, 10.0 mmol) was added to the solution stirring at room
temperature. After 30 min, the soluti was added to a second premixed solution -of (5
imidazolel-yl)pentanoic acidl1 (168 mg, 1 mmol) and PyBOP (775 mg, 1.5 mmol) in
DMF (25 mL). The resulting solution was stirred overnight and then purified by

semipreparative HPLC (method A). The pure pidwas isolated as colorless oil (167
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mg, 42%).*H NMR (600 MHz, RO): U (ppm) = 8.64 (s, 1 H); 7.42 (s, 1 H); 7.37 (s, 1

H); 4.16 (t,J=6.9 Hz, 2 H); 3.12 (t})= 6.7 Hz, 2 H); 2.20 (t) = 7.2 Hz, 2 H); 1.91 (m,

2 H); 1.80 (m, 2 H), 1.73 (m, 2 H), D§m, 2 H).°C NMR (150 MHz, RO): T (ppm) =
176.00, 134.32, 121.75, 119.71, 73.01 (m), 48.95, 39.54, 34.97, 30.91, 28.68, 23.17,
22.00. 3P{*H} NMR (242 MHz, D;0): U (ppm) = 19.52.HRMS: m/z calc for

C12H22N30gP2: 398.088Z%ound: 398.0883.

2.5.4 General Procealure for the Preparation of 5b-7b, 9b

Sodium boranocarbonate (10.0 rgl0 nmol), sodium carbonate (15.0 n@y14
mmol), sodium borate (20 mg, 0.05 mmol) and sodium potassium tartrate (22 mg, 0.08
mmol) were placed in a microwave vial and purged with mrfge 10 min. To this
mixture, Ng°**"™TcO4] (1 mL, 370740 MBg was added and the vial was heated in a
microwavereactorat 110 C for 3.5 min to forn{**™T¢(CO%(H20)s]*. The solution was
then cooledand adjusted to pH 5.5 with aqueous hydrochloric dc{(1.0 M). The
solution wasadded to bipsidine (1 mg, 6umol) in a separate microwave vial thaad
been purged with argonand the mixture heated to 11@ for 6 min to form
[9°™T¢c(COX(bipy)(H20)]CL.*® This solution was subsequently addem one of the
monodentate ligars{307 120 umol) under argorandthe mixturestirred at 40 C for 20
min. The formation of products wagonfirmed by analytical HPLC (method A)
Quantitative conversion ¢P°"Tc(CO)(H20)3]" to the final productvas achieved in all

case.
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2.5.5 General Procedure for the Preparation of8b and 10b

The pH of a solution of**™Tc(COX(bipy)(H20)]ICI (1 mL, 376740 MBq) was
adjusted to 7 with 1 M NaOH and added toamgonpurged solution of zoledronic acid
or 13 in water (0.5 mL, 33nM) whosepH was adjusted to Avith 1M NaOH The
reaction mixture wakeatedn a microwavereactorat 60 C for 30 minand the product

isolated in quantitative yield by HPLC (Method B).

2.5.6 Specific Activity

Specific activity was determineloly HPLC andcalibration curve derived from
the corresponding Re complex&®srthecalibration curves, each calibration solution was
evaluated in triplicate and the data analyzed by the-sepstres method. The limit of

detection was calculated using the standard deviation méthod.

2.5.7 Purification of %™Tc Complexes

Purification of [P°™Tc(CO)(bipy)(H20)]CI and 5b-10b was achieved by solid
phase extraction (SPE) or sepmeparative HPLCFor SPE, the reaction mixture was
diluted with water (2 mL) andhe solutionloaded on a Waters C18 SBpk Plus
cartridge, which had begpreviouslyactivated with EtOH (x 6 mL) andH20 (1 x 6
mL). After loading the reactio mixture, the column was whedwith 15% CHzCN in

H20 (2x 6 mL), followed by 25%CHsCN in 0.4% (w/v) agueous ammonium formate (1
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x 6 mL). The desired products were eluted with a 1:1 v/v mixture of Gdeeous
ammonium formate an@H:CN. For HPLC, following isolation, the solutiowas

evaporated to dryness and the desired compound reconstiuted in saline.

2.5.8 One-pot Synthesis of {°"T¢c(CO)s(bipy)(Melm)] * 5b

[%°™Tc(COR(H20)s]* was added tan argon purged solution bfpyridine (1 mg,
6 umol) andMelm (10 mg, 0.12nmol) in water (0.5mL). The pH of the solution was
adjusted to 2 with 0.1 M HCI and tmeixture stirred at 40 °Gor 15 min. The pH of the
solution waghenadjusted to Qvith 1 M NaOHand the reaction mixture stirred at 40 °C
for 15 min. A single product was observed iretlygamma trace and the product was

isolated in quantitative yield by HPLC (Method A).

2.5.9 Compound Testing and Evaluation

PlasmaBinding

100 uL (111 MBq) of the labeled materiakas added to 90QL of prewarmed
(37eC) mouse pl asma -CDlMNjp thernaixturewortexe® andherar ¢ h
i ncubat ed maltple 8Bme @dhts (t=6,t0.25, 0.5, 1, 2, 3, B), 100uL was
removed and added to 2QQ ice cold acetonitrile. Samples were vortexed and then
centrifuged at maximum speed for &rin. The amounof activity in the whole sample
was measured using a dose calibrator (Capintec Inc,-ZFR}. The supernatant was

separated from the pellet and the actiwityeach wasneasured using a dose calibrator.
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For all time points except t=0, pellets were washth 200 pL of ice cold PBS. The
experiment was repeated once with preecentagdound to blood proteins calculated as
follows:

%bound= [(@amount of activity in washed pellgt) [(amount of activity in pellet}
(amount of activity in supernatghi 100%

Valuesarereportedasan average of two experiments + standard deviation.

Calcium Salt Binding

The method foiin vitro calcium salt bindingfollowed a literature procedufé
Briefly, 10 uL (0.8 MBq) of eitherthe labeled compoundr *°*"Tc-MDP (as a positive
control) was added to 1.BL of 1 mg/mL solutions of hydroxyapatitéd-tri-calcium
phosphatecalcium phosphate dibasicalcium oxalatecalcium carbonate and calcium
pyrophosphate in 5nM Tris buffer (pH 6.9. A no salt control was also included.
Samples were incubated with gentle shaking for 1h at room temperature and then
centrifuged for 5min at 10 000rpm. A 60pL aliquot of the supernatant waseasured
using a gamma countefhe data is based on a minimum of thegeriments done in
triplicate The percentbinding was calculated using the following formu(&PMs =

counts per mimf each smple CPMc= countsper min forthe no salt contrgi

—
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Imaging wagerformedusingfemale Balb/c mic€Senneville, QC, CanajlaThe
mice were administered 20Qul of saline containing [*°™c(COX(bipy)(H20)]CI 4b
[*°™Tc(COX(bipy)(ZA)] 8b, [*°™T¢(CO)(bipy)(ImSfn)] 9b, or
[9°™T¢c(COX(bipy)(ImAIn)] 10b, (~35 MBQ) via tail vein injection. Prior to imaging,
mice were anaesthetized witko isofluraneand maging conducted approximatelyl
and 6 hpost injectionfor all the compoundsAt each time pmt, CT imageswere
acquired using a conebeamSPECT scanner (Gamnedica, Northridge, USA) with a
source voltage of 75 kVp and a current of X% Projection data was acquired with
1024 projection angles (1188120 pixels, 0.100 mm pixels) and recounsted using a
Feldkamp cone beam backrojection algorithm in COBRA (Exxim Software,
Pleasanton, CA, USA) into 5%812x512 arrays (0.155 mm isotropic voxel§PECT
images were acquired using dual sodium iodide crystals in combination witniengy,
high-resolution, parallehole collimators. A total of 64 projections over 36@ere
acquired with an energy window of 18910% keV and then reconstructed using an
OSEM iterative reconstruction method (2 iterations/8 subsets) ik82832 arrays
(1.463 mm istropic voxels) using #house softwareCT images were compressed to a
256° matrix (0.31 mm isotropic voxels). Fusion was achieved by a-bgiy (linear)
transformation of the SPECT image, during whitls interpolated and resampled to the
same mat® dimensions and voxel size as the compressed CT inh@gging analysis

was completed using AMIDE software.

Note: All supporting information for this chapter can be found in Appendix 1.
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Chapter 3

3 Chapter 3. Technetium(l) Complexes of BathophenanthrolineDisulfonic Acid

Abdolreza Yazdani, Nancy Janzen, Shannon Czorny, John F. Valliant

The following chapter is formatted in a manuscript that is ready for submissibe to
journal Inorganic Chemistry was responsible for the development and executidheof
majority of the work described in this paper including drafting the initial manuscript and
experimental.Biodistribution andin vivo imaging studieshave been done bMancy
Janzen and Shannon CzorRyofessor Valliahwas the Pl of the lab amrdsponible for

the overall manuscript and project.
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3.1 Abstract

Bathophenanthroline disulfonate (BPS) complexes of Tc(l) of the type
[Tc(CORMBPS)(L)]" (L = imidazole derivatives) were synthesized and evaluateio.
[*°"Tc(COR(BPS)(Melm)] (Melm = methylimidazole) was prepareih nearly
guantitative yield using a convenient two step one pot labeling procedusegéted
analogue capable of binding regions of calcium turnover associated with bone
metabolism was also prepared. Here the bisphonate was linked to the metal through
an imidazole group to givéYTc(COX(BPS)(ImAIn)F (ImAIn = imidazolealendronate
ligand) in high yield. Both complexes were staiplevitro and bodistribution studie®f
[%°™Tc(COR(BPS)(ImAIN)F- exhibited raj clearance from notarget tissues and
significant acamulation in theshoulder (7.9 0.2% ID/g) and knees (15.1 0.9% ID/q)
by 6 h, with residence time in the skeleton reaching 24 h. In conjunction with the
luminescent Re analogues, which were alsepared, thein vitro and in vivo data
reported demonstrates the utility of this class of compounds for the creation of

isostructural multimodal optical and nuclear probes.

3.2 Introduction

Optical imaging techniques can be used to generate high spatiaticesohages
of cells and tissues with retime data acquisitioh,while nuclear imaging methods,
which include single photon emission computed tomography (SPECT), have the ability to

generate tomographic whole body images. To access the unique features artesstfengt
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both optical and nuclear imaging, it is possible to create multimodal imaging probes that
can be visualized by both methatsThis offers the means to generate complementary
information from wholebody SPECT imaging anth vitro and intraoperative optical
imaging, which has a number of importangtgntial applications including surgical
planning and guidanc®? Multimodal probes for such applications are typically prepared
by derivatizing a targag vector with a radionuclide and a fluorophdfé! The
challenge with this approach is that the presence of multiple prosthetic groups on a single
targeting molecule can have a significant and detrimental impact on target affinity and
pharmacokinetics making it challenging to develop new multimodalgsro

An alternative strategy involves the use of a single prosthetic group that can exist
in a luminescent or radiolabeled form that are identical in structure. This has been
achieved using radiolabeled d¥&& and luminescent radiometal complex&$® The
latter employs a neradioactiveisotope or a transition metal congener of a radiometal to
generate isostructural complexX&s! For instance, Re(l) quinoline complexes have been
used to prepare luminescent probes suitable for fluorescence microscopy studies on
cells223° while the®*™Tc¢ analogue can be employed to assessrthévo distribution
using SPECT and quantitative counting studies following necropsy. Unfortunately, the
optical propertis of Re complexes in this class are at presemoptimalincluding
having low emission intensity and quantum yield.

Rhenium () polypyridine complexes of the general formula [Re¢®ON)(L)]",
which are also referred to as 2 1] type complexed?® have significantly higher

guantum vyields and havéeen usedto great successas dyes for fluorescence
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microscopy?®3® For instance, anionic [Re(C&@BPS)(L)] complexes (BPS =
bathophenanthroline disulfonate, L ss@bstituted pyridingor chlorideion) wereused to

image the parasitic flagella@pironucleus vortensind human adenocarcinoma céfté!

While the utility of Re(I}BPS complexes for cellular imaging have been demonstrated,
the Tc analogues have not been reported previously. The challenge is that the conditions
used to prepare the Re@PS complexes are not appropriate when working Withic,

where reactions are performed in aqueous solutions, with nanomolar concentrations of
the radiometal, and reactions and the associated purification procedure should be
complete within one halife (approximatelyé h). Herein we report the synthesis of a
family of Tc(l}>BPS complexes of the type [Tc(GBPS)(L)I", where L is based on a
series of imidazole derivatives. The stability and/ivo distribution of these complexes

is also described as a way to assess the utility of Re/Tc [2 + 1] BPS complexes as

platform to create isostructural optical and nuclear probes.

3.3 Results and Discussion
3.3.1 Synthesis of [M(CO}(BPS)(L)]" Complexes (M =°"Tc, Re)

We recently developed a method to prepare [TcéMy)(L)]" complexes (bipy
= 2,2 bipyridine), where L repesents gbstitutedimidazoles, as isostructural nuclear and
optical probeé? Unfortunately, the Re analogues exhibited low emission intensity, and
the Tc complexes showed nepecific bindingin vivo because of the lipophilic bipy

ligand. To address these issues, a method for creating complexies ofore water

75



Ph.D. Thesisi Abdolreza Yazdani; McMaster Universify Chemistry & Chemical
Biology

soluble BPS ligand was pursued and the stability and biodistribution of the products
assessed.

Prior to the preparation of the Tc complexes, it is necessary to generate the Re
analogues as reference standards. This is a consequencdaat that a typical labeling
reaction uses amounts of technetium that are below the detection limit of most common
characterization techniques (NMR, LNPLC etc.). For the present study, two new BPS
based Re complexes were prepared; a model compounediérom methylimidazole
(Melm) and a second that contained imidazole derivatized with alendronate. Alendronate
is a bisphosphonate that is known to target sites of calcium metabolism in bone.
Radiolabeled bisphosphonates have been used extensively te bnag diseases and
injuries as they are highly selective towards regions of calcium accretion.
Bisphosphonate are therefore attractive targeting agents to assess new radiometal
complexesn vivo 4344

The complex containing Melm was prepared by combining the monodentate
ligand with [Re(CO}(BPS)(CI)F 2a, which can be prepared following a literature
procedurg® and heating theolution to reflux in MeOH overnightScheme3.1). The
desired product [Re(C@BPS)YMelm)]- 3awas purified by column chromatography and
isolated in 51% vyield. To prepare the complex containing an imidazole alendronate
derivative (ImAln), the ligand wasdded to2a in water at pH 7 and the reaction stirred
overnight at 80°C. [Re(CQ)(BPS)(ImAIn)% 4a was isolated in 39% yield byemi
preparative HPLC. ThéH NMR of 4a showed the expected pattern of peaks, while the

31p{IH} NMR exhibiteda single peak at8.3 ppm (Supporting Information, Figures S
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7.31-S 7.33). The HRMS forboth complexes were consistent with the expected m/z
values.

