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SYNTHESIS AND EVALUATION OF 105RHODIUM(III) COMPLEXES DERIVED
FROM DIAMINODITHIOETHER (DADTE) LIGANDS
Zeynep Akgun
Dr. Susan Z. Lever, Dissertation Supervisor

ABSTRACT
Seven analogoues of tetradentate acyclic diaminodithioether (DADTE)
ligands

were

synthesized

and

characterized.

R2SC(R1)2)CHnN(CH2)mNCHn((R1)2C)SR2 222‐gdm (L3): m = 1, n = 1, R1 = –CH3
and R2 = ‐H; 222‐gdm‐pmBz (L4): m = 1, n = 1, R1 = –CH3, R2 = –CH2C6H5OCH3;
232‐gdm‐pmBz (L7): m = 2, n = 1, R1 = –CH3, R2 = –CH2C6H5OCH3, 232‐gdm‐Met
(L8): m = 2, n = 1, R1 = –CH3, R2 = –CH3, 232‐Met (L10) m = 2, n = 1, R1 = –H, R2 = –
CH3, 323‐Met (L12): m = 1, n = 2, R1 = –H, R2 = –CH3 and 333‐Met (L14): m = 2, n =
2, R1 = –H, R2 = –CH3). Rh(III) complexes of these DADTE ligands were prepared
and the effect of the ligand backbone size on the configuration (cis and/or trans)
has been studied.

105

Rh radiolabeling studies were performed in order to

investigate the optimum criteria for an ideal chelate such as high thermodynamic
stability and kinetic inertness. Also, it is desirable that a single isomer with low
lipophilicity

properties

is

formed

Complexation of 232‐gdm‐Met with

after

105

complexation

of

the

chelate.

Rh yielded a complex that fulfilled the

minimum criteria. Coupling studies of 232‐gdm‐Met to Bombesin(7‐14)

xvii

analogues, Ahx‐Met14‐BBN(7‐14) and Ahx‐NLeu14‐BBN(7‐14), via an alternative
approach have been accomplished. Finally, radiolabeling studies with 232‐gdm‐
Met‐Ahx‐BBN(7‐14) analogues were investigated to achieve an efficient

Rh

105

labeled BBN based target specific radiopharmaceutical.
Structural changes on the DADTE ligand system have been effected to
provide a Rh(III)‐DADTE complex with optimum properties for an ideal chelate
for targeted therapy applications. The alternative approach developed to attach
the ligands to peptides yields

105

Rh labeled Bombesin(7‐14) without needing

further functionalization on the ligand.

xviii
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INTRODUCTION
Radiopharmaceuticals are compounds containing radioactive atoms.

Unlike

conventional

chemotherapy

and

radiation

therapy,

therapeutic

radiopharmaceuticals are designed to deliver the ionizing radiation to the
disease

sites

selectively

without

damaging

the

normal

tissue.

These

radiopharmaceuticals can be small organic/inorganic1‐4 molecules or they could
be receptor‐avid tracers such as antibodies,5, 6 peptides7, 8 or hormones.9
In the past decade, small peptides have been of great interest in receptor–
based targeted therapy because many tumors have elevated levels of cell surface
receptors that bind to peptides with high affinity compared to normal tissue.10, 11
There are several approaches available to incorporate a radionuclide to the
peptides.12 The most common ones are the direct labeling method and the
bifunctional chelating agent (BFCA) method. In the direct labeling method, a
radioisotope is attached to the peptide mainly through the side chain functional
groups and/or amide nitrogen atoms.13,

14

Sometimes this method might be

inappropriate to use, especially if the radionuclide does not form a stable bond
with the targeting molecule or when attachment of a radionuclide affects
recognition by the receptor. An alternative method to direct labeling is to
introduce the radioisotope to the peptide via the BFCA method.6, 15 Bifunctional
chelate based radiopharmaceuticals are usually made from four parts: A

1

radionuclide, a targeting molecule, a ligand and a linker (Figure 1).5, 14 When the
linker is attached to the ligand prior to attachment to the peptide, the ligand
linker is referred to as the bifunctional chelating agent. An analogy can be used
to explain how BFCA based radiopharmaceuticals work. Assume a precious
painting needs to be shipped to the Louvre museum safely. Most likely, it would
be sent with a very reliable company like FedEx, since it is known that FedEx
will deliver the package safely to the desired address on time. The peptides are
like the Fedex delivery men who know specifically where to deliver the package
safely. The radioisotopes are the precious painting and the chelates are the
packaging of the painting, which is very crucial in terms of its safe delivery. The
scientific explanation and properties of each component of a target specific‐BFCA
radiopharmaceutical is illustrated in Figure 1 and described in more detail below.
The radioisotope is the radiation source that delivers the therapeutic dose.
Depending

on

the

nuclear

properties

of

the

radioactive

atom,

a

radiopharmaceutical can be used either for diagnostic or therapeutic purposes.
For systematic cancer radiotherapy, selection of an appropriate radioisotope is an
exacting endeavor.5, 6 Several factors need to be considered, such as tha half‐life,
the decay characteristics, specific activity and the production and cost of the
radioisotope.

2

BFCA
Linker

Receptor

Cancer
Cell

Radioisotope

Biomolecule

Normal
Cell

Target-specific radiopharmaceutical

Figure 1 Cartoon demonstration of a target‐specific radiopharmaceutical

The half‐life of the radioisotope must be long enough to deliver the
desired dose to the target tissue after the radiopharmaceutical has reached the
maximum target/background ratio.14
Radioisotopes selected for use in tumor therapy should emit particulate
radiation such as α‐emission, β−‐emission or Auger electron emission with little
or no accompanying gamma emission. Ideally, if a gamma emission is present,
the abundance of the accompanying γ emission should be between 5 to 20 % in
the range of 100‐200 keV so that the γ emission can be used for in vivo tracking of
the therapeutic dose and dosimetric calculations.5 Higher γ emissions can cause
radiation toxicity to some critical organs such as bone marrow.5 Depending on

3

the tumor size and location, the choice of the particle emitter will be different.
Characteristics of each kind of particle emitters are elucidated below (Table 1).
Table 1 Physical characteristics of therapeutic radioisotopes
Decay
Mode
α
β−
EC/IC

Particles

Energy

Range

Helium nuclei
Electrons
Auger electrons

High (4‐9 MeV)
Medium to high (0.5‐2.3 MeV)
Very low (eV‐keV)

50‐100 μm
1‐12 mm
Several nm‐few μm

An α‐particle is a helium nucleus having a mass of 4 amu and a charge of
+2 with energies ranges from 4 to 9 MeV. It has a short range in tissue, around
40‐100 μm, and moves in straight lines. Since the linear energy transfer (LET) of
the α‐particle is very high (80 keV/μm), they are very destructive for cell killing.
However, its short range restricts the “crossfire” effect, which makes it effective
in destroying small and homogenously distributed tumors. The short range also
limits the mode of delivery when used for radiotherapy.
β‐ particles are negatively charged electrons that are emitted from the
nucleus. During this decay process, each β‐particle has an indistinct energy that
varies from 0 to Emax. The energy of the β‐particle ranges from 0.5 to 2.3 MeV and
it is dispersed throughout its travel. The LET value of these particles is quite low
(0.2 keV/ μm) compared to the α‐particle (80 keV/ μm). For effective cell
destruction, it is vital to provide high radioisotope concentration within the
tumor site. However, β‐particles can travel longer distances in tissue (1‐12 mm),
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which is an advantage in destroying non‐homogenously distributed tumors, by
producing a cross‐fire effect. In terms of having an effective tumor destruction
while producing minimal radiation damage to normal tissue, long‐range

β‐

emitters should be considered for big and bulky tumors while short range β‐
emitters might be more beneficial for smaller tumors.
Auger electrons arise from electron rearrangements after the production
of an electron vacancy in an inner shell of an atom as a result of the electron
capture (EC), internal conversion (IC) or the photoelectric effect. The electron
vacancy is filled immediately by an electron from an outer shell, and the excess
energy dissipates either by x‐ray emission or by the ejection of one of the other
electrons from the atom. The Auger process is repeated if the electron, which
moved to fill the inner shell did not come from the outer most shell and thus
causes an Auger effect cascade where a great number of electrons and x‐rays are
emitted. The typical energies of these electrons range from 10 eV to 80 keV. The
great majority of these electrons have energies of less than 1 keV. Since their
ranges are very short (μm), the energy deposition on the nanoscopic scale would
be very high. Auger electron emitting radioisotopes will be the choice only if the
radiopharmaceutical can cross the nuclear membrane and come close to DNA.
Nuclear properties of selected potential therapeutic radioisotopes are illustrated
in Table 2.
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Table 2 Nuclear properties of selected potential therapeutic radioisotopes5, 18, 19

Another practical consideration in selecting a radioisotope is the specific
activity (i.e., Ci/mmol or GBq/mol). In tumors, the target receptor sites are
generally limited in number. This requires that the site‐specific radiolabeled
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compounds are prepared with high specific activity. Also, it is very important to
produce the short‐lived radioisotope readily and in large quantities at affordable
costs, and in an appropriate time frame.
As previously mentioned, the bifunctional chelate is the holder and the
connector of the radioisotope to the targeting molecule. It is able to coordinate to
the radioisotope while covalently attached to a linker, or in some cases, directly
to the targeting molecule. The bifunctional chelate method can be utilized in two
ways; namely, a pre‐labeling and a post‐labeling method (Scheme 1‐1).
In the pre‐labeling approach, the radioisotope is first complexed with the
chelate and then radioisotope chelate complex is conjugated to the target
molecule. In the post‐labeling approach, the complexation of the radioisotope is
carried out after the chelate is conjugated to the target molecule. The latter
method is more convenient, since preparation time of the radiopharmaceutical is
crucial especially when working with short‐lived radioisotopes. However, when
harsh conditions are necessary for radiolabeling, such as high temperature and
low pH, the pre‐labeling approach is preferred in terms of maintaining the
physicochemical properties of the target molecule.
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1st Step:

+ M+3

M+3

2nd Step:

M+3

M+3

+

a) Pre‐Labeling Approach

1st Step:
+

2nd Step:

+ M+3

M+3

b) Post‐Labeling Approach

Scheme 1‐1
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It is becoming evident from many studies performed with BFCA
containing radiopharmaceuticals that several factors need to be considered in the
choice of an ideal BFCA.5, 6 It is vital for the radioisotope‐BFCA complex to stay
intact when it is administered to humans, since the dissociated radioisotope
might cause unwanted radiation accumulation in certain organs.8 So the BFCA
should form a thermodynamically stable and kinetically inert complex with the
radioisotope. Thermodynamic stability shows the affinity of the metal to the
particular ligand in the presence of other competing ligands. For example, when
the radiopharmaceutical is injected in vivo, the ligand that is attached to the
radiometal starts competing against the other native chelators that are found in
the blood stream, such as transferrin.14 If the metal has more affinity towards the
other natural chelating agent or its concentration is sufficiently high to shift the
equilibrium, then the metal eventually dissociates from the metal chelate
complex. Another important factor that determines the stability of the complex is
its kinetic inertness. This property indicates the rate of dissociation of the
radioisotope from the radiopharmaceutical. The metal might not have as much
affinity to that one particular ligand in the presence of other ligands, but once the
complex has been formed then it will stay stable no matter which other chelates
may be around.
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One way to increase the stability of the metal chelate complex is to use
multidentate chelators.20 From the previously published literature, it is proved
that “the greater the number of points of attachment of each ligand to the central
metal ion, the greater the stability of the complex.”21 For example,
diethylenetriaminepentacetic acid, DTPA, is one of the most extensively used
acyclic BFCA for

111

In and

90

Y (Figure 2).22 It usually forms eight coordinate

complexes with its three amines and five carboxylic acid groups. It is found that
111

In forms very kinetically stable complexes with DTPA. However,

90

Y

complexes are found not to be kinetically stable in vivo. Several derivatives of
DTPA have been developed to improve the in vivo stability of the metal
complexes. A kinetically stable derivative of DTPA, namely tiuxetan (2, 2ʹ‐(1‐((2‐
(bis(carboxymethyl)amino)‐3‐(4‐isothiocyanatophenyl)propyl)(carboxymethyl)
amino)

propan‐2‐ylazanediyl)

radiolabeling of antibodies and

diacetic
90

acid),

was

synthesized

for

90

Y

Y‐tiuxetan‐ibritumomab antibody conjugate

(Zevalin®) is approved by the FDA for human use.
Many investigators proved that using a macrocyclic chelating agent is
another way to improve the kinetic inertness and in vivo stability. DOTA, 1, 4, 7,
10‐Tetraazacyclododecane‐N, Nʹ, Nʹʹ, Nʹʹʹ‐tetraacetic acid (Figure 2), is one of
these macrocycles that has proven itself as a BFCA. It is reported that DOTA and
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COOH
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Figure 2 Structures of DTPA and DOTA
its derivatives form very stable complexes in vivo with
177

68

Ga,

111

In,

149

Pm and

Lu.23 However, a drawback of using macrocycles might be their slow labeling

kinetics, which means a longer heating time is required for labeling macrocycles
compared to their acyclic derivatives. So, in the case of labeling antibodies, these
conditions might cause denaturation of the antibodies. Usually, the numbers of
receptors on the cancer tissue are very low. So it is important to achieve a high
complexation yield with the radioisotope and retain biological activity of the
targeting molecule, in order to have enough activity accumulation on tumor site.
Usually, having a single isomer in radiolabeled complexes is a favored
property, since different isomeric forms of the chelating agent may possess
different biological and pharmacological characteristics. For example, ethyl
cysteinate dimer (ECD) is a chelate, that has two stereoisomers l,l‐ECD and d,d‐
ECD, and is used for 99mTc labeling for brain perfusion. 99mTc‐ l,l‐ECD is a neutral
complex that diffuses into the brain and in the brain becomes a negatively
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charged complex that results from hydrolysis of one of the ester groups to a
carboxylic acid by an enzyme. After it becomes a charged complex, it cannot
diffuse back and remains in the brain. However, it is found that this selective
hydrolysis occurs only in the case of l,l‐ECD. Thus, utilizing racemic ECD as a
bifunctional chelating agent might not represent an optimum choice.
When deciding on a BFCA, physical parameters such as bulk and
lipophilicity are other critical factors. If a BFCA is too bulky, its introduction may
limit receptor affinity. If a BFCA is too lipophilic, it may contribute to the
accumulation of the radiation to the non‐target organs, such as liver and fatty
tissue.
The BFCAs are conjugated to the linkers or peptides via functionalized
groups that exist on their backbone chain. To achieve the conjugation of the
BFCA to the linker/peptide, these functionalized groups are transformed to
activated groups such as active esters, isothiocyanate, maleimide, hydrazide or
haloamide (Figure 3).12,
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Although this method has been quite successful,

synthetically functionalizing the ligands to become a BFCA is usually very
challenging and time consuming. Furthermore, any modification of the linking
group requires additional lengthy synthesis. During the course of this thesis
project, an alternative approach, in a more efficient and synthetically viable
manner, was developed to attach the ligands to the peptides.3 In this method, a
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bifunctional linker is attached to the peptidyl‐resin via its amino terminus. Acetyl
bromide was utilized as the bifunctional linker. Following the covalent
attachment to the peptide, the parent ligand is coupled through the bromacetyl
group. The ligand‐linker‐peptide is then cleaved from the resin (Figure 4).
Because no functionalization is needed on the ligand backbone, the only
synthesis required is that of the parent ligand. Thus, the use of this method will
greatly reduce the chemical complexity of coupling of the ligand to the peptide,
since the ligand and the peptide is assembled on the same solid resin support,
and to yield the free ligand‐peptide conjugate, deprotection and cleavage of the
resin‐peptide‐ligand can performed in one step. In addition, modification of the
linker in subsequent synthesis, if desired, can be accomplished more readily. This
approach can be applicable to ligands that have either one or more symmetric
secondary amine groups in order to prevent multiple product formation.
Usually, a linker is used to separate the BFCA from the peptide to
minimize the possible interactions between the BFCA and the receptor site of the
peptide, because this might affect the binding ability of the peptide to the
receptor sites in vivo.24 The linker also can be used to modify the pharmacokinetic
properties of the radiopharmaceutical such as increasing its hydrophilicity.
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The targeting molecule, is the carrier of the therapeutic dose to the tumor
cells, which has high affinity to the targeted tumor receptors. Usually these are
biomolecules such as antibodies5, peptides, peptidomimetics or non‐peptide
receptor ligands. In this thesis, the small peptides will be discussed as the class of
targeting molecule. Bombesin was chosen as the peptide due to the promising
clinical potential of its pharmacologically optimized analogues as carrier
biomolecule.25 Native bombesin is an amphibian peptide. Its structure is similar
to the mammalian neuropeptides such as gastrin releasing peptides (GRP) and
neuromedin B.10 The first bombesin analogue was isolated from the skin of the
European frog “Bombina bombina.” This peptide has a high affinity to GRP
receptors, which are mostly found in the central nervous system, the intestine
and the pancreas. Bombesin‐like GRP peptides generate many physiological
effects, such as stimulation of gastrointestinal hormone and pancreatic enzyme
release, exocrine secretion and mitosis. It has been found that the GRP receptors
are expressed with high density on small lung, breast, prostate, and pancreatic
tumors.10 So it has been proposed by many investigators that Bombesin or its
analogues may be potential vehicles to deliver radioactivity to the target
selectively.10, 26 Several studies have been performed to investigate the potential
use of the radiolabeled bombesin analogues for radiotherapy and diagnosis. The
native bombesin contains 14 amino acids, (Figure 5), however, several studies
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showed that only the last seven amino acids are required for receptor binding.25
Depending on the structure of the 14th amino acid, bombesin analogues can have
agonist or antagonist properties.25
If a bombesin analogue has agonistic properties, it can bind to the receptor,
internalize and trigger a response in the cell.4 In contrast, an antagonist can bind
to the cell, inhibit the normal physiological function of the receptor but not
stimulate any physiological effect. So agonist analogues of bombesin are
normally chosen for therapeutic use, while antagonist analogues are chosen for
the diagnostic purpose.
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Radioisotopes such as

111

In,

Tc, 68Ga, 64Cu and 18F have been studied to

99m

investigate the potential use of bombesin for diagnostic purposes while 177Lu , 90Y,
188

Re and 105Rh have been investigated for therapeutic purposes.27‐31 For example,

bifuctional chelates such as DTPA and DOTA have been used with 111In and 177Lu,
to produce kinetically inert, in vivo stable modified bombesin conjugates.32,
Lantry et al. introduced a

177

Lu labeled bombesin conjugate,

Lu‐DOTA‐G‐(4‐

177

aminobenzoyl)‐QWAVGHLM‐NH2. The preclinical studies showed that
DOTA increased

33

177

Lu‐

the survival rate of PC‐3 tumor‐bearing mice by 33 %,

suggesting that it might be a promising candidate for treating BBN receptor
positive tumors.34 Recently, Zhang et al.33 introduced new derivatized bombesin
conjugates, DTPA‐γ‐aminobutyric acid‐[D‐Tyr6, β‐Ala11, Thi13, Nle14] bombesin (6
–14) and DOTA‐γ‐aminobutyric acid‐[D‐Tyr6, β‐Ala11, Thi13, Nle14] bombesin (6 –
14) labeled with

111

In,

177

Lu and

90

Y.33 The biodistribution results performed in

AR42J tumor‐bearing rats show that these bombesin conjugates had uptake in
this tumor and BBN receptor positive organs. Also, limited studies with

Rh

105

labeled bombesin (7‐14) using macrocyclic S4 bifunctional chelates have been
reported. The 105Rh‐S4‐BBN displacement assay that was performed on Swiss 3T3
fibroblasts against 125I‐Tyr4‐BBN showed IC50 value of 4.76 ± 0.79 nM.35
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1.1

