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Introduction

One of every two men and one of every three women will get cancer in their
lifetime, according to a study recently presented by the American Cancer Society§. A
comparable study in the EC indicates that every 3rd European will become a cancer
patient. At the time the disease is first diagnosed, already forty percent of patients will
present metastatic disease, with unfavorable prognosis. The disseminated tumor
tissue can not be reached efficiently by treatment modalities such as surgery and
external irradiation. In these cases the systemic application of radiolabeled tumorseeking substances may allow destruction of cancer tissue.
One of the historical challenges of nuclear medicine has been to develop
radiopharmaceuticals that will target a specific site while minimizing non-target
uptake. Early work was limited to those elements that had natural affinities for a given
organ, such as iodine for the thyroid. Nowadays the efforts focus on developing
biomolecules

radiopharmaceuticals

with

favorable

biological

and

chemical

characteristics that would dictate the in vivo properties of a corresponding
radiopharmaceutical. Advances in molecular biology and functional genomics have
led to increasing success in the development of molecules suitable to be
“radiolabeled” for imaging and therapy of diseases.[1] Systemic delivery of
therapeutically effective radiation (α, β) to tumor cells is most advanced in the case of
specific antibodies targeting tumor associated cell surface proteins the so called
radioimmunotherapy (RIT). Because of a better understanding of how antibodies
interact with cells, and the advancement of understanding of chemical and biological
linking mechanisms, combining radioisotopes with these agents has helped to
develop new therapies for the treatment of cancer and other diseases. The
coronation of this tedious work is the recent FDA (U.S. Food and Drug
Administration) approval of the first radioactive labeled antibody Ibritumomab tiuxetan
(Zevalin™; IDEC Pharmaceuticals, San Diego, USA) targeting white blood cells (Bcells), including the malignant B cells. While the technology itself is still in its infancy,
the potential for diagnosing and treating cancer and other diseases with e.g. RIT is
immense.
§

http://www.cancer.org/docroot/STT/stt_0.asp
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The clinical success of small molecules such as peptides and monoclonal
antibodies in imaging and therapy (in the later case still predominantly labeled with
radioisotopes of iodine) has spurred efforts on the development of appropriate
labeling methodologies and bifunctional chelates that could form a bridge between
the radioisotopes of transition metals (with more favorable decay properties and
pharmacological characteristics than iodine) and biomolecules optimized for tumor
targeting.
Following critical decay properties have to be considered for the application of a
radioisotope in diagnostic or therapeutic nuclear medicine:
(i) Decay mode: α, β (Auger) for therapy, β +, γ for diagnosis.
(ii) Half live: Short enough to reduce unwanted dose burden to the patient and the
environment, long enough to sufficiently accumulate the targeted side. The physical
half live of the isotope has to match the biological half live of the labeled molecule.
(iii) Decay energy: Strong enough to enable proper imaging and therapy, weak
enough to reduce the dose burden to healthy tissue.
(iv) Availability: Production of the radioisotope on side or outside the nuclear
medical facility in sufficient high specific activity. Cost of the isotope.
It is obvious that only a very limited number of isotopes satisfy all or at least most
of these criteria.
While looking for new targeting molecules, the development of regimes employing
diagnostic and therapeutic radioisotopes applied in tandem with the same
biomolecule is a serious and crucial issue. A recently successful example is the
above mentioned approch with In-111 or Y-90 labeled Zevalin™. Suitable chemically
and physically “matched pairs” of appropriate diagnostic and therapeutic (radio)isotopes for suc h attempts are rare. Prominent examples are:
Diagnose

↔

Therapy

? Cu-64 (β +; T1/2 = 12.7 h; 0.579 MeV) ↔ Cu-67 (β -;T1/2 = 61.8 h; 0.577 MeV)
? Tc-99m (γ,T1/2 = 6.0 h; 0.143 MeV) ↔ Re-186 (β -;T1/2 = 3.8 d; 1.069 MeV)/
? In-111 (EC; T1/2 = 2.8 d; 0.865 MeV) ↔ Y-90 (β -;T1/2 = 64.0 h; 2.280 MeV)
? I-123 (EC; T1/2 = 13.3 h; 1.2 MeV ↔ I-131 (β -; T1/2 = 8.0 d; 0.971 MeV)

The chemical relatedness but predominantly the readily availability (due to
generator techniques) of both diagnostic and therapeutic pendant make Tc-99m and

12
Re-188 most attractive for the development of appropriate labeling methods for
biomolecules useful in management of cancerous diseases.
Thus, the general motivation for the present work stems from the ubiquitous need
in radiopharmacy for versatile and stable labeling methods for both diagnostic and
therapeutic application. Aspects of many different disciplines have to be considered
for this goal and only multi-disciplinary efforts as schematically depicted in Figure 1
can lead to the success of this challenging task. The radioactive drug aimed to
develop has to be “smart” enough to find fast, independently and precisely its target
after systemic application without loosing the radioactive label and without unwanted
accumulation a nd retention in non-targeted organs and tissues.

"smart" radioactive drug

Choice of radionuclide

Labeling methods
Inorganic/Organic Chemistry
Radiochemistry
Functionalization of
targeting molecule

Characterization of
targeting molecule

Characterization of
the target

Pharmacology
Biochemistry
Molecular Biology

Biology
Medicine

Identification of
the target

Clinical needs
Figure 1. Key steps, involved disciplines, motivation and goal in radiopharmaceutical research.
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Outline of the thesis
This thesis is organized in two main parts. In the first part, the synthetic aspects,
substitution behavior and in vitro and in vivo characteristics of novel organometallic
(model) complexes of technetium and rhenium for potential use in radiopharmacy will
be presented. The Part II covering the implementation of the organometallic
chemistry of these elements in biologically and radiopharmaceutically relevant
biomolecules. As is demonstrated particularly in Part II, research in the field of
radiopharmacy is multidisciplinary including inorganic, organic, medicinal chemistry,
biochemistry and biology. Within this framework Part I represents the chemical,
organometallic “domain” and Part II provides the bioorganometallic dimension.
Chapters 1 to 4 point out the critical steps in the development and improvement for
the

preparation

of

the

organometallic

precursors

[M(H2O)3(CO)3] +

and

[M(H2O)3 (CO)2NO]2+ (M = Tc, Re) in aqueous media and in respect to a routine
application in a nuclear medical environment. The following chapters (chapter 5-11)
will shed light on structural characteristics and substitution kinetics of the precursor
[M(H2O)3 (CO)3] + with various mono and polydentate ligand systems containing
oxygen (chapter 5), nitrogen (chapter 9 and also chapter 3), sulfur (chapter 6) and
phosphorus (chapter 7 and 8) donor groups. The consequences on the biological
behavior and the development of bifunctional chelating agents are mentioned in
chapter 10 and 11.
In Part II of the thesis two examples high light our interdisciplinary approch for the
rational design, the organic chemical realization and the biological characterization of
novel,

potential

radiopharmaceuticals.

Chapter

12-14

are

devoted

to

the

functionalization of glucose for the (radio-)labeling with the metal- tricarbonyl
fragment. The in vitro results of the corresponding complexes in respect to transport
via the glucose transporter Glut1 and activity towards hexokinase are described in
chapter 15. The chapter 16 is dedicated to a more recently started and on-going
project targeting the enzyme thymidine kinase with organometallic thymidine
derivatives. The preparation of these compounds and the interesting and surprising
in vitro results are also presented in this chapter
The thesis is then concluded with a summary and an outlook on future projects
and perspectives of the ongoing work.
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Part I
Development and Characterization of organometallic complexes of
technetium and rhenium useful in radiopharmacy

16
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Potential and prerequisites of organometallics in radiopharmacy
Upon confrontation with the term “organometallic”, even chemists will associate it
with compounds, which are air- and moisture sensitive and insoluble in water.
Contrary to common belief, some organometallic compounds indeed exhibit
remarkable stability in aerobic, aqueous solutions, offeri ng a judicious choice of
metals and ligand systems. As a matter of fact, an increasing number of compounds
containing organometallic cores are under consideration for medical use. With this
perspective a new and highly interesting research branch, bio-organometallic
chemistry, has recently emerged, which can be important for future directions in a
variety of applications and basic research studies focused on synthesis and structural
determinations,

organometallic

pharmaceuticals

as

anti-tumor

agents

and

diagnostics, hosts for molecular recognition studies, homogeneous catalysis, and
organometallic bioprobes, to name just several important categories. In this fast
growing area of interdisciplinary research, numerous groups have recently reported
remarkable progress.[2-6]
Not only since recently radiopharmacy plays a pioneering role in the development
of clinically applicable, organometallic drugs. One of the most widely used SPET
imaging agent in routine nuclear medicine, Tc-99m-Sestamibi (Cardiolite®, Fig. 1), is
a homoleptic organometallic complex with six isonitrile ligands, substitution stable,
octahedrically coordinated. Originally developed as myocardial perfusion agent

[7]

it is

nowadays also successfully applied for tumor imaging and for detection of multi-drug
resistance.[8,

9]

In fact Cardiolite is one of the first examples of organometallic

complex routinely used in medicine.

Figure 1. Structure of Tc-Sestamibi (Cardiolite®), the first clinically applied organometallic compound
in nuclear medicine.
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Unlike for the “first generation” radiopharmaceutical (e.g. Tc-Sestamibi), the
requirements for novel radiopharmaceuticals are higher in respect to e.g. targetspecificity and pharmacological characteristics. Particularly in respect of a potential
therapeutic indication the compound has to reveal highest possible affinity for the
selected target but not for other organs and tissue in order to optimize the therapeutic
efficacy while reducing the dose burden to healthy tissue. In this context, the
“artificial” character of organometallic transition metal compounds might create
distinct advantages compared to “natural” drugs which are often subject of unwanted
rapid metabolism in vivo. Thus, organometallic approaches might offer a valuable
alternative to common radiolabeling protocols.
Several critical issues have to be addressed when developing a novel
radiopharmaceutical to satisfy the clinical requirements. The preparation of such
compounds has to be simple, preferentially in a kit-formulation. Furthermore, the
synthesis has to be safe (conditions which can be handled under a routine clinical
environment), rapid (several minute to a few hours, also depending on the half-life of
the radiometal) and should result in products of high radiochemical purity (= 95%).
Therefore, the principal limitations are the following: (i) any preparation has to be
performed in physiological media. (ii) No purification of the final product should be
necessary. (iii) The reaction time should be short. Following the chemical literature,
these prerequisites are rather difficult to satisfy by organometallics as mentioned
above.
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The technetium- and rhenium-tricarbonyl core
During the past few years the emphasis of technetium- and rhenium based agents
has gradually been shifting from inorganic chemistry to biochemistry, focusing on the
nature of the biological group attached to the metal chelate. Many efforts have been
undertaken to “hide” the technetium core and to adapt it to the characteristics of the
corresponding biomolecule. It has been hypothesized, that the smaller the
technetium complex is, the higher the chances rise, that the biological activity will not
be altered. Stabilization of the metal complex in vivo is an other important issue. It is
well known that beside the thermodynamic stability of a complex its kinetic stability or
inertness is of equal, and sometime greater importance for an application in vivo. It is
unlikely that significant improvements in the labeling of biomolecules with technetium
and rhenium can be expected with classical nitrogen/sulfur/phosphorus based ligand
systems, because they have been optimized during the last 20 years.[10] Thus, further
advances are more likely, when novel ligand systems, such as e.g. HYNIC
(hydrazinonicotinic acid) or lower oxidation states of the metal are explored.
The most promising organometallic cores for the labeling of biomolecules is the
technetium - and rhenium-tricarbonyl core. The metal center is in the low oxidation
state +I and is therefore chemically very inert. The M(CO)3-core (M = Tc, Re) is very
compact, owning an almost spheric shape. If the octahedral coordination sphere is
“closed” with an appropriate ligand system, the metal center is efficiently protected
against further ligand attack or re-oxidation. In contrast, the “open” quadratic
pyramidal structure of Tc(V)-oxo-complexes with a tetradentate chelate is
characterized by unprotected sides, which are prone for ligand attack and protonation
which leads to decomposition of the original complex. The corresponding Re(V)
complexes are even more affected by these characteristics. This might be the major
hindrance for extended therapeutic studies, employing rhenium isotopes till today.
Furthermore, a qualitative comparison of the tricarbonyl core with the widely
employed complexes of technetium and rhenium in the oxidation state +V such as
Tc(V)-MAG3 reveals a significant smaller size of the [M(H2 O)3(CO)3]+ (Figure 3).
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+

Figure 2. Qualitative size comparison of the organometallic precursor [Tc(H2O)3(CO)3] (left) and TcMAG3 (right) base on x-ray analyses. Purple = technetium, red = oxygen, gray = carbon, blue =
nitrogen, yellow = sulfur. Hydrogen atoms are omitted.