Photophysicalproperties were determined tecerify the Relabeled imidazole
based compounds retauh suitable properties foluminescence imagingFluorescent
measurements were conducted at room temperature in water wher8abatid 4a
showed an absorption band at 290 nm, which was attrittotéatra-ligand ~ Y =~ *
transitions and two lower energy bands at 330 and 86% which wereassigned as
IMLCT. There wasa broad emission band around 615 npon excitation at 365 nm
(Supporting Information, Figures 837, S 7.38), which are both red shifted compared to
prior generations of isostructural Re(l) probes including analogous [2 + 1] complexes
containing bipy in place of BPS.

To demonstrate that the imidazole derivatives can be visuatizeitro, 4a was
incubated with MCF/ cells and fluorescence microscopyerformed. Following
incubationat room temperature for 1.5 hinding and localizatiorof 100 pM 4a was
evident andsignificantly differentthan the vehicle only control (Figur8.1). Images,
which were collected by exciting at 365 nm and by usiiagp@nm longpass emission

filter, showed overall distributioim the cytoplasm.
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Figure 3.1 Fluorescence microscopy images of MTZEells incubated witda (100 uM)

for 1.5 h at room temperature (left). Taetofluorescence control is also shown (right).

To prepare the technetium analogues, BPS was adde@™a({CO)%(H20)s]",
which was generated from TeTollowing a literature procedur®;*® and the mixture
heated to 40 °C for 15 min. The prodyét™Tc(COx(BPS(H20)] 2b was immediately
treated with Nmethylimidazole (Mém) and the mixture heated td0 °C for 15 min
which produced®*™Tc(CO)x(BPS)Melm)]” 3b in >99% radiochemical yield (Scheme
3.1). The formation of the product was verified by comparing the retention tir3le iof
the gamma HPLC chromatogram tiee retenion time of the Rdabeled analogu@a
(Supporting Information, Figure S7.5) in the corresponding UV trace.
[%°"™Tc(COR(BPS)(ImMAIN]* 4b was prepared under the same conditions where the
radiochemical yield waalsonearlyquantitative, and HPLC retentiadirme matched that

of the Relabeled analoguéa (Supporting Information, Figure 536).
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Scheme3.1 Synthesis of Re(1)/Tc(l) complex@s/b and4a/b. The conditions shown are

for the reactions performed at the tracer level.

3.3.2 Stability Studies

One concern with [2 + 1] type probes is the loss of the monodentate ligand
vivo.4"#8 We initially tested the stability ohe Relabeled compounds in water. Thg
low spin complex3a (50 uM) at room temperature showed no evidence of loss of the

monodentate ligand up to 24 h. To see if the radiolabeled anaBigueas similarly
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robust, the stability of°"Tc complexes were @uated in saline and in an amino acid
challenge study following an established literature procetiBeiefly, a solution of3b
wasincubated separately in isotonic saline, 2 mM histidine, and 2 mM cystelPBS

(pH = 7.4) at 37 °C. Samples wegaken at different time points up to 6 h and analyzed
by HPLC to determine the degree of decomposition (Supporting Information, Figures S
7.6-S 7.15). The complexes did not show any evidence of decomposition uphto 6
(Figure3.2) even in the presence of amino acids. This timeiraches the halife and
optimal imaging window for imaging agents derived fréifiTc. To ensure the analytical
method was appropriate for this stability test, the amount of cysteineistidine was
increasedl00 fold Decomposition was evident by HPLC after two hours for both amino

acidsolutions(Supporting Information, Figures®16-S 7.25).
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Figure 3.2 9-HPLC chromatogram b afterincubation in saline (top), 2 mM cysteine

(middle), and 2 mM histidine (bottom) for 6 h at%7.

3.3.3 Biodistribution and in vivoimaging studies

Radiolabeled bisphosphonatasch as®™Tc-methylenediphsphonic acidMDP)
are used clinically to image regiorf calcium turnover or damage to bofeAs
mentioned, bisphosphonates are a convenient way toaggathe suitability of BPS
complexesin vivo. With a bisphosphonate linked to the metal through ithilazole
group, any loss of the monodentate ligand walilchinate the abilityof the targeted [2 +

1] complex to bind to bondhe biodistribution studgf 4b was performedisinghealthy
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female Balb/anice, whereregions of activdbonemetabolism(shoulder and knee) were
collected along with other tissyesnd radioactivity countetb determine thepercent
injected dose per gram of tissue (%ID/Ghe resilts showed significant aamulation in

the shoulder (7.9 0.2% ID/g) and knees (15.2 0.9 % ID/g) by 6 h (Figure3.3).
Compound4b exhibited prompt clearance from the blood and loleeels in soft tissues

and major organs, including gut and gall blaggdehen compared tthe bipyridine
analoguestudied previously? In a separate series of studies, mice were injectedAbith

and SPECT images were taken at 6 h and 24 h post injection. The resulting images
confirmedthat uptake was confined mainly to the joints, whichcansistent withthe
higherbone remodeling activity at these sites. The imgglataalso indicatedthat the

compound cleared from ndarget organs vithe hepatobiliary system (Figudet).
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Figure 3.3 Biodistrubution profile o#4b in female Balb/c mice (%ID/g) at different time

points in he tissues and fluids as shoata are mean %ID/g + SEM.
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Figure 3.4 SPECTFCT images of female Balb/c mice 8b at 6 h post injection (A) and
at 24 h post injection (B), and corresponding transverse images through the knees, spine,
and bladder at 6 h post injection (C) and at 24 h post injection (D). All images were set to

the same maximum threshold.

If 4b were to decomposén vivo after administration it would forn2b by
dissociative loss of the monodentate ligand. The resulting complex would then react with
other donor groups including thiols found on proteins like albumimelfdecomposition
occurs in the blood, any resulting protein conjugat2oivould be expected to localize
to the liver. To test this, SPECT images of mice injected 2btlthe complex lacking the
bisphosphonate, were collected using the same protocav#isatmployed witlb. The
resulting images showed almost exclusive uptak2boih the liver and cecum with no

evidence of binding to bone (Figuse).
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Figure 3.5 SPECT-CT images ofemale Balb/c mice o2b at 6 h post injection (A) and

at 24 h post injection (B). Images were set to the same maximum threshold.

Having established binding db to regions of active bone metabolistng next
step was to determine how loddp remained bound to thodargets. Data from the
biodistribution study using tissues taken at later time points (12 h and 24 h) indicated
little change idb uptake in the shoulder and only a slight decr¢3%edecreaseat 24 h)
in the knee (Figure 3)3 The liver uptake remained constant and below 5%, from 6 h to
24 h. Over the 6 to 24 h time points there was also significant decrethgeamount of
activity in the intestiml track For instance, the ras@f the %ID/g for the skeletonlég)
and large intestinevas 0.29 at 6 h, 2.1 at 12 h, and 36.3 at 24 h. Eachpound4b
decomposed substantially to fo&h on the surface of the bonane possibility would be

increasein liver and gut ptake over time, which was not evident. Based on the

85



Ph.D. Thesisi Abdolreza Yazdani; McMaster Universify Chemistry & Chemical
Biology

biodistributiondata, it islikely that 4b was internalized int@steoclastdy endocytosis

which has been shown to occur for other labeled bisphosphdtiateghis represents a
potential advantage of the [2 + 1] type complexes over highly stable tridentate Tc(l)
complexes where upon internalization of the former the monodentate ligand is likely
replaced by intracellular proteins trapping the resulting radiometal conjugate within the
cells Over time, as clearance of noternalized material progresses, the target to non
target ratios increase resulting in enhanced image contrast. Validation and exploitation of

this mechanism is currently under investigation.

3.4 Conclusion

The preparation @hevaluation of Tc(HBPS complexes and their Re analogues as

a new type of isostructural luminescent and nuclear probes is reported. The Tc complexes
were produced in higiield, andcompounds3b and4b wereshown to be stable vitro

andin vivo respedtely, to the extent that they can be used to prepare targeted imaging
probes. Given the ease with which imidazole derivatives of targeting molecules can be
prepared, the reported chemistry is highly versatile and can be exploited to create a wide
range ofnew multimodal probes. Studies on the utility of the bisphosphonate derivative
reported here for imaging bone metastases and multimodal imaging of

microcalcifications associated with breast cancer is ongoing.

3.5 Experimental Section
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3.5.1 Materials and Instrumentation

All solvents were purchased from Caledon (Georgetown, ON). Chemicals were
purchased from Sigmaldrich (Burlington, ON)and used without further purification,
unless otherwise state@ompound [1-hydroxy-4-(5-imidazol1-yl-pentanoylaming)l-
phosphon-butyl]-phosphonicacid (ImAIn), and[Re(CQOs)(BPS)(CI)f- 2a were prepared
according to literature method®#? Histidine and cysteine challenge studies were
performed according to literature procedufeBeuterated solvents for NMR samples
were purchased from Cambridge Isa@dpaboratories. Technetiu8®m °"TcO4] was
obtained from a®Mo/*®"Tc generator (Lantheus Medical Imaging) in saline (0.9%
NaCl). Caution: ®*"Tc is ao-emitter (& = 140 keV, 1> = 6 h) and should only be used
in a licensed and appropriately shieldeddility.

Nuclear magnetic resonance (NMR) spectty {3C) were recorded on a Bruker
AV600 MHz spectrometer at ambient temperativiécrowaveassisted reactions were
performed on a Biotage Initiator 60 microwave reactor using esegbed vials. Mass
spet¢rometry analyses were provided by the McMaster Regional Centre for Mass
Spectrometry on an Agilent 6340 lon Trap LC/MS mass spectrometer, operating in
electrospray ionization (ES) mode. High resolution mass spectra (HRMS) were collected
on a Waters/Micromss QTof Global Ultima spectrometelR spectra were obtained on
a Biorad FT$40 FTIR spectrometer. The fluorescence spectra were collected with the
Tecan Infinite M1000 plate reader, with the concentration of the test solutions set at 50
eM. High perfornance liquid chromatography (HPLC) was performed on a Waters 1525

Binary (Midford, MA) monitored simultaneously with 2998 Photodiode Array Detector
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at 220/254 nm and ihne radioactivity Bioscan gamma detector, with a Nal(Tl)
scintillator using the Empowesoftware package. Phenomenex Gemiri8analytical

column (250x 4.60 mm, 5um) operating at a flow rate of 1.0 mL/min, and
Phenomenex Gemini-C8 semipreparative column (260 mm, 5um) operating at a

flow rate of 4.0 mL/min were used for all analysé?LC methods employed the
following solvent gradientsMethod A(solvent A = HO + 0.1% TFA, solvent B =
CHsCN + 0.1% TFA): 02 min 2% B, 220 min 100% B; 222 min 100% B, 223 min
2% B, 2325 min 2% B.Method B(solvent A = HO + 0.005% TEA, solvent B CH3CN
+ 0.005% TEA): 2 min 2% B, 220 min 100% B; 222 min 100% B, 223 min 2% B,

23-25 min 2% B.

3.5.2 Synthetic Procedures

Synthesis dRe(CQ)(BPS(Melm)]~ 3a

Compound2a [ReCOX(BPS(CI)]% (80 mg, 0.1 mmol) and silvariflate (26 mg, 0.1
mmol) wee dissolved in MeOH (12 mL) and heated to reflux for 2 h. The solution was
filtered through Celite, andN-methylimidazole (16 mg, 0.2 mmol) was added to the
filtrate. The mixture was heated to reflux overnight, then evaporated to dryness under
reduced presire. The desired product was isolatedsitiga-gel column chromatography
using MeOH:DCM (1:3 v/v) as an orange solid (43mg, 51%). mp-2330 °C. IR
(3colemt): 2025, 19051H NMR (600 MHz, CROD): U (ppm) = 9.69 (d,J = 5.4 Hz,

2H); 8.16i 8.04 (m, 8H); 7.79 7.69 (m, 5H); 6.95 (s, 1H); 6.73 (s, 1H); 3.55 (s, 3 H).

13C NMR (150 MHz, CROD): & (ppm) = 197.07, 193.17, 155.20, 152.81, 148.57,
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148.06, 14563, 141.95, 138.42, 136.87, 132.69, 131.09, 130.50, 130.33, 130.16, 128.48,
128.34, 127.81, 127.17, 123.99, 34.6RMS: m/z cald for CsiH22N4O0sS2Re ([M] *):

845.0384found: 845.0406. HPLC (UV 254 nm, method R)= 12.8 min.