Chemistry of Rh(III)
Rhodium is a second row, group 9 transition metal. It was first discovered

in 1803 by William Hyde Wollaston in crude platinum ore from South America.
It is named for the Latin “rhodon” meaning “rose” inspired by its rose colored
salts found in aqueous solutions. Rhodium is a very rare element (0.0001 ppm)
typically found with other platinum metals in river sands of the Urals and in
North and South America. It is also found with other platinum metals in the
copper‐nickel sulfide ore of the Sudbury, Ontario region and South Africa.36, 37
One of the most important oxidation states for Rh is +3. Relatively large
numbers of complexes are obtained with this oxidation state. The great majority
of the Rh(III) complexes have octahedral geometry and they are very kinetically
inert. One reason for their kinetic inertness is their high crystal field stabilization
energy (CFSE). Octahedral d6 complexes favor low spin and high field
arrangements going from 3d to 5d orbitals, which mean that all the d electrons of
d6 complex occupy the lower t2g orbitals. Because of the kinetic inertness of
rhodium(III), substitution reactions require catalytic reduction. Rh(III) complexes
are usually synthesized in aqueous solutions of RhCl3 ⋅ xH2O, along with the
desired ligand in the presence of a reducing agent. In 1929, Delepine found that
alcohols catalyzed the formation of Rh(III) complexes.38 The alcohol present in
the reaction mixture apparently reduces the Rh(III) to Rh(I) to assist the
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substitution reaction, and then atmospheric oxygen present in the reaction
reoxidizes the Rh(I) to generate the kinetically inert Rh(III) complex. Several
studies have been done to investigate the kinetics of this phenomenon. It has
been found that the mechanism involved an intermediate Rh(I) state that
resulted from a 2‐electron reduction of a Rh(III) species. It has been thought that
the nature of the catalytic species was likely to be either Rh(III)‐H‐ or Rh(I).38, 39
However, after extensive studies, the latter was proven to be the catalytic species
(Figure 6). The mechanism proposed for Rh(I)‐Rh(III) is similar to the Pt(II)‐Pt(IV)
exchange system, where Rh(I) was formed by a direct two‐electron reduction of
Rh(III) while EtOH was deprotonated to form ethoxide and then decomposed by
breaking of a β‐C‐H bond to generate acetaldehyde.40

[Rh(H 2O)3Cl3]
Rh(I) + L4
[Rh(L)4]+

reduce
Rh(I)
f ast

[Rh(L)4]+

+ [Rh(H2O)3Cl3]

[H2O-Rh(L)4-Cl-RhCl2(H2O) 3]+
[Rh(L)4(H 2O)Cl]+2

+

+ H2O

slow

[H2O-Rh(L)4-Cl-RhCl2(H2O) 3]+

f ast

[Rh(L)4H2OCl]+2
[Rh(L)4Cl2]+

Cl -

Figure 6 The substitution reaction of Rh(III)
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+ Rh(I)
+ H2O

In addition to the presence of a reducing agent, pH plays an important
role in Rh(III) complexation reactions. Like most of the +3 transition metals,
Rh(III) exhibits acidic behavior and is extensively hydrolyzed in aqueous
solutions.21 Usually, the hydroxides of Rh(III) are pretty insoluble in water.
Besides, in more basic solution, there is a pronounced tendency for these metal
hydroxides to form dimers and polymers with hydroxide or oxide bridges and
precipitate.36, 41 Numerous investigators42‐46 have shown by a variety of methods
that rhodium(III) forms hydrolyzed polymers in water. One of the earliest
studies was that of Spiccia et al.44 who determined the inertness of the
rhodium(III) hydrolyzed polymers by isolating the dimer species using ion‐
exchange separation. This study indicates the formation of Rh(III) hydroxides
significantly increases around pH 4 and they are highly insoluble around pH 6.
After increasing the pH to ~ 13, most of the Rh(III) was found to be polymerized
in 1 hour (Figure 7). They also concluded that, due to the kinetic inertness of
Rh(III) after forming the dimer, it is almost impossible to convert it back to the
single species.44 As indicated in one of the studies, conversion of half of the
doubly bridged Rh(III) dimer into the singly bridged form in 1 M HClO4 at 25 °C
required 6 weeks.44
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[Rh(H2O)6] 3+

[Rh(H2O)5(OH)]2+

[Rh(H2O)5(OH)]2+ + H+

[Rh(H2O)4(OH)2]2+ + H+

[Rh(H2O)4(OH)2]2+ + [Rh(H2O) 4(OH)2] 2+

pKa1 = 3.6 0.1

pKa2 = 4.7 0.2

[(H2O) 4Rh(u-OH)2Rh(OH2) 4]4+

Figure 7 The formation of Rh(III) hydroxides

In most of the Rh(III) complexation reactions, RhCl3(H2O)3 is the starting
material. To prevent the rapid hydrolysis of the trichloride into an unwanted
precipitate, it is important to keep the pH of the reaction below pH 6.

1.2

Current bifunctional chelates for 105Rh(III)
In the last decade, various investigators have been inspired by the

importance of 105Rh as a therapeutic radioisotope. To endorse the use of 105Rh as a
target specific radiopharmaceutical with a maximum stability in vivo, various
types of chelating ligands have been evaluated for this purpose: acyclic
tetramines, cyclic tetramines, amines oximes, amine phenols, porphyrins,
tetrathiamacrocycles, NS‐macrocycles and acyclic tetrathioethers.
The first ligands that were investigated for use with Rh(III) are shown in
Figure 8. In this study Rh(III) 1,4,7,10‐tetraazadecane (2, 2, 2‐tet) and 1, 4, 8 , 11‐

22

tetraazaundecane (2, 3, 2‐tet) complexes were synthesized and characterized by
UV spectroscopy.15 The characterization of the Rh(III) complexes showed that the
cis‐dichloro configuration was strongly favored by (2, 2, 2‐tet) in its octahedral
complexes, while (2, 3, 2‐tet) exclusively favored the trans‐dichloro configuration.
This difference in the adopted stereochemistry for two homologous ligands was
explained in terms of conformational strain. The formation of exclusively cis
Rh(III) complex with triethylenetetramine suggests that, in the cis octahedral
form, all three ethane linkages in triethylenetetramine can adopt a gauche
conformation where in the trans configuration not all of the ethylenediamine
rings can adopt a stable gauche conformation without considerable strain.
However in the case of (2, 3, 2‐tet), both ethylenediamine rings can achieve a
gauche conformation while the 1, 3 propane linkage of the chelate ring can
achieve a stable chair conformation.

Cl

HN
NH

NH

Cl

HN

NH

HN

NH

H 2N

Rh
NH2 H 2N

H2N

Rh

NH

NH2 H2N

Cl

2, 2, 2‐tet,

H 2N

NH

Cl

cis‐[Rh(III)(2, 2, 2‐tet)Cl2]+

2, 3, 2‐tet, trans‐[Rh(III)(2, 3, 2‐tet)Cl2]+

Figure 8 Structures of acyclic tetramines and their Rh(III) complexes
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In a later study, Rh(III) complexes of the 12‐, 13‐, 14‐, 15‐ and 16‐
membered saturated cyclic tetramines, 1, 4, 7, 10‐tetraazacyclododecane,
(cyclen), 1, 4, 7, 10‐tetraazacyclotridecane, 1, 4, 8, 11‐tetraazacyclotetradecane,
(cyclam),

1,

4,

8,

azacyclohexadecane

12‐tetraazacyclopentadecane
respectively

(Figure

9),

and
were

1,

5,

9,

13‐tetra‐

synthesized47‐49

and

characterized by elemental analysis and UV spectroscopy.
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Figure 9 Structures of a variety of cyclic tetramines
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In general, all the ligands formed kinetically inert octahedral complexes
where the charges of the complexes are +1. According to this study 12‐ and 13‐
membered N4 macrocycles formed only cis complexes while the 14‐ membered
formed both cis and trans and 15‐ and 16‐membered N4 macrocycles formed only
trans complex. The tendency of adopting cis configuration with decreasing size of
the ring clearly indicates that the macrocycles 12‐ and 13‐membered cannot
surround Rh(III) to form a trans complex.
Based on these results, to utilize cyclam, cyclen and 1, 4, 8, 11‐
tetraazaundecane as a BFCA, Kruper et al.50 synthesized the functionalized
derivatives to form 3‐(4‐(aminophenyl)methyl‐1, 5, 8, 12‐tetraazacyclotetradecane
(BA‐cyclam), 6‐(4‐aminophenyl)methyl)‐1, 4, 8, 11‐tetraazaundecane (BA‐2, 3, 2‐
tet), 1, 4, 7, 10‐tetraaza‐1‐1((4‐aminophenyl)‐methyl)cyclododecane (BA‐N‐cyclen)
and 6‐(3‐aminopropyl)‐1, 4, 7, 11‐tetraazaundecane (PA‐2, 3, 2‐tet) (Figure 10).
However, since direct derivatization of cyclam, cyclen and 1, 4, 8, 11‐tetra‐
azaundecane was not possible, the ligands had to be resynthesized from the
component parts in multiple steps. These BFCAs were then radiolabeled with
105

Rh in one hour at 90° C, pH 6. The radiochemical yield was analyzed by using

radio‐TLC and cation exchange chromatography. According to the results of
these techniques, it was found that the radiochemical yield was 85 %. Following
the radiolabeling, the amino group on the complexes’ conjugation arm were
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converted to the isothiocyanate and conjugated to an antibody (IgG) and an
antibody fragment (F(ab´)2) with a pre‐labeling approach. After a one hour
incubation with 105Rh in carbonate buffer (pH 9.5) at room temperature, the 105Rh
labeled antibodies were isolated by centrifugal gel filtrations. The uptake studies
of labeled CC49 (IgG) and CC49 (F(ab´)2), using BA‐2, 3, 2‐tet, were performed in
athymic mice bearing LS174T tumors. The radioactivity was measured as counts
per minute per gram (cpm/g) and expressed as a function of the amount injected.
In the case of

105

RhCl2(BA‐2, 3, 2‐tet)‐CC49 (IgG), the tumor‐to‐blood ratios were

8 : 1, where in the case of

105

RhCl2(BA‐2, 3, 2‐tet)‐CC49(F(ab´)2) the tumor‐to‐

blood ratio was 13 : 1.50
H2N
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PA‐2, 3, 2‐tet

Figure 10 Bifunctional chelates derived from acyclic and cyclic tetramines
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Considerable synthetic efforts have been made to produce N and O donor
containing ligand systems, such as the amine oxime, amine phenol, amine and
porphyrin that form kinetically stable Rh(III) complexes (Figure 11).
NH2

NH2
CH3

HOCHCH3

OH
CHCH 3

H3C
NH

NH

N

NH

N

HN
HN

N

OH

HO

CH3

H 3C

N
CH2CH2COOH

OH

CH2 CH2 COOH

Figure 11 Structure of amine oxime, amine phenol, amine and porphyrin ligands

In the case of the amine oxime ligand system, the Rh(III) complex of 3‐
benzylamino‐3‐methyl‐2‐butanone oxime and its bifunctional chelate form 3‐[N‐
(4‐aminobenzyl)]amino‐3‐methyl‐2‐butanone

oxime

were

synthesized

and

characterized by X‐ray crystallography (Figure 12).51 It was observed that these
ligands formed kinetically inert, mononuclear, neutral octahedral complexes
with Rh(III), with the Rh(III) metal center coordinated to the four N atoms from
two bidentate amine oxime ligands equatorially, with two Cl atoms in trans axial
positions. The pre‐labeling approach was used to label the antibodies. So first the
3‐[N‐(4‐amiobenzyl)]amino‐3‐methyl‐2‐butanone oxime was labeled with
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Rh.

105

The radiolabeling reactions were completed in 2 hr at 90° C. The radiochemical
yields were 95 %, estimated by the magnesium oxide adsorption technique.52
Following the radiolabeling of 3‐[N‐(4‐amiobenzyl)]amino‐3‐methyl‐2‐butanone
oxime

Figure 12 Crystal structure of 3‐benzylamino‐3‐methyl‐2‐butanone oxime

with

105

Rh, the functional group on the complex was converted to the

isothiocyanate derivative with thiophosgene and was used to label human IgG.
After 5 h incubation with

105

Rh in borate buffer (pH 9) at room temperature, the

labeling efficiency (90 %) was analyzed by gel filtration chromatography with a
Sephadex G 75 column (30 x 1.4 cm) using 0.9 % saline as the eluent. In the case
of the amine phenol ligand system, Pillai and co‐workers53 used a similar
approach to radiolabel IgG with the

Rh complex of 1, 7‐bis(2‐hydroxybenzyl)‐

105

4‐(p‐aminobenzyl)diethylenetriamine. The radiochemical yield of complexation
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(80 %) was analyzed by the magnesium oxide adsorption technique, while the
final yield (60 %) after binding to IgG was analyzed by using a similar method,
gel filtration chromatography, described above. The same authors also reported
the radiolabeling of

105

Rh with the hematoporphrin [8, 13‐bis(1‐hydroxyethyl)‐3,

7, 12, 17‐tetramethyl‐21H, 23H‐porphine‐2, 18‐dipropionic acid] ligand54, by a
similar procedure. The radiochemical yield of 60 % was analyzed by a solvent
extraction method, using methyl isobutyl ketone and saline. Although

Rh

105

radiolabeling with these ligands was accomplished, no further characterizations
of these complexes to my knowledge have been reported.
An important criteria for the successful complexation of a ligand with a
chosen metal is the optimum match of coordinating atoms to the metal.
Depending on the size, charge and polarizability, metals can be categorized as
hard or soft.55 Hard metals are those which have small size, high positive
oxidation state and low polarizability. On the other hand, soft metals have low
oxidation state, large size and high polarizability. High polarizability is the term
used for atoms in which their outer electrons can be distorted easily by the
interaction with an other molecules and ions. From the previously published
literature, it is known that the reactions are more favorable when the metal
(Lewis acid) and the coordinating atom (Lewis base) are both hard or both soft.
In general, soft metals make more stable bonds with S ~ C > I > Br > Cl > N > O >
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F, and hard metals are vice‐versa. However, there are some metals that can show
both hard and soft characteristics depending on the nature of the ligand. These
metals are called borderline acids. Rh+3 is considered as a borderline metal, which
can make stable complexes both with hard and soft bases.21, 56
Following these studies, in 1989 Blake decided to investigate Rh(III)
complexation reactions with soft bases. So, to pursue this study, Blake
investigated Rh(III) complexation with crown thioethers.

57

Rh(III) complexes

with 12‐, 14‐, and 16‐membered tetrathiamacrocycles (Figure 13) were
synthesized and characterized by X‐ray crystallography.57 According to his study,
it was found that Rh(III) formed very stable and kinetically inert complexes with
crown thioethers. The 12‐ and 14‐ membered S4 macrocycles formed only cis
complexes while the 16‐membered S4 macrocycle formed the trans complex. Even
though the 14‐membered S4 macrocycle and the 14‐membered N4 macrocyles
have the same ring size, the trans isomer was not observed in the case of the 14‐
membered N4 macrocyles. The reason for this difference in the isomer types of
the complexes is due to the size of N and S atoms, which are 132 and 170 pm,
respectively. The bigger atomic radius of S results in the 14‐membered S4
macrocycle unable to surround Rh(III) to form trans complex.
Even though the 14‐membered S4 macrocyle has the same ring size, the
trans isomer was not observed as in the 14‐membered N4 macrocycles.
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S

S

S

12‐membered S4

S

S

S

S

14‐membered S4

S

S

S

S

16‐membered S4

Figure 13 Structures of tetrathiamacrocycles

To understand the potential of using the tetrathiamacrocycle as a
bifunctional chelate for

Rh radiolabeling, Venkatesh and co‐workers58

105

synthesized and characterized the 1, 5, 9, 13‐tetrathiacyclohexadecane‐3, 11‐diol
(16‐S4‐diol) Rh(III) complex. The 16‐S4‐diol ligand was illustrated in Figure 14.
Similar structural results were obtained as in 16‐membered S4
complexation reaction, where 16‐S4‐diol formed the trans, +1 charged octahedral
Rh(III) complex. Following the radiolabeling studies, stability studies were
performed under physiological conditions and the

105

Rh‐16‐S4‐diol complex was

shown to be stable over 4 days, as determined by radio‐TLC.

S

S

HO

OH
S

S

Figure 14 16‐membered S4‐diol
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Li et al59 studied the effect of substituting amine (N) atoms in the ring on
the complexation properties of the macrocycle with Rh(III) chloride by
investigating the complexation properties of the [14]aneNS3, [14]aneN2S2 and
[14]aneN4 macrocyclic ligands (Figure 15) with

105

Rh(III) chloride. The

radiochemical yields were analyzed by radio‐TLC and paper electrophoresis and
the results demonstrated that all the macrocycles complex Rh(III) chloride to
form single octahedral cis products in high yield and carrying a positive charge.
However, a decrease was observed in complexation yield with an increasing
number of N atoms in the macrocycle (94% NS3, 81% N2S2 and 59% N4,
respectively).

S

HN

S

HN

NH

HN

S

S

S

HN

NH

HN

[14]aneNS3

[14]aneN2S2

[14]aneN4

Figure 15 Structure of [14]ane macrocycle ligands

To understand the similarities and differences between the macrocyclic
and the related acyclic tetrathioether ligand in complexing Rh(III), Goswami et
al.60 evaluated acyclic tetradentate thioether ligands with Rh(III). Ligands of this
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type that have been investigated for use with Rh(III) are shown in Figure 16. All
the ligands formed +1 charged octahedral complexes. The 222‐S4‐diAcOH), 222‐
S4‐diBz ligand system was found to have a cis (Cl‐Rh‐Cl core), and 333‐S4‐
diAcOH, 323‐S4‐diAcOH, 333‐S4‐diBz made trans complexes, while 232‐S4‐
diAcOH, 232‐ S4‐diBz formed both cis and trans isomers in high yield.

S

S

S

S

S

S

S

S

R

R

R

222‐S4‐diAcOH, R = COOH
222‐ S4‐diBz, R = Ph

R

232‐S4‐diAcOH, R = COOH
232‐ S4‐diBz, R = Ph

S

S

S

S

S

S

S

S

R

R

R

323‐S4‐diAcOH, R = COOH

R

333‐S4‐diAcOH, R = COOH
333‐ S4‐diBz, R = Ph

Figure 16 Structures for the tetrathioether ligands

33

It is preferred that radiopharmaceuticals are of a single species.
Radiolabeling studies were performed with the ligands (222‐S4‐diAcOH, 232‐S4‐
diAcOH and 333‐S4‐diAcOH) that formed only a single isomer upon
complexation with Rh(III). The radiolabeling reactions with

Rh were

105

accomplished in one hour at 90° C, pH 4‐5. The radiochemical yields were ≥ 90 %,
as analyzed by radio‐TLC, paper electrophoresis and magnesium oxide
adsorption. Stability studies were performed in pH 7.4 phosphate buffered saline.
All three complexes showed very good stability from 98 %, 96 % and 89 %,
respectively, over 5 days. After these promising results, biodistribution studies
were performed for complexes derived from the 333‐S4‐diAcOH and 222‐S4‐
diAcOH. Both ligands complexes showed effective clearance from the blood and
all tissues, primarily through the kidneys and the urine.61
Therefore, up until today

105

Rh(III) complexes with acyclic and cyclic

tetramines, acyclic and cyclic tetrathioethers and cyclic diaminodithioethers have
been studied. Summary of literature precedents for complexation with
illustrated in Table 3.

34

105

Rh are

Table 3 Summary of literature precedents for complexation with 105Rh
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In order to have a complete picture and to understand the similarities and
differences between the macrocyclic and the related acyclic diaminodithioethers
ligands, in this work ligand complexation of acyclic diaminodithioethers with
105

Rh(III) was investigated. Diaminodithiol ligands have been noted for their

favorable

metal‐chelating

features.

In

radiopharmaceutical

studies,

diaminodithiol ligands have been the subject of extensive research in the
development of complexes for brain perfusion62‐65 and renal imaging agents,63 as
well as receptor specific complexes based on small molecules. Acyclic
diaminodithiol complexes based on small molecules have been proposed as
receptor specific imaging candidates for neuroreceptors66 and steroid receptors.67
Furthermore, derivatives of acyclic diaminodithiols were reported by several
authors as radiometal‐labeling bifunctional chelating agents, and their use in
radiolabeling of mAbs and peptides68 with

Tc,

99m

Re and

188

Ga has also been

68

reported.23, 69, 70
To evaluate the potential use of the acyclic diaminodithiol ligand systems
as potential BFCA candidates for

Rh, the structure of the

105

105

Rh(III) acyclic

diaminodithiol complexes, radiolabeling yields, radiolabeled complex stabilities
and their potential linking to a small peptide have been studied.
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1.3

Nuclear Properties of 105Rh(III)
105

Rh was first introduced by Troutner et al.71 in 1988 as an alternative

radioisotope for

67

Cu.

67

Cu is a moderate β‐ emitter for target specific

radiotherapy because of its suitable nuclear properties such as 62 h half‐life, 0.4
MeV maximum β‐ energy and 185 keV gamma emission that is suitable for
imaging.72 However, production of

67

Cu by spallation reactions at high‐energy

accelerators limits its availability for use. Besides, the difficulties associated with
producing kinetically inert and in vivo stable Cu(II) complexes is another
problem that limits its use.7 So, due to the similar nuclear properties and relative
ease of production of

105

Rh, in addition to high kinetic inertness of Rh(III)

complexes, Troutner proposed this radioisotope as a potential moderate energy
β‐ particle emitter for radiotherapy.71
105

Rh decays to

105

Pd by β‐ emissions of 566 keV (75 %), 248 keV (19.7 %),

260 keV (5.2 %) and 133 keV (0.042 %). The emission of a low abundance of
imageable γ‐rays Eγ = 306 keV (5.1 %), Eγ = 319 keV (19 %) provide the possibility
for the in vivo tracking of the therapeutic dose.