Generally organometallic complexes of technetium(I) and rhenium(I) are prepared
from the halo-pentacarbonyl precursor [MX(CO)5 ] (M = Tc, Re; X = Cl, Br). However,
this synthon is only accessible via [M0(CO)5]2 synthesized under high pressure
conditions in organic media. Obviously, these conditions do not satisfy the
prerequisites for a radiopharmaceutical preparation mentioned above. Therefore,
earlier attempts in our laboratories have been focused on the development of
synthetic routes for the preparation of organometallic precursor under normal
pressure conditions starting directly from the corresponding permetalate MVIIO4- (the
form, how Tc-99m and Re-188 is obtained from a generator system). During this
successful work, a full picture of the reaction of MO4- in presence of carbon monoxide
and BH3*THF as the reducing agent in organic media could be obtained (Scheme 1).
Although the reaction mechanism has not been elucidated, it is reasonable to
assume, that reduction of the metal center and the coordination of the CO ligand
takes place concomitantly. The observation, that the highly reactive BH3*CO is in situ
produced under the given reaction conditions harmonize with this assumption.[11]

21
Scheme 1.

M = Re; BH3 *THF/CO(g)/Cl-

M = Re; BH3 *THF/CO(g)
M=

(OC)3M
H
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H

99

[MO4 ]-

Tc
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Tc

Cl

H
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H

99
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Tc(CO) 4
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H
H
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Tc(CO)3
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Re(CO)3

Cl

Cl
Cl

M

OC

2
Cl
CO

CO
OH 2
H2O

M

OC

OH2
CO

CO

Ref.

[12-14]

In order to make organometallics accessible and attractive for radiopharmacy, they
have to be producible in aqueous media in high purity and at reasonable conditions
as mentioned earlier. In chapter 3 of this present work the development of aqueous
preparations of organometallic precursors of technetium-99m and rhenium-188 are
described. Furthermore, the development of appropriate chelating systems as well as
the syntheses, structural and spectroscopic characterization of organometallic Tc/Recomplexes complexes thereof will be presented. Fundamental NMR studies about
the water- and CO-exchange mechanism will be discussed and light will be shed on
the first in vitro and in vivo characterization of radioactive model complexes of

99m

Tc

and their implementation and consequences for the functionalization and labeling of
biomolecules.
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Chapter 1
A novel organometallic aqua complex of technetium for the labeling of
biomolecules: Synthesis of [99mTc(OH 2) 3(CO) 3]+ from [99mTcO4 ]- in aqueous
solution and its reaction with a bifunctional ligand.#
R. Alberto, R. Schibli, A. Egli, U. Abram, Th.A. Kaden and P. A. Schubiger
Introduction. The application of organometallic complexes in nuclear medicine
(i.e. for the labeling of receptor binding biomolecules like steroid hormones, brain
tracers, and others) has been proposed in the literature.[15-18] Those approaches,
however, were based on classical organometallic syntheses, and thus, the routine
use suffered from the lack of practical preparations of precursors. The radionuclide
99m

Tc is important in diagnostic nuclear medicine. It is inexpensive and readily

available in any hospital. Consequently, it is of high priority to develop efficient
labeling methods (in terms of yield and ligand/metal ratio) for biomolecules,
derivatized with a chelating function for the

99m

Tc center. To date, the published

methods mostly rely on the stabilization of Tc(V) with tetradentate N and S ligands.[1922]

Besides unpredictable retention of biological activity of such conjugates, the

methods entailed in most cases purification either from cold, unlabeled material
(receptor saturation) or from decomposition products such as 99mTcO2.
We recently presented the synthesis of [99 TcCl3(CO)3 ]2- (1) directly from [99 TcO4 ]under 1 atm of CO in THF.[12, 13, 23] In water, complete substitution of the [Cl]- by H2O
was observed and the organometallic aqua ion [99Tc(OH2)3(CO)3 ]+ (2) formed.
Starting from 2, highly inert complexes (d6 electron configuration) of composition
[99TcXL(CO)3 ] became accessible in water.[14,

24]

Introduction of organometallics in

nuclear medicine, however, must be based on quantitative aqueous synthesis.
Results and discussion. We found that 2 (99mTc) can be prepared not only in
THF, but also directly from saline (0.9% NaCl/H2 O) in a closed vial and in yields
>95%. Small amounts of NaBH4 were used as reducing agents, and the vial was
flushed with CO and heated to 75 °C for 30 min. A HPLC trace and the reaction is

#

J. Am. Chem. Soc., 120 , 7987 -7988, 1998.
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shown in Figure 1. The therapeutically interesting homologue [188ReO4]- reacted
similarly but at pH 7.4 within minutes. Considering the low stability of NaBH4 even at
high pH and the low solubility of CO in water, quantitative formation of the carbonyl
complex 2 is not obvious. Although the

99m

Tc concentration is low (?M in a typical

generator eluate), one could expect the +I valency to be formed in small steady state
concentrations only, before being re-oxidized to oxo or hydroxo species. This is not
the case, and the Tc(I) center must be captured very efficiently by three CO
molecules. This is supported by the observation that, in the absence of CO,
exclusively small amounts of

99m

TcO2 were found which readily re-oxidized to

[99mTcO4 ]-. No other intermediate such as a hypothetical hexaqua complex
“[99mTc(OH2)6] +” could be observed. The fact that NaBH4 is an excellent reducing
agent to achieve complexes in the valencies +IV and +V implies a synergistic action
of CO and NaBH4 to form Tc(I). The presence of large amounts of ligands (tartrate,
citrate), known to trap Tc(IV) or Tc(V), did not seriously suppress the formation of 2.
On the other hand, the reducing agent [S 2O4 ]2- as used in the preparation of the heart
perfusion agent [99mTc(CNR)6 ]+ gave no yield at all.[25]

[99mTc(H2 O) 3 (CO) 3]+

[99mTcO 4]-

0.9% NaCl / H2O
pH = 11
1 atm CO / NaBH4
30' 75° C

+

OH2
OC

Tc

OC
CO

OH2
OH2
[99m TcO4 ]-

Figure 1. Preparation and HPLC trace of complex [

99m

+

Tc(OH2)3(CO)3] .

2 is stable from pH 1 to pH 13 for hours. Serum stability could not be tested, since
2 labeled the proteins very efficiently. However, no [99mTcO4 ]- was detected after 48
h, showing the stability of the labeled conjugate.
Owing to this convenient method, we emphasize the unique possibility of
introducing a second class of organometallic complexes in routine nuclear medicine.
2 is principally different from [99mTc(CN-R)6 ]+ or [99mTc( 6-C6H6)2]+

[26]

due to the
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substitution labile H2O ligands. As is obvious from the reaction with serum proteins,
they exchange easily with ligand groups from biomolecules.
To exemplify the potential of 2 as an efficient label for derivatized biomolecules,
we studied the reaction with the bifunctional ligand picolinamine-N,N-diacetic acid
(PADA). PADA can be considered as a model since it provides three coordinating
sites and one group for the covalent attachment to a biomolecule (Scheme 1). In
methanol or water, PADA coordinated readily to 2 (99Tc). Neutralization of protons
was not required, demonstrating the high stability of [Tc(PADA)(CO)3] (3). The
structure§ of 3 was elucidated (Figure 2).The pyridine nitrogen, the tertiary amine,
and one carboxylic acid are facially coordinated to Tc. To our knowledge, 3 is the first
example of a structurally characterized Tc(I) or Re(I) complex, where this
combination of ligand atoms is encountered. Although Tc(I) is considered to be “soft”
and ligands like PADA (aminopolycarboxylic acid) are rather expected to form stable
complexes with harder metal centers, 3 exhibited high stability (presumably of kinetic
origin) and endured refluxing in 1 M HCl for hours. The second carboxylic acid points
outward and is well accessible for covalent linking to a biomolecule. Steric interaction
between biomolecule and complex, diminishing complex formation or bioactivity,
might not be expected.
Scheme 1.
[99m TcO4] -

[Tc(OH 2)3(CO)3]+

[Tc(PADA)(CO)3]

PADA

PADA:

COOH
N

linking site

N
COOH

coordinating sites

§

Crystal data: C13H11N2 O7Tc, MW = 405.2, colorless plates, orthorhombic, Pbca, a = 13.225(1) Å, b =
3
3
14.660(1) Å, c = 14.942(2) Å, V = 2897.9(5) Å , Z = 8, Dcalc = 1.858 Mg/m , Enraf Nonius CAD4
diffractometer, CuK α radiation (λ = 1.54174 Å), 2667 reflections, 2341 with F > 2 (F) used for
refinement, R = 0.0386, wR2 = 0.1082, hydrogens fully refined.
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Figure 2. Crystal structure of [Tc(PADA)(CO)3]. Tc-C(1) 1.858(4)Å, Tc-C(3) 1.897(4)Å, Tc-C(2)
2.007(4)Å, Tc-N(11) 2.084(3)Å, Tc-O(21) 2.103(3)Å, Tc-N(18) 2.324(3)Å, C(1)-Tc-C(3) 96.20(18)°,
C(1)-Tc-C(2)

86.54(16)°,

C(3)-Tc-C(2)

95.85(15)°,

C(1)-Tc-N(11)

175.05(14)°,

C(3)-Tc-N(11)

88.01(14)°, C(2)-Tc-N(11) 95.64(13)°, C(1)-Tc-O(21) 85.10(16)°, C(3)-Tc-O(21) 171.70(14)°, C(2)-TcO(21) 92.41(13)°, N(11)-Tc-O(21) 90.36(11)°, C(1)-Tc-N(18) 101.08(15)°, C(3)-Tc-N(18) 172.20(12)°,
C(2)-Tc-N(18) 172.20(12)°, N(11)-Tc-N(18) 76.63(11)°.

Quantitative formation of 3 (99mTc) was achieved in phosphate buffer after 30-60
min. Only

M solutions of PADA were necessary (ligand/metal ratio about 5/1).

Comparing the HPLC trace of the isolated
prepared with

99

Tc complex to that of the solution

99m

Tc proved their identity. 3 is stable in serum for 48 h at 37°C.

Besides the successive synthesis of 3 from 2, it is highly desirable to prepare 3 in
one step, again directly from [99mTcO4]-. Thus, PADA was added to the reaction vial,
containing CO and the reducing agent. Applying the same reaction conditions as for
2, 3 was formed in one step from [99mTcO4]- in saline. Although PADA could stabilize
intermediate oxidation states (as found with its fragment imino-N,N-diacetic acid

[27]
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or pyridine

[28]

, such behavior was not observed and 3 (99mTc) formed in quantitative

yield. The analogues labeling of biomolecules with 2 in the described one-step
procedure from [99mTcO4]- should be possible.
Conclusion. The major profit for nuclear medical research and practice will
originate in the high kinetic stability of d6 complexes prepared in that way. For
instance, [ReX(L)(CO)3], where L is a DNA intercalating ligand, revealed a potential
as probes for nucleic acids.[29-31] It can be anticipated that 2 as a direct precursor of
such intercalating complexes can induce the use of

186

Re or

99m

Tc complexes in

cancer diagnosis or therapy involving DNA-DNA pretargeting.[32] Additionally, the
high tendency of complex formation of 2 should allow a much more flexible choice of
ligand, adapted to the properties of the biomolecule, than in published procedures.
Material and methods. Kit preparation of [99mTc(H2O)3(CO)3 ]+ 2: Na2CO3 (0.004
g, 0.038 mmol) and NaBH4 (0.005 g, 0.13 mmol) were added to a penicillin vial (10
mL) which was closed and flushed for 10 min with CO. A 3 mL sample of a generator
eluate (containing up to 30 GBq Na[99mTcO4] in saline) was added by a syringe and
the solution heated to 75 °C for 30 min. For safety reasons, the syringe should be
kept in the serum stopper during the procedure. After cooling to room temperature
0.3 mL of a 1 M PBS solution was added (pH 7.4). Quality control either by TLC
(silica gel, MeOH/HCl (95/5 v/v)), Rf = 0.35, or by gradient HPLC. Yield > 95%.
Preparation of complex [Tc(PADA)(CO)3] 3: [NEt4]2 [TcCl3(CO)3 ] (0.055 g, 0.1
mmol) was dissolved in methanol (5 mL). Upon complete dissolution, picolinamineN,N-diacetic acid (0.025g, 0.1 mmol) was added and stirring continued at room
temperature for 2 h. Reaction can be followed by TLC, Rf = 0.45 (silica gel,
MeOH/concentrated HCl (95/5 v/v)). 3 precipitated in 80% yield. More product is
collected by evaporation of CH3OH and washing of the residue with CH2Cl2 to
remove [NEt4]Cl. Yield: 0.036 g, 90%. IR (CO) (KBr): (CO) 2013 (s, sh), 1924 (s, br)
cm-1. 1H NMR (DMSO): 8.79 (1H, d), 8.18 (1H, t) 7.87 (1H, d), 7.67 (1H, t), 4.93
(1H, d), 4.82 (1H, d), 4.54 (1H, d), 4.33 (1H, d), 4.04 (1H, d), 3.53 (1H, d), all -CH2are diastereotopic. Crystals for X-ray analysis were obtained from hot methanol.