Synthesis dRe(CG)(BP(ImAIn)][HNEt3] 2 4a

[Re(COX(BPY(CI)]* 2a (80 mg, 0.1 mmol) and silveriflate (26 mg, 0.1 mmol) were
dissolved in MeOH (12 mL) and heated to reflux for 2 h. The solution was filtered
through Celite, and evaporated to dryness under reduced pressurgelloheresidue

was then suspended in water (15 mL) and stirred at room temperature for 3 h. The
insoluble residue was collected by filtration and the solution was concentrated under
reduced pressure, and the pH was adjusted to 7 with 0.1 M NAGHH/droxy-4-(5-
imidazot1-yl-pentanoylamine)l-phosphonebutyl]-phosphonic acid(ImAln) (43 mag,

0.11 mmol) was then suspended in water (5 mL), the pH adjusted to 7 with 0.1 M NaOH
and added dropwise to the solution containing the Re complex with constant STineng.
mixture was heated to 8@ overnight and then concentrated to dryness under reduced
pressure. The desired product was isolated (53 mg, 39%) as a yellow solid by semi
preparative HPLC (method B). m.p. 1685 °C. IR gco/cm?): 2027, 1915H NMR

(600 MHz, D20): ti (ppm) = 9.43 (d,) = 5.4 Hz, 2H); 7.98 7.80 (m, 5H); 7.69 7.47

(m, 8H); 6.71 (s, 1H); 6.30 (s, 1H); 3.65Jt7 7.1 Hz, 2H); 3.11 (¢J = 7.4 Hz, 12H);

2.98 (t,J = 6.6 Hz, 2H); 1.88 (m, 2 H), 1.81 (m, 2 H), 1.66 (m, 2 H), 1.40 (m, 2HY

(t, J = 7.3 Hz, 18H); 1.00 (m, 2 HC NMR (150 MHz, RO): U (ppm) = 196.12,

175.54, 153.68, 150.38, 146.95, 143.58, 139.90, 137.74, 135.60, 132.53, 130.36, 130.07,

89



Ph.D. Thesisi Abdolreza Yazdani; McMaster Universify Chemistry & Chemical
Biology

129.94, 128.46, 128.22, 126.79, 126.55, 126.19, 125.35, 120.94, 73.95, 47.09, 46.70
39.92, 34.67, 31.05, 28.94, 23.39, 21.65, 8*2{'H} NMR (242 MHz, D;0): U (ppm)
= 18.30. HRMS: m/z calad for CsgH3/NsO17P2SRe ([M-2H]?*): 1160.068, found:

1160.0662. HPLC (UV 254 nnrmethodB): R = 8.1 min.

3.5.3 General Procedure for Preparation of**"Tc-labelled Compounds3b and

4b

Sodium boranocarbonate (10 n@10 nmol), sodium carbonate (15 m@,14
mmol), sodium borate (20 mg, 0.05 mmol) and sodium potassium tartrate (22 mg, 0.08
mmol) were placed in a microwave vial and purged with argon fomitD To this
mixture, Ng*°"™TcO4] (1 mL, 370740 MBg was added and the vial was heated in a
microwavereactorat 110°C for 3.5 min to forn{**™T¢(CO%(H20)s]*. The solution was
cooledto room temperaturand adjusted to pH 565 with aqueous hydrochioracid
(HCI) (1.0 M). Bathophenanthroline disulfonacid (BPS) (1 mg, 2 mol) was added as
a solid and the reaction mixture was heated 4® C for 15 min to form
[%°™T¢c(COR(BPSYH20)]". This solution was adjusted to pH 8% and then added the
monodentate ligandl mg whose pH was adjusted to 8% with 1 M NaOHandthe
mixture stirred at 40 C for 15 min. The formation of products wasonfirmed by
analytical HPLC(method A) Quantitative conversion ¢#°™Tc(CO)%(H20)s]* to the final

productwas achieved in all cases.
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3.5.4 Purification of ®*™T¢c Complexes

Purification of 3b was acheéved by solid phase extractionhd reaction mixture
was diluted with water (2 mL) anithe solutionloaded on a Waters C18 SBpk Plus
cartridge, which had begreviausly activated with EtOH (6 mLandH2O (6 mL). After
loading the reactio mixture, the cartridge was washetth 15% CH3CN in H.O (12
mL), followed by 25%CH3CN in 0.4% (w/v) aqueous ammonium formate (6 mL). The
desired productwere eluted with a 1:1 v/imixture of 0.4% aqueous ammonium formate

andCHzCN. Product4b was isolated in quantitative yield by HPL@é&thod B).

3.5.5 Fluorescence Microscopy

MCF-7 breast cancer cells (ATCC; Manassas, VA) were grown in DMEM
medium, supplemented with 10% fetal bovineuser 100 U/mL penicillin and 100
pg/mL streptomycin, and maintained at 37 °C and 5%.CQ@ells were grown on
coverslips in 24 well plates at a density of 2.7 ® délls per well. Approximately 48
hours after plating, media was removed and wells weredibszice with warm PBS.
Cells were incubated in varying concentrations of compdarid a volume of 30QuL of
vehicle, for 15 h, at room temperature. Following incubation, media was aspirated and
cells were washed twice with warm PBS. Cells were maiathin PBS and mounted
onto slides immediately prior to imaging. Images were collected using an Olympus

BX53F Upright Brightfield and Fluorescence Microscope, equipped witiiter set
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consisting of a 36@m excitation filter, a 40@nm dichroic longpassfilter, and a 550im

long-pass emission filter.

3.5.6 Biodistribution Studies

All animal studies were approved by the Animal Research Ethics Board at
McMaster University in accordance with Canadian Council on Animal Care (CCAC)
guidelines.Biodistribution studes were performed on healthy female Balb/c micé, 5
weeks old purchased from Charles River Laboratories (Kingston, NY3,3 per time
point att = 6, 8, 12, 24 h). Mice were injected with approximately 0.74 MBq of
[%°™Tc(COR(BPS(IMAIN)]? 4b (100uL in saline) via the tail veirAt various time points,
animals were anesthetized with 3%flacane andollowing blood collectionguthanized by
cervical dislocationBlood, adipose, adrenals, bone (femur), brain, gall bladder, heart,
kidneys, large inteste and caecum (with contents), liver, lungs, pancreas, skeletal
muscle, small intestine (with contents), spleen, stomach (with contents), thyroid/trachea,
urinary bladder + urine and tailere collected, weighed, and couniada Perkin Elmer
Wizard 1470 Aitomatic Gamma CounteDecay correction was used ormalize organ
activity measurements to time of dose preparationdmia calculations with respect to

injected dose (i.e., %ID/qg).

3.5.7 SPECT-CT Imaging
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Imaging was completed usirigmale Balb/c micéSenneville, QC, Canada The
mice wereadministered 200 pl odalinecontainingeither[*°™T¢c(COX(BPS(H20)]" 2b,
or [**™T¢(COR(BPS(IMAIN)]? 4b, (=35 MBQ) Vvia tail vein injection Prior to imaging,
mice were anaesthetized witho isoflurane and maintadéd under same conditions for
the length of th&PECT and CT scanknaging was conducted on theamat 1, 6 and 24
h post injectionfor both compounds and also at 4 h post injectiobor At each time
point, CT imageswere acquired using a conebeamSRECT scanme(GammaMedica,
Northridge, CA with a source voltage of 75 kVp and a current of i®5 Projection
data was acquired with 1024 projection angles (¥1&20 pixels, 0.100 mm pixels) and
reconstructed using a Feldkamp cone beam peakction #&gorithm in COBRA (Exxm
Software, Pleasanton, QAInto 51%512x512 arrays (0.155 mm isotropic voxels).
SPECT images were acquired using dual sodium iodide crystals in combination with low
energy, higkresolution, parallehole collimators. A total of 64 rpjections over 360
were acquired with an energy window of 1530% keV and then reconstructed using an
OSEM iterative reconstruction method (2 iterations/8 subsets) ik82832 arrays
(1.463 mm isotropic voxels) using-imouse softwareCT images wereompressed to a
256° matrix (0.31 mm isotropic voxels). Fusion was achieved by a-bgiy (linear)
transformation of the SPECT image, during whitls interpolated and resampled to the
same matrix dimensions and voxel size as the compressed CT iimageg analysis

was completed using Amira.

Note: All supporting information for this chapter can be found in Appehdix
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Chapter 4

4 Chapter 4. Preparation of Tetrazine-Derived [2 + 1] Complexes of°Tc and in
vivo Targeting using Bioorthogonallnverse Electron Demand DielsAlder

Chemistry

Abdolreza Yazdani, Nancy Janzen, Shannon Czorny, Robert Ungard, Tanya Miladinovic,

Gurmit Singh, John F. Valliant

The following chapteris formattedin a manuscript that is ready for sulssion tothe
journal Inorganic Chemistry was responsible for the development and execution of the
majority of the work described in this paper including drafting the initial manuscript and
experimental.Biodistribution andin vivo imaging studieshave been done bMancy
Janzen and Shannon Czoriiyamour inoculation was done Robert Ungard and Tanya
Miladinovic. Professor Valliat was the Pl of the lab an@ésponsible for the overall

manusdapt and project.
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4.1 Abstract

[2 + 1] complexes of°*™Tc(l) containing a tetrazine were synthesized and their
utility for preparing targeted radiopharmaceuticals using bioorthogonal chemistry
evaluated. The reported complexes were of the typ&¢(COR(N N)(L)]" (N*N =
bathophenanthroline disulfonate (BPS) @n2ibipyridine (bipy)) where the monodentate
ligand (L) was a tetrazine linked to the metal through an imidazole group. The desired
products could be obtaineth nearly quantitative radiochecal yield by adding
[%°™Tc(COR(N~N)(H20)]" to the imidazoletetrazine ligand and heating at 60 °C for 30
min. Measurement of the kinetics of the reaction witins-cycloocteneol showed a
second rate order constant of 8.60° M-S at 37°C, which issuitable for pretargeting
strategies that require rapid coupling to be effedtivevo. Stability studies showed that
the metal complexesire resistant to ligand challenge and they exhibit moderate protein
binding in vitro. Biodistribution studies of #h more watesoluble BPS derivative in
normal mice one hour after administration of a bisphosphonate derivatitens
cyclooctene (TCEBP) revealedhigh activity concentrations in the knee (9.21D.32%

ID/g) and shoulder (5.28 0.67% ID/g).Using thesame approach, SPECT/CT imaging
showed that the [2 + 1] tetrazine complex was also able to visualize damage to the
skeleton associated with a bone tumor in a murine model derived from 4T1 cells. The
data demonstrates the potential of this class of compodod preparing targeted

radiopharmaceuticals using bioorthogonal chemistry.

4,2 Introduction
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Bioorthogonal coupling reactions are highly selective chemical transformations
that can take plac vitro andin vivo. They are generally insensitive to the bgéal
surrounding and do not interfere with ongoing biochemical procédsas.a result,
bioorthogonal chemistry in conjunction with pgigrgeting strategies have been used to
develop a wide range of different targeted imaging probes. Here, one reaction component
is caupled to a targeting agent which is administered and allowed to localize at the site of
interest. This is followed by administration of the second reaction component that is
linked to a signaling moiety such as a fluorophore or a radiolabel that selectwglles
to the first reagent. This approach can result in enhanced image contrast and in the case
of certain radiolabeled compounds, the delivery of higher therapeutic doses of medical
i sotopes compared to convertional dAactivel

Of the bioorthgonal chemical reactions available, the inverse electron demand
Diels-Alder (IEDDA) cycloaddition reaction between tetrazines and strained alkenes
such astrans-cyclooctene (TCO) have proven to be particularly effectiVeTheir
success is driven largely by rapid reaction kinetics, high selectivity, compatibility with
biological media, and the ease of synthesis of TCO and tetrazine derivafivdswide
range of radiolabeled tetrazines have been reported including those cont&mitfi,

GACU’ 892,,1 99m-|-C’ andtyn 1722

In addition to radiolabeled tetrazines, there has been a number of reports of
fluorophoretetrazine derivatives for optical imaging applications. Tetiezihave been
used to prepare -din@hopt isceanlsi pi vleesxdtiuomn vi

processes where fluorescent emission increases upon reaction with the complementary
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TCO derived component 3® One benefit of this feature for optical imaging is that it can
be used to reduce background fluorescence (higher gmnaise ratio), enablingeal
time fluorescence imaging without the requirement for a washing®sepcently, a
Re(l) polypyridine complex containing a tetrazine was shdwnhave significant
dienophile induced emission enhancentée(l) complexesreactively used am vitro
probes for cellular imagiri§ andhave the added feature thiae correspondin®™Tc(l)
analogueswhich have the identical structuregn be used to create the complementary
nuclear imaging agent**° Isostructurb Re and Tc complexes containing a tetrazine,
which have not been reported previously, could be used to create pairs of targeted optical
and nuclear probes using pretargeting and bioorthogonal chemistry.

Herein we report the preparation andvitro andin vivotesting of a new class of
Re(l)/ Tc(l) tetrazine [2 + 1}ype complexes. The tetrazine was linked to the metal
through a monodentate imidazole ligand andittygact of changinghe bidentate ligand
on the optical propertiestability and extent gbrotein binding in plasmavaluated The
ability of the lead construct to localize @reas of active bone turnover and tumor

invasionusing pretargeting and the IEDDA reactware alsassasel in vivo.

4.3 Results and Discussion
4.3.1 Synthesis of [M(CO}(bipy)(ImTz)]* and [M(CO)3(BPS)(ImTz)]
Recently, we reported that [2 + 1] complexes ®fTc of the type

[M(CO)s(bipy)(L)]” and [M(COXBPS)L)I (bipy = 2,2-bipyridine, BPS =
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bathophenanthroline disulfonate = substitutedimidazoles) can be synthesized i
agqueous media in nearly quantitative yi#ldThe resulting imidazole complexes are
sufficiently stablein vivo that they can be used to prepare targeted isostructural nuclear
and optical probe¥. To prepare [2 + 1] Re complexes containing a tetrazine, which are
needed as reference standardgierwork with®™ ¢, a new monodentate ligand derived
from imidazole was developed (Schemg). The first step involved adding a pentanoic
acid linker @) through alkylation ok and subsequent deprotection, which was achieved
in 29% overall yield. Compmd 4 was subsequently coupled to the commercially
available amino tetrazireto form6 (ImTz) in 73% yield.

One potential concern was that tetrazines would decompose under the conditions
typically used to prepare [2 + 1] Tc/Re complexes or that theld Gt as competing
donor groups reducing yields and complicating purificatfofhe desired Re complexes,
[Re(CO}(bipy)(ImT2z)]" and [Re(COXBPS)(mTz)] were prepared by combining ImTz
6 with 8a or 9a and heating the mixtures to reflux in either acetone or methanol for 6 h.
The desired productiOa and 11a werepurified by column chromatography 48% and
37% vyield, respectivelyThe 'H NMR and 3C NMR dataof all productsshowed the
expected pattern of peskand he HRMS for all complexes were consistent with the
expected m/z valueShes ( C<Ir@tching bandsppear at-2025 and~1910 cm! which
are within the range reported for comparable comgdegontaining the [Re(Cg))

cored’
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Schemed.1 Synthesis of imidazoletrazines.

4.3.2 Photophysical Properties

An attractive feature of using temiaes is that they can act asflaorescence
guencher, in which fluorophore emission is restored upon reaction with its bioorthogonal
counterpart®4® Though the primary focus of the work was to prepare and evaluate the
®MTc complexes, for completeness the optical properties anebtumatio for10a and
11a were determinedCompoundslOa and 11a showeddominantabsorption bargl at
290 nmattributed to intraligand transitions and lower enéigy.CT absorption bands at
330 and365 nm respectively. In the presence of exdemss-cyclooctenol(TCO-OH),
l0aandllahada25and®9ol d i ncrease in mxhB7 @mMiorssi on
104 a md= 626 nm forlla) respectively These turron ratios are significant but

mode$ compared to other tetrazhfieorophore derivatives. This is due to the distance of
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the tetrazine from the Reomplex and its ability to freely rotate relative to the bidentate

metal complex?