105

Rh has a half‐life of 35.36 h,73

which is long enough to allow the radiopharmaceutical to be manufactured,
delivered and used clinically worldwide. The decay scheme of the 105Rh is shown
in Scheme 1‐2.74
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Scheme 1‐2

1.4

Production of 105Rh(III)

105

Rh is produced at nuclear reactors with high specific activity and in no

carrier‐added form. Highly enriched

104

Ru (99.21%) targets are bombarded with

thermal neutrons with the generation of

105

Ru atoms.

Ru (t1/2 = 4.44 h) then

105

decays to 105Rh with concomitant β‐ emission. In a typical run, 104Ru targets (3 mg,
99.21 %) are irradiated for 156 h, where the thermal neutron flux is ~3.0 x 1014
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n/cm2/sec. After a 28 h period, where the majority of the

105

Ru has decayed to its

daughter 105Rh, the 105Rh(21 mCi ) is chemically separated from the Ru target.71, 75
Ru + 1n

104

105

Ru + γ

β‐, 4.44h

Rh

105

The chemical separation is achieved by first oxidizing Ru metal to RuO4
and Rh metal to Rh(III) and Rh(IV), using sodium hypochlorite formed in situ by
bubbling chlorine gas through concentrated NaOH. The RuO4 is then removed by
distillation at 90°C into a hydrochloric acid (HCl) trap. The

105

Rh remains in the

reaction vial and is converted to a mixture of Cl‐ complexes such as [RhC222‐
gdm(H2O)3], [RhCl4(H2O)2‐], [RhCl5(H2O)2‐] and [RhCl63‐] by the addition of 2 M
HCl solution and heating (Scheme 1‐3). Then the resultant solution is transferred
to vials for radiolabeling purposes.

Cl2 tank
HCl Trap
Air

Impingir

Heating block

Dry bath

Ru metal in NaOH

Scheme 1‐3
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NaOH Trap

NaOH Trap

1.5

Objective
The purpose of this project is to design and synthesize a potential

radiopharmaceutical candidate by utilizing

Rh. To achieve this goal, seven

105

acyclic diaminodithioether (DADTE) ligands have been synthesized in an
iterative fashion and their Rh(III) complexes have been prepared. In Table 4, the
general demonstration of the DADTE ligand system is shown. During the course
of this study, several structural modifications have been synthesized (Table 4).
The structures and the formation of isomers of Rh(III)‐DADTE complexes have
been investigated. In addition, 105Rh radiolabeling of DADTE complexes has been
performed and

105

Rh‐DADTE radiolabeling yields and stabilities have been

investigated.

Table 4 a) General structure of the DADTE, b) modifications

m(H2C)
NH

HN
(CH2)n

n(H 2C)
R1
R1

R1
S

S

R2

R2

R1

n

m

R1

R2

222

1

1

‐ CH3

‐H

L4

1

1

‐ CH3

‐ CH2‐C6H5‐OCH3

L7

1

2

‐ CH3

‐ CH2‐C6H5‐OCH3

L8

1

2

‐ CH3

‐ CH3

L10

1

2

‐H

‐ CH3

L12

2

1

‐H

‐ CH3

L14

2

2

‐H

‐ CH3
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The modifications are aimed towards minimizing the number of isomers
formed, decreasing the lipophilicity and achieving a high complexation yield.
Finally, to construct all the parts of the radiopharmaceutical, conjugation of
DADTE ligands with two bombesin(7‐14) (BBN‐7‐14) analogues were performed.
Rather than elaborate the promising ligands to bifunctional chelating agents
through extreme synthetic routes, an alternate method was utilized for
conjugation of the 105Rh(III)‐DADTE complexes to a linker‐BBN (7‐14) (Table 5) .
The steps in the process to achieve this goal consist of the following
experiments:
a) Synthesize and characterize the acyclic DADTE ligands;
b) Prepare and characterize their Rh(III) complexes;
c) Radiolabel the acyclic DADTE ligands with

105

Rh and characterize the

radiolabeled 105Rh complexes by using the macroscopic Rh(III)‐DADTE;
d) Perform stability studies of 105Rh‐DADTE complexes in vitro.
e) Synthesize and characterize the target specific peptides with the linker.
f) Prepare ligand‐peptide conjugate;
g) Prepare and characterize Rh(III)‐ligand‐peptide conjugate;
h) Radiolabel 105Rh complexes and characterize the radiolabeled
DADTE‐peptide conjugate.
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Rh‐

105

Table 5 Names and structural representation of a) BBN (7‐14) and b) BBN (7‐14)
analogues

HN

NH

a)

H2N

H
N

O
N
H

O

H
N

N
O
N
H

O

H
N

H
N

O
N
H

O

R

O

NH 2

N
H

O

O

O
H2N

HN

NH
O
H

b)

N
S

N

N
H

H
N
O

S

O
N
H

H
N

N
O

O

N
H

H
N
O

H
N

O
N
H

R

O

O

N
H

NH 2
O

O
H2N

Name
Ahx‐Met14‐BBN(7‐14)
Ahx‐Ala14‐BBN(7‐14)
Ahx‐NLeu14‐BBN(7‐14)
232‐gdm‐Met‐Ahx‐Met14‐BBN(7‐14)
232‐gdm‐Met‐Ahx‐NLeu14‐BBN(7‐14)

R
‐CH2CH2SCH3
‐CH3
‐CH2CH2CH2CH3
‐CH2CH2SCH3
‐CH2CH2CH2CH3

The experimental for these studies are described in the following pages.
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2

EXPERIMENTAL

2.1

MATERIALS AND METHODS
All chemicals were obtained from commercial sources (Aldrich Chemical

Co.) and used as received unless otherwise stated. TFA was obtained from VWR
Scientific Products, St. Louis, MO. All the Fmoc‐amino‐acid derivatives, HBTU,
HOBt and Rink Amide Novagel resin were obtained from Novabiochem, San
Diego, CA. Phenol, DIEA, ethanedithiol and triisopropylsilane were purchased
by Fluka, Milwaukee, WI. Bromoacetyl bromide was purchased from Aldrich.
All reagents used for peptide studies were HPLC grade or peptide synthesis
grade.

RhCl3 ⋅ xH2O was prepared at University of Missouri Research Reactor

105

(MURR).
1

H NMR (250, 300 and/or 500 MHz) and 13C NMR (250, 300 and/or 500

MHz) spectra were obtained with a Bruker instrument (Bruker BioSpin,
Westmont, IL). Elemental analyses were determined by Atlantic Microlab (Nore
cross, GA).
ESI‐MS analyses were done on a Finnigan TSQ7000 mass spectrometer
(Thermo Finnigan, San Jose, CA). The column used for the LC‐MS analysis was
procured from Waters. (Specifications are NovaPak C18, 3.9 x 300 mm column.)
The flow rate was maintained at 1 mL/min. The wavelengths used to monitor

43

this gradient were 214/280 nm. Eluents used in all runs were water (A), and
acetonitrile (B), each containing 0.1% TFA.
Automated solid‐phase synthesis was accomplished by use of an Advance
ChemTech ACT Model 396 Omega Multiple Biomolecular Synthesizer
(AAPPTEC, Louisville, KY).
HPLC analysis was performed on a Beckmann Coulter System Gold
HPLC equipped with a 168 diode array detector, a 507e autoinjector and the 32
KARAT software package (Beckmann Coulter, Fullerton, CA). The column used
for analytical HPLC was purchased from Keystone Scientific Inc, San Jose, CA.
The specifications of the column were C‐18 Kromosil, 150 x 4.6 mm, 5 μm, 100 Å.
The flow rate was maintained at 1 mL/min. The wavelengths used to monitor
this gradient were 214/280 nm.
The radiolabeling analysis was performed on a Varian Pro Star HPLC
(Model 240 pump) equipped with a Phenomenex Jupiter C‐18 (5m, 4.1 X 250 mm)
column at a flow rate of 1 mL/min. The wavelengths used to monitor this
gradient were 214/280 nm. Eluents used in all runs were water (A) and
acetonitrile (B), each containing 0.1% TFA. Five different gradient methods: a, b,
c, d and e, were used for different analysis. The gradient methods were shown in
Table 6.
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Table 6 Gradient methods a, b, c, d and e (Flow rate: 1 mL / 1 min)
(a)
Time A
0
98
5
98
7
80
12
80
32
60
37
20
42
20
44
98

B
2
2
20
20
40
80
80
2

(b)
Time A
0
2
10
2
64
20
70
80
80
80
82
2
92
2

(d)
Time A
0
98
32
76
35
20
40
20
45
98

B
2
24
80
80
2

B
98
98
80
20
20
98
98

(e)
Time A
0
90
30
50
35
10
40
10
45
98

(c)
Time A
0
98
5
57
10
57
40
52
42
10
50
10
52
85

B
2
43
43
48
90
90
15

B
10
50
90
90
2

Sep‐Pak Vac (0.1 g) cartridges were obtained from Waters Inc, Milford,
MA. Thin layer chromatography plates (MKC‐18F Silica gel 60 Å 2.5 x 7.5 cm
Layer 200 μm thickness) were obtained from Whatman International Ltd,
Madison, England. Quantitation of the radioactivity on the TLC strips was
performed using a radiochromatographic strip scanner (BioScan System 200); the
radioactivity in the extracts was quantitated by counting aliquots of the solutions
in a Na(Tl)I well counter. Paper chromatographic strips were developed with
NH4PF6 acetonitrile solution.
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2.2

LIGAND SYNTHESIS
Syntheses of L1, L2 and 222‐gdm and 222‐gdm‐pmBz were performed

according to the literature.

2, 2’‐Dithiobis (2‐methylpropanal), L1
Synthesis of the 2, 2’‐dithiobis (2‐methylpropanal) was carried out
according to previously reported procedure76. Briefly, to a flask equipped with
two condensers and a sodium hydroxide trap and containing isobutyraldehyde
(352.8 g, 4.9 mol), carbon tetrachloride (352 mL) was added. The reaction mixture
was gradually heated to 55 – 60 °C with stirring. Then sulfur monochloride was
added dropwise through an addition funnel, over 1 h, while maintaining the
temperature between 50 and 60 °C. The rate of addition was maintained so that
the evolution of hydrogen chloride was not too rapid. The reaction mixture was
heated at 60 °C overnight and then was cooled to room temperature. The volatile
solvents were removed by distillation at atmospheric pressure. The product was
purified by fractional distillation under reduced pressure. (Yield 38 %). 1H NMR
(250 MHz) (CDCl3) δ: 9.08 (s, 2H), 1.37 (s, 12 H); 13C NMR (250 MHz) (CDCl3) δ:
194.59, 56.46, 20.75.
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1, 2‐Dithia‐5, 8‐diazacyclodec‐4, 8‐diene, L2
The procedure was adopted from the previously published literature.76
Ethylenediamine (111.23 g, 1.85 mol) was slowly added to L1 with stirring while
the reaction was kept at 25 °C. A white precipitate began to form immediately.
After the addition was complete, the reaction mixture was kept in the
refrigerator overnight. Cold water was added and the suspension was filtered.
The remains were then washed with cold methanol and recrystallized from ethyl
acetate. Yield 80 %. 1H NMR (250 MHz) (CDCl3) δ: 6.86 (s, 2H), 4.15 (d, J = 6.4,
2H), 3.23 (d, J = 6.2, 2H), 1.44 (s, 6 H), 1.36 (s, 6 H); 13C NMR (250 MHz) (CDCl3) δ:
167.55, 61.13, 52.69, 24.37, 21.20.

2, 2, 9, 9‐Tetramethyl‐4, 7‐diaza‐1, 10–decanedithiol, L3 (222‐gdm)
Following the previously published literature, lithium aluminum77
hydride was added carefully to a solution of L2 (15 g, 65 mmol) in dry THF (100
mL), and the mixture was heated at reflux for 12 h. The work up of the resulting
reaction mixture was accomplished according to the following methods.
Method 1: The reaction was cooled to room temperature and placed in an
ice bath. The reaction was quenched by dropwise addition of saturated NH4Cl
and 50 mL of EtOH was added. The resultant paste was filtered and the pH of
the solution was adjusted to 3 – 4. The EtOH and THF in the solution were
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removed by distillation under reduced pressure. Following the addition of 50 mL
of water, the pH of the reaction was than adjusted to 8 with aqueous sodium
hydroxide (2.5 M). The final solution was then extracted with diethyl ether (3 x
60 mL), dried over anhydrous sodium sulfate, and then concentrated to afford
3.8 g (25 %) of ligand L3, 222‐gdm, as pale yellow oil.
Method 2: The reaction was cooled to ‐78 °C by use of a dry ice/acetone
bath, quenched with 20 mL of saturated aqueous sodium sulfate, diluted with 50
mL of diethyl ether, and then allowed to warm to room temperature with
vigorous stirring. The pH of the resulting paste was lowered to ~9 by the
addition of 1 M HCl. The resulting white precipitate was removed by filtration,
and the filtrate was washed with water (2 x 100 mL), dried over anhydrous
sodium sulfate, and then concentrated to afford 9.2 g (50 %) of L3, 222‐gdm, as
pale yellow oil. 1H NMR (250 MHz) (CDCl3) δ: 2.78 (s, 4H), 2.62 (s, 4 H), 1.79 (N‐
H and S‐H broad), 1.37 (s, 12 H); ;13C NMR (250 MHz) (CDCl3) δ: 63.29, 49.47,
45.35, 30.53.
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N, N‐bis(2‐(4‐Methoxybenzylthio)‐2‐methylpropyl)ethane‐1,2‐diamine, L4
(222‐gdm‐pmBz)
To a stirred solution of 222‐gdm (3 g, 12.7 mmol) in ethanol (50 mL),
aqueous sodium hydroxide (50 mL, 2.5 M) was added followed by neat p‐
methoxybenzyl chloride (6.9 mL, 50.8 mmol).76 Stirring was continued for 1 h and
most of the ethanol was distilled under reduced pressure. The mixture was then
extracted (3 x 20 mL) with diethyl ether. The combined ethereal solutions were
dried with anhydrous Na2SO4. After filtration the diethyl ether was evaporated
and the oily residue was adjusted to 2‐3 with HCl dissolved in ethanol
(saturated).The warm mixture was cooled to room temperature and the product
was precipitated with ether. The precipitate was filtered and washed with ether
to yield 222‐gdm‐pmBz as a white di‐HCl salt (4.88 g, 70%) m.p. ≥ 280 °C ( with
decomposition). 1H NMR (300 MHz) (D2O) δ: 7.25 (dd, J = 6.62 Hz, 4H), 6.82 (dd, J
= 6.62 Hz, 4H), 3.8 (s, 4H), 3.67 (s, 6H), 2.63 (s, 4H), 2.55 (s, 4H), 1.31 (s, 12H); 13C
NMR (300 MHz) (D2O) δ: 158.48, 130.42, 129.85, 113.86, 59.33, 55.23, 27.37, 32.09,
47.03, 49.71. ESI‐MS: m/z calcd. (M+H)+ 476.25 (100,0%), 477.26 (28,7%) found.
(M+H)+ 477.42, 478.27.
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1, 2 Dithia‐5, 9‐diaza‐2, 2, 10, 10 tetramethyl‐cycloundeca‐4, 9‐diene, L5
A solution of dialdehyde L1 (10 g, 0.0485 mol) was stirred with 1, 3‐
diaminopropane (4.05 mL, 0.0485 mol) in benzene (100 mL) at reflux for 8 h. A
Dean‐Stark trap was employed to remove the water formed through the course
of the reaction. After ~ 0.57 ml (0.097 mol) of H2O was collected, the reaction was
cooled and concentrated to afford a yellow oil. The oil was dissolved in ethyl
acetate and filtered through silica. Removal of the solvent gave the crude
product, which was recrystallized from ethyl acetate to yield 4 g (34%) of L5 as
white crystals: mp 103 °C. 1H NMR (250 MHz) (CDCl3) δ: 7.54 (s, 2H), 3.80‐3.73
(m, 2H), 3.60‐3.52 (m, 2H), 2.07 (p, J = 5.3, 2H), 1.50 (s, 1H), 1.30 (s, 1H); 13C NMR
(250 MHz) δ: 168.41, 60.81, 50.71, 24.75, 24.65 and 24.16.
Elemental analysis for C11H20N2S2:
Calculated: C, 54.05; H, 8.25; N, 11.46;
Found:

C, 54.14; H, 8.21; N 11.56.

2, 2, 10, 10‐Tetramethyl‐4, 8‐diaza‐1‐11‐undecanedithiol, L6
The same procedure described for 222‐gdm was applied to starting
material L5 (3.2 g, 12.8 mmol). L6 was afforded as a pale yellow oil (2.12 g, 60 %):
1

H NMR (300 MHz) (CDCl3) δ: 5.22 (t, J = 6.76 Hz, 4H), 5.08 (s, 4H), 4.20 (p, J =
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6.75 Hz, 2H), 3.85 (s, 12H); 13C NMR (300 MHz) (CDCl3) δ: 63.34, 48.60, 44.97,
30.41 and 28.33.

N, N‐bis(2‐(4‐Methoxybenzylthio)‐2‐methylpropyl)propane‐1,3‐diamine, L7
(232‐gdm‐pmBz)
In the same manner as described for 222‐gdm‐pmBz, L6 (2 g, 8 mmol) was
converted to 232‐gdm‐pmBz as a white di‐HCl salt (6.99 g, 76%), m.p 285 °C. 1H
NMR (300 MHz) (D2O) δ: 7.28 (d, J = 8.68 Hz, 4H), 6.88 (dd, J = 8.68, 1.95 Hz, 4H),
4.67 (s, 4H), 3.70 (s, 6H), 2.91 (s, 4H), 2.62 (t, J = 8 Hz, 4H), 1.9‐1.8 (m, 2H), 1.31 (s,
12H); 13C NMR (300 MHz) (D2O) δ: 157.98, 130.651, 130.149, 114.348, 55.76, 55.334,
45.10, 44.00, 31.527, 25.70 and 21.58. ESI‐MS: m/z calcd. (M+H)+ 490.27 (100 %),
491.27 (31.6 %), found. (M+H)+ 491.2, 492.3.
Elemental analysis for C27H42N2O2S2.2HCl:
Calculated: C, 57.53; H, 7.87; N, 4.97;
Found:

C, 57.19; H, 7.86; N, 4.94.

N, N‐bis(2‐Methyl‐2‐(methylthio)propyl)propane‐1,3‐diamine, L8
(232‐gdm‐Met)
232‐gdm‐Met was prepared from methyl iodide (0.75 mL, 12 mmol) and L6 (1 g,
4 mmol) in a procedure identical to that used in the preparation of 232‐gdm‐
pmBz. After the purification 232‐gdm‐Met (0.6 g, 1.7 mmol) was obtained as the
white di‐HCl salt (Yield 44 %). ESI‐MS: m/z calcd. (M+H)+ 278.19 (100 %); found,
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279.10. 1H NMR (250 MHz) (D2O) δ: 3.18‐3.14 (m, 4H), 3.11 (s, 4H), 2.18‐2.14 (m,
2H), 1.98 (s, 6H), 1.29 (s, 12H); 13C NMR (250 MHz) (D2O) δ: 54.82, 45.39, 41.78,
38.68, 25.27 and 21.70.
Elemental analysis for C13H30N2S2⋅2HCl:
Calculated: C, 44.11; H, 9.15; N, 7.86;
Found:

C, 44.43; H, 9.18; N, 7.97.

N‐(2‐(methylthio)ethyl)‐3‐(2‐(methylthio)ethylamino)propanamide, L9
To a stirred solution of 3–bromopropionyl chloride (4.6 g, 27 mmol) in 35
mL of CH2Cl2 at ‐78° C, 2–(methylthio)ethylamine (4.9 g, 54 mmol)

and

triethylamine (19 mL, 136 mmol) in 35 mL of CH2Cl2 were added dropwise over
15 min. After the addition, the reaction mixture was warmed to room
temperature and stirring was continued for 24 h. Then 20 mL of water was added
and the layers were separated. The organic portion was washed with 1N HCl,
saturated NaHCO3 and brine (20 mL each). The organic layer was dried over
Na2SO4 and filtered, and the solvent was removed under reduced pressure. For
purification the crude product was loaded onto a short‐path silica column and
washed with CHCl3. The pure product was eluted with MeOH to afford white
solid (1.27 g, 23 %). 1H NMR (250 MHz) (CDCl3) δ: 3.35 (t, J = 6.90 Hz, 2H), 2.97 (t,
J = 6.64, 2H), 2.91 (t, J = 6.73 Hz, 2H) , 2.66 (t, J = 6.72 Hz, 2H), 2.57 (t, J = 6.88 Hz,

52

2H), 2.46 (t, J = 6.63 Hz, 2H), 2.07 (s, 3H), 2.06 (s, 3H);

C NMR (250 MHz)

13

(CDCl3) δ: 172.498, 47.140, 44.997, 37.429, 35.554, 34.148, 33.727, 15.082, 14.841.