27

Chapter 2
Synthesis and Properties of Boranocarbonate: A convenient in situ CO source
for the aqueous preparation of [99mTc(H 2O) 3(CO) 3]+.#

R. Alberto, K. Ortner, N. Wheatley, R. Schibli, and A.P. Schubiger
Introduction. The recently described technetium(I) complex [99mTc(OH2)3 (CO)3] + 1
has

attracted

much

radiopharmaceuticals.[33,

interest
34]

as

a

precursor

for

technetium-99m

A number of biomolecules, for example, peptides, scFv,

and CNS receptor ligands, have already been labeled with technetium by this
approach, demonstrating the potential of 1 for radiopharmaceutical application.[35-37]
Complex 1 can be prepared in a single-step procedure from aqueous [99mTcO4]- in
the presence of CO and BH4- as a reducing agent.[38] Unfortunately, the published
preparation of [99mTc(OH2)3 (CO)3] +, relying on gaseous carbon monoxide, is
unsuitable for use in commercial radiopharmaceutical “kits”. Thus, the challenge was
to find a solid, air-stable source of carbon monoxide, possibly acting at the same time
as the reducing agent.
Compounds which release CO under well-defined conditions and which obey
these physicochemical restrictions are extremely rare. They would not only be
interesting for the medical application of organometallic precursors such as 1, but
could also lead to a novel type of reaction for the preparation of carbonyl complexes
due to the high potential availability of CO in water. We report here the first
commercially feasible preparation of an organometallic transition-metal complex in
physiological media, using a boron-based carbonylating agent which acts as a CO
source and a reducing agent at the same time.
Results and discussion. The so-called boranocarbonates, such as the potassium
salt K2[H3BCO2] 2, were described for the first time by Malone and Parry in 1967.
They were reported at the time to release CO at elevated temperatures in water.[39, 40]
This remarkable behavior has scarcely been further studied, probably due to the

#
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difficulties in handling borane carbonyl, H3BCO 3, a pyrophoric gas which is the
immediate precursor to the boranocarbonate anion.
Originally, H3BCO 3 was synthesized from B2H6 and CO either in an autoclave
reaction

[41]

or at atmospheric pressure catalyzed by ethers.[42] Ethers such as

dimethoxyethane catalyze the rate-determining step of diborane bridge cleavage in
the preparation of 3. The ether in the adduct H2B(HBH3)(OR2) or H3BOR2 is then
readily substituted by CO. Compound 3 is subsequently reacted with ethanolic KOH
to give 2.[39, 40] Although the reaction yields are fairly good, working under pressurized
conditions with pyrophoric gases at low temperatures is not convenient, particularly
for larger-scale preparation. We have found that H3BCO 3 can be prepared
continuously from commercially available H3B·THF solutions and reacted in situ with
an alcoholic solution of potassium hydroxide to give K2[H3BCO2]. The key to the
preparation is the control of the equilibrium between H3BCO and H3B·THF. THF is
selectively condensed from the gas stream at -50 °C, while H3BCO (bp -64 °C)
passes on, carried by a stream of carbon monoxide. Subsequently, this gas mixture
is directly bubbled through an ethanolic solution of KOH at -78 °C. Nucleophilic attack
of [OH]- at the highly electrophilic carbon in H3BCO leads to the formation of 2 in high
yield. If required, H3BCO itself can be isolated in a cold trap at -78 °C. This novel
preparation of 2 and 3 is more convenient than the high pressure or ether-catalyzed
procedures (Scheme 1) and can be scaled up to quantities of several grams of
H3BCO or K 2[H3BCO2], respectively.
Scheme 1.

B 2H6

CO
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H 3BCO
O
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C B H
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O

H3BTHF

CO
1b
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H 3BCO

It is remarkable that the characteristics of 3 bear strong resemblance to those of
cationic transition-metal carbonyls such as [Ru(OH2)3(CO)3]2+ which also often
reversibly add [OH]- to coordinated CO with formation of the corresponding
metallocarboxylic acids.[43] The reactivity of 3 toward water can thus be paralleled
with highly Lewis acidic transition metals, a rare behavior for main group carbonyl
compounds. Hence, compound 2 would probably better be attributed as a
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boranocarboxylate; however, electron count of “BH3” and “O” accounts for the origin
of boranocarbonate.
Crystals § of [K(cryptand)]H3BCO2H 4 were obtained after dissolution of 2 in a THF
solution

of

the

cryptand

4,7,13,16,21,

24-hexaoxa-1,10-diazabicyclo

[8.8.8]hexacosane. The structure of the anion, which forms hyd rogen-bonded dimers,
is shown in Figure 1. The hydrogen atoms of the boranocarbonate anion were
located and fully refined, while those of the cryptand ligand were treated with a riding
model. The structure of the anion pair is remarkably similar to the gas-phase dimeric
structure of acetic acid.[44, 45] On the other hand, acetic acid has a chain structure in
the solid state: hence, the C=O distance is 1.251(3) Å (cf. 1.25(3) Å in acetic acid)
and the C-O distance is 1.356(3) Å (cf. 1.36(4) Å in acetic acid). Similar dimeric
structures

are

formed

by

the

related

compounds

H3NH2BCO2H

[46]

and

Me3NH2BCO2H.[47] The aforementioned metallocarboxylic acids also very often exist
in the solid state as hydrogen-bridged dimmers.[48, 49]

Figure 1. Crystal structure of 3

[50]

representation of two anions of 4, forming a hydrogen-bonded

dimer. Selected bond lengths [Å] and angles [deg]: B(1)-C(1) 1.602(4), C(1)-O(1) 1.251(3), C(1)-O(2)
1.356(3), O(1)-C(1)-O(2) 116.9(2), O(2)-H(4) 0.94(3), O(2)-O(1)’ 2.730(2), O(2)-H(4)-O(1)’ 173(3).

Aqueous solutions of 2 are strongly alkaline (pH > 11) and quite stable toward
heating, but the addition of a borate buffer (pH 9.4-10.4 at 25 °C) allows the
observation of the decomposition with half-lives in the order of tens of minutes at 7590 °C at a nominal pH 10. The only boron-containing product is borate as observed
§

Crystals Crystal data for 4: colorless blocks, triclinic space group P-1, T = 183 K, a = 11.1315(11) Å,
b = 11.4183(11) Å, c = 12.4438(13) Å, a= 106.269(12)°, β= 105.153(12)°, γ= 111.573(11)°, Z = 2, R1 =
0.0448, wR2 = 0.0988, GOF = 0.821
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by 11B NMR. The production of formate is observed at temperatures above 85 °C, at
a rate roughly one-quarter of that of the disappearance of boranocarbonate:
otherwise, the only carbon-containing product is carbon monoxide. Although the
precise mechanism of formate formation is still unclear, it is likely that it results from
intramolecular hydride transfer from boron to carbon. Correspondingly, dihydrogen is
produced by protonation of other boranes in the mixture by formic acid. The
important reaction beside formation of formate is of course the formation of 3. Borane
carbonyl is indeed formed when boranocarbonate salts are treated with strong acids.
We believe that it is also the important intermediate product during decomposition of
boranocarbonate in alkaline solution (Scheme 2). H3BCO is known to be kinetically
labile, especially in the absence of carbon monoxide: given the low solubility of
carbon monoxide in water (17.74 µmol dm-3 at 25 °C)[51] it is highly likely that any
dissociation of H3BCO in aqueous solution would lead to hydrolysis of the borane
portion rather than recombination with carbon monoxide.
Scheme 2.

O

H
C B H
H
O

[H3BCO2]22

2-

H+ / ∆

[H3BCO2H] 4

HCOO- + CO + H2 + [B(OH)4]-

[H3BCO]
3

Kinetic measurements in buffered solutions show a second-order dependence of
the rate of boranocarbonate decomposition on proton concentration. The activation
parameters are ∆H‡353 = +13.4(12) kJ mol-1, ∆S‡353 = -121(29) kJ-1 mol-1. The
enthalpy of activation may be compared to that of O-H bond cleavage in water.
Further details of the kinetic and mechanistic studies, and of the coordination
chemistry of the boranocarbonate ion, will be reported separately.
Compound 2 is unique in the sense that it combines the possibility of in situ CO
formation and reducing properties. We transferred these features to an improved
one-pot synthesis of [99mTc(H2O)3 (CO)3]+ without the necessity of an additional
reducing agent or of gaseous CO. In fact, a small amount of 2 dissolved in a few ml
of aqueous [99mTcO4]- gave 1 in yields of >98% after 10 min at 90 °C. Thus,
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K2H3BCO2 can clearly reduce technetium(VII) to technetium(I). The exact mechanism
of this surprisingly convenient synthesis of a carbonyl complex remains unclear.
However, the low concentrations of CO (<10-5 M) and

99m

Tc (<10-6 M) as good as

exclude any stepwise mechanism of reduction followed by CO coordination to a
hypothetical [99mTc(OH2)6] + intermediate: the rate constant would be higher than the
diffusion limit. Only the concentration of 2 itself is high enough for reaction with

99m

Tc

to occur at a reasonable rate. This implies that 2 “transports” the CO to the metal
center, and that CO release and coordination takes place in the same reaction step
at the metal. Therefore, in the preparation of [Tc(OH2)3 (CO)3] +, potassium
boranocarbonate 2 can replace the sodium borohydride and gaseous CO used in the
previously described procedure (Scheme 3).
Scheme 3
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K[H3BCOOH]

H+ / ∆

+

OH2
H2O

OH2
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Conclusion. In conclusion, compound 2 represents a unique and synthetically
extremely useful combination of moderately powerful reducing agent and in situ CO
source in aqueous solution. In conjunction with a suitable buffer (Borax) and a
complexing agent for technetium in intermediate oxidation states (tartrate), it can be
used to prepare the water-soluble, and water-stable, technetium carbonyl complex
[99mTc(OH2 )3(CO)3 ]+ 1. Apart from the illustrative preparation of complex 1, it is
expected that compound 2 can not only be used for the preparation of technetium
carbonyls in water but also for other metal carbonyl complexes.
Materials and methods. Preparation of K2H3BCO2 2: Carbon monoxide was
slowly bubbled through 30 cm3 of a 1 M H3B·THF solution. The gas stream was
passed over a reflux condenser at -50 °C and then bubbled through a solution of 2.8
g KOH in 200 cm3 etha nol in a Schlenk tube at -78 °C. After 2 h the Schlenk tube
was disconnected and heated to reflux for about 1 h. 2 precipitates as a white solid in
large amounts and was filtered and washed with cold ethanol and diethyl ether to
yield 1.26 g (43%) of analytically pure product. δ H (200 MHz, D2O, 25 °C) 0.80
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(1:1:1:1 quartet, 1J(1 H-11B) = 80 Hz; 1:1:1:1:1:1:1 septet, 1J(1H-10B) = 27 Hz). δ C (50
MHz, D2O, 25 °C) 215.4 (1:1:1:1 quartet, 1J(13C-11B) = 64 Hz. δ Β (160 MHz, D2O, 25
°C) -33.8.
Kit formulation of [99mTc(OH2)3(CO)3]+ : (2 cm3 of a [99mTcO4 ]- generator eluate
(0.9% saline) was injected into a 10 cm3 vial containing potassium boranocarbonate
(3 mg), sodium potassium tartrate (5 mg), and potassium tetraborate tetrahydrate
(5.5 mg) under N2 and heated to 95 °C for 20 min. After cooling, the solution was
neutralized with phosphate buffer. According to HPLC, the radiochemical purity of the
product is better than 98%.).
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Chapter 3
Steps Toward High Specific Activity Labeling of Biomolecules for Therapeutic
Application: Preparation of Precursor [188Re(H 2O) 3(CO) 3]+ and Synthesis of
Tailor-Made Bifunctional Ligand Systems.#

R. Schibli, R. Schwarzbach, R. Alberto, K. Ortner, H. Schmalle, C. Dumas, A. Egli
and P.A. Schubiger
Introduction. In the past years, the bioinorganic chemistry of rhenium has been
developed towards novel applications in therapeutic nuclear medicine.[52, 53] Interests
in this field origin from the fact, that the two particle emitting radioisotopes Re-186
and Re-188 have excellent physical decay properties for therapeutic applications
(Re-186: t1/2 = 89 h, β - 1.07 MeV, γ 137 keV; Re -188: t1/2 = 18 h, β - 2.12 MeV, γ 155
keV). Furthermore, due to the generator technique, Re-188 is nowadays readily
available carrier-free and at any time.[54] In analogy to Tc -99m, most of the currently
applied Re-186/188 labeling techniques use precursors or complexes in higher
oxidation states.[55, 56] However, it is a fact that rhenium needs harsher conditions to
be reduced from its original oxidation state +VII to lower oxidation states typically
+V/+III. It is also frequently observed, that these rhenium complexes have a higher
tendency re-oxidize, than their techneti um analogues. Therefore, kinetically more
inert complexes containing technetium and rhenium in the low oxidation state +I have
received more attention, recently.[57-61] Soft metal centers show an increased kinetic
inertness and a low affinity for hard nitrogen and oxygen donor groups, readily
present in the blood serum. This characteristic protects the complexes in vivo against
ligand dissociation and ligand exchange.
Our group has developed a fully aqueous -based kit preparation of the
organometallic technetium precursor [99mTc(H2 O)3(CO)3]+ under mild reaction
conditions in presence of gaseous carbon monoxide and sodium borohydrate.[38] The
formulation could be optimized in terms of kit-stability and commercial production due
to substitution of both, gaseous CO and NaBH4 by K2[H3BCO2].[11] However, till today
#
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the corresponding Re-186/188 precursor [*Re(H2O)3(CO)3 ]+ 1 was obtained only in
low yields via the above-mentioned methods.
In the present work we describe two simple and fully aqueous based synthetic
routes to obtain the precursor [188Re(H2 O)3(CO)3]+ in high yields and with high
specific activities. In order to translate the excellent specific activities on the labeling
of biomolecules, tridentate bifunctional ligand systems tailor-made for the precursors
[188Re(H2O)3 (CO)3] + have been synthesized. The first ligand system consists of
bis[imidazol-2yl]methylamine chelate originally developed for copper(II).[62] To our
knowledge this chelate system has never been tested and reacted with a soft,
organometallic precursor. The second type of ligands consists of an iminodiacetic
acid (IDA) moiety, which is well known to form complexes with almost any metal of
the fist and second transition row. Both chelating systems proved to be good
candidates for facile bifunctionalization with spacers of different chain length bearing
a terminal amino or carboxylic acid group for amidic linkage to carboxylic acid or
primary amino group of biomolecules. On the other hand, they offer three potential
coordination sites, forming multiple stable chelating rings with the rhenium-tricarbonyl
center. The X-ray structures of two model complexes exemplify the coordinative
features of these new ligand systems. In vitro plasma stabilities of the corresponding
Re-188 complexes will be discussed.
Results and discussion. Contrary to the almost quantitative reductive
carbonylation of