4.3.3 Radiochemistry and the Synthesis of’P™Tc(CO)s(bipy)(ImTz)]* and

[%°"Tc(CO)3(BPS)(ImTz)]

To prepare thé®Tc analogues,®f™Tc(CO%(H20)s]* was combined with 22"
bipyridine (bipy) and the mixture heated to 110 °C for 6 min to give
[%°™Tc(COR(bipy)(H20)]" 8b (Scheme 2). The more water soluble ligand
bathopkenanthrolinedisulfonic acid (BPSyascombinedwith 7 and the mixture heated
at 40 °C for 15 minio producd®*™Tc(COX(BPS)(HO)] 9b. Both intermediatewerein
turn converted to the desirdithal producs through the treatment witthe ImTz ligand
(6) and heating at 60 °C for 30 m{8chemet.2). The formation of desired productb
and 11b were confirmedoy comparisorof the HPLC retention times to that ftiire Re
standardsThe products could be readily isolatednearly quantitative yieldoy simple
solid phase extraction (SPE)he log P values were measured and were consistent with
the more hydrophilic nature of the BPS ligathag P for 10b = 0.33 log Pfor 11b = -

0.39.
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Scheme 4.2 Synthesis of [M(CQbipy)(ImTz)]" 10a/b and [M(CO}BPS)(ImTz)]
11a/b (M = Re or®®™Tc). The reaction conditi@shown are those used to prepafid

andl11b.46

4.3.4 Stability Studies
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One potential concern with using [2 + 1] complexesreate imaging probes is
associated witlpremature loss of the monodentate ligamdivo. This canresult in high
protein binding anelevatedoackground activity in théver.*! In the case of the tetrazine
derivatives, loss of the ligand would preclude the complex from being able to undergo the
IEDDA reaction and ligate to the targeting molecinevivo. The stability of the®™Tc
tetrazine complexes was assessedlitro by amino aid challenge and plasma stability
studies. For the amino acid challen@8h and11b were incubated with 2 mM cysteine
and histidine in PBS (pH = 7.4) at 37 °C for &This is higher than the concentratioh
these amino acids in the blood and is a convenient way to assess stability joriarv¢o
studies®® Samples were periodically analyzed by radi®LC (chromatograms provided
in the supporting information) which showed that the metal complexes were resistant to
ligand challenge where there was evidence of decomposition up to 6 h.

The stability of Tc complexes and extent of protein binding were subsequently
evaluated by incubation in plasma. Compoud@b and 11b were added tamouse
plasmaat 37 °C and the stability of the complexes alongtwihe extent of protein
binding determined (Figur4.1). The data showed increasing but modest levels of protein
binding over time reaching a maximumlua of approximately 30% at 6 h. At limore
than 80% of both metal complexes were still intact, whigéeld orin vivo data for other
radiolabeled tetrazines is sufficient to achieve efficient coupling to -d€@@ed
biomoleculeg!** The HPLC chromatograms did not show any evidence of loss of the

monodentate ligands (i.e. there was no evidence of the formabébn
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[9°™T¢(CO)(bipy)(H20)]*, 8b or [**™Tc(CO)(BPS)H20)], 9b) where the observed

decomposition is more likely associated with the reactive tetrazine moiety.

100
N
00 1N\
n‘ N ——
80 -
70 -

—0O-Pellet (10b)
—&-Supernatant (10b)
-O—Pellet (11b)
—@—Supernatant (11b)

30 { —e—Plasma Stability (10b)
——Plasma Stability (11b) =0

% activity
a1
o

time (h)

Figure 4.1 Results for plasma stability an@lasma binding studies fdtOb and 11b.
Plasma stability datawvas determined biAPLC analysis okamples of thesupernatant.

Activity in the pellet is an indicator of protein binding.

4.3.5 Kinetics

Inverse electron demand DieMder reactions betweernetrazire and trans

cyclooctenes typically have second order rate constants M181.4 In order to study
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the impact of the Tcomplex on the reactivity of the appended tetrazine, the rate of
reaction of a [2 + 17°™Tc-tetrazine complex with a modetans-cyclooctene derivative

was studied. [®°™Tc(CO)(bipy)(ImTz)]* 10b was combined with increasing
concentration of TCADH. At the lected times, sample wegeienchedoy adding an
excess of the tetrazirteandthe extent of formation of the product determitgydHPLC

The data was fitted to a first order exponential and a pseudo first order rate constant
(Kobg calculated. The secoratder rate constant was determined by plotting theus.

the concentration afFCO-OH andwas found to be 8.8 10° M1S! at 37°C. This rate is
comparable to other radiolabeled tetrazines that have been used succiessiutlyand

in vivo.l’

4.3.6 Biodistribution Studies

Forin vivo testing, we opted to employ the more polar BPS complbx which
we have shown previously for actively targeted derivatives, has lowespemific
bindingin vivo.*® Biodistribution studies were performéu female Balb/c micaising a
TCO-deiivative of a bisphosphonate (alendronate) which is capable of binding sites of
calcium metabolism in borfé A solution of the TCGbisphosphonate TCO-BP,
approximately 20 mg/kg in saline) was administardéthvenouslyfollowed 1 h later by
11b. The mice were sacrificed atahd 12 h after injection ofllb and radioactivity in
various tissues and fluids counted. Biodistribution daté h showedignificantactivity
concentrationsit thesites of high calcium accretioncludingin the knee (9.27 0.32%
ID/g) and shoulder (5.28 0.67% ID/g). High concentrations weaésoseen in the gall
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bladder (54.32 5.45% ID/q), large intestenand caecum (27.704.63% ID/g) which
decreasedio (7.94° 2.75% ID/g) and (2.98 0.68% ID/g) at 12 h, respective(frigure
4.2). The dateclearly demonstratthat 11b is sufficiently stable to be able to ligate with
the bound TCEBP in vivo. Had the cenpound lost the tetrazine ligand prior to coupling
with the TCOBP derivative, the biodistribution results would have showed no uptake in
the boneThis is based onnaimaging studyperformedpreviouslyon 9b* in the same
animal model, which showeslmost exclusive uptake in the liver and no obvious uptake
in the boneSPECT/CT imaging studies wittiLlb were carried out at 6 h and 24 h with
Balb/c mice using the same TCEP pretargeting strategy. The resultimgages were
consistent with the biodistributioresults and clearly showed high uptaded long
residence time dhe site of calcium accretion, especially the knee joints (Fi43)eThe
significant gut uptake is likely due to the npalar tetrazine ligand since polar

derivatives of the BPS complex show significantly lower-spacific binding®
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m6h

% Organ/Tissue

Figure 4.2 Biodistribution data for select fluids and tissues for pretargeting with 20
mg/kg of TCOBP administered 1 h i to 11b. Experiments were performed using
Balb/c mice (n = 3 per time point) with tissues collected at 6 h and 12 h post
administration of the labeled compound. Data are expressed as mean percent injected

dose per gram (%ID/g) £ SEM.
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Figure 4.3 SPECTLCT images of healthy Balb/c mice administergtb 1h after a TCO

derived bisphosphonateere obtainedt(a)6 and (b)24 h.

4.3.7 Imaging Bone Tumors

Building on the promising biodistribution results normal mice the ability of
11b and TCGOBP to image calcium liberation associated with formation of a tumor in
bone was assessed using SPECT/EiTst, a solution of TCO-BP (approximately 20
mg/kg in saline) was administer@@ravenously to 8alb/c mice that had beenjected
with 4T1 mouse breastancer cells into head dlfie rightfemur as a bone metastasis
model (Figure 4.4, a-d).*” For comparison, imaging slies were also performed using
9mTc-MDP (Figure 44, eh), which is used clinically for imaging bone metastases. In
both cases, significant accumulation was observed in the right femur in addition to the

joints, where the lattewas also observed in noainmice. There was significant nen
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target binding ofL1b in the gut, which as noted previously is likely due to the lipophilic
nature of the complex compared to the highly polaiMI2P. The goal here was not to
make an agent that is superior to-NIDP but rather to show that [2 + 1] complexes
bearing a tetrazine have sufficient stability and reactivitgffectively undergoin vivo

coupling reactionsBased on the data, future efforts will focus on fiaeing the

pharmacokinetics by modifying the polgrif the tetrazinemidazole component.

Figure 4.4 SPECTLT images of Balb/c mice bearingT1 tumouradministeredr CO-BP
1 h prior tol1b where images were obtainat{a) 6 h, (b) 24 h post administratin of the
radiolabeled compound. Thmrresponding transverse images through the knees, spine,
and bladdel(c, d) are also showrSPECTimages of Balb/c mice bearingT1 tumour

administered®®™Tc-MDP where images were obtained (€) 4 h and {) 6 h post
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injection, andhe corresponding transverse images through the knees, spine, and bladder

(g, h). Arrows show the right femur which contained the 4T1 detiexur.

4.4 Conclusion

In summary, [2 + 1] complexes of Re(l) and Tc(l) containing a tetrazine were
developed to create multimodal probes that can be targeted using bioorthoogonal
chemistry. Both Tc complexes reported showed gooditro stability and moderate
protein binding in plasma. The metal complexes selectively coupledisplaosphonate
modified trans-cyclooctenan vivo at sites of active bone remodeliirgnormal mice and

bone injury in a preclinical tumor model
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4.6 Experimental Section
4.6.1 Materials and Instrumentation
All solvents were purchased from Caledon. Chemicals were purchased from

SigmaAldrich and used withoutufther purification, unless otherwise stat€dmpound
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(5-imidazole1-yl)pentanoic acidnethyl esterJ), (5-imidazolel-yl)pentanoic acid4),
[Re(CQOs)(bipy)(Cl)] 8a, and [Re(CQOs)(BPS)(CI)F 9a were prepared accordingp
literature method®>° Histidine and cysteine challenge studies were performed
according to literature procedur&s.Deuterated solvents for NMR samples were
purchased from Cambridge Isotope Laboratori€d™TEOs” was obtained from a
9Mo/*®™Tc generator (Lantheus Medical Imaging) ifirs(0.9% NaCl)Caution: *™T¢c

is a o-emitter (& = 140 keV, 12 = 6 h) and should only be used in a licensed and
appropriately shielded facility.

Nuclear magnetic resonance (NMR) spectky, {°C) were recorded on a Bruker
AV600 MHz spectrometer at andmt temperatureMicrowaveassisted reactions were
performed on a Biotage Initiator 60 microwave reactor using csegbed vials. Mass
spectrometry analyses were provided by the McMaster Regional Centre for Mass
Spectrometry on an Agilent 6340 lon TrafC/MS mass spectrometer operating in
electrospray ionization (ES) mode. High resolution mass spectra (HRMS) were collected
on a Waters/Micromass-Qof Global Ultima spectrometelR spectra were obtained on
a Biorad FT$40 FTIR spectrometer. The fluorescergpectra were collected with the
Tecan Infinite M1000 plate reader and the concentration of the solutions were 50
eM. High performance liquid chromatography (HPLC) was performed on a Waters 1525
Binary (Midford, MA, USA) monitored simultaneously with 29%$otodiode Array
Detector at 220/254 nm and-line radioactivity Bioscan gamma detector with Nal(TI)
scintillator using the Empower software package. Phenomenex Gerii@iaDalytical

column (250x 4.60 mm, 5um) operating at a flow rate of 1.0 mL/minnda
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Phenomenex Gemini-C8 semipreparative column (260 mm, 5um) operating at a

flow rate of 4.0 mL/min were used for all analyses. The following solvent gradest w
employed: (solvent A = ¥D + 0.1% TFA, solvent B €H3CN + 0.1% TFA): 02 min

2% B, 220 min 100% B; 222 min 100% B, 223 min 2% B, 2325 min 2% B.

4.6.2 Synthetic Procedures

5-Imidazot1-yl-pentanoic acid 41,2,4,5]tetrazin3-yl-benzylamid€éimTz) (6)
4-(1,2,4,5Tetrazin3-yl)phenyl)methanamine hydrochloride (8.0 mg, 0.045 mmol) in
DMF (3 mL) was added to a premixed solution ofirfidazolel-yl)pentanoic acid
(ImPA) (15 mg, 0.09 mmol)diisopropylethylamine (1L, 0.09 mmol), and PyBOP
(62 mg, 0.12 mmol) in DMF (3 mL). The resulting solution was stirred overnight, the
solvent was evapated, and then subsequently purified bgilica-gel column
chromatography using MeOH:DCM (1:10 v/v). The pure product was isolated as a pink
solid. (11 mg, 73%). mp 14042 °C.*H NMR (600 MHz, CROD): ti (ppm) = 10.26 (s,
1H); 8.51 (d,J = 8.3 Hz, 2H); 7.6%s, 1H); 7.53 (dJ = 8.3 Hz, 2H); 7.14 (s, 1H); 7.05 (s,
1H); 6.94 (s, 1 H); 4.45 (dl = 6.14 Hz, 2H); 4.00 (t) = 6.95 Hz, 2H); 2.25 (m, 2H);
1.79 (m, 2H); 1.56 (m, 2H)}3C NMR (150 MHz, CBOD): i (ppm) = 174.66, 167.30,
158.95, 145.71, 138.06, 134,8129.32, 129.16, 128.12, 120.72, 47.66, 43.35, 35.99,
31.06, 23.38HRMS: m/z calc for C17H20N7O: 338.1729found: 338.1719. HPLC (UV

220 nm):R; = 8.4 min.

[Re(CQ)(bipy)(ImTz)][CRSQ] 10a
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AgOTf (26 mg, 0.10 mmol) was added to a solution of((X&)(bipy)(Cl)] 8a (46 mg,

0.10 mmol) in acetone (15 mL), and the mixture was heated to reflux for 2 h. The
solution was filtered through Celite, and the solvent was evaporated under vacuum. The
yellow residue was rdissolved in acetone (10 mL) and Img¢34 mg 0.1 mmol) added

and the solution heated to reflux for 6 h prior to evaporation of the solvent to dryness.
The desired product was isolated Isgflica-gel column chromatography using
MeOH:DCM (1:10 v/v) as anrangesolid @4 mg, 48%. mp 160-162 °C. IR gco/cm?):

2029, 1916'H NMR (600 MHz, CROD): Ui (ppm) = 10.34 (s, 1H); 9.23 (d,= 5.6 Hz,

2H); 8.61 (dJ = 8.2 Hz, 2H); 8.52 (d] = 8.4 Hz, 2H); 8.31 (m, 2H); 7.81 (m, 2H); 7.78

(s, 1 H); 7.54 (dJ = 8.4 Hz, 2H); 7.05 (s, 1 H); 6.57 (s, 1 H); 4.481(d); 3.92 (tJ=7.0

Hz, 2H); 2.22 (tJ = 7.4 Hz, 2H); 1.64 (m, 2H); 1.34 (m, 2HFC NMR (150 MHz,
CD:0D): Ui (ppm) = 197.00, 175.32, 167.61, 159.29, 157.11, 154.80, 145.72, 142.19,
141.40, 132.30, 129.94, 129.76, 129.45, 129.33, 125.87, 122.68, 43.53, 35.96,
30.96, 23.38HRMS: m/zcalc forCzoH27N9O4sRe 764.1744ound: 764.1722. HPLC (UV

254 nm):R = 15.1 min.