N, N‐bis(2‐(Methylthio)ethyl)propane‐1,3‐diamine, L10 (232‐Met)
Borane‐THF complex (1M, 20 mL) was added to a solution of amide L9
(0.67 g, 2.86 mmol) in anhydrous THF (20 mL). The reaction was refluxed
overnight under the nitrogen. After the completion the reaction was cooled to 0°
C and 10 mL of concentrated HCl was added dropwise. The THF was removed
by distillation under atmospheric pressure, and 20 mL of water was added to
increase the solvent volume. Sodium hydroxide pellets were added to adjust the
pH to >12, and the resulting mixture was extracted with diethyl ether (3 x 5 mL).
The combined ethereal extracts were dried with anhydrous Na2SO4 and filtered.
The ether was evaporated under reduced pressure to afford the product as a
white solid (0.38 g, 1.7 mmol), 60 % yield. 1H NMR (300 MHz) (D2O) δ: 3.23 (t, J =
6.76 Hz, 4H), 3.1 (t, J= 8, 4H), 2.76 (t, J = 7.96 Hz, 4H) , 2.06 (m, 2H), 2.04 (s, 6H);
C NMR (300 MHz) (D2O) δ: 45.83, 44.27, 28.88, 22.45, 13.85. ESI‐MS: m/z calcd.

13

(M+H)+ 222.96 (100 %) found. (M+H)+ 222.12.
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N‐(3‐(Methylthio)propyl)‐2‐(3‐(methylthio)propylamino)acetamide, L11
L11 was prepared from 3–(methylthio)propylamine (3 g, 28.5 mmol) and
2.9 g (14.3 mmol) of bromacetylbromide in a procedure identical with that used
in the preparation of L9. After purification, 3.2 g (12.8 mmol, 89.5 %) of the
desired product was obtained as a colorless oil. 1H NMR (250 MHz) (CDCl3) δ:
3.37 (q, J = 6.59 Hz, 2H), 3.31 (s, 2H), 2.75 (t, J = 6.83 Hz, 2H) , 2.58 (t, J = 7.00 Hz,
2H), 2.54 (t, J = 7.13 Hz, 2H), 2.10 (s, 6H), 1.83 (m, 4H);

13

C NMR (250 MHz)

(CDCl3) δ: 172.93, 52.05, 48.50,37.79, 31.63, 31.43, 28.67, 28.49, 15.32, 15.30.

N, N‐bis(3‐(Methylthio)propyl)ethane‐1,2‐diamine, L12 (323‐Met)
The same procedure as described for 232‐Met was applied to starting
material L11 (3.2 g, 12.8 mmol). The product was obtained as a colorless oil with
a 75 % yield (2.3 g, 9.7 mmol). 1H NMR (300 MHz) (CDCl3) δ: 2.72 (s, 4H), 3.1 (t,
J= 8, 4H), 2.71 (t, J = 6.99 Hz, 4H) , 2.55 (t, J = 7.24, 2H), 2.10 (s, 6H), 1.78 (p, J =
7.11, 1.56 (N‐H); 13C NMR (300 MHz)(CDCl3) δ: 48.74, 48.34, 31.59, 28.88, 15.05.
ESI‐MS: m/z calcd. (M+H)+ 236.14, 237.14, found (M+H)+ 236.9, 238.9.
Elemental analysis for C10H24N2S2⋅2HCl:
Calculated: C, 38.82; H, 8.47; N, 9.06;
Found:

C, 38.95; H, 8.25; N, 8.99.
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N‐(3‐(Methylthio)propyl)‐3‐(3‐(methylthio)propylamino)propanamide, L13
L13 was prepared from 3–(methylthio)propylamine (4.69 g, 44.5 mmol)
and 3–Bromopropionyl chloride (4.50 g, 22.3 mmol) in a procedure identical
with that used in the preparation of L9. The product was obtained as a clear oil
(1.20 g, 5.16 mmol, 23 %). 1H NMR (250 MHz) (CDCl3) δ: 3.33 (q, J = 5.42 Hz, 2H),
3.19 (b, N‐H), 2.92 (t, J = 5.00 Hz, 2H) , 2.77 (t, J = 5.88 Hz, 2H), 2.57 (t, J = 5.88 Hz,
2H), 2.54 (t, J = 6.00 Hz, 2H), 2.42 (t, J = 5.12, 2H), 2.11 (s, 3H), 2.10 (s, 3H), 1.82 (m,
4H); 13C NMR (250 MHz) (CDCl3) δ: 172.26, 47.87, 45.27, 37.92, 34.80, 31.65, 31.36,
31.23, 28.52, 28.30, 15.27, 15.23.

N, N‐bis(2‐(Methylthio)propyl)propane‐1,3‐diamine, L14 (333‐Met)
The same procedure as described for 232‐Met was applied to starting
material L13 (1.2 g, 5.16 mmol). The product was obtained as a colorless oil (0.75
g , 3.0 mmol) with 58 % yield. 1H NMR (300 MHz) (CDCl3) δ: 2.85 (b, N‐H), 2.64
(t, J= 5.87, 8H), 2.47 (t, J = 6.00 Hz, 4H) , 2.03 (s, 6H), 1.73 (p, J = 6.00, 4H), 1.64 (p, J
= 5.75; 13C NMR (300 MHz) (CDCl3) δ: 48.47, 48.25, 31.78, 29.58, 28.93, 15.23. ESI‐
MS: m/z calcd. (M+H)+ 250.15 (100.0%), found. (M+H)+ 250.91.
Elemental analysis for C11H26N2S2 ⋅2HCl:
Calculated: C, 40.85; H, 8.73; N, 8.66;
Found:

C, 39.76; H, 8.40; N, 8.36.
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2.3

Rh(III) COMPLEXATION REACTIONS

2.3.1

General procedure for the preparation of Rh(III) complexes
A solution of 0.15 mmol of Rh(III)Cl3 ⋅ xH2O ( Rh(III) 40% by weight) in 10

mL of 20 % EtOH was added to a stirring solution of 0.15 mmol ligand in 40 mL
of distilled water. The pH of the reaction mixture was adjusted to ~5 by dropwise
addition of 2.5 M NaOH. The resulting deep red solution was stirred and heated
at 80 °C for 1 h. During this period of time the color of the reaction mixture
turned to bright yellow. The insolubles were removed by centrifugation and the
volume of the reaction was reduced by distillation under reduced pressure. A
solid product with a light yellow color was precipitated from the solution with
the addition of saturated aqueous NH4PF6. The precipitate was isolated by
centrifugation and washed several times with water, EtOH and diethyl ether. In
each case, the the color of the isolated product turned dark orange after drying
under high vacuum. All the reactions were analyzed by reversed phase HPLC
and LC‐MS. Reactions with 222‐gdm‐pmBz, 232‐gdm‐pmBz, 323‐Met and 333‐
Met were fully analyzed by 13C and 1H NMR.
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cis/trans‐[Dichloro(N, N‐bis(2‐(4‐methoxybenzylthio)‐2‐methylpropyl)ethane‐
1,2‐diamine)rhodium(III)] hexafluorophosphate.
cis/trans‐[RhCl2(222‐gdm‐pmBz)]PF6
In an identical fashion to the general preparation of Rh(III) complexes,
reaction of 222‐gdm‐pmBz (82 mg, 0.15 mmol) with Rh(III)Cl3 ⋅ xH2O (78 mg,
0.15 mmol) resulted in isolation of a dark orange cis/trans‐[RhCl2(222‐gdm‐
pmBz)]PF6 complex in 30 % yield (36 mg, 0.045 mmol). Method (b) was used as a
gradient for HPLC and LC‐MS (Table 6).
C OCH 3

(160.87,

160.84,

160.74),

C

13

C

C NMR (300 MHz) δ: (CD3CN)
OCH3

(132.80,

132.73,

132.53),

C

H2C

OCH3

(127.26, 126.15, 125.90),

H2C

OCH3

(115.44, 115.33, 114.89), ‐NH‐

CH2‐C(CH3)2‐ ( 62.90, 65.14, 65.42), ‐C(CH3)2‐ (61.37, 61.47), ‐OCH3 (56.16, 56.29,
56.34),‐NH‐CH2‐CH2‐NH‐ (54.85, 55.19, 55.94), ‐CH2‐OCH3 (37.81, 36.81, 35.91), ‐
C(CH3)2

(28.89, 28.82, 28.48, 25.60, 24.39, 23.67) ESI‐MS: m/z calcd. for

C27H42Cl2N2O2RhS2 (M+H)+ 649.10 (100 %), 651.09 (73.7 %), found 648.99, 651.04.

cis/trans‐[Dichloro (N, N‐bis(2‐(4‐methoxybenzylthio)‐2‐methylpropyl)
propane‐1,3‐diamine)rhodium(III)] hexafluorophosphate.
cis/trans‐[RhCl2(232‐gdm‐pmBz)]PF6
In an identical fashion to the general preparation of Rh(III) complexes,
reaction of 232‐gdm‐pmBz (84 mg, 0.15 mmol) with Rh(III)Cl3 ⋅ xH2O (78 mg, 0.15
mmol) resulted in isolation of a dark orange cis/trans‐[RhCl2(232‐gdm‐pmBz)]PF6
complex in 35 % yield (43 mg, 0.052 mmol) . Method (c) was used as a gradient
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for HPLC and LC‐MS (Table 6). The trans isomer of the [RhCl2(232‐gdm‐
pmBz)]PF6 complex was isolated, and X‐ray diffraction analysis is discussed in
detail on page 112. 13C NMR (300 MHz) (CD3CN) δ:

C OCH 3

C

C

OCH3

(125.63, 125.14),

H2C

(160.84, 160.60),
C

OCH3

(115.09, 114.84),

H2C

OCH3

(133.20,

132.20), ‐NH‐CH2‐C(CH3)2‐ (68.09, 67.45), ‐OCH3(55.99, 55.95), ‐C(CH3)2‐(54.56,
53.77), ),‐NH‐CH2‐CH2‐CH2‐NH‐ (51.05, 50.39), ‐CH2‐OCH3 (39.14, 36.22), ‐
C(CH3)2 (27.49, 27.33, 24.57, 22.71), NH‐CH2‐CH2‐CH2‐ (28.43). ESI‐MS: m/z calcd.
for C27H42Cl2N2O2RhS2 (M+H)+ 663.1 (100 %), 665.1 (73.7 %), found 663.1, 665.0.
Elemental analysis for C27H42Cl2F6N2O2PRhS2:
Calculated: C, 40.06; H, 5.23; N, 3.46;
Found:

C, 40.36; H, 5.31; N, 3.48.

cis/trans‐[Dichloro(N, N‐bis(2‐methyl‐2‐(methylthio)propyl)propane‐1,3‐
diamine)rhodium(III)] hexafluorophosphate.
cis/trans‐[RhCl2(232‐gdm‐Met)]PF6
The same general procedure was used for the 232‐gdm‐Met (53 mg, 0.15
mmol) complexation reaction with Rh(III)Cl3 ⋅ xH2O (78 mg, 0.15 mmol). Dark
orange cis/trans‐[RhCl2(232‐gdm‐Met)]PF6 complex in 42 % yield (38 mg, 0.063
mmol) was isolated. Method (a) was used as the gradient for HPLC and LC‐MS
(Table 6). ESI‐MS: m/z calcd. for C13H30Cl2N2RhS2 (M+H)+ 451,03 (100,0%), 453,03
(65,2%) found 451.02, 453.01.
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cis/trans‐[Dichloro(N, N‐bis(2‐(methylthio)ethyl)propane‐1,3‐diamine)
rhodium(III)]hexafluorophosphate. cis/trans‐[RhCl2(232‐Met)]PF6
The same general procedure was used for the 232‐Met (33 mg, 0.15 mmol)
complexation reaction with Rh(III)Cl3 ⋅ xH2O (78 mg, 0.15 mmol). cis/trans‐
[RhCl2(232‐gdm‐Met)]PF6 was obtained as a dark yellow solid in 30 % yiled (24
mg, 0.045 mmol) and analyzed by LC‐MS, using gradient Method (d) (Table 6).
ESI‐MS: m/z calcd. for C9H20Cl2N2RhS2 (M+H)+ 394.97 (100,0%), 396.96 (73,0%)
found 394.75, 396.73.

cis/trans‐[Dichloro(N,N‐bis(3‐(methylthio)propyl)ethane‐1,2‐diamine)
rhodium(III)] hexafluorophosphate. cis/trans‐[RhCl2(323‐Met)]PF6
In identical fashion to the general preparation of Rh(III) complexes,
reaction of 323‐Met (35 mg, 0.15 mmol) with Rh(III)Cl3 ⋅ xH2O (78 mg, 0.15
mmol) resulted in isolation of dark yellow cis/trans‐[RhCl2(323‐Met)]PF6 complex
in 44 % yield. (36 mg, 0.66 mmol). m.p. 295 °C. The trans isomer of the
[RhCl2(323‐Met)]PF6 complex was isolated and X‐diffraction analysis was
discussed in detail on page 114.13C NMR (300 MHz) (CD3CN) δ: –CH2‐NH‐CH2‐
(55.00, 54.70, 54.61, 53.94, 53.75), –CH2‐NH‐CH2‐ (51.61, 51.42, 51.20, 50.64, 50.40,
50.28), –CH2‐S‐ (34.95, 34,72, 32.36, 31.96,31.87), ‐CH2 –CH2‐S‐ (27.00, 26.71, 25.46,
24.95, 24.80, 24.61), ‐S‐CH3 (19.39, 19.27, 18.18, 18.08, 17.97, 17.63). ESI‐MS: m/z
calcd. for C10H24Cl2N2RhS2 (M+H)+ 408.98 (100 %), 410.98 (73.7 %), found 408.82,
412.81. Elemental analysis for C10H24Cl2N2RhS2.PF6:
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Calculated: C, 21.63; H, 4.36; N, 5.05;
Found:

C, 21.92; H, 4.33; N 5.20.

cis/trans‐[Dichloro(N, N‐bis(2‐(methylthio)propyl)propane‐1,3‐ diamine)
rhodium(III)] hexafluorophosphate. cis/trans‐[RhCl2(333‐Met)]PF6
The Rh(III) complex with 333‐Met was prepared according to the general
method described above. 333‐Met (38 mg, 0.15 mmol) and Rh(III)Cl3 ⋅ xH2O (78
mg, 0.15 mmol) were used to obtain a dark orange cis/trans‐[RhCl2(333‐Met)]PF6
complex in 40 % yield. 13C NMR (500 MHz) (CD3CN) δ: –CH2‐NH‐CH2‐ ( 53.50,
53.22, 53.05, 52.73, 52.35), –CH2‐NH‐CH2‐ (51.50, 51.00, 50.69, 50.50, 49.48, 49.33),
–CH2‐S‐ (32.19, 31.34, 31.27, 30.88, 30.77), ‐CH2 –CH2‐S‐ and ‐NH–CH2‐CH2–CH2‐
NH‐ (27.10, 24.67, 23.19, 23.08, 22.79, 22.73, 22.51, 22.20, 22.07, 21.90, 20.74), ‐S‐
CH3 (18.18, 17.53, 17.42, 16.50, 15.72, 14.71). ESI‐MS: m/z calcd. for
C10H24Cl2N2RhS2 (M+H)+ 423.00 (100,0%), 424.99 (73,0%) found 422.87, 424.88.

2.4

RADIOLABELING REACTIONS WITH 105Rh

2.4.1

Radiolabeling Reactions with 105Rh
The procedure for the radiolabeling reaction with 105Rh was modeled from

the previously published method.58 The ligand (1 x 10‐4 M) in 100 μL of water was
added to a vial containing

Rh (0.5 mCi/ 1 mL) in water (volume varied

105

depending on the amount of radioactivity). Since the

105

Rh was isolated in 0.1 M

HCl, the pH of the solution was adjusted to pH 4 with addition of aqueous
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NaOH (2.5 M initially followed by 0.1 M) (Caution !! It is important not to
overshoot pH, since high pH destroys the ability of 105Rh to radiolabel). After the
pH adjustment, EtOH (15 %) was added, and the volume of the reaction mixture
was brought to 1 mL by addition of water. The reaction mixture was heated at 80
°C for 1h and analyzed by HPLC. The identity of the radioactive complex was
verified by co‐injection of the radiolabeled and non‐radioactive complexes onto a
HPLC system.

2.4.2

Optimizing the reaction conditions
To increase the radiolabeling yield, the percent of EtOH , pH and ligand

concentration were optimized for the acyclic diaminodithioether ligand systems.
Addition of gentisic acid (GA) and its effect on radiolabeling yield was also
investigated.
EtOH %: In this experiment, the EtOH percentage added to the reaction
mixture was evaluated.

105

Rh complexation studies with 232‐gdm‐Met ligand at

different EtOH percentages were investigated. Five identical reactions were
prepared with 0 %, 5 %, 10 %, 15 %, 20 % and 50 % v/v of EtOH respectively;
where pH = 4, ligand concentration = 1 x 10‐4 M and the 105Rh concentration = 0.5
mCi / 1 mL. All the reactions were heated at 80 °C for 1 h. After completion, the
reaction yields were determined by radio‐HPLC analysis.
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pH: The purpose of this experiment was to find the optimum pH for the
reaction which is one of the crucial factors that influences the 105Rh complexation
yield. The radiolabeling reaction was performed at pH = 3, 4, 5, 6, 7 and 10. All
the reactions were prepared according to the general procedure using 232‐gdm‐
Met (1x 10‐4 M), 15 % EtOH and 0.5 mCi of 105Rh. The total volume was 1 mL and
the heating time was 1 h at 80 °C. After radiolabeling, the resulting solution was
analyzed by radio‐HPLC.
Ligand concentration: To find the most favorable concentration for a
higher radiolabelling yield, three experiments were carried out under the
standard conditions as was mentioned before (pH = 4, 105Rh = 0.5 mCi / 1 mL and
15 % EtOH) with 232‐gdm‐Met concentrations of 1x10‐2, 1x10‐3 and 1x10‐4 M. All
the reactions were heated at 80 °C for 1 hr and analyzed by radio‐HPLC.

Gentisic acid (GA) effect on yield: Two reactions were performed to
investigate the GA effect. A concentration of 1 x 10‐4 M 232‐gdm‐Met, 15 % EtOH
(v/v) and 0.5 mCi

105

Rh were used at pH = 4 for both reactions; however, for the

second reaction 0.25 mg GA was added prior to the addition of

Rh. The

105

reactions were analyzed by co‐injection of the radiolabeled and non‐radioactive
complexes onto HPLC system.
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2.4.3

Preparation of [105RhCl2(L)]Cl (L = 222‐gdm‐pmBz, 232‐gdm‐pmBz, 232‐
gdm‐Met, 232‐Met and 323‐Met) complexes with optimized reaction
conditions
100 μL of stock ligand solution (1 x 10‐2 M) was added to a vial containing

1.6 mg of gentisic acid, and the mixture was vortexed. After addition of 100 μL of
105

Rh (~ 3.2 mCi), the pH of the solution was adjusted to ~ 4.5 with the addition of

2.5 M and 0.1 M NaOH consecutively. After the pH adjustment, 100 μL of EtOH
was added, and the volume of the reaction mixture was brought to 1 mL by
addition of water. Reaction mixtures were heated at 80 °C for 1h. After
radiolabeling, the resulting solution was analyzed by radio‐HPLC, and fractions
were collected as a function of peaks observed by the radiodetector. The
radioactivity of the collected fractions was compared to the amount of
radioactivity injected to confirm that none of the activity was retained on the
column. The [105RhCl2(L)]Cl peak was purified by radio‐HPLC and recovered by
reversed‐phase SepPak light cartridge. To recover the [105RhCl2(222‐gdm‐
pmBz)]Cl, [105RhCl2(232‐gdm‐pmBz)Cl

and

[105RhCl2(232‐gdm‐Met)]Cl,

the

collected eluent (~2‐3 ml) from the HPLC column was diluted with water to
attain a 1: 9 acetonitrile‐to‐water ratio (total 10 mL), so that the radiolabeled
complexes would stay on the column while the solvents and other hydrophilic
materials were eluted. After the SepPak cartridge was activated with 4 mL of
EtOH and washed with 2 x 4 mL of water, the diluted [105RhCl2(L)]Cl solution
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was passed through the SepPak, which was washed with 2 x 4 mL of water. Then
the [105RhCl2(L)]Cl was eluted with 20‐40 μL of EtOH. In the case of [105RhCl2(232‐
Met)]Cl, instead of Sep‐Pak purification evaporation of the solvent under argon
gas was performed due to the high solubility of the [105RhCl2(232‐Met)]Cl
complex. The isolated yields obtained after purification were in the range of 46 to
50 %.

2.4.4

Effect of gentisic acid (GA) on in vitro stability studies
The stability of the [105RhCl2(L)]Cl complexes were evaluated in the

presence and absence of GA (10 mg/ 20 mCi) in PBS buffer at 37 °C.