99m

TcO4- in presence of BH4-, CO and Na 2CO3 in aqueous media,

only traces of the desired Re-188 precursor were detected under these reaction
conditions. Failing of this approach can presumably be explained by several facts: i)
Rhenium has a lower redox potential than technetium. ii) rhenium +V and/or +III
intermediates presumably formed during the reductive carbonylation are unstable at
basic pH. iii) Under neutral/acidic conditions rhenium(III/IV) intermediates are stable
but BH4- hydrolyzes fast. Thus, BH4- is not available for reduction of the metal center.
To circumvent these problems the water-soluble amino borane, BH3·NH3, was used
instead of BH4-. Amino borane is sufficiently stable under neutral/acidic conditions
and is highly reducing.
The organometallic precursor [188Re(H2O)3(CO)3 ]+ 1 was synthesized via two
routes starting from

188

ReO4- in saline. Method A uses solid BH3·NH3 as the reducing

agent and gaseous carbon monoxide as the source of CO ligands. The perrhenate
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solution was acidified with concentrated phosphoric acid previous to injection in the
reaction vial to maintain an acidic/neutral pH during the reaction. After 15 min at 60
°C the reaction was completed (Scheme 1). The HPLC γ-trace revealed beside the
peak of the desired product 1 (70 ± 10 %; RT = 5 min) and remaining

188

ReO4- (7 ± 3

%; RT = 10 min) a third peak of a by-product with a retention time of 10.5 min (10 ± 5
%). This by-product of unknown composition can be converted into the precursor 1
by acidifying the carbonyl solution to pH < 2. TLC analysis of the carbonyl solution
revealed only the peak of precursor 1 (85 ± 5 %; Rf = 0.4) and

188

ReO4- (10 ± 2 %; Rf

= 0.7). Less than 5 % colloidal 188 ReO2 was detected at the origin.
Scheme 1.
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In method B, K2[H3BCO2] was used as a solid source of CO and BH3·NH3 as the
reducing agent. The perrhenate solution was also acidified with concentrated
phosphoric acid previous to injection in the reaction vial. After 15 min at 60 °C the
yields and product distribution were similar to those in method A (Scheme 1). The
amount of BH3·NH3 /K2[H3BCO2] and acid (conc. H3PO4 ) was carefully balanced, in
order to avoid fast hydrolysis of the boranes and to maintain a sufficient low pH to
stabilize reduced rhenium intermediates. Using exclusively K2[H3BCO2] instead of
BH3·NH3 and CO(g) did not yield the desired precursor even if applied in large
excess (10 – 50 mg per reaction vial). Furthermore, it was observed that, when
reaction volume was increased (> 1 mL), the yields of 1 dropped significantly. Since a
concerted mechanism, where the reduction of the metal center and the CO addition
take place almost simultaneously, is proposed for the carbonylation reaction

[11]

, the

availability of reducing agent and CO are limiting factors. Thus, a fast saturation of
the aqueous solution with carbon monoxide can only be guaranteed if the volume of
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the solution is relatively small. Yet, solutions of up to 14 GBq/ml Re -188 could be
successfully carbonylated with both methods.
The free precursor 1 is stable (> 90 %) for approximately 3 h at pH = 7 – 5. After
this time, decomposition of the precursor and re-formation of

188

ReO4- was observed

in the absence of effectively coordinating and stabilizing ligands. Addition of radical
scavenging co-ligand such as gentisic acid or ascorbic acid did not significantly
improve the half-life of the precursor.
In order to translate the excellent yields and specific activities of precursor 1 on the
radiolabeling of biomolecules such as peptides and proteins, novel, bifunctional
ligand systems have been developed. Ligands 8 and 10 could be produced in a
straightforward synthetic approach. Bifunctionalization of the chelate system was
achieved by reacting the previously mono N-Boc-protected diamines or commercially
available amino alkyl carboxylic acids with bis[imidazol-2-yl]nitromethane in presence
of aqueous NaOH (Scheme 2). Under these conditions the nitro group is displaced
by the nucleophilic amino group forming the corresponding Nα-substituted 2,2’bisimidazolylmethanes. Deprotection of the Boc group was accomplished in 3 M HCl
at 50°C (Scheme 3). The 1H/13C NMR and mass spectra and elementary analyses
confirmed the composition and the symmetric structure of the ligands. In all
compounds the four C-H protons of the imidazole rings are chemically equivalent,
forming singlets around 7 ppm.
Scheme 2.
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a: 2 M NaOH, 80°C; b: MeOH, SOCl2; c: 3 M HCl, 50°C.
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8b n = 1; R = CO2 CH3
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9a n = 3; R = NHBoc
9b n = 6; R = NHBoc
10a n = 3; R = NH2
10b n = 6; R = NH2
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Ligands 11 and 13 could be produced in two respectively three steps. The
chelating moiety was build up by a double alkylation of the primary amino group with
methyl bromoacetate in presence of triethylamine in good yields. Subsequent
saponification of the ester groups and/or deprotection of the N-Boc group afforded
the bifunctional IDA derivatives (Scheme 3). The 1 H/13C NMR and mass spectra and
elementary analyses confirmed the composition and the structures of the ligands.
Scheme 3.
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a: i. MeOH, NEt3, reflux, 15 h; ii. 2 M NaOH; b: 3 M HCl, 50°C.

Radiolabeling and In Vitro Stability. Radiolabeling of ligands 8/10 and 10/13 with
precursor 1 was performed in PBS buffer at pH 6.5 - 7.5 (Scheme 4). Different
labeling conditions have been tested. Short incubation at higher temperature (10 min,
100°C) or longer incubation at lower temperature (37°C, 3 h) revealed almost
complete consumption of 1 but it was observed that under these conditions the reformation of perrhenate prohibits labeling yields better than 40 % of the initial activity.
The best conditions for radiolabeling were found to be 60 °C for 60 min in PBS. All
tested ligand systems formed single species with the precursor 1.
Scheme 4.
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Plotting the labeling yields of the different chelate systems as a function of ligand
concentration revealed steep sigmoid curves (Figure 1). Generally the 2,2’diimidazolylmethylamine

chelates

(8/10)

yielded

the

corresponding

Re-188

complexes at one order of magnitude lower concentration (5*10-5M) than the IDAchelates (5*10-4M for 11/13). At these concentrations labeling yields > 95 % in
respect to [188Re(OH2)3(CO)3]+ and specific activities of up to 220 GBq/µmol ligand
(based on initial activity of 14 GBq/mL

188

ReO4-) could be achieved. The pendent

additional functional groups (-CO2H or -NH2) did not seem to have an influence on
the labeling yields.

labeling yield [%]

100
lignad 8c
ligand 8d
ligand 10a
ligand 10b
ligand 11a
ligand 11b
ligand 13a
ligand 13b

75
50
25
0
-3.0

-3.5

-4.0 -4.5
log [M]

-5.0

-5.5

Figure 1. Labeling yield as a function of the ligand concentration in PBS buffer pH = 6.5 (ligands 8/10)
and pH = 7.5 (ligands 11/13) 60 min, 60°C.

Stability of the Re-188 complexes was evaluated in human serum at 37°C over a
period of 48 h (Table 1). The

188

Re(CO)3 -complexes with ligands 8/10 showed

generally a higher stability (80±4 % 24 h and 63±3 % 48 h post incubation in human
serum) than those with ligands 11/13 (45±10 % 24 h and 34±3 % 48 h post
incubation in human serum). The TLC and HPLC analyses of aliquots of the
incubated plasma samples revealed beside the intact complexes decomposition
predominantly to

188

ReO4-. Only minor transchelation and aggregation to plasma

proteins have been observed (> 4 % of total activity).
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Table 1. Stability (%a) of 188Re(CO)3-complexes with ligands 8/10 and 11/13 in
human serum albumin at 37°C.
Time

1h

4h

24 h

48 h

8a

96±1

95±1

85±5

63±10

8c

95±1

85±6

80±5

65±3

8d

94±6

92±2

76±5

61±10

10a

98±4

94±3

83±7

68±6

10b

92±5

81±7

78±4

60±4

11a

90±6

68±4

50±7

33±5

11b

95±6

62±7

52±2

38±8

13a

92±6

58±6

48±7

35±12

13b

93±8

68±9

40±14

30±10

Ligand

a

Values represent the means ±SD (n = 3).

Preparation and Analysis of Rhenium Complexes. In order to determine the
coordinative features of the novel ligand systems, two representative rhenium model
complexes with ligand 8b and 13a have been prepared and fully characterized
including the X-ray structures. The complexes revealed almost identical retention
times on the HPLC column ([Re(8b)(CO)3 ]+: 19.8 min; [Re(13a)(CO)3 ]: 20.4 min) as
the

corresponding

radioactive

complexes

([188Re(8b)(CO)3 ]+:

19.9

min;

[188Re(13a)(CO)3]: 20.2 min) proving the identity of the complexes on the
macroscopic and the n.c.a. level. Analysis of the

1

H NMR spectrum of complex

[Re(8b)(CO)3]Br showed four doublets with an intensity of one proton each. Two-
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dimensional NMR experiments (1 H/1 H COSY) revealed coupling between two pairs of
protons (Fig. 2) indicating an unsymmetrical coordination or structure of the complex.

Figure 2. 2D proton NMR (COSY) of the aromatic region (imidazole protons) of complex
[Re(8b)(CO)3]Br. For proton numbering see Figure 3.

A concluding explanation for this observation could be found after analysis of the
X-ray structure. Crystals of X-ray quality could be grown by exchange of the bromide
in complex [Re(8b)(CO)3]Br with the more bulky perchlorate anion§. The ligand
coordinates tridentately via the two imidazole rings and the secondary amino group
as expected, forming two five -membered and one six-membered ring with the metal
center (Fig. 3). The structure clearly reveals the asymmetry of the ligand/complex
after complexation. In respect to the N(3)-C(4) bond one of the imidazole rings is
trans and one is cis oriented in respect to the acetyl methyl ester group (Fig. 3).
Clearly the orientation of the residue at the coordinated secondary amino group must
be the reason for the chemical non-equivalence of the imidazole rings. The fact, that
this NMR pattern was observed for all complexes with an Nα-substituted 2,2’diimidazolylmethane amine ligand but not with the unsubstituted is a further evidence
for this assumption. Temperature dependent NMR experiments (20 - 90 °C) did not

§

Crystal data: C13H13ClN5O9Re, MW = 604.93, a = 8.8284(9)Å, b = 9.9344(11)Å, c = 12.3206(13)Å,
a = 81.999(13)°, ß = 73.372(12)°, ? = 68.374(12)°, temp = 183°K, ? = 0.71073Å, V = 961.82(18)Å3, Z
= 2, Dc = 2.089 Mg/m3, GOF = 0.962, R1 = 0.0399, wR2 = 0.0965.
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show a significant change of these patterns, proving the rigid and inert coordination
of the ligand to the metal center. The IR spectrum of compound [Re(8b)(CO)3]Br
showed the typical fac-M(CO)3 pattern for the CO ligands at 2028 cm-1 and 1922 cm1

/1904

cm-1.

This

is

significantly

blue -shifted,

compared

to

the

educt

(NEt4)2 [ReBr3(CO)3] (2000 cm-1, 1868 cm-1).

Figure 3. Crystal structure

[50]

+

of the complex cation [Re(8b)(CO)3] . Re-C(13) 1.950(6) Å; Re-N(1)

2.194(6) Å; N(3)-C(8) 1.470(8) Å; N(3)-C(4) 1.522(7) Å; C(3)-C(4) 1.491(9) Å; C(4)-C(5) 1.518(8) Å;
C(12)-Re-C(13) 89.8(3)°; C(12)-Re-N(1) 98.5(3)°; N(1)- Re-N(4) 81.00(19)°; N(1)-Re-N(3) 74.93(19)°;
N(4)-Re-N(3) 73.68(18)°; C(8)-N(3)-C(4) 115.1(4)°; C(3)-C(4)-C(5) 104.2(5)°.

The neutral complex [Re(13aH+)(CO)3] crystallized directly as colorless needles
from the reaction medium (H2O)# . Analysis of the

1

H NMR spectrum of complex

[Re(13aH+)(CO)3] revealed a typical pattern of an AB system for the four protons of
the coordinated IDA moiety. The previously identical NCH2COO protons of the IDA
moiety became non-equivalent upon rigid coordination to the metal center by virtue of
their different chemical environment. The same spectroscopic features have been
observed for all complexes with ligands 11 and 13 and were also reported for
rhenium-tricarbonyl complexes of IDA-functionalized desoxyglucose and glucose
#

Crystal data: C10H15N2 O8Re, MW = 477.44, monoclinic, P21/c, a = 10.9856(8)Å, b = 10.2016(8)Å, c =
3
12.6766(11)Å, ß = 102.147(10)°, temp 183°K, MoK a radiation (? = 0.71073Å), V = 1388.87(19)Å , Z =
3
4, Dc = 2.283 Mg/m , GOF = 1.108, R1 = 0.0232, wR2 = 0.0554.
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derivatives.[63] The IR spectrum of compound [Re(13aH+)(CO)3 ] showed M-CO
stretch frequencies at 2018 cm-1 and 1902 cm-1. The X-ray structure confirmed the
tridentate coordination of the ligand via the two carboxylates and the tertiary amino
group (Figure. 4).