[Re(CQy)(BP(ImTz)] 11a

[Re(COX(BPS)(CI)F 9a (80 mg, 0.1 mmol) and silver triflate (26 mg, 0.1 mmol) were
dissolved in MeOH (12nL) and heated to reflux for 2 h. The solution was filtered
through Celite, andmTz 6 (68 mg, 0.2 mmoljadded to the filtrate. The mixture was
heated taeflux for 6 h,then evaporated to dryness ungacuum The desired product

was isolated bysilica-gd column chromatography using MeOH:DCM (1:3 v/v) as an
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orange solid (46 mg, 37%). mp 2284 °C. mp 242243 °C. IR §co/cm?): 2025, 1986.

IH NMR (600 MHz, CROD): i (ppm) = 10.30 (s, 1H); 9.50 @,= 4.4 Hz, 2H); 8.50 (d,
J=8.3 Hz, 2H); 8.17 8.01 (m 8H); 7.80i 7.67 (m, 5H); 7.52 (d] = 8.3 Hz, 2H); 7.13

(s, 1H); 6.96 (s, 1H); 4.48 (s, 2H); 4.05J& 6.9 Hz, 2H); 2.32 (t) = 7.3 Hz, 2H); 1.82

(m, 2H); 1.64 (m, 2H)*C NMR (150 MHz, CROD): Ui (ppm) = 198.45, 190.53, 175.63,
167.56, 159.24, 1536, 154.28, 151.97, 148.81, 147.75, 147.45, 145.62, 138.88, 138.29,
137.25, 132.71, 132.27, 131.02, 130.42, 130.18, 129.40, 129.30, 128.31, 128.26, 127.78,
127.70, 126.85, 120.65, 47.73, 43.79, 36.26, 31.62, 23HBBIS: m/z calc for

Ca4H3sNoO10ReS: 10981444found:1098.1478. HPLC (UV 254 nmiR = 14.7 min.

4.6.3 General Procedure for the Preparation ofg8b-11b

Sodium boranocarbonate (10 n@;10 nmol), sodium carbonate (15 m@,14
mmol), sodium borate (20 mg, 0.05 mmol) and sodium potassium tartrate (22089,
mmol) were placed in a microwave vial and purged with argon for 10 min. To this
mixture, Ng**"™TcO4] (1 mL, 370740 MBg was added and the vial was heated in a
microwavereactorat 110°C for 3.5 min to forn{**™T¢(CO%(H20)s]*. The solution was
cooledto RT and adjusted to pH 56.5 with 1.0M HCI(aq). Byridine (1 mg, 6umol)
was then added to the solutiona new microwave vial thdtad been purged with argon
and the mixture heated to 11G for 6 min to form[**™Tc(COX(bipy)(H20)]CI. In case
of bathophenanthrolindisulfonic acid (BPS) (1 mg, 2 mol) was added as a solid and
the reaction mixture was heated4® C for 15 min to form[**"Tc(CO%(BPS)H20)].

The 8b and 9b solutions weresubsequently addetd the monodentate ligar@él (1 mg)
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unde argonandthe mixture stirred at 60C for 30 min. Theformation of products was
confirmedby analytical HPLC Conversion off *®*™T¢c(CO)(H20)s]* to the final product

was >99% for both products.

4.6.4 Purification of "¢ Complexes

Purification of the %°™Tc complexeswas achieved by solid phase extraction
(SPB. The reaction mixture was diluted with water (2 mL) el solutionloaded on a
Waters C18 Sepak Plus cartridge, which had bemmviouslyactivated with EtOH (6
mL) andH2O (6 mL). After loadinglte reactio mixture, the cartridge was washeih
15% CHzCN in HO (12 mL), followed by 25%CHsCN in 0.4% (w/v) aqueous
ammonium formate (6 mL). The desired products were eluted with a 1:1 v/v mixture of
0.4% aqueous ammonium formate &E:CN. For biologcal studies, the product was
was evaporated to drynesand reconstituted in salineto the desired activity

concentration.

4.6.5 Compound Testing and Evaluation

PlasmaBinding

9MTc complexeslOb or 11b (100 L, 111 MBq) was added to prerarmed (37
e C) muagnsag¢900 pL) (Innovative Research, IMEDI1-N), and the mixture
vortexedprior toincubaton at 37¢ C . muKiple time points (t=0,0.25,0.5, 1, 2, 3, &),

100 uL was removed and added to 200 ice cold CHsCN. Samples were vortexed and
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then centrifugd at maximum speed for I@in. The amount of activity in the whole
sample was measured using a dose calibrator (Capintec Inc2BIRICThe supernatant
was separated from the pellet and the actiuwityeach wasmeasured using a dose
calibrator. For all tne points except=0, pellets were washed witl®Q pL of ice cold
PBSandthe percentagéound to blood proteins calculatbg
%bound = [(amount of activity in the wash pellet)]/[(amount of activity in pellet)
+ (amount of activity in supernatant)[L80%

Valuesarereportedasan average of two experiments + standard deviation.

4.6.6 Kinetics

[%°™Tc(COX(bipy)ImTz]* 10b wascombinedwith increasing concentration of TGOH
(3, 4, and 5 pM) in 200 pL saline for 5 miAt the selected timed5, 30, 45, 60120,
180, 300 seg)a 20 puL sample was taken and quenched by the additién(ob pL, 5
mg/mL in DMF), and analyzed by HPLC. The data Wesd to a first order exponential
to determine the pseudo first order rate constanbg)(KA plot of Kops vs. TCO

concentratiorwas used to determine teecond order rate constdht.

4.6.7 Biodistribution studies

Animal studies were approved by the Animal Research Ethics Board at McMaster
University in accordance with Canadian Council on Animal Care (CCAC) guidelines.

Biodistribution studies were performed using female Balb/c mice (Charles River
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Laboratories, Kingston, NY) at the indicated time points. The mice were adminiatered
compoundsvia tail vein injectionwith final volume not exceeding 200 pA 5 mg/mL
solution d TCO-BP in salinewas administeredt a dose 020 mg/kg One hour after the
TCO-BP injection, the mice were administered approx. 0.2 MBijldf At 6 hand 12 h
postinjection of 11b, animals were anesthetized with 3% isoflurane and euthanized by
cervicd dislocation. Fluids, bone (knee, shoulder), and select tissues were collected,
weighed and counted in a PerkinElmer Wizard 1470 Automatic Gamma CouD&zay
correction was used to normalize organ activity measurements to time of dose preparation
for data calculations. Datis expressed as percent injected dose per gram (%li/g)

percent injected dose per organ (%ID/O)

4.6.8 Cell Culture

Mycoplasma free 4T1 cells (ATCC, Manassas, Va) were maintained atosflbent
densities in a humidified incubator Wis% CQ in room air at 37 °C using high glucose
RPMI (Life Technologies, Carlsbad, CA) supplemented with 10% fetal bovine serum
(FBS) and antibiotics (100 U/mL penicillin sodium and 1@@mL streptomycin sulfate)

(Invitrogen).

4.6.9 Animal Care

Female Balb/eammunocompetent mice (Charles River, St. Constant, QC, Canadd& at 4

weeks of age were sterile housed and maintained at 24 °C with@ut #ight/dark cycle
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and were provided autoclaved food and watgtibitum All procedures were conducted

according ¢ the guidelines of the Committee for Research and Ethical Issues of the
International Association for the Study of Pain, and guidelines established by the
Canadian Council on Animal Care with ethical approval from the McMaster University

Animal Research thics Board.

4.6.10 Tumour inoculation

On day 0, mice were anaesthetized by isoflurane inhalation and injected subcutaneously
with buprenorphine (0.05 mg/kg) (ScherRgpugh, Welwyn Garden City, Hertfordshire,

UK) to reduce discomfort due to the surgical prared Animals were inoculated with
2x14T1 cel |l s i n 2 5-buffeted saline peicutageoysii iots thehrigit e
distal femur. To minimize tissue damage, mice were laid supine with the ipsilateral stifle
joint bent at 90° to provide clearance thfe patella. A 2@auge needle was then
manually inserted between the medial and lateral condyles of the distal epiphysis parallel
to the longitudinal axis of the femur to penetrate the cortical bone and enter the epiphysis.
The injectate was infused slomwbver 1 minute. The contralateral hind limbs served as a
negative control specific to each animal. This method of intrafemoral injection results in
little damage to the surrounding tissues. Imaging of tumour inoculated mice was done on

day 12.

4.6.11 Imaging Study
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A 5 mg/mL solution of TCGBP in salinewas administered (20 mg/kd)h prior toeither

11b or TcMDP (~35 MBQ) via tail vein injection Prior to imaging, mice were
anaesthetized withl.52.0% isoflurane and maintained under same conditions for the
length of theSPECT and CT scanbnaging was conducteat 6, 24 hpost injection for

11b, and 4, 6 hfor Tc-MDP. At each time point, imaging was conducted an
GammaMedica Ideas-8PECT system (North Ridge, California). CT acquisit{tor

11b) consistedof 512 pr oj ections ac §w,i205etA conebeam 3 6 0 e
CT system.Cobra Exxim software (Feldkamp filtered backprojection cone beam
reconstruction software) was used to reconstruct the images at a voxel size of 155
microns and a matrix size of 512An OSEM interactive reconstructed method (2
iterations/8 subsets) was used to reconstruct the SPECT data which was fusedTto the C

data using in house softwa@MIDE software was used to analyak images.

Note: All supporting information for thishapter can be found in Appendix
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Chapter 5

5 Chapter 5. Summary and Future Work
5.1 Summary

The overall objective wasotdevelopand study the chemistry and chemical
biology ofa new class of isostructural optical and nuclear mobke work reported was
based on[2 + 1] Re(l)/Tc(l) complexeswhich required cardul selection of the
monodentate and bidentdigands to givethe best possible chemical, optiealdin vivo
properties In chapter 2a series of nev2 + 1] Re(I)P*™Tc(l) complexes derived from
bipyridine andimidazole derivatives werdevelopedand X-ray structures of two new
Re(l) complexes were determined. high yieldng method to preparéhe %™ ¢(l)
analogues was developed, which included a pH mediateepainesaction.Plasma
stability and in vivo imaging studiesrevealedthat incorporatio of a spacer group
between the imidazole donor group and eleetthdrawing substituents renders the
complex suitably stable for use vivo. Therefore, with the appropriate choice of
monodentate ligand, it is possible to prepare robust [2 + 1] Tc eaegpthat can be used
to prepare targeted isostructural optical/nuclear molecular imaging probes.

In chapter 3, new[2 + 1] Re()P*™Tc(l) complexes derived from
bathophenanthrolindisulfonate(BPS)weredeveloped in order to enhance solubility and
photghysical properties of the resulting complexBse binding anduptake of the Re(l)
compkx, [R6(COX(BPS)(ImAIN)F (ImAIn = an imidazolealendronatederivative in

MCF-7 cells showedcytoplasnic localization by fluorescence microscopihe Tc(l)

128



Ph.D. Thesisi Abdolreza Yazdani; McMaster Universify Chemistry & Chemical
Biology

analogue [*®™T¢c(COR(BPS)(ImAIn)F exhibited high bone uptake and rapid clearance
from nontarget tissues. Re(l)/Tc(l) complexes with BPS had superior water solubility,
optical properties and lower n@pecific bindingin vivo compared to those prepared
using bpy as the bidentate ligand.

In chapter 4]2 + 1] Re(I)/Tc(l) complexes derived frompy and BPS which
contained animidazoletetrazine (ImTz) monodentate ligandwere developed as
complementary pairs of optical and nuclear prothed could be used to delop new
probes via pretargeting and bioorthogoohemistry Stability studiesof both %™ ¢(1)
complexesshowedmoderate protein binding andsistace to ligand challenge andre
therefore suitable forin vivo imaging Measurement of the kinetics of ethreaction
between [*°™Tc(COX(bipy)(ImT2)]* and trans-cycloocteneol (TCO-OH) showed a
second rate order constant of 8.60° M1St at 37°C, which is suitable for pretargeting
strategies.The biodistribution of the morgolar complex P°"Tc(COX(BPS)(Inrz)]
which was administered to normal mice 1h aftar transcyclooctenbisphosphonate
derivative showed high activity concentrations in the knee (9.20.32% ID/g) and
shoulder (5.28 0.67% ID/g). The SPECT/CT images of the same complexbore
cance modeldemonstratedhiigh accumulatiorat the site of tumor invasion where there
was elevated metabolic activity in bone These results clearly demonstratduat
[%°™Tc(COR(BPS)(ImTz)] effectively undewent bioorthogonal chemicalreactiors in
vivo. An additional attractive feature was that the Re(l) analogxkeibited a 9fold

enhancementin its fluorescence emissiompon addition of atranscyclooctene
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derivative. This can be used tmprove signako-noise ratios which is particularly

importantfor cdl and tissue imagingtudies

5.2 Future Work

Having established thenodel construstand developd newTc(l) labeling and
purification proceduresthe next step is texpand the use of the platform for labeling
biomoleculesOne approach is to ligate theermediatecomplex[M(CO)3(BPS(H20)]
to histags found on proteins leveraging thierk presented here which demonstrated the
stability of the correspondingmidazole complexesA second potential approgcin
which some preliminary studies are desdiibe section5.4-5.7, is to utilize triazoles
formed through Click chemistras both monodentate ligandand linker groups to

biomolecules

5.3 Labeling His Tagged Proteins

His-tags are often added to proteins to facilitate their purification using
immobilized metal ion affinity chromatography (IAMG)The presence of hisigs offers
an opportunity to use proteins as targetuegtors for radiometals such as Re(I)/Tc(l)
tricarbonyl, and avoid the need to introduce a separate chelating group on free lysine or
cysteine residuesThe approach has been applied to a rangsirgfiechain antibody

fragments (scFvgjud as affibodies.
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Despite the success of this stratégylabeling andpurification of proteins with
[%*Tc(COY]*, several variants of himgs have been developed to reduce-smecific
binding in the livert® There are also no examples of isostructural optical and nuclear
probes derived from hitagged proteins, where the products could be used to assess the
cellular and whole bodylistribution of proteins. Since we demonstrated that [2 + 1]
complexes are robust when the monodentate ligand are imidazoles, there is the
opportunity to label hisagged proteins with [M(CQBPS)XT' to createisostructural
optical and nucleaprobes. Tk first step would be to determine the stability of the
complex labeled with typical hisags used in IAMC. This would be done by combining a
pentahis-tag with [M(CO)3(BPS)XT" (Figure 5.1) and then assess the stability of the
complex to ligand exchange bMPLC. Assuming the complex showed sufficient
resistance to histidine and cysteine challenge and moderate protein binding, test reactions
with a model higagged protein such asFvswould be attempted. The key here would
be to ensure that reactions arend below 37 °C and that thmetal selectively
coordinates to thhis tag and that theroduct is botlstableand maintains its affinity for

its target.
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Figure 5.1 Proposéd structure ofM(CO)3(BPS)X]"1 labeledprotein with pentéhis-tags

5.4 Triazole-Based [2+ 1] Re(1)/**"Tc(l) Complexes as Isostructural Nuclear and

Optical Probes

As an alternative to imidazoles it may be possible to generate new [2 + 1]
complexes of Tc(IRe(l) complexes derived from bipy or BPS and triazole ligands. 1,4
Disubstituted imidazoles which are known to be efficient ligand for p@){CO)]* (M
= Ref°"Tc) share similar coordinative properties with-tligubstituted 1,2;&iazoles,
while provid ng t he opportunity of using ACIIick
biomolecule$. Schibli et al. reported a comparative study of the labeling of a imidazole
containing histidinebased folate and its triazole analogue wW(H20)3(CO)]* (M =
ReP°"Tc) where the products were evaluaieditro andin vivo.”® The results showed

that while synthesis of the clicked tr@e tracer is shorter and more efficient, the
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stability and biological affinity of the®®™Tc-labeled derivativesn vitro and their
pharmacological profilesn vivo are identical. The approach supports the idea that
triazoles can be utilized not only asliaker strategy (to connect radioisotopes to the
targeting vector), but they can also act as an efficient donor group to the technetium

tricarbonyl core (Figure 5.2).