Addition of gentisic acid (GA) during and after the radiolabeling:
In this experiment, [105RhCl2(232‐gdm‐Met)]Cl was prepared by using the
same procedure described above using 10 mg of gentisic acid (GA) prior to the
addition of

Rh. Since all the gentisic acid was removed during the SepPak

105

purification, additional GA (10 mg) was added together with 500 μL of PBS
buffer. The vial was kept at 37 °C and the PBS stability of 0.5 mCi [105RhCl2(232‐
gdm‐Met)]Cl was analyzed by C‐18 reversed‐phase TLC over 6 days, analyzing
each plate using a Bio‐Scan TLC scanner.
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Absence of gentisic acid (GA):
The

[105RhCl2(232‐gdm‐Met)]Cl

labeling

reaction

was

performed

according to the optimized reaction conditions except GA was not added prior to
the addition of

Rh, and the complex purified as described before. To a vial

105

containing 500 μL of PBS, 20 μLof purified [105RhCl2(232‐gdm‐Met)]Cl (0.5 mCi)
was added. The vial was kept at 37 °C, and the PBS stability of [105RhCl2(232‐
gdm‐Met)]Cl was analyzed over 6 days, by C‐18 reversed‐phase TLC and
measured by Bio‐Scan.

2.4.5

Stability Studies for [105RhCl2(L)]Cl (L = 232‐gdm‐pmBz, 232‐gdm‐Met,
232‐Met and 323‐Met)
All

105

Rh complexes were prepared according to the optimized reaction

conditions. After the separation and purification 500 μL of PBS and 10 mg of GA
were added to the vials containing 20 μL (0.5 mCi) of purified [105RhCl2(232‐gdm‐
pmBz)]Cl, [105RhCl2(232‐gdm‐Met)Cl and [105RhCl2(232‐Met)]Cl, respectively.

2.4.6

Distribution Coefficient (log D)
The log D values were determined by the classic shake‐flask method.78, 79

To 100 μCi (1 – 5 μL) of the radiolabeled complex was added to a pre‐mixed
suspension of 3.5 mL of buffer‐equilibrated octanol and 3.5 mL of octanol‐
equilibrated PBS buffer at pH 7.4. The resultant solution was vortex for two
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minutes and then centrifuged for 2 min at 2000 rpm. A 0.10 mL aliquot of the
octanol layer and a 1.0 mL aliquot from the aqueous layer were counted in a
scintillation well counter. The log D was calculated according to the following
equation:

Log D = log

[(10 x average of organic counts‐BKG)]
[average buffer counts ‐ BKG]

Then 3.0 mL of the remaining octanol phase was transferred to another
tube containing 0.5 mL of octanol and 3.5 mL of PBS. The last three steps were
repeated until multiple, reproducible measurements of constant log D were
obtained.

2.5

Experiments with BBN(7‐14) analogues

2.5.1

Synthesis of Ahx‐Met14‐BBN(7‐14), Ahx‐Ala14‐BBN(7‐14) and Ahx‐
NLeu14‐BBN(7‐14)
Three peptidyl‐resins Ahx‐Met14‐BBN(7‐14), Ahx‐Ala14‐BBN(7‐14) and

Ahx‐NLeu14‐BBN(7‐14) (AhX‐QWAVGHLM‐NH2, AhX‐QWAVGHLA‐NH2 and
AhX‐QWAVGHLNLeu‐NH2, respectively) were prepared with a multiple
peptide synthesizer (Advanced ChemTech 396 Ω), using Fmoc/tBu chemistry
and solid phase synthesis on Rink Amide Novagel resin. Half of each peptidyl‐
resin was cleaved and characterized by analytical HPLC (Beckman Coulter) and
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LC‐ESI‐MS (Finnigan) and found to be approximately 80% pure for the peak
corresponding to the expected molecular weight. The other half of the peptidyl
resin was used in the synthesis of 232‐gdm‐Met‐Ahx‐Met14‐BBN(7‐14), 232‐gdm‐
Met‐Ahx‐Ala14‐BBN(7‐14) and 232‐gdm‐Met‐Ahx‐NLeu14‐BBN(7‐14).
ESI‐MS for Ahx‐Met14‐BBN(7‐14): m/z calcd. for C49H76N14O10S: (M+H)+
1052.56, found 1053.5; calcd for (M+H)2+ 526.78, found 527.7.
ESI‐MS for Ahx‐Ala14‐BBN(7‐14): m/z calcd. for C47H71N14O10: (M+H)+
991.55, found 993.6; calcd for (M+2H)2+ 496.27, found 497.50.
ESI‐MS for Ahx‐NLeu14‐BBN(7‐14): m/z calcd. for C50H77N14O10: (M+H)+
1033.59, found 1035.50; calcd for (M+2H)2+ 517.29, found 518.40.

2.5.2

Synthesis of 232‐gdm‐Met‐Ahx‐BBN(7‐14)
A general method for the synthesis of DADTE‐peptides is shown by

example for the synthesis of 232‐gdm‐Met‐AhX‐QWAVGHLM‐NH23. All other
232‐gdm‐Met‐peptides followed similar synthetic procedures.

Acylation of the H2N‐AhX‐QWAVGHLM‐Rink Amide Novagel resin with
Bromoacetyl Bromide

H2N‐AhX‐QWAVGHLM‐Rink Amide Novagel resin (0.04 mmol) was
washed with 5 x 5 mL of NMP. DIEA (34μL, 0.2 mmol) in NMP was added to the
resin. The slurry was mixed with N2 bubbling in a manual reaction vessel for
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peptide synthesis. Then 69 μL (0.8 mmol) of bromoacetyl bromide was added
dropwise. The slurry was mixed for 60 min, and then washed with 10 x 2 mL of
NMP. A small aliquot (0.25 mL, 5 μmol) of the bromoacetyl‐AhX‐QWAVGHLM‐
Rink Amide Novagel resin was removed, washed with 10 x 2 mL of methanol,
and dried by centrifugal evaporation. Standard peptide cleavage was performed,
and the product was analyzed by LC‐MS. The rest of the bromoacetyl‐AhX‐
QWAVGHLM‐Rink Amide Novagel resin was used in the next step. ESI‐MS: m/z
calcd. for C51H77BrN14O11S: (M+H)+ 1174.4, found 1173.43; calcd for (M+2H)2+ 588.2,
found 588.53.

Synthesis of 232‐gdm‐Met‐acetyl‐AhX‐QWAVGHLM‐Rink Amide Novagel
resin
The bromoacetyl‐AhX‐QWAVGHLM‐Rink Amide Novagel resin (20 μmol)
was drained and washed with 4 x 2 mL of 50:50 NMP: CH2Cl2. 232‐gdm‐Met (0.3
g, 0.6 mmol) was dissolved in 1 mL of NMP and 103 μL (0.6 mmol) of DIEA was
dissolved in 1 mL of CH2Cl2. These two solutions were mixed together and
vortexed for 5 min. Subsequently, the reaction mixture was added to the resin
and the slurry was mixed overnight. Then the solvent was removed and the resin
was washed with 4 x 2 mL of 50:50 NMP: CH2Cl2 and 5 x 5 mL of dry NMP. 232‐
gdm‐Met‐acetyl‐AhX‐QWAVGHLM‐Rink Amide Novagel resin was removed,
washed with 10 x 2 mL of methanol, and lyophilized.
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Cleavage of the 232‐gdm‐Met‐acetyl‐AhX‐QWAVGHLM Amide from Solid
Support
An aliquot of 1.5 mL of cleavage cocktail containing TFA, thioanisole,
phenol, water, ethanedithiol and triisopropylsilane (87.5:2.5:2.5:2.5:2.5:2.5, v/v)
was added to the dried 232‐gdm‐Met‐acetyl‐AhX‐QWAVGHLM‐Rink Amide
Novagel resin (80 mg, 20 μmol). After mixing for 2 h, the resin was filtered and
washed with additional 200 μL of TFA. The peptide was collected by
precipitation with 10 mL of diethyl ether and washed four times with diethyl
ether (10 mL) by subsequent cycles of centrifugation. The peptide was
characterized by HPLC and LC‐MS analyses. ESI‐MS: m/z calcd. for
C64H106N16O11S3 (M+H)+ 1371.82, found 1371.82; calcd for (M+2H)2+ 686.91, found
686.80.

Acylation of the H2N‐AhX‐QWAVGHLNLeu‐Rink Amide Novagel resin with
Bromoacetyl Bromide
An identical procedure was applied to H2N‐AhX‐QWAVGHLNLeu‐Rink
Amide Novagel resin as for H2N‐AhX‐QWAVGHLM‐Rink Amide Novagel resin.
ESI‐MS: m/z calcd. for C52H79BrN14O11: (M+H)+ 1156,52, found 1155.5; calcd
for (M+2H)2+ 578.76, found 578.30.
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Synthesis and cleavage of 232‐gdm‐Met‐acetyl‐AhX‐QWAVGHLNLeu
The

same

procedure

was

used

for

232‐gdm‐Met‐acetyl‐AhX‐

QWAVGHLNLeu as for 232‐gdm‐Met‐acetyl‐AhX‐QWAVGHLM.
ESI‐MS: m/z calcd. for C50H77N14O10 (M+H)+ 1033.59, found 1035.50; calcd
for (M+2H)2+ 517.29, found 518.40.

2.5.3

General Complexation Reaction of Ahx‐BBN(7‐14)/ 232‐gdm‐Met‐Ahx‐
BBN(7‐14)with Rh(III)
The same general procedure was used for the Rh(III) complexation

reaction with both the peptides (Ahx‐BBN(7‐14)) and the peptide conjugates
(232‐gdm‐Met‐Ahx‐BBN(7‐14)). According to this procedure the peptide (or
peptide conjugate) (0.6 μmol) were dissolved in 400 μL of acetonitrile and
distilled water, 1:1. Rh(III)Cl2⋅ xH2O (0.3 mg, 0.6 μmol) was dissolved in 100 μL of
EtOH and added to the peptide solution (pH = ~4.5). The reaction mixture was
heated at 80 °C for 1 h. During this time, the initial brown‐red color of the
solution turned to bright yellow. All the reactions were analyzed by reversed
phase HPLC and LC‐MS using the gradient shown in Table 6e.
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Rh(III) Ahx‐Met14‐BBN(7‐14) Complexation Reaction
At 13.44 min, a peak was observed with the correct molecular mass
indicating the formation of Rh(III)Cl2‐Ahx‐Met14‐BBN(7‐14).
ESI‐MS: m/z calcd. for C49H76Cl2N14O10RhS: (M+H)+ 1225.40, found 1225.70;
calcd for (M+2H)2+ 613.7, found 613.30.

Rh(III) Ahx‐Ala14‐BBN(7‐14) Complexation Reaction
Following the general complexation reaction procedure previously
described, Ahx‐Ala14‐BBN(7‐14) was heated at 80 °C for 1 h with Rh(III)Cl3 ⋅ xH2O
in the presence of 10 % EtOH (pH = 4.5). The reaction mixture was then analyzed
by LC‐MS using the gradient in Table 6e. Only uncomplexed peptide was
observed at 12.90 min with the correct molecular mass.
ESI‐MS for Ahx‐Ala14‐BBN(7‐14): m/z calcd. for C47H71N14O10:

(M+H)+

991.55, found 993.6; calcd for (M+2H)2+ 496.27, found 497.50.

Rh(III) Ahx‐ NLeu14‐BBN(7‐14) Complexation Reaction
The products were prepared by following the general procedure for
complexation reaction. Same gradient mentioned above was used for LC‐MS
analysis. At 16.93 min a major peak was observed with the correct molecular
mass indicating the uncomplexed Ahx‐ NLeu14‐BBN(7‐14). And at 16.77 min a

71

minor peak was observed with the right molecular mass indicating the formation
of Rh(III)Cl‐Ahx‐NLeu14‐BBN(7‐14).
ESI‐MS for Ahx‐ NLeu14‐BBN(7‐14): m/z calcd. for C50H77N14O10 (M+H)+
1033.59, found 1035.50 ; calcd for (M+2H)2+ 517.29, found 518.40.
ESI‐MS

for

Rh(III)Cl‐Ahx‐NLeu14‐BBN(7‐14):

m/z

calcd.

for

C50H77ClN14O10Rh (M+H)+ 1171.47, found 1171.27; calcd for (M+2H)2+ 586.135,
found 586.18.

Rh(III) Ahx‐Met14‐BBN(7‐14) Complexation Reaction in the Presence of
232‐232‐gdm‐Met
The same general complexation procedure was used for Ahx‐Met14‐
BBN(7‐14) complexation reaction with Rh(III)Cl3 in the presence of 232‐gdm‐Met
(0.6 μmol). The components were combined in 1:1:1 molar ratio. Three major
peaks were observed at 13.44, 15.19 and 15.53 min.
ESI‐MS for Rh(III)Cl2‐Ahx‐Met14‐BBN(7‐14): m/z calcd. for C49H76N14O10S
(M+H)+ 1052.56, found 1053.5; calcd for (M+2H)2+ 526.78, found 527.7.
ESI‐MS for Ahx‐Met14‐BBN(7‐14): m/z calcd. for C49H76Cl2N14O10RhS
(M+H)+ 1225.40, found 1225.70; calcd for (M+2H)2+ 613.7, found 613.30.
ESI‐MS for 232‐gdm‐Met‐Rh(III)‐Cl2: m/z calcd. for C13H30Cl2N2RhS2
(M+H)+ 451,03, found 450.9.
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Rh(III) Ahx‐NLeu14‐BBN(7‐14) Complexation Reaction in the Presence of
232‐gdm‐Met
The same general complexation procedure was used for Ahx‐NLeu14‐
BBN(7‐14) complexation reaction with Rh(III)Cl3 in the presence of 232‐gdm‐Met
(0.6 μmol). 232‐gdm‐Met ratios to Ahx‐NLeu14‐BBN(7‐14) to Rh(III)Cl3 were 1 : 1 :
1. The reaction was analyzed by LC‐MS (Gradient shown in Table 6e). Two
major peaks were observed at 15.53 min and 17.15 min.
ESI‐MS for [RhCl2(232‐gdm‐Met)]+: m/z calcd. for C13H30Cl2N2RhS2 (M+H)+
451,03, found 450.9.
ESI‐MS for Ahx‐NLeu14‐BBN(7‐14): m/z calcd. for C50H77N14O10 (M+H)+
1033.59, found 1035.50 ; calcd for (M+2H)2+ 517.29, found 518.40.

Rh(III) 232‐gdm‐Met‐Ahx‐ Met14‐BBN(7‐14) Complexation Reaction
The general complexation reaction procedure was applied to Rh(III)Cl3
and 232‐gdm‐Met‐Ahx‐ Met14‐BBN(7‐14). The reaction was analyzed by LC‐MS
(Gradient shown in Table 6e). At 18.75 min a peak was observed with the correct
molecular mass, indicating the formation of Rh(III)Cl2‐232‐gdm‐Met‐Ahx‐Met14‐
BBN(7‐14).
ESI‐MS: m/z calcd. for C64H106Cl2N16O11RhS3 (M+H)+ 1543.58, found 1543.31 ;
calcd for (M+2H)2+ 772.29, found 772.29.
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Rh(III) 232‐gdm‐Met‐Ahx‐NLeu14‐BBN(7‐14) Complexation Reaction
The general complexation reaction procedure was used. The resultant
reaction mixture was analyzed by LC‐MS by using the gradient shown in Table
6e. A peak was observed at 25.7 min.
ESI‐MS: m/z calcd. for C65H108Cl2N16O11RhS2 (M+H)+ 1525.63, found 1525.90;
calcd for (M+2H)2+ 763.31, found 763.20.

Rh(III) 232‐gdm‐Met‐Ahx‐ Met14‐BBN(7‐14) Complexation Reaction in the
Presence of 232‐gdm‐Met
The same procedure as described for the general complexation reaction
was applied to the starting materials 232‐gdm‐Met‐Ahx‐Met14‐BBN(7‐14) (0.6
μmol), 232‐gdm‐Met (0.6 μmol) and Rh(III)Cl3 (0.6 μmol). The reaction was
analyzed by LC‐MS (Gradient shown in Table 6e). Two major peaks were
observed at 15.53 min and 18.75 min.
ESI‐MS for [RhCl2(232‐gdm‐Met)]+: m/z calcd. for C64H106Cl2N16O11RhS3
(M+H)+ 1543.58, found 1543.31 ; calcd for (M+2H)2+ 772.29, found 772.29.
ESI‐MS for Rh(III)‐232‐gdm‐Met‐Ahx‐Met14‐BBN(7‐14): m/z calcd. for
C13H30Cl2N2RhS2 (M+H)+ 451,03, found 450.9.
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Rh(III) 232‐gdm‐Met‐Ahx‐ NLeu14‐BBN(7‐14) Complexation Reaction in the
Presence of 232‐gdm‐Met
The same procedure as described for the general complexation reaction
was applied to the starting materials 232‐gdm‐Met‐Ahx‐NLeu14‐BBN(7‐14), 232‐
gdm‐Met and Rh(III)Cl3. The reaction was analyzed by LC‐MS (Gradient shown
in Table 6e). Two major peaks were observed at 15.53 min and 25.7 min.
ESI‐MS for [RhCl2(232‐gdm‐Met)]+: m/z calcd. for C65H108Cl2N16O11RhS2 (M+H)+
1525.63, found 1525.90; calcd for (M+2H)2+ 763.31, found 763.20.
ESI‐MS

for

Rh(III)‐232‐gdm‐Met‐Ahx‐NLeu14‐BBN(7‐14):

m/z

calcd.

for

C13H30Cl2N2RhS2 (M+H)+ 451,03, found 450.9.

2.5.4

Radiolabeling reaction of Ahx‐BBN(7‐14)/ 232‐gdm‐Met‐Ahx‐BBN(7‐14)
analogues with 105Rh
The

105

Rh(III) radiolabeling reactions with Ahx‐Met14‐BBN(7‐14), Ahx‐

NLeu14‐BBN(7‐14), 232‐gdm‐Met‐Ahx‐Met14‐BBN(7‐14) and 232‐gdm‐Met‐Ahx‐
NLeu14‐BBN(7‐14) were performed according to the optimized radiolabeling
reaction described in page 63.