Figure 4. Crystal structure

[50]

+

of the complex [Re(13aH )(CO)3]. H-atoms are omitted for clarity. Re(1)-

C(1) 1.919(4) Å; Re(1)-O(4) 2.114(3) Å; Re(1)-O(6) 2.153(3) Å; Re(1)-N(1) 2.239(3) Å; C(2)-Re(1)C(1)

87.74(17)°;

C(3)-Re(1)-C(1)

88.40(17)°;

C(2)-Re(1)-O(4)

173.96(13)°;

O(4)-Re(1)-O(6)

78.19(11)°; O(4)-Re(1)-N(1) 78.69(11)°; O(6)- Re(1)-N(1) 76.78(11)°.

Conclusion. The organometallic precursor [188Re(H2O)3(CO)3 ]+ can now be
prepared in a simple one step synthesis in good yields and high specific activities.
These procedures will allow the easy performance of therapeutic studies using the
organometallic labeling approach. In fact in vitro experiments with Re-188 tricarbonyl
labeled antibodies against bladder cancer have shown the superior characteristic of
the carbonyl technology compared to “classical” Re(V) methods[64] The novel,
tridentate, bifunctional chelating systems presented in this work are versatile and
offer the possibility to insert presumably any type (e.g. alkyl, polyethylene glycol,
benzene) and length of spacer adaptable to different biomolecules. Particularly with
ligands containing a bis[imidazole-2-yl]methylamine moiety high labeling yields
should be possible at low ligand concentration.

43
Materials and methods. Solvents for syntheses were purchased from Aldrich
Chemical Co. or Fluka, Buchs, Switzerland and were dried according to standard
methods. Glycine 2, 5-amino pentanoic acid 3 and 10-amino undecanoic acid 4 were
purchased

from

Fluka.

The

precursor

(NEt4)2 [ReBr3(CO)3]

[23]

,

N-tert.-

Butyloxycarbonyldiamino propane 5 and N-tert.-Butyloxycarbonyldiamino hexane 6
[65]

,

bis[imidazol2-yl]nitromethane

yl]carboxymethylaminomethane 8a

[62]

7

[66]

[11]

and K2[H3BCO2]

according to the literature. Na[188ReO4] was eluted from a

,

bis[imidazol-2were synthesized

188

W/188 Re generator (Oak

Ridge National Laboratories, Oak Ridge USA) using 0.9% saline. The elution volume
(approx. 30 mL) was reduced to a total of 5 ml (max. 14 GBq/mL) using the method
of Blower.[67] HPLC analyses were performed on a Merck-Hitachi L-7000-system
equipped with an L-7400 tunable absorption detector and a Berthold LB 506 B
radiometric detector. HPLC solvents consisted of aqueous 0.05 M TEAP
(triethylammonium phosphate) buffer, pH = 2.25 (solvent A) and methanol (solvent
B). For the radiochemical analyses a Macherey-Nagel C-18 reversed phase column
(10 µm, 150 x 4.1 mm) was used. The HPLC system started with 100 % of A from 03 min. The eluent switched at 3 min to 75 % A and 25 % B and at 9 min to 66% A
and 34% B followed by a linear gradient 66% A/34% B to 100 % B from 9-20 min.
The gradient remained at 100 % B for 2 min before switching back to 100 % A. The
flow rate was 1 ml/min. The thin layer chromatography (TLC) system was performed
using glass-backed silica gel plates (Merck 60F254, mobile phase of 99% methanol
1% concentrated HCl) and paper (Whatman No.1, mobile phase 99.5% methanol,
0.5% 6 M aqueous HCl). The plates were scanned with a Burkard RAYTEST RITA3200 radioanalyzer. Radioactive samples were counted in a Camberra Packard
COBRA II auto gamma well counter. Reactions with activities > 500 MBq/ml have
been performed in specially equipped led-boxes with manipulators. Nuclear magnetic
resonance spectra were recorded on a 300 MHz Varian Gemini 2000 spectrometer.
The 1H and

13C

chemical shifts are reported relative to residual solvent protons as a

reference. IR spectra were recorded on a Perkin-Elmer FT-IR 16PC using KBr
pellets. Elementary analyses were performed at the department of inorganic
chemistry of the university of Zurich.
Preparation of precursor [188Re(H 2O)3(CO)3 ]+, 1. Method A: 5 mg of BH3•NH3 were
placed in 10 mL glass vial. The vial was sealed with an aluminum caped rubber
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stopper and flushed with CO for 20 min. The generator eluate (1 mL, 3-14 GBq/mL)
was mixed with 6 µL of conc. H3PO4 (98%) previous to the injection in the reaction
vial. The vial was incubated at 60 °C for 15 min. Pressure from the evolving H2 gas
was balanced with a 20 mL syringe. The reaction was cooled on an ice bath. The
final pH of the reaction solution was neutral. Yield: 85±5 % determined by means of
HPLC and TLC. Method B: 5 mg of BH3•NH3 and 3 mg of K2[H3BCO2] were placed in
10 mL glass vial and flushed with nitrogen. The generator eluate (1 mL, 3-14
GBq/mL) was mixed with 6 µL of conc. H3PO4 (98%) previous to the injection in the
reaction vial. The vial was incubated at 60 °C for 15 min. Pressure from the evolving
H2 gas was balanced with a 20 mL syringe. The reaction was cooled on an ice bath.
The final pH of the reaction solution was neutral. Yield: 80±5 % determined by means
of HPLC and TLC.

Radiolabeling. The radioactive complexes were prepared according to the
following general procedure: 450 µl of a solution of [188Re(H2 O)3(CO)3]+ and 50 µl of a
10-3 M, and 10-4 M, respectively 950 µl of a solution of [188Re(H2O)3 (CO)3] + and 50 µl
of a 10-2 M, 10-3 M and 10-4 M solution of the corresponding ligand in PBS buffer (0.1
M NaCl/0.05 M sodium phosphate buffered, pH = 6.5 - 7.5) were placed in a 10-ml
glass vial under nitrogen. The vial was sealed and the reaction heated to 60°C for 60
min and cooled on an ice bath.

In vitro Plasma Stability. The solutions of the

188

Re-complexes were adjusted with

physiological saline to a concentration of 370 MBq/ml. Aliquots of 100 µl of these
solutions were added to 400 µl human plasma and incubated at 37°C. Aliquots were
taken and analyzed after 1 h, 4 h, 24 h and 48 h.
Preparation of compound 8c and 8d. The ligands 8c/d were synthesized
according to the procedure described for 8a

[62]

starting from the corresponding

amino-alkyl carboxylic acid (n = 4, 10). Yields: 50-70 %. Analytical data for ligand 8c
(n = 4): Calculated for C 12H17N5 O2·1.6 HCl: C 44.81; H 5.83; N 21.77. Found C 44.91;
H 5.95; N 22.35. 1H NMR (D 2O): δ 7.41 (s, 4 H), 6.68 (s, 1 H), 3.51 (t, 2 H), 2.33 (t, 2
H) 1.82 (m, 2 H), 1.69 (m, 2 H).

C NMR (D 2O): δ 177.9, 143.3, 122.7, 53.7, 42.0,

13

34.2, 25.6, 23.2. MS (ES): m/z (%) 264 (60) [M+1]. Analytical data for ligand 8d (n =
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10): Calculated for C18H29N5 O2·1.7 HCl: C 52.80; H 7.56; N 17.10. Found: C 52.63; H
7.03; N 17.27. 1H NMR (D 2O): δ 7.50 (s, 4 H), 6.30 (s, 1 H), 2.82 (t, 2 H), 2.23 (t, 2
H), 1.6-1.4 (m, 4 H), 1.2-1.1 (broad m, 12 H).

C NMR (D 2O): δ 179.1, 135.9, 122.9,

13

66.8, 47.8, 35.6, 34.0, 28.5, 25.7, 24.4, 23.3. MS (ES): m/z (%) 348 (100) [M+1].
Preparation of compounds 9a and 9b. The compounds 9a/b were synthesized
according to the following, general procedure starting from the corresponding N-tertButyloxycarbonyldiamines (n = 3, 5, and n = 6, 6). Bis[imidazol-2-yl]nitromethane
(500 mg, 2.2 mmol) was dissolved in 2.6 mL of 2 M NaOH. One equivalent of the
corresponding mono Boc-protected diaminoalkane was added under vigorous
stirring. The suspension was heated at 80 °C for 20 min, in which a clear orange
solution was formed. After cooling on an ice bath, the almost colorless product
precipitated. The pure product was filtered and dried under vacuum. Yields: 50-70 %.
Analytical data for compound 9a (n = 3): Calculated for C15H24N6O2 : C 56.23; H 7.55;
N 26.23: Found: C 55.96; H 6.95; N 26.71. 1 H NMR (MeOH-d4): δ 6.91 (s, 4 H), 4.99
(s, 1 H), 3.06 (t, 2 H), 2.46 (t, 2 H), 1.56 (q, 2 H), 1.33 (s, 9 H).

13

C NMR (MeOH-d4 ):

δ 162.3, 143.4, 121.5, 70.6, 51.6, 40.5, 33.8, 25.6, 24.2, 23.7. MS (ES): m/z (%) 321
(100) [M+1]. Analytical data for compound 9b (n = 6): Calculated for C18H30N6O2 : C
59.64; H 8.34; N 23.19: Found: C 59.08; H 7.24; N 22.91. 1H NMR (MeOH-d4): δ 7.12
(s, 4 H), 5.01 (s, 1 H), 3.33 (t, 2 H), 2.53 (t, 2 H), 1.63 (m, 4 H), 1.40 (s, 4 H), 1.34 (s,
9 H).

C NMR (MeOH-d4 ): δ 160.2, 144.4, 120.8, 66.2, 50.4, 42.5, 34.2, 28.6, 25.5,

13

25.1 23.4, 22.3, 20.1. MS (ES): m/z (%) 363 (100) [M+1].
Preparation of compounds 10a and 10b. Compounds 10a/b were deprotected in 3
M HCl at 50 °C for 20 min. After removal of the solvent the products could be
obtained almost quantitatively in the hydrochloride form as pale rose powder. Yields
> 95%. Analytical data for ligand 10a (n = 3): Calculated for C10H16N6•4.5 HCl: C,
31.0; H, 6.1; N, 21.7. Found: C, 31.1; H, 5.95; N, 21.5. 1H NMR (MeOH-d4): δ 7.58 (s,
4 H), 5.94 (s, 1 H), 3.16 (t, 2 H, 9 Hz), 2.81 (t, 2 H, 6 Hz), 1.95 (m, 2 H).

13

C NMR

(MeOH-d4): δ 139.6, 117.8, 57.7, 42.5, 39.4, 25.6. MS (ES): m/z (%) 221 (100) [M+1].
Analytical data for ligand 10b (n = 6): Calculated for C13H22N6•4 HCl: C, 38.3; H, 6.4;
N, 20.6. Found: C, 37.9; H, 6.1; N, 20.2. 1H NMR (MeOH-d4 ): δ 7.51 (s, 4 H), 6.04 (s,
1 H), 2.96 (t, 2 H), 2.73 (t, 2 H), 1.62 (m, 2 H), 1.58 (m, 2 H), 1.33 (m, 4 H).

13

C NMR
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(MeOH-d4): δ 140.4, 117.7, 56.7, 42.5, 34.2, 28.6, 25.7,23.6, 20.4. MS (ES): m/z (%)
263 (80) [M+1].
Preparation compounds 11a and 11b. The compounds 11a/b were synthesized
according to the following, general procedure using the corresponding amino alkyl
carboxylic acid (n = 4, 3 and n = 10, 4). 1 g of 5-amino pentanoic acid 3 or 11-amino
undecanoic acid 4 respectively was dissolved in 100 mL of methanol together with
2.5 equivalents of triethylamine. Methyl bromoacetate (2.1 equivalents) was added
over a period of 2 hours at room temperature. The reaction was refluxed over night.
After removal of the solvent the oily residue was purified by column chromatography
(CH2Cl2/ethyl acetate: 4:1). The esters were saponified with 2 M NaOH under reflux
for 60 min. The solution was neutralized with conc. HCl and the solvent evaporated
under reduced pressure. The residue was extracted twice with 5 mL of methanol to
separate NaCl. After evaporation of the methanol the products were obtained as
white solids. Yield: 40-60 %. Analytical data for compound 11a (n = 4): Calculated for
C9H15NO6: C 46.35; H 6.48; N 6.01. Found: C 45.85; H 5.53; N 5.92.

1

(MeOH-d4): δ 3.38 (t, 2 H), 3.15 (s, 4 H), 3.04 (t, 2 H), 2.88 (q, 4 H).

13

H NMR
C NMR

(MeOH-d4): δ 179.9, 171.5, 66.8, 56.2, 50.3, 33.1, 28.0. MS (ES): m/z (%) 234 (100)
[M+1]. Analytical data for compound 11b (n = 10): Calculated for C15H27NO6: C
56.77; H 8.57; N 4.41. Found: C 56.45; H 6.97; N 4.21. 1 H NMR (D 2O): δ 3.41 (t, 2 H),
3.21 (s, 4 H), 2.62 (t, 2 H), 1.77 (m, 2 H), 1.6-1.1 (m, 14 H).