H/\N N OH

NH»

jﬂ /@)L g X = CH: 9 steps; 3%

X = N: 5steps; 80%

+

|#mTe(CONs(Ho0)

X = CH: His folate
X = N: Click folate Click-folate

Figure 5.2 Synthesis andomparison ofthe structure and tumor uptake twfo folate
derivatives one histidinebased and one triazelmsed (left) combined small animal

SPECT/CT 24 h post injection ehchradiotracerright)®

The use of triazoles for the preparation of [2 + 1] complexes of Tc(l) has not been
studiedextensvely while [2 + 1] type rhenium(l) polypyridine complexes containing a

triazole have been used disiorescenceimaging agent€!?> One of the concerns
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associated with using triazoles as the monodentate ligand, as is the case with all [2 + 1]
type complexes, is the tendency of the Tc complex to undergo ligahdreein vivo.
As a preliminary assessment of the suitability of triazoles, a series of model complexes

were prepared and their stabilityvitro evaluated.

To prepare the desired Re(l) triazole comple@aswas treated with a series of
functionalizedtriazoles and the mixtuseheated to reflux overnight. The first triazole
used was 1H.,,2,3triazole1-ethanol (EtOHTrz), where the Re complgéxwas isolated
by column chromatography in 61% vyield@he reactions were repeated usihg
methyltriazole(MeTrz) which was selected because of possibility of direct comparison
with N-methylimidazole which was used successfully in chapter 2 to prepare stable [2 +
1] complexes. RgCOX(bipy)(MeTrz)]" 5a, was isolated in 82% yield by column
chromatography. The HRMShd H NMR spectra of the material were consistent with

the target produst

The corresponding®™Tc complexes ¥™c(COX(bipy)(L)]* (L = triazole), were
obtained by addin@b to the triazole ligands and heating at 40 °C for 30 min (Scheme
5.1). Quantitatie transformation to the final product was obtained3fmand5b, which
containedeither EtOHTrz oMeTrz as shown by HPLC and through comparison to the
retention times of authentic Re standak¥hen2b was combined with a mot@ndered
triazole  4-pheny-1-methyt1,2,3triazole, the corresponding ®™Tc  complex
[%°™Tc(COX(bipy)(MePhTrz)] 4b was not observed. The reaction mixture was heated to

150 °Cin a microwaveeactor for different time intervals where the maximum yield was
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40%. HPLC indicated thesaction did not go to completion under any of the conditions
tested whichs likely due to the steric hindrance and electron withdrawiatyire of the
phenyl group Unlike for the Tc complex, the Re compléa was prepared in high yield
following a literatire method? Nevertheless the poor yield the Tc complex and
stability issues that were observed durimgitro testing (vide infra) suggested that (like
imidazoles) the nature of the groups attached to the triazole can drastically affect the

stability of the final complex.

n +
1 2
+ AN RY R S
co co || | N co | N |
oc,, | wOHz bipy 0C,, | wNF N=N oc,, | Nz
e s e
oc” | Nou,  MM0cCemin o | N 40 °C, 30 min oc” | SN
OH, X RE N |l
4 Y =
I
1 N
M = Re, X = Cl (n = 0) (2a), |
M = Tc, X = OH, (n = +1) (2b) R

R'=EtOH, R=H, M = Re (3a), M = Tc (3b)
R'=Me, R?=Ph, M = Re (4a), M = Tc (4b)
R'=Me, R?=H, M = Re (5a), M = Tc (5b)

Schemes.1 Synthesis of isostructural [2 + 1] Re (1) aiiTc complexes. The conditions

shown are for the reactions performed at the tracer level.

5.4.1 Stability Studies

The stability of the Tc complexes was initially studied in isatosaline. For
[%°™Tc(COX(bipy)(EtOHTrz)] 3b after 3 h approximately 50% of the complex converted

to [**"Tc(COX(bipy)(H20)]*, 2b. [**™Tc(COX(bipy)(MeTrz)]" 5b was observed to
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partially dissociate during incubation in saline to yield the intermedatgoound2b as
identified by comparing the retention time to the Re standard (roughly 37% of the parent
complex5b converted to the intermedia®b after 3 h incubation in saline). Histidine and
cysteine challenge studies were performed subsequently. A tiosoluof
[9°™Tc(COX(bipy)(MeTrz)]* 5b was incubated separately by histidine and cysteine in
PBS (pH = 7.4) at 37 °C. Samples were taken at different time points up to 6 h and
analyzed by HPLC to determine the degree of decomposition. The results inthedted
when5b was incubated iysteineabout 53%decomposedWhen5b was incubated in
histidinenearly 50% of the complex decomposed.

In summary, a method to prepaf&Tc(l) [2 + 1] complexes containing triazoles
was developed. The stability results of Tomplexes was not as good as for the
imidazole derivatives. Nevertheless it may be possible to exploit the labile monodentate
ligand such that following targeting and internalization, the monodentate ligand could be
substituted by intracellular proteimghich could enhance target to ntarget ratios. The
latter would require complexes to be found that are sufficiently robust in the blood that
they can clear the body if they are not taken up at the site of interest. The advantage of
using triazoles as aay to link [2 + 1] complexes to biomolecules is significant and

warrants further study of this class of compounds.

5.5 Experimental Section

All solvents were purchased from Caledon. Chemicals were purchased from

SigmaAldrich and used without further purifitan, unless otherwise stated. Compound
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1-methyt1,2,3triazole was purchased from Enamine and used without further
purification. Compound 2a, 4a, and 4-phenytl-methyt1,2,3triazole were prepared
following an established method in good vyietéld’ Histidine and cysteine challenge
studies were performed according to literature procedfirBzuterated solvents for
NMR samples were purchasewrh Cambridge Isotope Laboratories. Technet@fm
[%°™TcOy]- was obtained from &Mo/*°™Tc generator (Lantheus Medical Imaging) in
saline (0.9 % NaCl)Caution: **"T¢ is ao-emitter (B = 140 keV, 12 = 6 h) and should
only be used in a licensed and appriately shielded facility.

Nuclear magnetic resonance (NMR) spectky, {°C) were recorded on a Bruker
AV600 MHz spectrometer at ambient temperatiMécrowaveassisted reactions were
performed on a Biotage Initiator 60 microwave reactor using esajed vials. Mass
spectrometry analyses were provided by the McMaster Regional Centre for Mass
Spectrometry on an Agilent 6340 lon Trap LC/MS mass spectrometer operating in
electrospray ionization (ES) mode. High resolution mass spectra (HRMS) were dollecte
on a Waters/Micromass-Qof Global Ultima spectrometelR spectra were obtained on
a Biorad FT$40 FTIR spectrometer. The fluorescence spectra were collected with the
Tecan Infinite M1000 plate reader and the concentration of the solutions were 50
eM. High performance liquid chromatography (HPLC) was performed on a Waters 1525
Binary (Midford, MA, USA) monitored simultaneously with 2998 Photodiode Array
Detector at 220/254 nm and-line radioactivity Bioscan gamma detector with Nal(TI)
scintillator usirg the Empower software package. Phenomenex Germil@ @nalytical

column (250x 4.60 mm, 5um) operating at a flow rate of 1.0 mL/min, and
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Phenomenex Gemini-C8 semipreparative column (260 mm, 5um) operating at a

flow rate of 4.0 mL/min were used fail analyses. The following solvent gradients were
employed:Method A(solvent A = HO + 0.1% TFA, solvent B €HsCN + 0.1% TFA):
0-2 min 2% B, 220 min 100% B; 222 min 100% B, 223 min 2% B, 235 min 2% B.
Method B(solvent A = HO + 0.1% FA, solvenB = CH:CN + 0.1% FA): 62 min 2% B,

2-20 min 100% B; 222 min 100% B, 223 min 2% B, 235 min 2% B.

5.5.1 Synthetic Procedures

[Re(CO}(bipy)(EtOHT z)][CF3SQy] 3a

[Re(COX(bipy)(H20)][CFSOs] (60mg, 0.1mmol) was dissolved in DCM (10 mL) and
1H-1,2,3triazole-1-ethanol (17mg, 0.15mmol) in DCM (5mL) was added to the solution,
and the mixture was refluxed overnight. The solution was then evaporated to dryness
under reduced pressure. The crude reaction mixture was purifisdidaygel column
chromatography usg MeOH:DCM = 1:10 as eluent to yield a yellow solid (41mg,
61%). m.p. 118117 °C."HNMR (600 MHz, CRCN): &i (ppm) = 9.09 (d,J = 5.7 Hz, 2

H); 8.42 (d,J=8.2 Hz, 2 H); 8.25 (m, 2 H); 7.78 (s, 1 H); 7.68 (m, 2 H); 7.64 (s, 1 H);
4.13 (t,J = 5.0 Hz, 2 H); 3.56 (qJ = 5.1 Hz, 2 H); 2.90 (tJ = 5.7 Hz, 1 H)*CNMR

(150 MHz, CRCN): Ui (ppm) = 157.17, 154.88,41.86, 137.95, 129.09, 128.80, 125.22,

60.51, 54.89HRMS: m/zcalc forCigH17NsOsReg(M™): 540.06950und:540.0707.

[Re(CO}(bipy)(MeTrz)][CF3SQy] 5a
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[Re(COX(bipy)(H20)][CFSGs] (60mg, 0.1mmol) was dissolved in THF (10 mL) axd
methyltriazole (12mg, A5mmol) in THF (5mL) was added to the solution, and the
mixture was refluxed overnight. The solution was then evaporated to dryness under
reduced pressure. The crude reaction mixture was purifiedsilia-gel column
chromatography using MeOH:DCM = 1.3 eluent to yield a yellow solid (42mg,
82%). m.p.108111 °C. 'HNMR (600 MHz, CROD): i (ppm) = 9.18 (d,) = 5.3 Hz, 2

H); 8.62 (d,J=8.2 Hz, 2 H); 8.32 (m, 2 H); 7.97 (s, 1 H); 7.81 (s, 1 H); 7.77 (m, 2 H);
3.88 (s, 3 H)CNMR (150 MHz, CRCN): i (ppm) = 157.57, 154.94, 142.16, 138.44,
129.54, 129.43, 125.50, 38.1RMS: m/zcalc forC1eH1aNsOsRe(M"): 510.0576 found:

510.0584.

5.5.2 General Procedure for the Preparation off ™ T¢c(CO)3(bipy)(L)]*

Sodium boranocarbonate (10.0 gl0 nmol), sodium carbaate (15.0 mg0.14
mmol), sodium borate (20 mg, 0.05 mmol) and sodium potassium tartrate (22 mg, 0.08
mmol) were placed in a microwave vial and purged with argon for 10 min. To this
mixture, Ng*°™TcOq4] (1 mL) was added and the vial was heated in a micreweactor
at 110 C for 3.5 min to form[**™Tc(CO)(H20)s]*. The solution washen cooled and
neutralized to pH 56.5 with aqueous hydrochloric acid.@ M). The solution was
added to bipgidine (1 mg, 6umol) in a separate microwave viathich had ben purged
with argon heated to 11 for 6 min to form the intermediaf&®™Tc(COX(bipy)(H20)]*
and the solutioradded tcone ofthe monodentate ligasd(301 120 umol) under argon

andthe mixturestirred at 40 C for 20 min to givg**™Tc(COX(bipy)(L)]*. Theformation
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of products wasconfirmed by analytical HPLC.In case of4b poor yield of metal
complex was observed. In contrast, quantitative conversipfi"aic(CO)(H20)s]* to 3b,

and5b was achieved.

5.5.3 Purification of %™T¢ Complexes

Purification of 3b-5b was achieved by solid phase extract{8PE). e reaction
mixture was diluted with water (2 mL) amlde solutionoaded on a Waters C18 SBpk
Plus cartridge, which had bepreviouslyactivated with EtOH (% 6 mL) andH20 (1 x
6 mL). After loaling the reactio mixture, the column was washedith 15% CH3CN in
H20 (2x 6 mL), followed by 25%CHsCN in 0.4% (w/v) agueous ammonium formate (1
x 6 mL). The desired products were eluted with a 1:1 v/v mixture of 0.4% aqueous

ammonium formate an@HsCN.

Note: All supporting information for this chapter can be found in Appehdix

140



Ph.D. Thesisi Abdolreza Yazdani; McMaster Universify Chemistry & Chemical
Biology

5.6 References

(1)

(2)

3)
(4)
(5)

(6)
(7)
(8)
(9)
(10)

(11)

(12)
(13)

(14
(15)
(16)
(17)

(18)

NovakHofer, I.; Waibel, R.; Zimmermann, K.; Schibli, R.; Griinberg, J.; Chester,
K. a; Murray, A.; Lo,B. K. C.; Perkins, A. C.; Schubiger, P. Methods Mol.
Biol. 2004 248 481 494.