According to the procedure 100 μL of stock

peptide conjugate solution (1 x 10‐2 M) was added into a vial containing 1.6 mg
gentisic acid and the mixture was vortexed. After addition of 100 μL of

Rh (~

105

3.2 mCi) the pH of the solution was adjusted to ~ 4.5 with addition of 2.5 M and
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0.1 M NaOH consecutively. After the pH adjustment 100 μL of EtOH was added
and the volume of the reaction mixture was brought to 1 mL by addition of water.
Reaction mixtures were heated at 80 °C for 1h.
In addition to this, all four radiolabeling reactions were repeated under
the same conditions, but in the presence of 232‐gdm‐Met ligand as a challenger.
After the radiolabeling reactions, each resulting solution was analyzed by radio‐
HPLC using the gradient mentioned in Table 6e.
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3

RESULTS AND DISCUSSION

3.1

LIGAND SYNTHESIS
The syntheses of the DADTE ligands 222‐gdm, 222‐gdm‐pmBz, 232‐gdm‐

pmBz, 232‐gdm‐Met are outlined in Scheme 3‐1 (pg. 78) and 232‐Met, 323‐Met
and 333‐Met are outlined in Scheme 3‐2 (pg. 81). Two different approaches, A
and B were taken to accomplish the syntheses. Approaches A and B are
fundamentally different in their synthetic approach to construct the backbone of
the DADTE ligands. In approach A, the backbones of the ligands were
constructed by a condensation reaction between isobutrylaldehyde and
ethylenediamine or propylenediamine to give a cyclic bisimine. Final ligands
were prepared after further structural modification. In approach B, two
equivalents of the aminesulfide precursor were reacted with a bromoalkyl acyl
halide to construct the ligand backbone, which was then synthetically modified
to give 232‐Met, 323‐Met and 333‐Met. These synthetic approaches are described
in more detail below.
In approach A (Scheme 3‐1), isobutrylaldehyde was reacted with sulfur
monochloride to obtain compound L1 in 38 % isolated yield, based on previously
published literature.76 Compounds L2 and L5 were prepared through bisimine
formation. In the case of compound L2, excess ethylenediamine was reacted
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with compound L1 at 0°C to give L2 in 88 % yield. In the case of compound L5, 1,
3‐diaminopropane was reacted with compound L1 in benzene.
In order to obtain reasonable yields (34 %), it was necessary to reflux the
reaction mixture for 8 h. Compounds 222‐gdm and L6 were prepared by
reduction of compounds L2 and L5 with a strong reducing agent, LiAlH4, and
specialized work up procedure. Two work up procedures, method 1 and 2, were
attempted. With method 1, L2 and L5 were obtained in an average 20 % yield,
where with method 2 the same ligands were obtained in a higher yield (60 %).
These compounds were then converted to the di‐HCl salts formed by passing
HCl gas through solutions of the free base in EtOH. In the case of compound 222‐
gdm‐pmBz and 232‐gdm‐pmBz free thiol groups of 222‐gdm and L6 were
protected with p‐methoxy benzyl groups using p‐methoxy benzyl chloride in the
presence of NaOH at room temperature, while methyl iodide was used to protect
L6 in the case of compound 232‐gdm‐Met.
In approach B, compounds L9, L11 and L13 were prepared by a 1‐pot
coupling reaction. L9 was obtained in 23 % yield reacting 3–bromopropionyl
chloride with two equivalents of 2–(methylthio)ethylamine in CH2Cl2 at room
temperature. L11 was obtained in 89 % yield, by reacting bromoacetyl bromide
with two equivalents of 3–(methylthio)propylamine, and L13 was obtained in 23
% yield by reacting 3–bromopropionyl chloride with 3–(methylthio)propylamine.
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Significantly lower yields were observed for L9 and L13 compared to L11. NMR
spectra of the crude reaction mixtures of L9 and L13 showed the presence of
peaks in the alkene region. So, the difference in yield could perhaps be attributed
to a pronounced tendency of dihydrohalogenation of 3–bromopropionyl chloride
to form the conjugated enone, as a competing reaction compared to the
alkylation reaction. Upon reduction of the resultant compounds L9, L11 and L13,
with the milder reducing agent, BH3 ⋅ THF complex, 232‐Met, 323‐Met and 333‐
Met were obtained in 60 %, 75 % and 58 % yields, respectively. All the
compounds were characterized by 1H and 13C NMR spectra. Ligands 232‐Met,
323‐Met and 333‐Met were characterized by LC‐MS.
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Scheme 3‐2
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3.2

Rh(III) COMPLEXES
[RhCl2(222‐gdm)]PF6 : 222‐gdm was chosen as the initial chelating agent

for Rh(III) complexation reaction. Several attempts were made to prepare the
[RhCl2(222‐gdm)]PF6, through the general complexation procedure. However,
none of the desired [RhCl2(222‐gdm)]PF6 complex was obtained. After this
unsuccessful attempt, several variations of this procedure, using different metal
to ligand ratios, solvent systems, pH, EtOH % and heating time, were used to
prepare the Rh(III) complex with 222‐gdm. The variations that were made are
shown in Table 7. However, none of these attempts gave the expected
[RhCl2(222‐gdm)]PF6 complex. Instead, compounds with very high molecular
weight were observed by LC‐MS. This result suggests the formation of polymeric
products.
Table 7 Summary of experimental conditions
pH

Metal:Ligand EtOH %

Solvent

2
3
5
7
10
12

1:1
1:2
2:1
1:5
5:1
1 :10

Water
Acetonitrile
Ethanol
Water/Acetonitrile (50/50)

0
5
10
20
50
100
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Temp
(°C)
25
60
80
100

Time
15
30
60
180

[RhCl2(222‐gdm‐pmBz)]PF6: After these unsuccessful attempts with 222‐
gdm, 222‐gdm‐pmBz was synthesized, where the free thiol groups were
protected with the p‐methoxybenzyl group. The Rh(III) complexation reaction
with 222‐gdm‐pmBz was performed according to the general procedure, where 3
x 10‐3 M ligand and 3 x 10‐3 M Rh(III)Cl3 ⋅ xH2O at pH ~ 5 were heated in
EtOH/Water (2 : 8) at 80 °C

for 1h, and the dark orange [RhCl2(222‐gdm‐

pmBz)]PF6 complex was obtained successfully in 30 % yield. The [RhCl2(222‐
gdm‐pmBz)]PF6 complex has been characterized by LC‐MS, 13C NMR and 1H
NMR spectra. HPLC chromatograms showed two complexation products
([RhCl2(222‐gdm‐pmBza)]PF6

and

[RhCl2(222‐gdm‐pmBzb)]PF6)

in

an

approximately 50:50 ratio, presumably cis and trans isomers. An LC‐MS
spectrum of the product mixture supported the presence of cis/trans isomers,
since the same molecular ions were observed for each peak with the expected
isotopic distribution (Figure 17). The theoretical isotopic distribution is m/z 649.1
(100 %), 650.1 (30 %) and 651 (70 %), and the observed isotopic distribution is m/z
649 (100 %), 650 (30 %) and 651 (70 %). [RhCl2(222‐gdm‐pmBz)]PF6 was fully
characterized by 13C NMR spectroscopy. The 13C NMR spectra of the 222‐gdm‐
pmBz and [RhCl2(222‐gdm‐pmBz)]PF6 were shown in Figure 19 respectively.
Due to the symmetric nature of the 222‐gdm‐pmBz, before the ligand is
coordinated to the Rh(III), ten

13

C signals were observed for twenty carbon
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groups on the 222‐gdm‐pmBz. However, after 222‐gdm‐pmBz was coordinated
to the Rh(III) each 13C signal was split into three. So in contrast to the 13C NMR
spectrum of 222‐gdm‐pmBz, a total of thirty

13

C signals were observed in for

[RhCl2(222‐gdm‐pmBz)]PF6.
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Figure 17 LC‐MS spectrum of the [RhCl2(222‐gdm‐pmBz)]PF6
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670

675

680

685

m/z
690

Initially, it was thought that these results were indicative of three isomers,
assuming one set of
complex x 3 = 30

13

C signals corresponded to each isomer (10

13

C). However, after performing the

13

13

C for each

C NMR studies with

[RhCl2(232‐gdm‐pmBz)]PF6 (explained in detail in the next paragraph), it was
found that the 13C peaks were splitting into two only when the trans isomer was
formed. In the case of trans isomer, when 222‐gdm‐pmBz was coordinated to
Rh(III) due to the different environment these groups were experienced, the
carbon atoms of the ligand were no longer symmetric. On the basis of these
findings, the 13C NMR spectrum of [RhCl2(222‐gdm‐pmBz)]PF6 is suggestive of
the formation of two isomers, cis and trans. The results obtained by LC‐MS,
where two products were obtained with the same mass and isotopic distribution,
was also supported the formation of two isomers.
The complexity of the 1H‐NMR spectrum, due to the presence of isomers,
made interpretation difficult. However, the most characteristic peaks of the 1H
NMR spectrum for the ligand are the aromatic proton signals around 7 ppm, the
methoxy signal at 3.7 ppm and the high‐field methyl signal at 1.3 ppm (Figure
21).
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Figure 18 The 13C NMR spectrum of 222‐gdm‐pmBz

Figure 19 The 13C NMR spectrum of [RhCl2(222‐gdm‐pmBz)]PF6
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Figure 20 1H NMR spectrums of 222‐gdm‐pmBz
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Figure 21 1H NMR spectrums of [RhCl2(222‐gdm‐pmBz)]PF6

89

[RhCl2(232‐gdm‐pmBz)]PF6 : To decrease the number of geometric isomers
formed by Rh(III) complexes with DADTE ligands, 232‐gdm‐pmBz was used for
the Rh(III) complexation reaction. 232‐gdm‐pmBz has a larger cavity due to the
additional –CH2 group on the backbone chain. The same procedure was used for
the Rh(III) complexation reaction with 232‐gdm‐pmBz. Dark orange [RhCl2(232‐
gdm‐pmBz)]PF6 was obtained in 35 % yield. LC‐MS analysis was carried out on
the isolated product showed a minor product [RhCl2(232‐gdm‐pmBza)]PF6 and
one predominant product [RhCl2(232‐gdm‐pmBzb)]PF6, both with the same
positive‐ion peaks. The theoretical isotopic distribution is m/z 663.1 (100 %),
664.1 (30 %) and 655 (70 %) and the observed isotopic distribution is m/z 663.1
(100 %), 664 (30 %) and 665 (70 %).
The isolated product was then dissolved in ethanol/acetonitrile solution,
and single crystals were obtained by slow evaporation. X‐ray diffraction analysis
confirmed the formation of the trans isomer, trans‐[RhCl2(222‐gdm‐pmBz)]+
(Figure 22). The X‐ray crystal structure analysis will be discussed more in page
112. The obtained crystals were reanalyzed by LC‐MS under the same conditions,
and the results confirmed that the major peak was the trans isomer. Elemental
analysis was performed and was consistent with the formation of a 1:1 metal :
ligand complex.
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Figure 22 ORTEP drawing of trans‐[RhCl2(232‐gdm‐pmBz)]+. Probability
ellipsoids are shown at the 50% level.
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Figure 23 LC‐MS spectrum of the [RhCl2(232‐gdm‐pmBz)]PF6

The 1H and 13C NMR studies were performed with pure trans‐[RhCl2(232‐
gdm‐pmBzb)]PF6 in deuterated acetonitrile. [RhCl2(232‐gdm‐pmBzb)]PF6, was
fully characterized by

13

C NMR spectrum (Figure 25). The

C signals for the

13

[RhCl2(232‐gdm‐pmBzb)]PF6 occur further downfield than for the ligand. Before
the complexation, due to the symmetry of the ligand one 13C signal was obtained
for each symmetric carbon atom pair. Due to the different environment these
groups experience on coordination to Rh(III), additional

C signals were

13

obtained. For the central methylene group on the propylenediamine moiety, only
92

one 13C signal was observed as expected. The trends observed for the 1H NMR
analysis were similar to those found in 13C NMR analysis (Figure 27); Before the
Rh(III) complexation, the symmetrical ligand exhibited first order splitting; one
1

H signal was observed for each unique –CH2 and –CH3 group on 232‐gdm‐

pmBz. After complexation, the ligand was no longer symmetrical and additional
1

H signals were observed. For example, rather than one singlet corresponding to

all four –CH3 groups in the ligand, four singlets were obtained, reflecting the
unique environment. In addition to these signals, the characteristic singlet –CH2
signal that was observed for the ‐SCH2C6H4OCH3 on the 232‐gdm‐pmBz became
a doublet after complexation because the two H’s become non equivalent and
split each other (see Table 8). However, it was very difficult to identify the
signals for the protons on the central propylene and the ethylene bridge. Due to
the strong geminal and vicinal couplings of these protons a complex splitting
patterns was observed.
Table 8 1H NMR date for ligand 232‐gdm‐pmBz and its Rh(III) complex
[RhCl2(232‐gdm‐pmBzb)]PF6

Assignment
‐NCH2CH2CH2N‐
‐NCH2CH2CH2N‐
‐ SC(CH3)2CH2N‐
‐SC(CH3)2
‐SCH2C6H4OCH3
‐SCH2C6H4OCH3

Ligand (δ ppm)
1.9‐1.8 (m)
2.62 (t)
2.9 (s)
1.31 (s)
4.67 (s)
7.28 (d), 6.88 (d)

Complex (δ ppm)
3.1‐1.91 (m),
1.58 (s), 1.56 (s), 1.47(s), 0.99 (s)
4.35 (d), 4.14 (d), 3.87 (d), 3.72 (d)
7.41 (d), 6.98 (d), 6.88(d), 6.80(d)
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Figure 24 The 13C NMR spectrum of 232‐gdm‐pmBz
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Figure 25 The 13C NMR spectrum of [RhCl2(232‐gdm‐pmBzb)]PF6
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Figure 26 1H NMR spectrum 232‐gdm‐pmBz
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Figure 27 1H NMR spectrum of [RhCl2(232‐gdm‐pmBzb)]PF6

[RhCl2(232‐gdm‐Met)]PF6: The Rh(III) complexation reaction with 232‐
gdm‐Met was performed in order to obtain a more stable and less bulky Rh(III)
complex. The complexation reaction with 232‐gdm‐Met was performed
according to the general procedure, and dark orange [RhCl2(232‐gdm‐Met)]PF6
was obtained in 42 % yield. The complex was analyzed by HPLC and LC‐MS.
HPLC chromatograms showed one complexation product presumably the trans
isomer. An LC‐MS spectrum of the product mixture supported the single isomer
formation, since only one positive‐ion peak was observed with the expected
isotopic distribution (Figure 28). The theoretical isotopic distribution is m/z
451.03 (100 %), 452.03 (16.7 %) and 452.03 (65.2 %) and the observed isotopic
distribution is m/z 451 (100 %), 452 (17 %) and 453 (70 %).
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Figure 28 LC‐MS spectrum of the [RhCl2(232‐gdm‐Met)]PF6
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[RhCl2(232‐Met)]PF6: To decrease the lipophilicity even further, the Rh(III)
complexation reaction was performed with 232‐Met where the digemmethyl
groups were absent on the backbone of the ligand. After the reaction was
complete [RhCl2(232‐Met)]PF6 was obtained in 30 % yield. The reaction mixture
was analyzed by HPLC and LC‐MS, 1H NMR and

C NMR spectroscopy. A

13

single or at least one predominant, geometric isomer was expected to be obtained
upon complexation, since 232‐Met has the same backbone chain as 232‐gdm‐
pmBz and 232‐gdm‐Met. However, according to the LC‐MS results, at least two
geometric isomer formation was observed (Figure 29).
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Figure 29 LC‐MS spectrum of the [RhCl2(232‐Met)]PF6
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[RhCl2(323‐Met)]PF6 and [RhCl2(333‐Met)]PF6: To understand if the
unexpected multiple isomer formation with 232‐Met occurred due to the absence
of the gemdimethyl groups on the backbone, and if it can be overcome by
increasing the backbone chain even further, Rh(III) complexation reactions with
323‐Met and 333‐Met were performed according to the general procedure. In the
case 323‐Met the 232‐Met backbone chain was increased by one carbon spacer
and in the case of 333‐Met, 232‐Met backbone chain was increased by two carbon
spacer. Both reaction mixtures were analyzed by HPLC and LC‐MS and it was
found that dark orange [RhCl2(323‐Met)]PF6 and [RhCl2(333‐Met)]PF6 were
obtained with 44 % and 40 % yield, respectively. LC‐MS spectroscopy indicated
the presence of at least five isomers with two major and three minor positive‐ion
peaks with the correct isotopic distribution, approximately in a 47:47:2:2:2 ratio
for both [RhCl2(323‐Met)]PF6 (Figure 30) and [RhCl2(333‐Met)]PF6 (Figure 31).
The observed trend was surprising, because increasing the distance between
coordinating atoms was expected to decrease the formation of multiple isomers.
The increase in the number of isomers might be explained by the absence of
steric limitation imposed by the gem‐dimethyl groups on the backbone chain. 1H
and

13

C NMR studies were performed with the isolated products [RhCl2(323‐

Met)]PF6 and [RhCl2(333‐Met)]PF6 in deuterated acetonitrile.
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Figure 30 LC and MS spectrum of the [RhCl2(323‐Met)]PF6
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Figure 31 LC and MS spectrum of the [RhCl2(333‐Met)]PF6

Before Rh(III) complexation, due to the symmetry of the ligand 323‐Met,
five 13C signals were observed for 323‐Met in the 13C NMR spectrum. However

101

after the complexation, an additional four 13C signals were observed for each 13C
signal, so total twenty‐five

13

C signals were observed for [RhCl2(323‐Met)]PF6.

Likewise, before Rh(III) complexation six 13C signals were observed for 333‐Met,
and after 333‐Met was coordinated to the Rh(III), additional four 13C signal were
observed for each

C signal (only for central carbon signal on the central

13

propylene bridge 13C signal was split into four). So, for the complex, [RhCl2(333‐
Met)]PF6, twenty‐nine

13

C signals were obtained (Figure 33). Based on the

previous results obtained for [RhCl2(222‐gdm‐pmBz)]PF6 and [RhCl2(232‐gdm‐
pmBz)]PF6, it was anticipated that the 13C NMR spectrum was indicative of the
formation of four isomers (one trans and three cis). After the crystal for the trans‐
complex was obtained, the validity of this assumption was proven by
performing the 13C NMR

analysis with the trans‐[RhCl2(323‐Met)]PF6 complex.

From this analysis, ten 13C signals were obtained from the 13C NMR spectrum of
the trans‐[RhCl2(323‐Met)]PF6 complex, verifying the accuracy of the assumption
(For example, in the case of [RhCl2(323‐Met)]PF6, ten 13C signals were obtained
for the trans complex and fifteen 13C signals were obtained for four cis complexes).
Other than the central carbon signal on the side propylene bridge, all the
C signals for [RhCl2(323‐Met)]PF6 occur further downfield than for the ligand.

13

The 1H spectrum was very difficult to interpret, since the hydrogens on each
methylene become nonequivalent and adopt an individual chemical shift. Thus,

102

the coupling becomes complicated and the 1H signals overlapped (Figure 35).
However, six proton signals were observed corresponding to the methyl groups
on the complex (two signals for the trans‐isomer and one signal for each cis‐pair),
and this result was consistent with the 13C findings confirming the observation of
five isomers. In the case of [RhCl2(333‐Met)]PF6, a similar trend was observed
from the

C NMR spectrum, where six peaks were observed for each of the

13

symmetric carbon group and five peaks were observed for the central methylene
group, indicating the formation of five isomers (Figure 37).
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Figure 32 The 13C NMR spectrum of 323‐Met
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Figure 33 The 13C NMR spectrum of [RhCl2(323‐Met)]PF6
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Figure 34 1H NMR spectrum of 323‐Met
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Figure 35 1H NMR spectrum of [RhCl2(323‐Met)]PF6
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Figure 36 The 13C NMR spectrum of 333‐Met
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Figure 37 The 13C NMR spectrum of [RhCl2(333‐Met)]PF6

110

Figure 38 1H NMR spectrum of 333‐Met
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Figure 39 1H NMR spectrum of [RhCl2(333‐Met)]PF6

3.2.1

The Crystal Structure of trans‐[RhCl2(232‐gdm‐pmBz)]PF6

Single

crystals

were

prepared

by

slow

evaporation

of

an

ethanol/acetonitrile solution, and X‐ray diffraction analysis confirmed formation
of the trans isomer, of trans‐[RhCl2(232‐gdm‐pmBz)]PF6.
Figure 22 shows the molecular structure of the cation with the atomic
labeling scheme. The ORTEP diagram shows the complex to have slightly
distorted octahedral geometry, with the Rh(III) atom positioned in the center of
the N2S2 cavity and the two chloride anions in axial sites. The p‐methoxy benzyl
group on the S(1) atom of the ligand lies above the N2S2 coordination plane while
the one on the S(2) lies below the N2S2 coordination plane. Both N‐H are atoms
pointing toward Cl(2), and the lone pair of the S(1) donors are pointing toward
Cl(1) where the lone pair of the S(2) donors are pointing toward Cl(2). The least‐
square plane determination showed that the sulfur donor S(1) lies 0.0617 Å above
the plane, while S(2) lies 0.0611 Å below the plane. Likewise, nitrogen donor N(1)
lies 0.0689 Å below the plane while N(2) lies 0.0683 Å above the plain. The
rhodium ion sits 0.0068 Å above the plane, in the direction of Cl(2). The values of
the Rh‐S and Rh‐N bond lengths in the equatorial ligand plane average 2.3343(7)
and 2.100(2) Å, respectively. The distances between the rhodium atom and the
two axial chlorine atoms differ only slightly, (2.3358(7) and 2.3461(6) Å), and
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compare well with the Rh‐Cl distances found in other rhodium‐chloride
complexes (e.g., [RhCl2(232‐S4‐sibz)]PF6] (Rh‐Cl ) 2.349(2) Å). In this complex
there is a central six‐membered chelating ring with two five‐membered chelating
rings oriented on opposite sides. All angles around the rhodium center deviate
from 90°. The S‐Rh‐N angles in the five‐membered rings are close to the expected
value of about 82° (range 84.75° and 85.35°), whereas the N‐Rh‐N angle formed
by the six‐membered ring is 94.83°. These large values allow the metal atom to lie
in the plane of the N2S2 ligand. Supplementary crystallographic information is
available on page 149.
The two nitrogen and two sulfurs atoms on the N2S2 ligand system
become chiral stereocenters S(l), S(2), N(l), and N(2) after complexing with Rh(III).
Each stereogenic center has two possible stereoisomers, R or S. Thus, all possible
combinations of the four centers should have produced eight pairs of
enantiomers, however, due to the plane of symmetry in the N2S2 Rh(III)
complexes 6 pairs of enantiomers (RRRR/SSSS, RRRS/RSSS, SSSR/SRRR,
SRSS/RRSR, RSRR/SSRS and SRRS/RSSR) and two pairs of meso complexes
(SSRR/RRSS and SRSR/RSRS) have been formed for each cis and trans isomer.
Based on crystal structure analysis, it is found that trans‐[RhCl2(232‐gdm‐
pmBz)]PF6 represents an SRSS stereoisomer.
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3.2.2

The crystal structure of trans‐[RhCl2(323‐Met)]PF6

Based on the LC‐MS and 13C NMR results it was found that Rh(III) forms
at least 5 isomers with 323‐Met, however only the trans isomer of [RhCl2(323‐
Met)]PF6 was crystallized. Crystals of complex 323‐Met suitable for an X‐ray
diffraction study were grown by diffusion of methanol into an acetonitrile
solution of the complex. The molecular structure of trans‐[RhCl2(323‐Met)]PF6,
showed a slightly distorted octahedral geometry (Figure 40). Crystal structure
analysis confirmed the expected octahedral coordination geometry of the
complex cation, trans‐[RhCl2(323‐Met)]+. The tetradentate ligand coordinates the
rhodium atom in a planar fashion, with two chloride atoms occupying the axial
positions of the complex. The octahedral coordination polyhedron is slightly
distorted. The least‐squares plane determination showed that the sulfur donor
S(1) lies 0.0352 Å above the plane, while S(2) lies 0.0352 Å below the plane.
Likewise, nitrogen donor N(1) lies 0.0413 Å below the plane, while N(2) lies
0.0401 Å above the plane. The rhodium ion sits 0.0359 Å above the plane, in the
direction of Cl(2). Both methyl groups of the ligand lie on the same side of the
N2S2 coordination plane, with the N‐H atoms pointing toward Cl(2) and the lone
pair on each of the S donors pointing toward Cl(1). Thus, the chiral donor
stereocenters S(l), S(2), N(l), and N(2) in the complex have an RSRS absolute
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configuration, respectively. The values of the Rh‐S and Rh‐N bond lengths in the
equatorial ligand plane are 2.3339(5) and 2.1071(15) Å, respectively. The
distances between the rhodium atom and the two axial chloride atoms differ only
slightly (2.3353(5) and 2.3489(5) Å) and compare well with the Rh‐Cl distances
found in other rhodium(III)‐chlorine complexes (e.g., [RhCl2(232‐S4‐sibz)]PF6]
(Rh‐Cl ) 2.349(2) Å).60 All angles around the rhodium center deviate from 90°.
The S‐Rh‐N angles in the equatorial plane are larger than 90° (96.48 and 92.17°),
and the S‐Rh‐S and N‐Rh‐N angles are smaller than 90° (86.92 and 84.44°,
respectively). In contrast to 222‐gdm‐pmBz, this complex has a central five‐
membered chelating ring with two six‐membered chelating rings oriented on the
opposite sides. We note that smaller central bite angles are observed only when
the complex has a five‐membered chelate ring. The bite angle for the five‐
member chelating ring is 84.44° and for six‐member chelating rings are 92.17°
and 96.48°. Supplementary information is available on page 157.
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Figure 40 ORTEP drawing of trans‐[RhCl2(323‐Met)]PF6. Probability ellipsoids
are shown at the 50% level.
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Table 9 Summary of DADTE ligands and their Rh(III)

In summary, successful complexation of the ligands with non‐radioactive
Rh(III) was accomplished. It appears that 232‐gdm‐pmBz and 232‐gdm‐Met give
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predominantly one complex. These results will be compared to the radiolabeling
results, which are described in the following section.