C NMR (D 2O): δ 177.0,

13

171.0, 56.0, 51.1, 35.3, 33.2, 33.0, 28.6, 28.3, 26.8, 25.0, 23.3. MS (ES): m/z (%)
318 (100) [M+1].
Preparation of compounds 12a/b and 13a/b. The compounds 13a/b were
synthesized according to the following, general procedure using the corresponding
N-tert-Butyloxycarbonyldiamines

(n

=

3, 5

and

n

=

6,

6).

The N-tert-

Butyloxycarbonyldiamines were dissolved in 50 mL of methanol together with two
equivalents of triethylamine. Methyl bromoacetate (2.1 equivalents) was added over
a period of 2 hours at room temperature. The reaction was refluxed over night. After
removal of the solvent the oily residue was diluted with water and extracted three
times with ethyl acetate. The organic layers were combined and dried over Na 2SO4.
After filtration and evaporation of the solvent, the crude products 12a/b were checked

47
by means of NMR and processed without purification. The crude products were
dissolved in 3 M HCl and heated at 50 °C for 30 min. After removal of the solvent the
residues were dissolved in 2 M NaOH and refluxed for 60 min. The solution was
neutralized with conc. HCl and the solvent evaporated under reduced pressure. The
residue was extracted twice with 5 mL of methanol to separate NaCl. After
evaporation of the methanol the products were obtained as white solids. Yield: 40-60
%. Analytical data for ligand 13a (n = 3): Calculated for C 7H14 N2O4·0.3 NaCl: C 40.47;
H 6.79; N 13.49. Found: C 40.64; H 7.21; N 13.91. 1H NMR (D 2O): δ 3.53 (s, 4 H),
2.83 (t, 2 H), 2.74 (t, 2 H), 1.87 (q, 2 H).

C NMR (D 2O): δ 176.1, 94.3, 64.1, 60.5,

13

51.7 40.0, 33.8. MS (ES): m/z (%) 191 (100) [M+1]. Analytical data for ligand 13b (n
= 6): Calculated for C10H20N2 O4·0.2 NaCl: C 49.23; H 8.26; N 11.48. Found: C 49.11;
H 7.38; N 11.96. 1H NMR (D 2O): δ 3.53 (s, 4 H), 2.83 (t, 2 H), 2.74 (t, 2 H), 1.87 (q, 2
H), 1.4-1.2 (m, 6 H).

C NMR (D 2O): δ 179.0, 95.1, 60.2, 58.1, 53.9, 42.3, 34.4, 29.6.

13

MS (ES): m/z (%) 233 (100) [M+1].
Preparation of compound 8b. Compound 8a (200 mg, 0.9 mmol) was dissolved in
10 mL methanol. The solution was cooled to 0 °C on an ice bath before adding 60 µL
(0.9 mmol) of SOCl2. To the reaction solution 500 mg of molecular sieve were added
and the reaction stirred over night at room temperature. After filtration the solvent
was removed under reduced pressure to obtain the product. Yield 190 mg (90 %).
Analytical data: Calculated for C10H13 N5O2 : C 51.06; H 5.57; N 29.77. Found: C
51.12; H 4.98; N 29.24. 1H NMR (D 2O): δ 7.12 (s, 4 H), 5.30 (s, 1 H), 3.67 (s, 3 H),
3.51 (s, 2 H).

13

C NMR (D 2O): 174.3, 138.1, 135.8 116.4, 56.7, 42.5. MS (ES): m/z

(%) 236 (100) [M+1].

Preparation [Re(8a)(CO)3]Br. (NEt4)2[ReBr3(CO)3 ] (100 mg, 0.12 mmol) was
dissolved in 5 mL of methanol. One equivalent of 8a (30 mg) was added and the
reaction stirred over night at room temperature. The reaction was concentrated to 1
mL and layered with diethyl ether. The products crystallized completely after 3 days.
Yield: 47 mg (65 %). Analytical data: Calculated for C13H13N5 O5ReBr: C 26.67; H
2.24; N 11.96. Found: C 26.12; H 2.98; N 11.24. 1 H NMR (MeOH-d4): δ 7.40 (d, 1 H,
1.5 Hz), 7,33(d, 1 H, 1.5 Hz), 7.22 (d, 1 H, 1.5 Hz), 7.20 (d, 1 H, 1.5 Hz), 6.20 (s, 1
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H), 3.78 (s, 3H), 3.61 (s, 2 H). IR (KBr, cm-1): 3420 (w), 2028 (vs), 1922 (vs), 1904
(vs), 1758 (m), 1290 (w), 1138 (m), 858 (w).
Preparation of [Re(13aH+)(CO)3 ]. (NEt4)2 [ReBr3 (CO)3] (82 mg, 0.11 mmol) was
dissolved in 5 mL of H2O. Ligand 13a (25 mg, 0.13 mmol) was added and the
reaction heated at 70 °C for 2 hours. Immediately after cooling to room temperature,
the product crystallized almost quantitatively from the reaction solution. Yield: 48 mg
(95%). Analytical data: Calculated for C10H13 N2O7Re·0.9 H2O: C 25.25; H 3.14; N
5.89. Found: C 26.73; H 3.31; N 5.64. 1H NMR (DMSO-d6): δ 3.76 (d, 2 H, 16 Hz),
3.40 (d, 2 H, 16 Hz), 3.30 (t, 2 H), 3.28 (m, 2 H), 2.80 (t, 2 H). IR (KBr, cm-1): 3446
(w), 2362 (w), 2018 (vs), 1902 (vs), 1870 (vs), 1654 (s), 1622 (s), 1394 (m), 548 (w).
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Chapter 4
Syntheses, Spectroscopic and Structural Characterization of Monomeric and
Dimeric Dicarbonyl-Nitrosyl Complexes of Technetium(I) and Rhenium(I) in
Aqueous Media.#

R. Schibli, N. Marti, V. Gramlich, Ch. L. Barnes, and P.A. Schubiger
Introduction. Complexes of technetium and rhenium in low oxidation states have
gained considerable attention in the development of novel, target specific
radiopharmaceuticals and cytotoxic agents recently.[68,

69]

In particular, the

organometallic aqua ions [Tc(H2O)3(CO)3 ]+ and [Re(H2 O)3(CO)3 ]+ impelled not only
the basic, aqueous chemistry of these two elements but significantly stimulated the
development of new organometallic radiopharmaceuticals. This circumstance
motivated us to further develop organometallic precursors of Tc and Re for the
radiolabeling of biomolecules.
Apart from employing the tricarbonyl technology for the (radio-)labeling of various
biomolecules we are currently investigating other organometallic synthons for
potential use in radiopharmacy. The NO+ molecule is isolobal with the CO-ligand.
However, the linear coordinated NO+ ligand is considered to have a lower σ-donor
and higher π-acceptor strength than the isolobal CO, resulting in, as over all effect,
higher electron acceptor strength. It is well-known that the presence of a NO+
strongly affects transition metal centers and their coordination sphere, particula rly the
substitution lability of ligands in position trans to NO.[70] In respect of organometallic
technetium and rhenium complexes for biomedical use, this fact could lead to
compounds with different and improved pharmacokinetic properties than those
labeled with the [M(CO)3]-fragment or simplify the functionalization of biomolecules
for radiolabeling with Tc-99m or Re-188.
Generally halogen-dicarbonyl-nitrosyl synthons of rhenium(I) are formed via
substitution reaction starting from [Re(CO)4X]2 or [Re(CO)3X2]2 (X = C1, Br, I)
employing salts of the general formula NOX (X = e.g. BF4, PF6) in organic media.[7173]

The same hold true for low-valent, organometallic technetium nitrosyl

compounds.[74,
#

75]

Alternatively Norton and Dolcetti have presented the synthesis of

Inorg. Chem., 2003, submitted.
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mixed carbonyl-nitrosyl rhenium complexes by purging NO(g) through solution of
[Re(CO)4X]2 in benzene or carbon tetrachloride.[76] The aqueous behavior and
particularly the preparation of mixed carbonyl-nitrosyl complexes of low-valent
technetium and rhenium have never been seriously investigated. In view of the above
mentioned goal to develop novel radiopharmaceuticals, it is necessary to search for
synthetic strategies to prepare such compounds in aqueous media and investigate
their chemical behavior and stability under physiological conditions.
In the present work, we report for the first time the syntheses and systematic
analyses of mixed dicarbonyl-mononitrosyl complexes of Tc(I)/Re(I) in aqueous
media starting from [NEt4]2 [MX 3(CO)3 ] (M =

99

Tc, X = Cl 1a; M = Re, X = Br 1b). In

addition the synthesis of fac-[99mTc(H2O)3 (CO)2 NO]2+ on the no-carrier-added level
starting from [99mTc(H2 O)3(CO)3]+ will be presented for the first time.
Results and discussion. Synthesis and Characterization of DicarbonylMononitrosyl Complexes of Technetium(I) and Rhenium(I). The NOX (X = e.g. Cl,
BF4, PF6) salts, useful as sources of nitrosyl cation, are only stable in organic media,
which preclude their use in radiopharmacy. On the other hand, a readily accessible
and known source of NO + in acidic, oxygen free media is nitrous acid, HNO2, which is
produced during dissociation or disproportion of e.g. NO2-, NOHSO4 or NO2 (g)
according to scheme 1. Starting from NO2- or NOHSO4, the nitrosylation reaction
mechanisms begin with addition of a strong acid to nitrite or hydrolysis of nitrosyl
sulfuric acid (scheme 1 I+II). Nitrous acid is formed, which reacts further with acid to
make water and the nitrosyl cation. In absence of additional protons the formation of
NO+ is only incomplete or disfavored respectively. In case of nitric dioxide, a preequilibrium exists between NO2 (g) and N2O4 (g/aq), forming HNO2 (aq) and HNO3
(aq) in presence of water (scheme 1 III+IV).
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Scheme 1.

NOHSO 4
NO2 NO2

N2 O 4

HNO 2

H2 O
H+
H2 O

H+

H2SO 4 + HNO2

(I)

HNO 2

(II)

HNO 3 + HNO2

(III)

H2 O + NO +

(IV)

All reactions on the macroscopic scale were started from [MX 3(CO)3 ]2- (M =
= Cl 1a; M = Re, X = Br 1b), which form readily [M(H2 O)3(CO)3]+ (M =

99

Tc, X

99

Tc 2a, Re 2b)

in water.[12] The precursors 1a/b have been dissolved in mixture of 0.3 M HX (X = Cl,
Br) and 1 M H2SO4 . NO2- or NOHSO4 respectively have been added as solids under
an atmosphere of nitrogen. In both cases, the formation of colorless NO(g) as well as
traces of brown NO2(g) was instantaneously observed. After heating of the reaction
solution with 1a, a color change from colorless to green-yellow was observed. The
reaction was followed by TLC (methanol:conc. HCl; 99:1). The two major products
revealed an Rf value of 0.15, whereas the starting material was detected at 0.35.
Traces of TcO4- (< 5%) were detected at Rf = 0.8. After completion of the reaction the
solution was cooled to room temperature. During our experiments we observed that
in absence of H+ the formation of product was incomplete presumably due to the
lower concentration of NO + as mentioned above. Under these conditions, the
extension of the reaction time or the elevation of the temperature did not significantly
alter the lower yields. We rather observe the slow oxidation of the products to TcO4-.
Most of the products could be extracted with ethyl acetate while the starting materials
remained predominantly in the aqueous layer. After removal of the organic solvent,
the product mixture gave a dark yellow glassy residue. The

99

Tc-NMR spectrum

showed two broad signals at –346 ppm and –422 ppm later stemming from 3a.[77, 78]
On the other hand the IR spectrum of the crude product recorded in KBr revealed
only the presence of one species with the typical facial “M(CO)2 NO”-pattern with
sharp and intense signals at 2118 cm-1 ν(CO), 2062 cm-1 ν(CO) and 1820 cm-1
ν(NO). The same absorptions have been observed for the monomeric species
[TcCl3 (CO)2NO]- 3a as previously characterized by our group.[77,

78]

Attempts to
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quantitatively separate the two major products failed via column chromatography
presumably due to the known lability of the two chloride bridges as described in the
literature.[79] However, we were able to crystallize the second product, the neutral,
dimeric complex [TcCl(µ-Cl)(CO)2NO]2 4 as dark yellow-orange needles from an ethyl
acetate/hexane mixture (scheme 2). The IR spectrum of the crystals showed IR
absorptions of ν(CO) at 2116 cm-1 and 2062 cm-1 and of ν?
NO) at 1822 cm-1, which
correspond actually to the monomeric complex 3a. We assume, that the chlorides
and particularly the chloride bridges have been exchanged by Br- during the IR
sample preparation with KBr and thus, the spectra of 3a and 4 are identical. The
99

Tc-NMR of the re-crystallized product 4 recorded in methanol-d6 showed the

resonance at –328 ppm (and a small peak at –389 ppm presumably of species,
where one of the two chloride bridges are cleaved. The compounds 3a and 4 are
soluble in almost all organic solvents but insoluble in aromatic hydrocarbons. In polar
solvents they form solvated species as evident from the

99

Tc-NMR spectra. The NMR

spectra revealed also a partial decomposition and formation of technetium species of
higher oxidation states, e.g. TcO4-, after several weeks in solution.
Scheme 2.
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CO
CO
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-

Br
i. or ii.

Br

CO
Re

Br

CO
NO
3b

a

i) 4 equiv. NOHSO4, 1 M HX (X = Cl, Br), 2 h, 60°C; ii) 4 equiv. NaNO2, 1 M HX (X = Cl, Br), 2 h,

60°C.