Waibel, R.; Alberto, R.; Willuda, J.; Finnern, R.; Schibli, R.; Stichelberger, A.;
Egli, A.; Abram, U.; Mach, J. P.; Pliickthun, A.; Schubiger, PNAL. Biotechnol.
1999, 17, 897 901.

Hofstrom, C.; Orlova, A.; Altai, M.; Wangsell, F.; Graslund, T.; Tolmacheu.V.
Med. Chem2011, 54, 3817 3826.

Hofstrom, C.; Altai, M.; Honarvar, H.; Strand, J.; Malmberg, J.; Hosseinimehr, S.
J.; Orlova, A.; Graslund, T.; Tolachev, V.J. Med. Chem2013 56, 4966 4974.

Tolmachev, V.; Hofstrom, C.; Malmberg, J.; Ahlgren, S.; Hosseinimehr, S. J.;
Sandstrém, M.; Abrahmsén, L.; Orlova, A.; GraslundBibconjugate Chem.
201Q 21, 2013 2022.

van Staveren, D. R.; MundwileS.; Hoffmanns, U.; Pak, J. K.; Spingler, B.;
MetzlerNolte, N.; Alberto, ROrg. Biomol. Chem2004 2, 2593 2603.

Mindt, T. L.; Muller, C.; Melis, M.; Jong, M. de; Schibli, Bioconjugate Chem.
2008 19, 1689 1695.

Struthers, H.; Mindt, T. L. Schibli, R.Dalton Trans.201Q 39, 675 696.
Lo, K. K.-W.; Choi, A. W:T.; Law, W. H:T. Dalton Trans.2012 41, 6021 6047.

Lo, K. K.-W.; Louie, M-W.; Zhang, K. Y.Coord. Chem. Re201Q 254, 2603
2622.

Balasingham, R. G.; Coogan, H.; ThorpGreenwood, F. LDalton Trans.2011,
40, 11663 11674.

Zhao, Q.; Huang, C.; Li, hem. Soc. Ref2011, 40, 2508 2524.

Pitchumony, T. S.; Banevicius, L.; Janzen, N.; Zubieta, J.; Valliant,|doFg.
Chem.2013 52, 13521 13528.

Yazdani, A.; Janzen, N.; Banevicius, L.; Czorny, S.; Valliant, hdfrg. Chem.
201554, 1728 1736.

Uppal, B. S.; Booth, R. K.; Ali, N.; Lockwood, C.; Rice, C. R.; Elliott, P. I. P.
Dalton Trans.2011 40, 7610 7616.

Kurz, P.; Probst, BSpingler, B.; Alberto, REur. J. Inorg. Chen2006 2006
2966 2974.

Probst, B.; Guttentag, M.; Rodenberg, A.; Hamm, P.; Alberténétg. Chem.
2011, 50, 3404 3412.

Jiang, H.; Kasten, B. B.; Liu, H.; Qi, S.; Liu, Y.; Tian, M.; Barnes, CZhang,

141



Ph.D. Thesisi Abdolreza Yazdani; McMaster Universify Chemistry & Chemical
Biology

H.; Cheng, Z.; Benny, P. Bioconjugate Chen2012 23, 2300 2312.

142



Ph.D. Thesisi Abdolreza Yazdani; McMaster Universify Chemistry & Chemical
Biology

6 Appendix 1 (Supporting Information for Chapter 2)
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Figure S6.1 *H NMR spectrum €DsOD, 600 MHz) of6a.
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Figure S6.2 13C NMR spectrum@DsOD, 150 MHz) of6a.
R92P
JFV5B23845 433 (8.250) AM (Cen,4, 80.00, Ar,6000.0,922.01,0.80); Sb (99,10.00 ); Sm (Mn, 2x2.00); Cm (419:438) 1: TOF MS ES+
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Figure S 6.3 HRMS of 6a.
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Figure S6.4 IR spectrum oBa.
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Figure S6.6 13C NMR spectrum (CBECN, 150 MHz) of7a.
R112
JFV5B23974 196 (3.656) AM (Cen,4, 80.00, Ht,5000.0,922.01,1.00); Sb (99,10.00 ); Sm (Mn, 2x2.00); Cm (153:205) 1: TOF MS ES+
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Figure S6.7 HRMS of 7a.
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Figure S6.8 IR spectrum of/a.
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Figure S6.9 *H NMR spectrum (20, 600 MHz) of8a.
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Figure S6.103C NMR spectrum (R0, 150 MHz) of8a.
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Figure S6.113P NMR spectrum (BD, 242 MHz) of8a.

1102-1-156-87 10-Dec-2012
JFV5B22602 481 (9.196) AM (Cen,4, 80.00, Ar,6000.0,622.03,0.80); Sh (99,10.00 ); Sm (Mn, 3x3.00); Cm (481:550)
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100+
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Figure S6.12HRMS of 8a.
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Figure S6.13 IR spectrum oBa.
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Figure S6.14H NMR spectrumCDsOD, 600 MHz) of9a.
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Figure S6.15C NMR spectrum@DsOD, 150 MHz) of9a.
r118-rEBIPYpas
JFV5B24030 62 (1.159) AM (Cen,4, 80.00, Ht,5000.0,922.01,1.00); Sb (99,10.00 ); Sm (Mn, 3x3.00); Cm (47:68) 1: TOF MS ES+
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Figure S6.16 HRMS of 9a.
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Figure S6.17 IR spectrum oBa.
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Figure S6.18H NMR spectrum (20, 600 MHz) of10a.
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Figure S6.193C NMR spectrum (R0, 150 MHz) of10a.
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Figure S6.203'P NMR spectrum (BD, 242 MHz) ofl0a.

R130 28-Feb-2014
JFV5B24254 435 (8.330) AM (Cen,4, 80.00, Ht,5000.0,622.03,1.00); Sb (5,10.00 ); Sm (Mn, 2x2.00); Cm (408:441) 1: TOF MS ES+
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Figure S6.21 HRMS of 10a.
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Figure S6.23H NMR spectrumCDsOD, 600 MHz) of12.
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Figure S6.2413C NMR spectrum@DsOD, 150 MHz) of12.
R126
JFV524102A 444 (8.351) AM (Cen,4, 80.00, Ht,5000.0,0.00,1.00); Sh (99,10.00 ); Sm (Mn, 3x3.00); Cm (391:484) 1: TOF MS ES-
1.38e3
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Figure S6.25HRMS of 12
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Figure S6.26 *H NMR spectrum (20, 600 MHz) of13.
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Figure S6.27 13C NMR spectrum (20, 150 MHz) of13.
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Figure S6.28°*P NMR spectrum (BD, 242 MHz) of13.
R128 IMPAAI
JFV5B24168 104 (1.988) AM (Cen 4, 80.00, Ht,10000.0,431.98,1.00); Sb (99,10.00 ); Sm (SG, 1x2.00); Cm (83:137) 1: TOF MS ES-
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Figure S6.29 HRMS of 13.
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Figure S6.30 Absorption spectra for cgoounds3, 5a, 8a, 9a, 10a(50 uM in H20).
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Figure S6.31 Emission spectra for compoun8sba, 8a, 9a, 10a(50 uM in H20).
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Figure S6.322-HPLC dromatogram at 1 h following histidine challenge to

[%™T ¢(COX(bipy)(Melm)]* 5b.
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Figure S6.332-HPLC chromatogram at 2 h following histidine challenge to

[%°™Tc(COXR(bipy)(Melm)]* 5b.
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Figure S6.349-HPLC chromatogram at 3 h following histidine challenge to

[%°™Tc(COXR(bipy)(Melm)]* 5b.

164



Ph.D. Thesisi Abdolreza Yazdani;

Biology

McMaster University Chemistry & Chemical

1200.00
1000.001

800.001

mV

600.001
400.004
200.00]

0.004

|

0.00 2.00 400 600 800 1000 1200 1400 1600 1800 2000 2200 2400

Minutes

Figure S6.350-HPLC chromatogram at 6 h following histigi challenge to

[%™T c(COX(bipy)(Melm)]* 5b.
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Figure S6.36 -HPLC chromatogram at 1 h following cysteine challenge to

[%°™Tc(COXR(bipy)(Melm)]* 5b.
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Figure S6.37 9-HPLC chromatogram at 3 h following cysteine challenge to

[%™T c(COX(bipy)(Melm)]* 5b.

1400.001
1200.004
1000.001
- 800.00]
® 600.00]
400.00]
200,001
0.001

L

0.00 200 4.00 6.00 8.00 1000 1200 1400 1600 1800 2000 2200 2400
Minutes

Figure S6.382-HPLC chromatogram at 6 h following cysteine challenge to

[%™T c(CO)(bipy)(Melm)]* 5b.
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Figure S6.39 UV-HPLC chromatogram ReCO)(bipy)CI].
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Figure S6.402-HPLC chromatogram df°™Tc(CO)(bipy)ImPA] 6b.
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Figure S6.412-HPLC chromatogram df°™Tc(CO)(bipy)ImPAMe] 7b.

1.207
1.00—f
o.ao—f
o.so-f
0.40—f
0.20-5
0.004 I\

AU

300.00]

200.00-
= ]
£ ]
100.00]
oo J
0.0 5.0 10.0 15.0 20.0 25.0

Minutes
Figure S6.42HPLC chromatograms (U¥indo) of the isolated [REO)(bipy)(H20)]"

4a complexco-injected with®*™Tc complex4b.
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Figure S6.43HPLC chromatograms (U¥indo) of the isolated [REO)(bipy)(ZA)] 8a

complex ceinjected with®*™Tc complex8b.
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Figure S6.44HPLC chromatograms (U%ndo) of the isolated [REO)x(bipy)(ImSfn)]

9acomplex ceinjected with®*™Tc complex9b.
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Figure S6.45HPLC chromatograms (U¥ndo) of the isolatedRe(CO)(bipy)(ImAln)]

10acomplex ceinjected with®*™Tc¢ complex10b.
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Table S6.1 Crystal/refinement data

Complex 8a 9a

Empirical formula CiH30CisNaNaO18P2Re Co2H2oNsO7ReS
Formula weight 989.92 gmot 686.70 gmot
Temperature 173(2) K 173(2) K
Wavelength 0.71073 A 0.71073 A
Crystal system Triclinic Monoclinic
Space group P-1 P 21/c

Unit cell dimensions

Volume

z

Density (calculated)
Absorption coefficient
Reflections collected
Independent reflections

Data / restraints / parameters

Goodnesof-fit on R

Final R indices [I>2sigma(l)]

R indices (all data)

a=7.8523(9) A
b =8.8092(9) A
c =23.923(3A
U= 92.108(2)°
b = 92.974(2)°
g=94.718(2)°
1645.6(3) A

2

1.998 Mg/m
4.141 mmt
17373

5794 [R(int) = 0.0260]
5794 /54 / 469
1.063

a=12.8456(4) A
b =9.6955(3) A
c=21.2199(7) A
a=90°

b = 101.3040(18)°
g=90°
2591.55(14) A3

4

1.760 Mg/n?
4.819 mrrt

67536

5294 [R(int) = 0.0353]
5294 /36 / 362
1.057

R1 =0.0374, wR2 = 0.104{ R1 = 0.0197, wR2 = 0.042:
R1 =0.0416, wR2 = 0.106! R1 = 0.0265, wR2 = 0.045:

172



Ph.D. Thesisi Abdolreza Yazdani; McMaster Universify Chemistry & Chemical
Biology

Table S6.2 Selectecbondlengths [A] and angles [°] f@a and9a

8a

Re(1)}C(3) 1.921(7) Re(1}N(3) 2.180(5)
Re(1)}C(1) 1.929(8) O(3)>C(3) 1.164(9)
Re(1}C(2) 1.930(7) O(1)>C(1) 1.147(9)
Re(1}N(4) 2.173(8) 0O(2YC(2) 1.1560)
Re(1)}N(1) 2.175(6)

C(3)Re(1)}C(2) 91.9(3) C(2)Re(1)XN(2) 92.1(3)
C(3)Re(1)}C(2) 89.0(3) N(4)-Re(1}N(1) 80.1(17)
C(1)}Re(1)}C(2) 89.5(3) C(3)Re(1)XN(3) 94.9(2)
C(3)Re(1)xN(4) 95.5(18) C(1)}Re(1)XN(3) 97.3(3)
C(2)Re(1)xN(4) 98.2(4) N(4)-Re(1)-N(3) 74.6(3)
C(3)Re(1)xN(1) 175.5(3) N(1)-Re(1}N(3) 83.4(2)
C(1)}Re(1)XN(2) 92.4(3)

9a

Re(1)}C(2) 1.913(3) Re(1)}N(1) 2.182(3)
Re(1}C(2) 1.919(3) O(1)C(2) 1.144(4)
Re(1)}C(3) 1.923(3) 0O(2)C(2) 1.149(4)
Re(1}N(4) 2.163(2) O(3)C(3) 1.148(4)
Re(1}N(5) 2.171(2)

C(1)}Re(1)}C(2) 90.15(15) C(3)Re(1)XN(5) 174.10(11)
C(1)}Re(1)}C(3) 87.42(13) N(4)-Re(1}N(5) 74.90(9)
C(2)Re(1)}C(3) 88.90(13) C(1)}Re(1)XN(2) 91.05(13)
C(1)}Re(1)xN(4) 172.35(11) C(2)Re(1)XN(2) 178.13(11)
C(2)}Re(1)¥N(4) 93.57(11) C(3)Re(1)XN(2) 92.58(11)
C(3)}Re(1)xN(4) 99.32(11) N(4)-Re(1}N(1) 85.07(9)
C(1)}Re(1)XN(5) 98.26(12) N(5)-Re(1}N(1) 85.78(10)

C@}Re(1}N(5)  92.63(11)
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7 Appendix 2 (Supporting Information for Chapter 3)

7.69
2
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Figure S7.1*H NMR spectrum (MeOD, 600 MHz) &a.
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Figure S7.213C NMR spectrumNleOD, 150 MHz) of3a.
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Figure S7.5 HPLC chromatograms (UV ara) of [Re(CO}(BPS)Melm] 3aco-injected

with 3b.
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Figure S 7.6 2-HPLC chromatogram of{"™Tc(CO)(BPS)(Melm)i 3b at 0.5 h following

histidine challenge (2 mM).
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Figure S7.7 2-HPLC chromatogram of{™Tc(COX%(BPS)(Melm)] 3b at 1 h following

histidine challenge (2 mM).
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Figure S7.8 2-HPLC chromatogram of{"™Tc(CO)(BPS)(Melm)i 3b at 2 h following

histidine challenge (2 mM).
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Figure S7.9 2-HPLC chromatogram of{"™Tc(CO%(BPS)(Melm)i 3b at 3 h following

histidine challenge (2 mM).
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Figure S7.102-HPLC chromatogram of{™Tc(CO}(BPS)(Melm)} 3b at 6h following

histidine challenge (2 mM).
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Figure S7.112-HPLC chromatogram of{™Tc(COX%(BPS)(Melm)j 3bat 0.5 h

following cysteine challenge (2 mM).
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Figure S7.12 2-HPLC chromatogram of{™Tc(COX(BPS)(Melm)} 3b at 1 h following

cysteine challenge (2 mM).
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Figure S7.132-HPLC chromatogram of{™Tc(CO)(BPS)(Melm)} 3b at 2 h following

cystene challenge (2 mM).
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Figure S7.14 2-HPLC chromatogram df°™Tc(CO)(BPS)(Melm)} 3b at 3 h following

cysteine challenge (2 mM).
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Figure S7.152-HPLC chromatogram of{™Tc(CO)(BPS)(Melm)} 3b at 6 h following

cysteine challenge (2 mM).