3.3

RADIOLABELING REACTIONS WITH 105Rh
To investigate the similarities and the differences between the

macroscopic and the radiotracer level in Rh(III) complexation reactions, the
radiolabeling reactions with

105

Rh were performed parallel to the Rh(III)

complexation reactions. Following the Rh(III) complexation reaction at the
macroscopic level with 222‐gdm, the radiolabeling of 222‐gdm with

Rh was

105

also attempted. The radiolabeling reaction was performed according to the
previously published procedure described on page 118. Similar to the results
obtained in the Rh(III) complexation reaction at the macroscopic level with 222‐
gdm, no 105Rh radiolabeling was observed at the tracer level with 222‐gdm.
After [Rh(III)Cl2(222‐gdm‐pmBz)]Cl was successfully obtained at the
macroscopic level, the

105

Rh radiolabeling reaction of 222‐gdm‐pmBz was

performed, and [105RhCl2(222‐gdm‐pmBz)]Cl was obtained at tracer level in 46 %
yield (both cis and trans).
To increase the radiolabeling yield the reaction conditions such as pH,
EtOH % and ligand concentration, were optimized. Previously published
reaction conditions58 were used as an initial set of conditions (pH 4, 15 % EtOH,
1 x 10‐4 M ligand (232‐gdm‐Met) and 0.5 mCi / 1 mL
118

Rh were heated at 80° C

105

for 1 h). The identity of [105RhCl2(232‐gdm‐Met)]Cl was verified by injecting
radiolabeled and non‐radioactive complexes together onto the radio‐HPLC
system. Determination of the yields were determined based on the area of the
intact [105RhCl2(232‐gdm‐Met)]Cl

complexes detected on the radio‐HPLC

chromatogram. Analysis of each condition optimization is discussed below and
the overall results are shown in Table 10.
EtOH%: Radiolabeling studies were performed in an identical fashion as
in the initial conditions, with the exception of using different ethanol percentages
(0, 5, 10, 15, 20 and 50 %), in order to determine the best ethanol conditions for
obtaining the highest labeling yield. The general procedure was followed to
perform the experiments. The maximum yield was obtained when 15 % ethanol
was used for the radiolabeling reaction. When < 10 and > 15 percent ethanol was
used for radiolabeling reaction, the radiolabeling yields decreased.
pH: To find the optimum pH, the radiolabeling reactions were performed
at pH = 3, 4, 5, 6, 7 and 10, according to the general labeling procedure. The
highest yields were observed at pH = 4 (61 %) and 5 (60 %), which is consistent
with the previously published papers. All other pH values showed complexation
yields lower than 31 %.
Ligand Conc.: To find the most favorable concentration for a higher
radiolabeling yield, three experiments were carried out according to the general
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procedure, as mentioned before (pH = 4,

Rh = 0.5 mCi / 1 ml and 15 % EtOH),

105

with ligand concentrations of 1x10‐2, 1x10‐3 and 1x10‐4 M. The yields are calculated
based on the areas under the product peaks divided by the total. According to
the radio‐HPLC analysis, the highest yield (60 %) was observed when the ligand
concentration was 1 x 10‐3 M.

Table 10 a) % EtOH versus % intact radiolabeled complex, b) pH versus% intact
radiolabeled complex and c) Concentration versus % intact radiolabeled complex
% EtOH
(v/v)
0
5
10
15
20
50

(a)
% Yield*

pH

(b)
% Yield*

15 ± 2.51
36 ± 2.1
59 ± 2.6
61 ± 3.5
46 ± 2.0
23 ± 3.1

3
4
5
6
7
10

13 ± 2.5
61 ± 1.5
60 ± 2.0
31 ± 1.5
22 ± 1.5
~0

(c)
(M) Ligand
Concentration
1 x 10‐2
1 x 10‐3
1 x 10‐4

% Yield*
41 ± 2.1
60 ± 2.0
39 ± 1.5

* Intact radiolabeled complex, experiments repeated three times (n = 3)

Gentisic Acid (GA) Effect on Radiolabeling Yield
The radiation‐protecting agents are very important in order to prevent
radiolysis. Radiation can cause radiolysis in two ways. The first way is “direct
action” and the second one is “indirect action”.80 In direct action, the radiation
directly collides with the ligand and the energy absorbed by the ligand can cause
decomposition. The second way is the “indirect action”, which occurs when the
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radiation is absorbed by water and forms species such as H+, OH‐, •H and •OH.
These species, especially •OH radicals are highly reactive and can cause damage
to the ligand. It is found that the “indirect action” is the major cause for
radiolysis.80 During radiolabeling reactions, heating can increase the rate of
radical reactions. Thus without any radiation‐protecting agent, the expected
radiolabeling yield could be really low. The radiation‐protecting agents are
highly reactive compounds towards radicals. They have low reactivities towards
the radioisotope and should be FDA approved compounds for human use. Two
of the radiation‐protecting agents that can be used for radiopharmaceuticals are
ascorbic acid and gentisic acid (GA).81, 82 In this study we investigated the use of
GA effect on yield (Figure 41).
COOH
OH

HO

Figure 41 Structure of gentisic acid (GA)

To investigate the GA effect on radiolabeling yield, radiolabeling
experiments with 232‐gdm‐Met were performed by using the initial conditions
described above, and the same reaction was repeated under the same conditions
but in the presence of GA. Both reactions were heated for 1 h at 80 °C. A
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remarkable increase (66 %) was observed in the [105RhCl2(232‐gdm‐Met)]Cl yield
when the radiolabeling reaction was carried out in the presence of GA.
After the reaction conditions were optimized, the radiolabeling reactions
with 232‐gdm‐pmBz, 232‐gdm‐Met, 232‐Met, 323‐Met and 333‐Met were
performed. The optimized reaction conditions were used, where pH = 4 – 5,
EtOH = 15 %, Ligand conc. = 1 x 10‐3 M, 105Rh = 0.5 mCi / 1 ml and GA = 10 mg/ 20
mCi). All the radiolabeling reactions were analyzed by radio‐HPLC. To verify the
identity and the yield of the [105RhCl2(L)]Cl, radiolabeled and non‐radioactive
complexes were co‐injected onto the radio‐HPLC system. HPLC system had both
a UV detector and a radiodetector, so both the non‐radioactive and the
radiolabeled complexes could be monitored. The column effluent was first
detected by the UV and then with the radiodetector, therefore a time delay is
seen when viewing these chromatograms. After the radiolabeled complex was
characterized, the whole reaction mixture was injected onto the HPLC and
fractions were collected as a function of peaks observed in the detector. To verify
that the collected peak only contained the desired radiolabeled compound, an
aliquot from the collected peak eluent was re‐injected onto the radio‐HPLC by
using the same gradient (Figure 42). The % radiolabeling yields were calculated
based on the collected fractions (desired fraction/total fractions X 100).
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c)

mVolts
Volts

b)

Radioactive
cis/trans‐complex

mVolts

a)

Non‐radioactive
trans‐complex

Isolated radioactive
trans‐complex

Minutes
Figure 42
a) UV chramotogram of the non‐radioactive trans complex, b)
radioactive cis/trans‐complex and c) an aliquot from trans‐complex was re‐
injected to confirm the validation of the peak

In the case of [105RhCl2(232‐gdm‐pmBz)]Cl, two predominant peaks in
approximately a 50:50 ratio, were observed at 28.6 and 31.5 min in 24 % and 22 %
yield, respectively (Figure 43a). Based on the cold complex results, we are
tentatively assigning the first product as the cis and the latter as the trans isomer,
respectively (Table 13a). In the case of [105RhCl2(232‐gdm‐Met)]Cl, one minor and
a major peak were observed at 22.1 min and 24.2 min with yields of 8 % and 53 %,
respectively (Figure 43b). Upon cold complex analysis, the major product was
assigned as the trans isomer (Table 13b). Unreacted 105Rh‐chloride at 3.6 min was
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not observed in either case indicating that all the

Rh‐chloride was consumed

105

during the radiolabeling reaction.
Due to the low UV absorption of the non‐radioactive [Rh(III)Cl2(232‐
Met)]Cl, the identity of the radiolabeled [105RhCl2(232‐Met)]Cl could not be
verified by co‐injection of the radiolabeled and non‐radioactive complexes onto
an radio‐HPLC system. However, retention times of the radiolabeled product
were identical with the retention times of the cold complexes analyzed under the
same conditions by LC‐MS. Two major radio‐peaks were observed at 20 min and
22 min, respectively, in approximately 50:50 ratios with in overall yield 53 %,
presumably cis and trans isomers (Figure 43c).
In the case of [105RhCl2(323‐Met)]Cl, three radiolabeled peaks, one major
(14. 5 min, 28.53 %) and two minor (12.3 min, 11 % and 13.98 min, 16.3 %) peaks
were obsereved for the radiolabeled complex (Figure 43d). Also, unreacted 105Rh‐
chloride at 3.6 min was observed with a yield of 44 %. Upon cold complex
analysis the major product was assigned as the trans isomer. In the case of
[105RhCl2(333‐Met)]Cl, after the radiolabeling, the radio‐HPLC chramotogram
showed a similar pattern. However, the overall yield obtained for [105RhCl2(333‐
Met)]Cl was 15 % lower than that obtained for [105RhCl2(323‐Met)]Cl. At 3.6 min,
52 % yield was observed for unreacted 105Rh‐chloride.
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125
d) [105RhCl2(323‐Met)]Cl

b) [105RhCl2(232‐gdm‐Met)]Cl

Figure 43 The radio‐HPLC chromatogram of 105Rh radiolabeling reactions with a) 232‐gdm‐pmBz, b) 232‐gdm‐Met,
c) 232‐Met and d) 323‐Met

c) [Rh(III)Cl2(232‐Met)]Cl

a) [105RhCl2(232‐gdm‐pmBz)]Cl

3.3.1

Stability Studies

Gentisic Acid (GA) Effect on Stability
As mentioned before in detail, it is very common to use radiation‐
protecting agents to prevent the unwanted effects of radiolysis caused by
radiation emitted from the radioisotope. Especially after the radiolabeling
reaction is complete, hydroxyl radicals produced by radiation can easily
decompose the radiolabeled complex. To investigate the effect of using radiation‐
protecting agents (which is GA in this case) for stability studies, two
radiolabeling reactions, rxn. 1 and rxn. 2, were performed. Both

105

Rh

radiolabeling reactions were performed with 232‐gdm‐Met according to the
general radiolabeling procedure, with the exception that GA was not added to
the reaction mixture in the case of rxn. 1. After the reactions were complete, the
radiolabeled complexes were collected and purified by radio‐HPLC, and for each
complex stability studies were performed in PBS (pH = 7.5). In the case of rxn. 2
and, GA was added to the PBS solution due to the removal of the GA during the
purification of the radiolabeled complexes. The stability of the HPLC‐purified
[105RhCl2(232‐gdm‐Met)]Cl complexes were monitored over 6 days and analyzed
by radio‐TLC and radio‐HPLC systems.
The radio‐TLC studies were performed to monitor the % intact
radiolabeled complex. A 1 μL aliquote from the 105Rh‐chloride stock solution and
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[105RhCl2(232‐gdm‐Met)]Cl reactions were spotted on a reversed‐phase C18 TLC
plate next to each other and were developed in 100 % acetonitrile solution
containing 0.025 M NH4PF6. The unlabeled

105

Rh‐chloride remained at the origin

(Rf = 0.05‐0.1) while [105RhCl2(232‐gdm‐Met)]Cl migrated to the solvent front (Rf
= 0.9‐1.0).
The intact radiolabeled complex, [105RhCl2(232‐gdm‐Met)]Cl, in rxn 2.
remained relatively stable (90 %) compared to rxn.1, where rxn. 1 decomposed to

% Intact radiolabeld complex

80 % over six days (see figure below).
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Rxn. 1, n= 4, SD= 0.71
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Rxn. 2, n= 4, SD= 0.65
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Figure 44 Stability studies of [105RhCl2(232‐gdm‐Met)]Cl in PBS buffer at 37 °C.
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Stability Studies of [105RhCl2(232‐gdm‐pmBz)]Cl, [105RhCl2(232‐gdm‐Met)]Cl
and [105RhCl2(232‐Met)]Cl in PBS buffer.
The stability of HPLC‐purified [105RhCl2(232‐gdm‐pmBz)]Cl (peak 1(cis)
and peak 2 (trans)) [105RhCl2(232‐gdm‐Met)]Cl and [105RhCl2(232‐Met)]Cl (peak
1(cis) and peak 2 (trans)) were performed in PBS (pH = 7.5) buffer over 3 to 7 days
at 37° C in the presence of GA. In the case of [105RhCl2(232‐gdm‐pmBz)]Cl, the %
intact complex in peak 1, decreased from 97 % to 76 %, and the percent intact
complex in peak 2 decreased from 99 % to 76 %, in 168 h. This result suggested
that both peaks, putatively cis/trans isomers, were ~76 % stable over 7 days. In the
case of [105RhCl2(232‐gdm‐Met)]Cl, the % intact complex decreased from 98 % to
88 % in 144 h, indicating that the radiolabeled complex was 90 % stable over 6

% Intact radiolabeled complex

days (see figure below).
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Figure 45 a) The stability of [105RhCl2(232‐gdm‐pmBz)]Cl in PBS buffer at 37 °C
b) The stability of [105RhCl2(232‐gdm‐Met)]Cl in PBS buffer at 37 °C
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In the case of [105RhCl2(232‐Met)]Cl, the % intact complex in peak 1,
decreases from 84 % to 77 %, and the % intact complex in peak 2 decreased from
82 % to 75 %, in 72 hours. This was suggested that both peaks, cis/trans isomers,

% Intact radiolabeled complex

were 91 % stable over 3 days (see figure below).
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Figure 46 The stability of [105RhCl2(232‐Met)]Cl in PBS buffer at 37 °C

Overall, ≥ 90 % stability was observed for [105RhCl2(232‐gdm‐Met)]Cl and
[105RhCl2(232‐Met)]Cl, while ≥ 76 % stability was observed for [105RhCl2(232‐gdm‐
pmBz)]Cl. From the previously published literature83, it has been shown that p‐
methoxy benzyl groups on the ligand are not as stable as alkyl groups. In
addition, they are much bigger in size and bulkier, which may increase the
chances of exposure to self‐radiolysis. Therefore, these structural features may
result in a less stable radiolabeled complex.
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3.3.2

The Distribution Coefficients (log D)
The distribution coefficients between octanol and water at pH 7.4 were

determined with the shake‐flask method for [105RhCl2(232‐gdm‐pmBz)]Cl,
[105RhCl2(232‐gdm‐Met)]Cl and [105RhCl2(232‐Met)]Cl. The log D values were
calculated according to the previously described equation (see pg. 66). The
theoretical calculations for log D values were accomplished by using ChemDraw
software. The overall results calculated and obtained for the complexes are
shown in Table 11. All of the 105Rh complexes were found to be very hydrophilic.
And as expected, for complexes [105RhCl2(232‐gdm‐Met)]Cl and [105RhCl2(232‐
Met)]Cl, a decrease in log D values was found. Substituting p‐methoxy group
with a methyl group decreases the log D value by 1.437, and in the case of
[105RhCl2(232‐Met)]Cl, removal of the gem‐dimethyl groups on the backbone
chain decreased the log D value by 0.720. Even though [105RhCl2(232‐gdm‐
pmBz)]Cl showed the highest log D value, it was still low, corresponding to
the +1 charge of the complex.
Table 11 Theoretical and calculated Log D values
Cl

Cl
NH

HN

NH

Rh

Structure

S

Log D found

NH

Rh
S

S

Cl

H3CO

Cl
HN

HN
Rh

S
Cl

S

S
Cl

OCH 3

1.902 ± 0.066

0.465 ± 0.480
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‐0.255 ± 0.502

3.3

Rh(III) COMPLEXATION STUDIES WITH BOMBESIN(7‐14)
ANALOGUES
Three bombesin analogues with a six carbon spacer, Ahx‐Met14‐BBN(7‐14),

Ahx‐Ala14‐BBN(7‐14) and Ahx‐NLeu14‐BBN(7‐14) (Figure 47) were synthesized
using a solid‐phase peptide synthesizer. The final peptide products were
typically ~80 % pure as determined by LC‐MS. The crude peptides, after cleavage
from the resin, were dissolved in 50:50 acetonitrile: water, and insolubles were
removed by filtration. The filtrates were then lyophilized.
From previously published literature it has been shown that the peptide
BBN(7‐14) is a potent GRP agonist, and the Met14 residue of this BBN(7‐14) is
responsible for its agonistic properties, triggering the biological response.
Deletion or blocking the Met14 from BBN(7‐14) generates an antagonist analog of
the peptide, which binds to the GRP receptor but it does not stimulate a
mitogenic reponse. Previous research indicated that Rh(III) binds to these
peptides through their terminal amino groups and deprotonated amide bonds.1, 2
Further binding with N‐ or S‐ donor groups of the side chain of the histidine (His)
and methionine (Met) amino acids on the peptides has also been observed. The
possible complexation reaction between Met14 on the BBN(7‐14) was the most
important issue, since a Rh(III)‐Met14‐BBN(7‐14) complex would lead to an
analogue that cannot maintain its agonistic properties.
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Figure 47

Norleucine

a) Ahx‐Met14‐BBN(7‐14), AhX‐QWAVGHLM‐NH2
b) Ahx‐Ala14‐BBN(7‐14), AhX‐QWAVGHLA‐NH2
c) Ahx‐NLeu14‐BBN(7‐14), AhX‐QWAVGHLNLeu‐NH2
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To investigate the possible complexation reaction of Rh(III) with Met14 on
BBN(7‐14), parallel Rh(III) complexation reactions were performed with Met14‐
Ahx‐BBN(7‐14) that has Met as the 14th amino acid and Ala14‐Ahx‐BBN(7‐14)
where Met14 was replaced by the Ala amino acid. Both Rh(III) complexation
reactions with the peptides were performed under the same conditions, where
the Rh(III) to peptide ratio was 1:1. Experimental results showed that all Met14‐
Ahx‐BBN(7‐14) was complexed with Rh(III), while a small amount of
complexation was observed with Ala14‐Ahx‐BBN(7‐14). Since there is no Met
amino acid in Ala14‐Ahx‐BBN(7‐14), as was mentioned before His12 and the
terminal amino group on the spacer might be the potential places for Rh(III)
complexation with Ala14‐Ahx‐BBN(7‐14).