In contrast to technetium, we observed for rhenium the formation of a single
product after addition of only four equivalents of NO2- or NOHSO4. Furthermore, the
reaction was completed already after two hours at 60°C as evident from TLC and IR
analyses. After concentration of the reaction solution, the monomeric product
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precipitated almost quantitatively as crystalline clusters from the aqueous layer. The
IR spectrum of 3b revealed very strong absorptions at 2088 cm-1, 2008 cm-1 ν(CO)
and 1752 cm-1 ν(NO), which correspond to the literature values.[80] 1H-NMR (protons
of one equiv. NEt4+), elemental and mass spectrometric analyses support the
presence of the monomeric, anionic complex 3b. Attempts to grow crystals of X-ray
quality from the rhenium product failed.
Reactions with gaseous nitric dioxide were performed by purging an aqueous
solution of 1b for 2 hours at room temperature with NO2. The faintly yellow reaction
solution was heated for 2 hours at 60°C till the color changed to dark yellow. The
reaction solution was neutralized with solid Na 2CO3 and the product extracted with
THF. The dried, crude product revealed broadened CO/NO stretch bands at 2093cm1

and 2018 cm-1 and 1768 cm-1 respectively suggesting that a mixture of presumably

two products with a [Re(CO)2 NO] moiety are present. By extraction of the crude
sample several times with ether, we were able to separate the product 5 (CO/NO
stretch bands at 2093 cm-1 and 2020 cm-1 and 1780 cm-1 with additional N-O
absorption at 1273 cm-1 of NO3-) and from 3b (CO/NO stretch bands at 2087 cm-1
and 2009 cm-1 and 1753 cm-1).
Scheme 3.
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CO
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Br
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+
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-

Br
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i) NO2(g), 2 h, 60°C; ii) Na2 CO3.

99

Tc-NMR and HATR-IR experiments. The reactions with 1a/b in presence of

NaNO2 and HX have been systematically monitored by means of

99

Tc-NMR and

HATR-IR spectroscopy in solution. Figure 1 depicts the time dependent IR spectra of
the reaction with 1b in the carbonyl-nitrosyl absorption region (2200-1700 cm-1) in
aqueous solution. Spectrum A represents the educt [Re(H2 O)3(CO)3]+ with the
characteristic M(CO)3 pattern (2032, 1910 cm-1) (Figure. 1A). After 1 hour at 60°C
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three new absorption bands appeared at 2114 cm-1, 2038 cm-1 (with a shoulder at
approx. 2040 cm-1) and 1804 cm-1, which evidenced the presence of considerable
amounts of a ‘M(CO)2 NO’ species (Figure. 1B). After 2 hours the educt was almost
completely consumed and intense absorptions of the product at 2114 cm-1, 2046 cm-1
and 1808 cm-1 could be detected (Figure. 1C).

-

Figure 1. Time dependent IR spectra of the reaction of 1b in presence of NO2 or NOHSO4 in aqueous
+

media. A: [Re(H2O)3(CO)3] ; b: Reaction after 1 h at 60°C; c: Reaction after 2 h at 60 °C.

For the 99 Tc NMR experiments a 1 M HCl in a H2O/D 2O (1:1) mixture was used to
obtain the lock signal. Samples of 0.5 ml were taken every hour and recorded. Figure
2A depicts the Tc -99 NMR spectrum of educt 2a (in 1 M HCl) with a resonance at 895 ppm as previously reported.[23] After addition of 12 equivalents of NaNO2 and
heating at 60°C, the continuous disappearance of the starting material was observed
together with the formation of a small amount of oxidation product TcO4- (0.0 ppm; >
3%). After 1 hours, the intensity of the signal at -895 ppm decreased (57%), while
two broad peaks at -422 ppm (15%) and -345 ppm (35%) appeared (Figure. 2B).
After 2 hours the starting material had essentially disappeared and the signals at 422 ppm (25 %) and -345 ppm (48 %) dominated the spectrum. In addition two peaks
at –232.3 ppm and –267.8 ppm could be observed (total intensity 17 %), which
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presumably represent solvated species of the form [Tc(H2 O)n(Cl)3-n(CO)2NO](n-1)+
(Figure. 2C).

Figure 2. Time dependent

99

-

Tc NMR spectra of nitrosylation reaction in aqueous media using NO2 or
+

NOHSO4. a: [Tc(H2O)3(CO)3] . B: Reaction after 1 h at 60°C. C: Reaction after 2 h at 60 °C.

Crystal Structure of Complex 4§. Prismatic crystals of X-ray quality were obtained
by slow diffusion of Hexane into a solution of 4 in CH2Cl2 at room temperature. The
crystal structure of the dimeric complex 4 and selected bond lengths and angles are
shown in Figure 3. The unit cell of 4 contains four binuclear technetium complexes.
The technetium centers are connected by chloride bridges with a structural inversion
center in the middle of the almost planar arrangement (Cl1-Tc1-Cl2-Tc2 1.04(2)°).
The two respectively four CO ligands are trans to the bridging chlorides with Tc-C
bond lengths between 1.94(2) Å to 1.96(2) Å. The corresponding Tc-Cl distances
range from 2.455(5) Å (Tc1-Cl2) to 2.471(6) Å (Tc2-Cl2). In contrast, the terminal
chlorides bond lengths are approximately 0.1 Å shorter (Tc1-Cl3 2.375(5) Å; Tc2-Cl4
§

Crystal data: C4Cl4 N2O6 Tc2, MW = 509.86, Cc, a = 18.824(28)Å, b = 6.103(6)Å, c = 12.151(16)Å, ß =
3
105.80(17)°, V = 1343.2(30)Å3, Z = 4, temp = 293°K, Dcalc = 2.521 g/cm , CuK a radiation (? =
1.54178Å), GOF = 1.097, wR2/R1a = 0.08.61/0.03.55.
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2.380(5) Å) due to the strong π-acceptor ligand NO in the axial, trans position. The
Tc-N distances (Tc1-N1 1.749(14) Å; Tc2-N2 1.794(14) Å) are significantly shorter
than the Tc -C bonds. The Tc -N-O angles deviate only slightly from linearity (O5-N1Tc1 177.2(13)°; O6-N2-Tc2 174.5(14)°). The same holds true for three of the T-C-O
angles (174.5(14)°- 178.0(14)°) whereas Tc2-C3-O3 (172.0(15)°) is slightly bended
for no obvious reason.

Figure 3. . Crystal structure of compound 4. Tc1-N1 1.749(14)Å, Cl3-Tc1-Cl2 89.3(2)°, Tc1-C1
1.95(2)Å, N1-Tc1-Cl2 94.2(5)°, Tc1-C2 1.96(2)Å, C1-Tc1-C2 90.2(8)°, Tc1-Cl3 2.375(5)Å, O5-N1-Tc1
177.2(13)°, Tc1-Cl2 2.455(5)Å, O1-C1-Tc1 175.9(16)°, Tc1-Cl1 2.471(6)Å, O2-C2-Tc1 178.0(14)°, N1O5 1.16(2)Å, O3-C3-Tc2 172.0(15)°, O4-C4 1.10(2)Å, O6-N2-Tc2 174.5(14)°, C4-Tc2-Cl1 172.8(5)°.

Crystal Structure of Complex 5#. Dark-yellow crystals of X-ray quality were
obtained by slow diffusion of Hexane into a solution of 5 in THF at room temperature.
The crystal structure of the complex anion of 5 and selected bond lengths and angles
are shown in Figure 4. The unit cell contains four rhenium complexes. The two CO
and the NO are facially arranged around the pseudo octahedral coordinated metal
center. The Re-C bonds (Re1-C1 1.902(5) Å; Re1-C2 1.939(7) Å) are slightly longer
#

Crystal data: C10H20N3 O6Br2Re, MW 624.29, cryst. size 0.1 × 0.25 × 0.25 mm, P212121, a =
3
10.2054(5)Å, b = 12.5317(7)Å, c = 13.9781(7)Å, V = 1787.67(16)Å , Z = 4, temp 273°K, Dc = 2.320
3
g/cm , MoK a radiation (? = 0.71073Å), GOF = 0.97 , wR2/R1a = 0.02.80/0.02.70.
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than the rhenium nitrosyl distance (Re1-N1 1.838(5)Å). Trans to the π-acceptor
ligands the σ-donors, bromide and nitrate are located. More precise, the nitrate
molecule (Re1-O4 2.142(4) Å) is monodentately coordinated trans to a CO ligand,
whereas the NO molecule is located trans to a bromide (Re1-Br2 2.5705(7) Å). The
CO and NO ligands are both linear coordinated (Re1-N1-O3 177.9(4)°; Re1-C1-O1
178.9(5)°; Re1-C2-O2 178.7(5)°). The bend coordinated NO3- molecule (Re1-O4-N2
123.2(3)°) is positioned between the CO and the NO ligand and points away from the
bulky bromides.

Figure 4. Crystal structure of compound 5. Re1-Br1 2.5634(7)Å, Br1-Re1-Br2 88.293(22)°, Re1-Br2
2.5705(7)Å, Br1-Re1-N1 178.65(15)°, Re1-O4 2.142(4)Å, Br1-Re1-C1 85.74(17)°, Re1-N1 1.838(5)Å,
Br1-Re1-C2 90.46(17)°, Re1-C1 1.902(5)Å, Br2-Re1-O4 83.99(11)°, Re1-C2 1.939(7)Å, O4-Re1-C2
173.83(20)°, O2-C2 1.150(8)Å, N1-Re1-C1 93.00(22)°, O3-N1 1.168(7)Å, N1-Re1-C2 90.04(24)°, O6N2 1.233(7)Å, C1-Re1-C2 90.24(24)°, O4-N2 1.285(6)Å, Re1-O4-N2 123.2(3)°.

Reaction with technetium-99m. For the reactions on the no-carrier-added level in
physiological saline with the short living isotope technetium-99m (γ; T1/2 = 6 h),
freshly prepared [99mTc(H2 O)3(CO)3]+ was used as the starting material. The
precursor solution was acidified with 50 µl conc. HCl (final concentration of the
solution approx. 1 M) and then injected into a sealed vial containing 15 mg of
NOHSO4. After 10 min. at 100°C the reaction was cooled to room temperature and
the pH adjusted to 6.5 with 1:1 mixture of phosphate buffer and 10 N NaOH. The
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yield of the radioactive species [99mTc(H2O)3(CO)2 NO]2+ was > 85% as evident from
both HPLC and TLC analyses. Remaining activity (< 15 %) was characterized to be
mainly

99m

TcO4- and colloidal

99m

TcO2 . The stability of [99mTc(H2O)3 (CO)2NO]2+ at

room temperature and acidic pH (1-6) was > 90% during one half-life of the isotope.
However, we observed rapid re-oxidation of the product to

99m

TcO4- at pH > 7.5. The

HPLC γ-trace of the reaction solution is shown in Figure 5A together with the UVtrace

(254

nm)

of

the

corresponding

non-radioactive

rhenium

complex

[Re(H2O)3(CO)2 NO]2+. Both species reveal almost identical retention times (3.5 min.
for [Re(H2O)3(CO)2 NO]2+ and 3.7 min. for [99mTc(H2O)3(CO)2 NO]2+) respectively the
same

Rf -value

(Rf

=

0.15

for

[Re(H2O)3 (CO)2NO]2+ and

Rf

=

0.2

for

[99mTc(H2O)3(CO)2 NO]2+) on silica gel. The almost identical, chromatographic
behavior of the radioactive and non-radioactive compounds provides evidence that
both species have the same chemical structure. The relatively efficient and simple
preparation of [99mTc(H2O)3 (CO)2NO]2+ presented here, is a prerequisite for the initial
in vitro (and future in vivo) characterization of mixed carbonyl-nitrosyl complexes of
99m

Tc. Corresponding experiments are currently in progress.

Scheme 4.
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Figure 5. A: HPLC trace of compound [Re(H2O)3(CO)2 NO]
(γ-trace) of compound [

99m

2+

observed at 254 nm and B: HPLC trace

2+

Tc(H2 O)3(CO)2NO] .

Conclusion. The present work has shown that in principle quantitative mono
nitrosylation of [M(H2O)3(CO)3] + in aqueous media is possible, in order to produce
mixed dicarbonyl-mono nitrosyl complexes of technetium(I) and rhenium(I). In case of
technetium a high tendency to form halide bridged complexes was observed whereas
in case of rhenium monomeric species can be isolated on the macroscopic level. The
analogue precursor [99mTc(H2 O)3(CO)2NO]2+ could also be prepared in good yields.
We are currently evaluating mixed carbonyl-nitrosyl organometallics of technetium99m in vitro and in vivo for potential use in radiopharmacy.
Materials and methods. Nuclear magnetic resonance spectra were recorded on a
300 MHz Varian Gemini 2000 spectrometer. The 1H and

99

Tc chemical shifts are

reported relative to residual solvent protons or TcO4- (0 ppm) as a reference. IR
spectra were recorded on a Perkin-Elmer FT-IR 16PC using KBr pellets or an HATR
device for IR spectra in aqueous solution. HPLC analyses were performed on a
Merck-Hitachi L-7000-system equipped with an L-7400 tunable absorption detector
and a Berthold LB 506 B radiometric detector. HPLC solvents consisted of
water/0.1% TFA (solvent A), methanol (solvent B) and acetonitrile/0.1% TFA (solvent
C). For the radiochemical analyses a Macherey-Nagel C-18 reversed phase column
(10 µm, 150 x 4.1 mm) was used. The HPLC system started with 90% A /10% B from
0-7 min followed by a linear gradient to 5 % B/95% C from 7-20 min. The gradient
remained at 5 % B/95% C for 15 min before switching back to 90% A /10% B. The
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flow rate was 1.2 ml/min. The thin layer chromatography (TLC) system was
performed using glass-backed silica gel plates (Merck 60F254, mobile phase of 99%
methanol 1% concentrated HCl) and paper (Whatman No.1, mobile phase 99.5%
methanol, 0.5% 6 M aqueous HCl). The plates were scanned with a Burkard
RAYTEST RITA-3200 radio analyzer. Radioactive samples were counted in a
Camberra Packard COBRA II auto gamma well counter.