183



Ph.D. Thesisi Abdolreza Yazdani; McMaster Universify Chemistry & Chemical
Biology

2200.00
2uuu.ucé
13nn.uu—f
1suu.ucé
14::::.0&2
> 12nn.uc€
E 1000.00

suu.uc@

600.00

400.00

200.00

0.00 ) e

00 &0 100 150 200 250
Minutes

Figure S7.16 2-HPLC chromatogram of{™Tc(COX(BPS)(Melm)j 3bat 0.5 h

following histidine challenge (0.&1).
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Figure S7.17 2-HPLC chromatogram of{™Tc(COX(BPS)(Melm)] 3b at 1 h following

histidine challenge (0.2 M).
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Figure S7.18 2-HPLC chromatogam of P°"Tc(COR(BPS)(Melm)} 3b at 2 h following

histidine challenge (0.2 M).
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Figure S7.192-HPLC chromatogram of{™Tc(COX(BPS)(Melm)] 3b at 3 h following

histidine challenge (0.2 M).
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Figure S7.202-HPLC chromatogram of{™Tc(COX(BPS)(Melm)] 3b at 6 h following

histidine challenge (0.2 M).
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Figure S7.212-HPLC chromatogram of{™Tc(CO)3(BPS)(Melm)j 3bat 0.5 h

following cysteine challenge (0.2 M).
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Figure S7.222-HPLC chromatogram of{™Tc(CO)(BPS)(Melm)} 3b at 1 h following

cysteine challenge (0.2 M).
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Figure S7.232-HPLC chromatogram of{™Tc(COX(BPS)(Melm)] 3b at 2 h following

cysteine challenge (0.2 M).
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Figure S7.249-HPLC chromatogram of{™Tc(CO)(BPS)(Melm)} 3b at 3 h following

cysteine challenge (0.2 M).
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Figure S7.252-HPLC chromatogram of{™Tc(COX(BPS)(Melm)] 3b at 6 h following

cysteine challenge (0.2 M).
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Figure S7.26 UV-HPLC chromatogram at 1 h incubation[Be(COx}(BPS)YMelm)] 3a

AU

in H2O (50 pM).
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Figure S7.27 UV-HPLC chromatogram at 3 h incubation[Be(CO}(BPS)YMelm)] 3a

in H2O (50 pM).
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Figure S7.28 UV-HPLC chromatogram at 6 h incubation[Be(CO}(BPS)YMelm)] 3a

in H2O (50 pM).
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Figure S7.29 UV-HPLC chromatogram at 12 h inzation of[Re(CO}(BPSYMelm)]

3a in H20 (50 puM).
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Figure S7.30UV-HPLC chromatogram at 24 h incubationRe(CO}(BPSYMelm)]

3a in H20 (50 pM).
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Figure S7.31'H NMR spectrum (RO, 600 MHz) of4a.
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Figure S7.3213C NMR spectrum (BO, 150 MHz) of4a.
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Figure S7.333'P{*H} NMR spectrumD-0, 242MHz) of 4a.

R174 21-Sep-2015
JFV5B25474 (0.027) Is (0.10,0.01) C39H37N5017P2ReS2 TOF MS ES-
1160.0658 e oas
100+
Theoretical
Model
- 2?77
1158.0631 1161.0687 [M-2H]-2?7
[ RE
1162.0677
1163.0688
. 1165.0698
0 T T T T T T

JFV5B25474 517 (9.603) AM (Cen,4, 80.00, Ar,6000.0,0.00,0.80); Sb (99,1.00 ); Sm (Mn, 2x2.00); Cm (476:522)
100 1160.0662 1.98¢e4

1158.0662 1161.0690

%
1

1162.0765

%163'0645 1170.0430 11710448 1,25 6408
L . | . . I ‘HT‘\‘H(W

. AT
T T f f T T T T T T T T 1 1 T 1 T 1 m/z
1152 1154 1156 1158 1160 1162 1164 1166 1168 1170 1172 1174

Figure S7.34 HRMS of4a.

1154.9684 1157.4673
L Il

201



Ph.D. Thesisi Abdolreza Yazdani; McMaster Universify Chemistry & Chemical
Biology

HUMMSH:M-D 015 (GMT-04:00)

100 £ Thu Oct 15 11:43.07 2015 [GMT-04:00)
£ Thu Oct 16 11:46.15 2016 (BMT-04.00)

% Transmittance

1914 63

1521
4000 3500 3000 2500 2000 1500 1000 500
Wavenumbers (cm-1)

Figure S7.35IR spectrum ofla.
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Figure S7.36 HPLC chromatograms (UV armj of [Re(CO}(BPS)ImAIn)]% 4aco-

injected with4b.
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Figure S7.37 Absorption spectra for compounda and4a (50uM in H20).
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Figure S7.38 Emission spectra for compoun8aand4a (50uM in H20).
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Figure S7.39 Biodistrubution profile o#b (%ID/O) at different time pointperformed

on healthy femal®alb/cmice.
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Figure S8.1 *H NMR spectrumCDsCN, 600 MHz) of6.
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Figure S8.2 13C NMR spectrun{CDsCN, 150 MHz) of6.
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Figure S8.7 HRMS of 10a.
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Figure S8.8 IR spectrum oflOa
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Figure S8.100-HPLC chromatogram at 0.5 h following cysteine challenge to

[%™Tc(COX(bipy)(ImTz)]* 10b.
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Figure S8.110-HPLC chromatogram at 1 h following cysteine challenge to

[9™T¢(COX(bipy)(ImT2)]* 10b.
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Figure S8.122-HPLC chromatogram at 2 h following cysteine challenge to

[%°™Tc(COR(bipy)(ImTz)]* 10b.

216



Ph.D. Thesisi Abdolreza Yazdani; McMaster Universify Chemistry & Chemical
Biology

:-:uuu.uué
1E.uu.uué
1E-uu.uué
14uu.uué
1zuu.uué
= 1uuu.uué
E.uu.uué
anu.uué

400.004

200.00

ﬂ.ﬂﬂ: _..A._JIL....IlL

00 &0 100 150 200 250

Minutes
Figure S8.132-HPLC chromatogram at 3 h following cysteine challenge to

[%°™Tc(COR(bipy)(ImTz)]*" 10b.
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Figure S8.14 2-HPLC chromatogram at 6 h following cysteine challenge to

[%°™Tc(COR(bipy)(ImTz)]* 10b.
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Figure S8.159-HPLC chromatogram at 0.5 h following histidine challenge to

[%°™Tc(COR(bipy)(ImTz)]* 10b.
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Figure S8.16 o-HPLC chromatogram at 1 h followirtgstidine challenge to

[9™Tc(COX(bipy)(ImT2)]* 10b.
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Figure S8.17 9-HPLC chromatogram at 2 h following histidine challenge to

[9™Tc(COX(bipy)(ImT2)]* 10b.
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Figure S8.18 9-HPLC chromatogram at 3 h following histidine challenge to

[9™Tc(COX(bipy)(ImT2)]* 10b.
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Figure S8.199-HPLC chromatogram at 6 h following histidine challenge to

[9™Tc(COX(bipy)(ImT2)]* 10b.
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Figure S8.22HRMS of 11a.
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Figure S8.250-HPLC chromatogram at 0.5 h following cysteine challenge to

200 000 250

[%°™Tc(COR(BPS)(ImTJ] 11b.
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Figure S8.26 o-HPLC chromatogram at 1 h following cysteine challenge to

[%™Tc(COR(BPS)(IMT2]" 11b.
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Figure S8.27 o-HPLC chromatogram at 2 h following cysteine challenge to

[%°™Tc(COR(BPS)(IMTJ] 11b.
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Figure S8.28 -HPLC chromatogram at 3 h following cysteine challenge to

[%°™Tc(COR(BPS)(IMTJ] 11b.
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Figure S8.290-HPLC chromatgram at 6 h following cysteine challenge to

[%°™Tc(COR(BPS)(ImTJ] 11b.
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Figure S8.300-HPLC chromatogram at 0.5 h following histidine challenge to

[%™Tc(COR(BPS)(IMT2]" 11b.
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Figure S8.310-HPLC chromatogram at 1 h following histidine challenge to

[%™Tc(COR(BPS)(IMT2]" 11b.

234



Ph.D. Thesisi Abdolreza Yazdani; McMaster Universify Chemistry & Chemical
Biology

1000.00]
900.00]
800.001
700.001

600.00H

m\

500.00]
400.00]
300.00]
200.00-
100.00-

Mmf ij_n —
00 s0 160 180 0 250

Minutes
Figure S8.329-HPLC chromatogram at 2 h following histidine clealje to

[%™Tc(COR(BPS)(IMT2]" 11b.
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Figure S8.332-HPLC chromatogram at 3 h following histidine challenge to

[%°™Tc(COR(BPS)(IMTJ] 11b.
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Figure S8.349-HPLC chromatogram at 6 h following histidine challenge to

[%™Tc(COR(BPS)(IMT2]" 11b.
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Figure S8.35Biodistribution data for select fluids and tissues for pretargeting with 20
mg/kg of TGD-BP administered 1 h prior tblb. Experiments were performed using
Balb/c mice (n = 3 per time point) with tissues collected at 6 h and 12 h post

administration of the labeled compound. Data are expressed as mean percent injected

dose per gram (%ID/0) SEM.
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Figure S8.36 Absorption spectra for compoun#i®aand11a(50 uM in MeOH) in the

presence of 0 (blue) and 500 uM (red) T-C®I.
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Figure S 8.37 Emission spectra for compound®a andl1la (50 uM in MeOH) in the

presence of 0 (blue) and 500 uM (red) T-C®I.
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Table S 8.1 Biodistribution data expressed as (top) percent injected dose per gram
(%ID/g) and (bottom) percennjected dose per organ (%ID/O) for select fluids and
tissues for pretargeting with 20 mg/kg of T@P administered 1 h prior tdlb.
Experiments were performed using Balb/c mice (n = 3 per time point) with tissues

collected at 6 h and 12 h post administraf the labeled compound.

%ID/g n=3 n=3
6h 12h
Organs avg SEM avg SEM
Blood 4.06 0.16 0.62 0.10
Adipose 1.04 0.31 0.15 0.02
Adrenals 4.96 0.65 2.56 0.74
Bone (arm + shoulder) 5.28 0.67 4.51 0.08
Bone (leg + knee) 9.27 0.32 7.62 0.49
Brain 0.10 0.02 0.02 0.00
Gall Bladder 54.32 5.45 7.94 2.75
Heart 1.53 0.12 0.86 0.05
Kidneys 13.43 0.33 7.76 0.95
Lg Intestine + Caecum 27.70 4.63 2.95 0.68
Liver 12.95 0.63 8.09 0.67
Lungs 7.54 3.25 0.89 0.13
Pancreas 0.45 0.07 0.19 0.01
Skeletal Muscle 0.24 0.00 0.17 0.06
Sm Intestine 3.34 0.22 1.20 0.28
Spleen 3.21 0.40 2.34 0.49
Stomach 9.09 7.92 1.58 0.45
Thyroid/Trachea 2.16 0.19 1.76 0.06
Urine + Bladder 23.58 6.67 3.01 0.19
%ID/O n=3 n=3
6h 12h

Organs avg SEM avg SEM
Blood 3.72 0.21 0.57 0.11
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Adipose 0.07 0.02 0.01 0.00
Adrenals 0.07 0.01 0.03 0.01
Bone (arm + shoulder) 10.52 1.26 9.01 0.26
Bone (leg + knee) 18.52 0.85 15.18 0.82
Brain 0.04 0.01 0.01 0.00
Gall Bladder 0.33 0.16 0.07 0.03
Heart 0.14 0.02 0.08 0.01
Kidneys 3.56 0.26 2.01 0.09
Lg Intestine + Caecum 14.71 1.21 1.55 0.25
Liver 13.21 0.50 8.51 0.84
Lungs 1.09 0.52 0.11 0.01
Pancreas 0.06 0.02 0.03 0.00
Skeletal Muscle 1.75 0.05 1.23 0.42
Sm Intestine 3.18 0.23 1.15 0.22
Spleen 0.34 0.06 0.21 0.05
Stomach 251 2.21 0.49 0.06
Thyroid/Trachea 0.03 0.00 0.03 0.00
Urine + Bladder 2.57 1.35 0.41 0.29
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9 Appendix 4 (Supporting Information for Chapter 5)
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Figure S9.1 *H NMR spectrum (CBCN, 600 MHz) of3a.
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Figure S9.2 13C NMR spectrum (CECN, 150 MHz) of3a.
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Figure S9.3 Positive ion HRESI MS of3a.
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Figure S9.4 *H NMR spectrum (CBOD, 600 MHz) of5a.
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Figure S9.5 13C NMR spectrum (CBOD, 150 MHz) of5a.
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Figure S9.6 Postive ion HRESI MS of5a
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Figure S9.7 Absorption (top) and emission (bottom) spectrurBaf
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Figure S9.8 HPLC chromatograms (U¥indo) of the solated

[Re(CO)(bipy)(EtOHTrz) 3acomplex ceinjected with®*™Tc complex3b.
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Figure S9.9 o-HPLC chromatogram at 0.5 h following incubation in saline to

[9™Tc(COX(bipy)(EtOHTr2)]* 3b.

Figure S9.102-HPLC chromatogram at 1 h following incubation in saline to

[9™Tc(COX(bipy)(EtOHTr2)]* 3b.

249




