In order to understand better how

favorable these Rh(III) complexation sites on peptides are Rh(III) complexation
with Met14‐Ahx‐BBN(7‐14) and Ala14‐Ahx‐BBN(7‐14) were performed in the
presence of free 232‐gdm‐Met ligand. Since it has been proven that Rh(III) has
high complexation affinity towards the DADTE ligands, it was not expected to
observe any Rh(III) complexes with any sites (Met, His and NH2 group on
spacer). Nevertheless, in the case of Met14‐Ahx‐BBN(7‐14) both ligand and
peptide were observed to form Rh(III) complexes, but in the case of Ala14‐Ahx‐
BBN(7‐14), only ligand was observed to form a Rh(III) complex. These results
were consistent with the proposed assumption that Met is a potential and a high
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affinity site for Rh(III) complexation, while His and/or ‐NH2 binding sites are
temporary and insignificant. Confirmation of Rh(III)’s high affinity to Met14 on
the BBN(7‐14) led us to search for an alternative agonist analog of BBN, in order
to develop a therapeutic radiopharmaceutical. Additional reports have found
that NLeu14‐BBN(7‐14) derivatives retain their agonistic properties, and this
finding suggests that the sulfide moiety of the methionine side chain is not
responsible for triggering the mitogenic response.4 With this knowledge, an the
Ahx‐NLeu14‐BBN(7‐14) derivative was utilized as a potential bombesin analogue.
Two Rh(III) complexation studies were performed, with Ahx‐NLeu14‐
BBN(7‐14), similar to that for Ahx‐Met14‐BBN(7‐14), to examine the Rh(III)
affinity towards this bombesin analogue. One experiment was performed with
Ahx‐NLeu14‐BBN(7‐14) alone and the latter was performed with Ahx‐NLeu14‐
BBN(7‐14) in the presence of ligand 232‐gdm‐Met. The resultant rection mixture
was analyzed by LC‐MS. The obtained result was similar to Ahx‐Ala14‐BBN(7‐14),
where a small amount of complexation was observed with the Rh(III), whereas
no complexation was observed in the presence of the challenging ligand (232‐
gdm‐Met).
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Table 12 Table below shows: A) If any Rh(III) BBN(7‐14) complexation was
observed B) If any uncomplex BBN(7‐14) conjugate was observed after the
reaction was complete C) If any Rh(III) BBN(7‐14) complexation was observed in
the presence of 232‐gdm‐Met.

Ahx‐Met ‐BBN(7‐14)
Ahx‐Ala14‐BBN(7‐14)
Ahx‐NLeu14‐BBN(7‐14)
14

A
Yes
Yes
Yes

B
No
Yes
Yes

C
Yes
No
No

To evaluate the feasibility of applying 232‐gdm‐Met as the carrier of the
Rh(III) in the Ahx‐BBN(7‐14), 232‐gdm‐Met was attached to Ahx‐Met14‐BBN(7‐14)
and Ahx‐NLeu14‐BBN(7‐14) with a two step reaction sequence. First, the amino
terminus of the Ahx‐Bombesin was functionalized with bromacetyl bromide for
1 h, and then 232‐gdm‐Met ligand was introduced to the reaction mixture. After
an overnight incubation of the reaction mixture at room temperature, the excess
232‐gdm‐Met was removed and the peptide conjugate was cleaved from the
resin. Then 232‐gdm‐Met‐bombesin conjugates were obtained by diethyl ether
precipitation and characterized by LC‐MS spectroscopy. The purity of the
cleaved 232‐gdm‐Met‐Bombesin conjugates as measured by integration of their
HPLC chromatograms were 50 %. The crude peptide conjugates, after cleaving
from the resin, were dissolved in 50:50 acetonitrile: water and insolubles were
removed by filtration. The filtrates were then lyophilized.
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Rh(III) complexation reactions were performed with both 232‐gdm‐Met‐
bombesin conjugates, 232‐gdm‐Met‐Ahx‐Met14‐BBN(7‐14) and 232‐gdm‐Met‐
Ahx‐NLeu14‐BBN(7‐14), under the same conditions, where the Rh(III)‐to‐peptide
ratio was 1:1. Experimental results showed that both of the 232‐gdm‐Met‐Ahx‐
Met14‐BBN(7‐14) and 232‐gdm‐Met‐Ahx‐NLeu14‐BBN(7‐14) were completely
complexed with Rh(III). Neither free peptide conjugate nor double Rh(III) species
were observed in either case. Moreover, Rh(III) complexation studies with 232‐
gdm‐Met‐Ahx‐Met14‐BBN(7‐14) and 232‐gdm‐Met‐Ahx‐NLeu14‐BBN(7‐14) were
repeated in the presence of free 232‐gdm‐Met ligand to see how stable these
Rh(III) complexes are. In both cases a very small amount of peptide conjugate
was left without complexed Rh(III), and all the free ligand was completely
complexed with Rh(III). In conclusion, both peptide conjugates showed high
yield, stable complexation with Rh(III); however, since it has been proved that
Rh(III) can complex with the Met14‐BBN(7‐14) even in the presence of free ligand,
the exact location of Rh(III) on 232‐gdm‐Met‐Ahx‐Met14‐BBN(7‐14) can not be
predicted. In conclusion, the results of this study showed that 232‐gdm‐Met‐
Ahx‐NLeu14‐BBN(7‐14) might be a better choice of a bombesin peptide conjugate
for 105Rh(III) radiolabeling.
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Table 13 Table below shows: A) If any 232‐gdm‐Met‐Ahx‐BBN(7‐14) conjugates
were complexed with Rh(III), B) If part of any 232‐gdm‐Met‐Ahx‐BBN(7‐14)
conjugate was remained uncomplexed after the reaction was complete C) If any
232‐gdm‐Met‐Ahx‐BBN(7‐14) conjugates were complexed with Rh(III) in the
presence of 232‐gdm‐Met

A
Yes
Yes

232‐gdm‐Met‐Ahx‐Met ‐BBN(7‐14)
232‐gdm‐Met‐Ahx‐NLeu14‐BBN(7‐14)
14

B
Yes (minor)
Yes (minor)

C
Yes
Yes
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Figure 48 a) Rh(III)‐232‐gdm‐Met‐Ahx‐Met14‐BBN(7‐14),
b) Rh(III)‐232‐gdm‐Met‐Ahx‐NLeu14‐ BBN(7‐14)
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Figure 49 Synthesis of Rh(III)‐232‐gdm‐Met‐Ahx‐Met14‐BBN(7‐14)
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3.4

RESULTS OF RADIOLABELING REACTIONS WITH Ahx‐
BBN(7‐14)/ 232‐gdm‐Met‐Ahx‐BBN(7‐14)

105

Rh radiolabeling reactions with Ahx‐Met14‐BBN(7‐14), Ahx‐NLeu14‐

BBN(7‐14), 232‐gdm‐Met‐Ahx‐Met14‐BBN(7‐14) and 232‐gdm‐Met‐Ahx‐NLeu14‐
BBN(7‐14) were performed according to the optimized radiolabeling reaction
explained in Section 2.4.3. The reactions with Ahx‐Met14‐BBN(7‐14) and Ahx‐
NLeu14‐BBN(7‐14) were repeated in the presence of 232‐gdm‐Met as well in order
to challenge the possible complexation sites on the peptide residue. All the
radiolabeling reactions were analyzed by radio‐HPLC.
In the case of Ahx‐Met14‐BBN(7‐14) at 20 min, a 48 % radiolabeling yield
was obtained, corresponding to

Rh‐Ahx‐Met14‐BBN(7‐14). After repeating the

105

same reaction in the presence of 232‐gdm‐Met, decreased the yield, however still
38 % radiolabeling was observed for 105Rh‐Ahx‐Met14‐BBN(7‐14). At 17.6 min ~30
% 105Rh radiolabeling yield of 232‐gdm‐Met was observed.
In the case of Ahx‐NLeu14‐BBN(7‐14) 26 % radiolabeling yield was
observed for

105

Rh‐Ahx‐NLeu14‐BBN(7‐14) at 21 min, while no radiolabeling was

observed with the Ahx‐NLeu14‐BBN(7‐14) when the reaction was repeated in the
presence of 232‐gdm‐Met. Only at 17.6 min ~ 60 %
gdm‐Met was observed.
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Rh radiolabeling of 232‐

105

When

Rh radiolabeling reactions were performed with 232‐gdm‐Met‐Ahx‐

105

NLeu14‐BBN(7‐14), a ~48 %

105

Rh radiolabeling yield with 232‐gdm‐Met‐Ahx‐

NLeu14‐BBN(7‐14) was observed at 23.5 min. The low radiolabeling yield was
due to the impurities present in the crude 232‐gdm‐Met‐Ahx‐NLeu14‐BBN(7‐14).
Thus, for further studies the radiolabeling yield can be improved by purifying
the 232‐gdm‐Met‐Ahx‐NLeu14‐BBN(7‐14) before the radiolabeling reaction.
Table 14 Table below shows: A) If any BBN(7‐14) conjugates were complexed
with Rh(III), B) If any BBN(7‐14) conjugates were complexed with Rh(III) in the
presence of 232‐gdm‐Met.

Ahx‐Met ‐BBN(7‐14)
Ahx‐NLeu14‐BBN(7‐14)
232‐gdm‐Met‐Ahx‐Met14‐BBN(7‐14)
232‐gdm‐Met‐Ahx‐NLeu14‐BBN(7‐14)
14

A
Yes
Yes
Yes
Yes

B
Yes
No
Yes
No

Overall, three peptides, Ahx‐Met14‐BBN(7‐14), Ahx‐Ala14‐BBN(7‐14) and
Ahx‐NLeu14‐BBN(7‐14), were synthesized and characterized. Complexation
studies were performed with these peptides in order to determine the potential
binding sites on the peptide chain for Rh(III). It was found that the Met14 amino
acid in BBN(7‐14) formed complexes with Rh(III). The Rh(III) complex formation
with the peptides was challenged by repeating the same complexation reaction
with 232‐gdm‐Met. However, Rh(III) complexation with Ahx‐Met14‐BBN(7‐14)
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was still observed. The 232‐gdm‐Met conjugates of Ahx‐Met14‐BBN(7‐14) and
Ahx‐NLeu14‐BBN(7‐14) were prepared and characterized. Rh(III) complexation
with the 232‐gdm‐Met‐Ahx‐Met14‐BBN(7‐14) and 232‐gdm‐Met‐Ahx‐NLeu14‐
BBN(7‐14) were performed. It was found that the Rh(III)‐to‐232‐gdm‐Met‐Ahx‐
NLeu14‐BBN(7‐14) ratio was 1 : 1 in the

Rh(III)‐232‐gdm‐Met‐Ahx‐NLeu14‐

BBN(7‐14) conjugate. However, in the case of 232‐gdm‐Met‐Ahx‐Met14‐BBN(7‐
14), from the LC‐MS data it was hard to discern the exact binding site ( 232‐gdm‐
Met or Met14) of the Rh(III) in the peptide conjugate.
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4

CONCLUSION AND FUTURE DIRECTIONS

In designing a

Rh based target specific radiopharmaceutical, we

105

envisioned the use of an acyclic diaminodithioether ligand as a chelating agent
and Ahx‐BBN(7‐14) as a targeting biomolecule. To fulfill the requirements for
designing the proposed radiopharmaceutical, the initial goal of this research was
to find the optimal acyclic diaminodithioether ligand. As was discussed in detail
in chapter one, there are several requirements for an optimal chelate such as high
thermodynamic stability and kinetic inertness. Also, it is desirable that a single
isomer, with low lipophilic properties, is formed after complexation of the
chelate. Eventually, seven analogues of acyclic diaminodithioether ligands were
synthesized and their Rh(III) complexation properties were investigated. Initially,
222‐gdm was chosen as a potential chelating agent for Rh(III) complexation.
However, free thiols on the ligand were oxidized due to the harsh complexation
conditions with Rh(III) (i. e., 1 h heating at 90 °C). So, instead of obtaining the
Rh(III)‐222‐gdm complex, unidentified polymeric products were obtained. After
this unsuccessful attempt, 222‐gdm‐pmBz was synthesized, where the free thiol
groups were protected with p‐methoxy benzyl groups. The p‐methoxy benzyl
group was chosen due to its distinct characteristic that can simplify the
spectroscopic identification. By performing the Rh(III) complexation reaction

142

with 222‐gdm‐pmBz under the same reaction conditions that were used for 222‐
gdm, the first Rh(III)‐acyclic diaminodithiether complex was obtained. The
complex was characterized by LC‐MS and NMR spectroscopy. From the LC‐MS
analysis, two isomer forms, cis and trans (50 : 50), were observed. From
previously published literature, it is known that increasing the backbone length
will increase preferential trans isomer formation. So, to decrease the degree of
isomer formation, the third ligand 232‐gdm‐pmBz, was synthesized with an
additional spacer ‐CH2 group on the backbone chain. Its complexation reaction
with Rh(III) was performed under the same conditions and as was predicted
before, one predominant peak (95 %) was observed on LC‐MS spectrum. The
identity of the peak as trans was confirmed by single crystal X‐ray analysis.
After the decrease in formation of the number of geometric isomers was
observed, 232‐gdm‐Met was synthesized where the p‐methoxy benzyl groups
were replaced with more stable and less bulky methyl groups aimed at lowering
the lipophilicity and increasing the yield of the Rh(III) complexation. After
performing the complexation studies with Rh(III), the trans [Rh(III)Cl2232‐gdm‐
Met]+ complex was obtained.
To achieve a lower lipohilicity, 232‐Met was synthesized with no gem‐
dimethyl groups on the backbone chain. Following the Rh(III) complexation
reaction [Rh(III)Cl2232‐Met]+ was obtained and analyzed by LC‐MS. Even though
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the same backbone length was used, after analyzing with LC‐MS, surprisingly, at
least five isomers were observed. Two analogues of 232‐Met (323‐Met and 333‐
Met) were synthesized, where the backbones chain was increased to obtain 12‐
and 13‐ membered acyclic DADTE ligand backbone, respectively. After
complexation with Rh(III), the same pattern was observed in all cases, where at
least five isomers were obtained. These results indicate the importance of having
gem‐dimethyl groups on the backbone chain, in order to obtain a single isomer.
Following the macroscopic Rh(III) complexation studies with acyclic DADTE
ligands,

Rh(III) radiolabeling studies were performed with 232‐gdm‐pmBz,

105

232‐gdm‐Met, 232‐Met and 323‐Met. All the radiolabeling studies were
performed under the same reaction conditions with

Rh, and the radiolabeling

105

yields varied between 50‐70 %. In addition to the radiolabeling studies, stability
studies were performed at pH 7.4 in PBS. All the complexes were ~90 % stable
over six days. To investigate the lipophilicity of the complexes, distribution
experiments were performed with the Rh(III) complex of 232‐gdm‐pmBz, 232‐
gdm‐Met and 232‐Met, and experimental log D values observed were 1.902,
0.465 and ‐0.255 respectively. Even though there are gemdimethyl groups on 232‐
gdm‐Met, the log D value was still very low due to the positive charge of the
complex. Based on the requirements to synthesize an optimal chelate, with high
thermodynamic stability, kinetic inertness, formation of a single isomer upon
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complexation and low lipophilicity, 232‐gdm‐Met was chosen as the optimum
chelating agent for 105Rh(III).
After deciding on the chelating agent for

105

Rh(III), to complete the

synthesis of the planned radiopharmaceutical, agonist analogues of bombesin (7‐
14) were chosen as biomolecules and a six carbon spacer linker was attached on
bombesin (7‐14) using Fmoc solid phase synthesis methods.
Initially, macroscopic Rh(III) complexation studies were performed with
232‐gdm‐Met‐Ahx‐Met14‐BBN(7‐14), by using similar conditions that were used
for Rh(III) complexation reactions with 232‐gdm‐Met. After the reaction was
complete, the reaction mixture was analyzed with LC‐MS. Surprisingly two
Rh(III) masses were detected attached to one 232‐gdm‐Met‐Ahx‐Met14‐BBN(7‐14)
conjugate, which means not only the ligand attached to peptide formed a
complex, but also the peptide itself formed a complex with Rh(III). Based on this
finding and previously published literature, Met14 and the His12 were suspected
to be the potential Rh(III) complexation sites other than the ligand attached to the
BBN conjugate. However, blocking Met14 has a very vital role, since it determines
if the BBN(7‐14) analogue plays the role of agonist or antagonist. Blocking the
Met14 might also inhibit the uptake properties of the bombesin. So to clarify this
ambiguity, three Ahx‐BBN (7‐14) analogs were synthesized with methionine,
alanine and norleucine on the 14th amino acid, respectively. Ahx‐Met14‐BBN(7‐14)
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was synthesized to investigate the complexation with Rh(III), while the Ahx‐
Ala14‐BBN(7‐14) was synthesized as a control peptide. The third analogue, Ahx‐
NLeu14‐BBN(7‐14), was synthesized as an alternative agonist analogue for
BBN(7‐14), since in one of their studies Heimbrook and coworkers reported that
replacement of NLeu with Met14 in Ahx‐Met14‐BBN(7‐14) did not affect its
agonistic properties. Rh(III) complexation studies with these three peptides were
performed under the same conditions, where a 1: 1 metal‐to‐peptide ratio was
used. According to the LC‐MS results, all Ahx‐Met14‐BBN(7‐14) was found to
undergo complexation with Rh(III), while a partial complexation was observed
with

Ahx‐Ala14‐BBN(7‐14)

and

Ahx‐NLeu

14

‐BBN(7‐14).

Each

of

these

experiments also were repeated in the presence of ligand in order to challenge
the complexation sites on bombesin, and in the presence of ligand no
complexation was observed with the Ahx‐Ala14‐BBN(7‐14) and Ahx‐NLeu 14‐
BBN(7‐14), while significant complexation was still observed with Ahx‐Met14‐
BBN(7‐14). To investigate the validity of these findings at the radiotracer level,
the same experiments were repeated with

Rh. Results obtained from the

105

experiments carried out at the tracer level were supportive of the results
obtained for the macroscopic level. From this result, it can be concluded the
Met14 amino acid is the potential binding site for Rh(III) complexation even in the
presence of 232‐gdm‐Met. To avoid the consequences that might result due to
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the possible Met14 radiolabeling with 105Rh, Ahx‐NLeu 14‐BBN(7‐14) was chosen to
be used as a potential BBN(7‐14) conjugate. So, 232‐gdm‐Met was then
conjugated to Ahx‐NLeu 14‐BBN(7‐14), and complexation studies with Rh(III)
were performed. According to the LC‐MS results, one peak with the correct
molecular mass corresponding to Rh(III)‐232‐gdm‐Met‐Ahx‐BBN was observed.
Following the Rh(III) complexation studies, a preliminary

Rh radiolabeling

105

reaction was performed with crude 232‐gdm‐Met‐Ahx‐BBN as a prelude for
further studies. The desired

Rh‐232‐gdm‐Met‐Ahx‐NLeu14‐BBN(7‐14) was

105

formed in ~48 % yield. To increase the radiolabeling yield, 232‐gdm‐Met‐Ahx‐
NLeu14‐BBN(7‐14) needs to be purified further before the radiolabeling studies.
In the future, to exploit the fact that the

105

Rh‐232‐gdm‐Met‐Ahx‐NLeu 14‐

BBN(7‐14) can be elaborated into a new radiotherapeutic agent, serum stability,
in vitro cell binding and biodistribution studies need to be carried out. According
to the results that will be obtained from these proposed studies, in vivo uptake
experiments in tumor‐bearing animal models may be feasible.
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SUMMARY
These results demonstrate the feasibility of using the DADTE ligand 232‐
gdm‐Met as a chelating agent to generate highly stable and viable

Rh

105

complexes. The combination of the chelating agent 232‐gdm‐Met and the
alternative approach developed to attach the ligands to peptides yields

105

Rh‐

labeled bombesin(7‐14). This approach prevents extensive synthetic routes, in
order to utilize conjugation of the

105

Rh(III)‐DADTE complexes to a linker‐BBN

(7‐14) derivative. The methodology developed here could be applicable to
conjugation of the other ligands to different peptides.
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SUPPLEMENTARY DATA
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Table 7. Least squares plane for 232n2s2.
Least‐squares planes (x,y,z in crystal coordinates) and deviations from them
(* indicates atom used to define plane)
9.8811 x ‐ 5.8409 y ‐ 12.3355 z = 1.8520
* 0.0617 S1
* ‐0.0611 S2
* ‐0.0689 N1
* 0.0683 N2
0.0068 Rh1
2.3494 Cl1
‐2.3248 Cl2
Rms deviation of fitted atoms = 0.0651
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