Synthesis of complexes [TcCl(µ-Cl)(CO)2NO]2 and NEt4[TcCl3(CO)2NO]. Method
A: Precursor 1a (55 mg, 0.1 mmol) was dissolved in a mixture of H2 O/1 M HCl or 1 M
HBr/conc. H2SO4 (v/v: 2/1/0.1). NaNO2 (18 mg, 0.4 mmol) were added and the
reaction solution stirred at 60°C for 2 hour. After cooling, the dark yellow products
were extracted twice with 5 ml of ethyl acetate. The organic layers were dried over
Na2SO4 and the solvent evaporated. Total yields: 35 mg. Method B: Precursor 1a (50
mg, 0.09 mmol) was dissolved in 1 M HCl. NOHSO4 (16 mg, 0.4 mmol)were added
and the reaction stirred at 60°C for 2 hours. After cooling, the dark yellow products
were extracted twice with 5 ml of ethyl acetate. The organic layers were dried over
Na2SO4 and the solvent evaporated. Yields: 28 mg. Analytical data for both methods
4: 99Tc-NMR: -328 ppm; IR (cm-1); 2116 (CO), 2062 (CO), 1822 (NO).

Synthesis of complex NEt4[ReXBr2(CO)2NO] (X = Br 3b, NO3 5). Method A:
Precursor 1b (75 mg, 0.09 mmol) was dissolved in a mixture of H2O/1 M HBr/conc.
H2SO4 (v/v: 2/1/0.1). Four equivalents of NaNO2 were added and the reaction
solution stirred at 60°C for 2 hour. After cooling, the dark yellow products were
extracted twice with 5 ml of ethyl acetate. The organic layers were dried over Na 2SO4
and the solvent evaporated. Yields: 65 mg (75 %). Method B: Precursor 1b (75 mg,
0.09 mmol)was dissolved in 1 M HBr. Four equivalents of NOHSO4 were added and
the reaction stirred at 60°C for 2 hours. After cooling, the dark yellow products were
extracted twice with 5 ml of ethyl acetate. The organic layers were dried over Na 2SO4
and the solvent evaporated. Yields: 65 mg (75 %). Method C: The precursor 1b (79
mg, 0.11 mmol) was dissolved in water. NO2 (g) was purged through the solution at
50°C for 1 h. The reaction was kept at 70°C for an additional 2 hours. The color of
the reaction solution changed gradually from colorless to yellow. After cooling, the
reaction solution was neutralized with Na 2CO3 and the dark yellow product extracted
three times with 5 ml of THF. The organic layers were dried over Na 2SO4 and the
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solvent evaporated in vacuum. Crystals of X-ray quality could be grown by slow
diffusion of hexane into a solution of the product in THF. Yields: 48 mg 52 %:
Analytical data for 3b: IR (cm-1); 2103 (CO), 2030 (CO), 1780 (NO); Calculated for
C10H20N2O3Br3Re, C 18.7, H 3.14, N 4.36; found C 19.90, H 4.19, N 4.63. MS [M-3]+:
634.7, 636.7. Analytical data for 5: IR (cm-1); 2093 (CO), 2020 (CO), 1780 (NO), 1273
(NO3 ).
Synthesis of complex [99mTc(H 2O)3(CO)2NO]+. To 500 µl of a freshly prepared
solution of [99mTc(H2 O)3(CO)3]+ (pH = 7), 50 µl of concentrated HCl were added. This
solution was injected into a sealed 10 ml vial containing 15 mg of solid NOHSO4 . The
formation of colorless NO (g) and brown NO2 (g) was instantaneously observed. The
solution was kept at 100 °C for 10 minutes before cooling on ice. The solution was
neutralized with 10 N NaOH to pH = 6. Yield: >85 %.
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Chapter 5
Complete Carbonylation of fac-[Tc(H 2O) 3(CO) 3]+ under CO Pressure in Aqueous
Media: A Single Sample Story!#
N. Aebischer, R. Schibli, R. Alberto, and A.E. Merbach
Introduction. Diagnostic nuclear medicine is one of the prominent fields where
radio nuclides of transition metals (e. g.

99m

Tc) have played an important role in

functional organ imaging for two decades.[19, 81-85] However, until recently most of the
ligand

systems

produced

classical

Werner-type

compounds,

which

are

thermodynamically very stable but suffer frequently from hydrolysis under
physiological conditions. The “second generation” of radiopharmaceuticals, which
combine receptor specific, bioactive molecules with a radioactive isotope, require
metal complexes that provide the highest possible stability, and avoid interference of
the metal center with the binding site of the biomolecule. Thus, organometallic
carbonyl compounds attract considerable attention due to their unique features in
terms of kinetic inertness, small size, and in vivo stability.[38, 58] It has recently been
shown that the novel Tc I organometallic precursor fac-[99mTc(H2 O)3(CO)3]+ 1
represents a powerful alternative to Tc V compounds for the successful labeling of
even the smallest molecules under retention of their bioaffinity and selectivity. [34,

36]

The precursor produces very kinetically inert complexes with a variety of mono-, bis-,
and tridentate ligand systems.[23,

86]

However, very little is known about the water

exchange reaction of the fac-[Tc(H2 O)3(CO)3]+ complex, the reactivity of the
coordinated CO ligands, or the influence of the functionalities of an entering ligand
system on the rate of the substitution reactions. To develop appropriate ligand
systems and optimize the labeling conditions of functionalized biomolecules, we
believe that it is of critical importance to understand the fundamental behavior of the
corresponding metal precursor in aqueous media.
Results and discussion. This study of the water and CO exchange rate was
performed by using multinuclear NMR (13C,
#

Angew. Chem. Int. Ed., 39, 254-256, 2000.

17

O,

99

Tc) techniques under normal and
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moderately pressurized conditions. All the experiments described in this paper were
carried out over a period of several weeks using only one single sample of fac[Tc(H2 O)3(CO)3 ]+ . During this period no decomposition of this species was observed
(as verified by NMR spectroscopy) although the sample was kept in a highly acidic
medium (2m HClO4) and heated to 100 8C. First, complex 1 was dissolved at 277 K
in 17O enriched water (oxygen isotopic composition:
The first

16

O 57.9%,

17

O 5%,

18

O 37.1%).

17

O NMR spectrum was recorded three minutes after the preparation of the

sample and exhibited a single broad peak at δ = -52, which was attributed to the
coordinated water molecules in 1. The signal of the bulk water was suppressed by
addition of Mn(II) (see Experimental Section). No variation of the signal intensity was
observed, demonstrating that the water exchange was completed after three minutes
at 277 K. When the sample was heated to 363 K, no significant broadening of the
signal at δ = -52 (resulting from the exchange between the coordinated and bulk
water molecules) was observed. Combining these observations, the estimated halflife of the water exchange rate at 277 K is between 1 s and 1 min. Comparable
results were reported for the water trans to the CO ligand in [Ru(H2 O)5CO]2+ (kax =
3.8x10-3s-1, t1/2 ˜ 3 min).[87] For this Ru(II) complex the CO exchange rate was
dependent on the rupture of the Ru-H2Oax bond.[88] The half-life for the observed CO
exchange was about three days, much longer than the half-life of the water exchange
reaction due to the very low concentration of CO in water. As Tc(I) and Ru(II) have an
identical electronic configuration (d6 low spin), the same mechanism for the CO
exchange on fac-[Tc(H2 O)3(CO)3 ]+ may be expected. If this is true, and based on the
proposed range of the water exchange rate on 1, a half life of the CO exchange
between 1 and 24 h is expected. To verify this prediction, the Tc solution was
transferred into a 10 mm NMR sapphire tube
13

[89]

CO. The CO exchange was then monitored by

- d). The substitution of the coordinated

99

and pressurized with 4.4 MPa of
Tc NMR spectroscopy (Figure 1 a

12

CO molecules by one, two, and finally three

13

CO led to the appearance of a doublet, a triplet, and finally a quadruplet due to the

coupling between the Tc center with the coordinated
99

13

CO molecules. The 1J

13

Tc, C coupling constant is 354 Hz and is, to our knowledge, the first

coupling constant reported. Moreover, each substitution of one

12

99

13

Tc ±

CO by one

C

13

CO

causes an isotopic shift of ∆δ = -1.05 per carbon mass unit (-95 Hz at 9.4 T, Figure 1
a - d). The chemical scheme of the CO exchange on fac- [Tc(H2 O)3(CO)3]+ is also
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shown in Figure 1. The mathematical model describing this type of exchange has
already been developed for the ligand exchange on [Ru(H2 O)5L]2+.[88] The secondorder rate constants, k CO, were determined at 277 K and 310 K by fitting the
differential equations to the concentrations as a function of time of the different
isotopomers of 1 (Figures 1 e and 1 f). The curves in Figure 1 e,f were fitted by using
a single rate constant as the adjustable parameter. It is also worth mentioning that
the CO exchange on 1 can be monitored at many different temperatures using the
same Tc solution by alternatively pressurizing it with

13

CO (Figure 1 e) and

12

CO

(Figure 1 f).

+

Figure 1. CO exchange on fac-[Tc(H2O)3(CO)3] : time dependency of
containing complex 1 under 44 bar of

99

Tc NMR spectra of a solution

13

CO at 277 K. a: The spectra were recorded 2 min , b: 4 h and

CO pressure; d: spectrum was recorded after removing all

12

evolution of the mole fraction of the different isotopomers of complex 1 under 44 bar of

12

c: 35 h after applying the

(e) and 44 bar of

13

CO present;

CO at 277 K

13

CO at 310 K (f).

To test for complete carbonylation, the Tc solution was kept for more than two
weeks at ambient temperature under 50 bar of

13

CO. The

99

Tc spectrum recorded
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after this time revealed three new signals at δ = -1050, -1418, and -1961 as well as
the quartet at δ = -869.7 from 1 (Figure 2 a). The signal at δ = -1961 is a septet, with
a coupling constant of 261 Hz and must be the result of the coupling between a Tc
center and six equivalent carbon atoms as in [Tc(13CO)6 ]+. To confirm the presence
of [Tc(13CO)6] +, the Tc solution was slowly degassed and a

13

C NMR spectrum was

recorded (Figure 2 b). Two decets can be seen in the carbonyl region, one at δ =
209.7 (1J99Tc,13C = 354 Hz) belonging to [Tc(13CO)3(H2O)y ], and a smaller one at δ =
190.2 whose coupling constant, 1J99Tc,13C = 261 Hz, is identical to the coupling
constant of the septet in the

99

Tc spectrum. This confirms unambiguously the

existence of six equivalent CO ligands coupling with a Tc center, and therefore, the
formation of the homoleptic [Tc(CO)6]+ 2 complex in aqueous solution. The synthesis
of 2 was already reported in 1965

[90]

, from solid Tc(CO)5Cl under 300 bar of CO at

90 °C in presence of AlCl3 . The reaction was performed under anhydrous conditions
and the product was characterized only by elemental analysis. In contrast to these
rather harsh reaction conditions, we have shown that [Tc(CO)6] + can be synthesized
under relatively mild and even aqueous conditions. We could characterize 2
unambiguously by

99

Tc and

13

C NMR techniques. Among the large quantity of data

reported for [M(CO)6]n+ -type complexes (n = 1 ± 2; M = 3d or 4d transition metal in
Groups 6 ± 8), the value of the

13

C NMR chemical shift of 2 (δ = 190.2) was missing.

A comparison of this value with that calculated in a density functional study (δ =
193.1)

[91]

, confirms the quality of the theoretical studies for these systems. Since the

additional two peaks at δ = -1050 and -1418 in the

99

Tc spectra (Figure 2 a) are much

broader and exhibit no splitting, the assignment of these signals is not readily
apparent. It seems reasonable to assume that each substitution of a water molecule
by one CO will increase the shielding of

99

Tc. Therefore, these two signals can

+

logically be attributed to [Tc(H2O)2 (CO)4] 3 and [Tc(H2O)(CO)5 ]+ 4. The reduced
local symmetry of complexes 3 and 4 and the inequivalence of the CO ligands
(complicated coupling pattern) explain the broader signals and the impossibility to
resolve the coupling pattern. When the CO pressure was released, the

99

Tc NMR

peaks of 3 and 4 disappeared within one hour, and the signal of 2 at δ = -1961 within
two days at 25°C; this left only the signal of 1 at δ = -867. The same phenomenon
was observed in the

C spectra. The decrease of the signal at δ =190.2 was

13

concomitant with an increase of the signals at δ = 209.7 1 and at 187 (free CO).
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These observations emphasize the high stability of the homoleptic [Tc(CO)6 ]+
complex compared to the tetra- or pentacarbonyl complexes and support our kinetic
model to describe the CO exchange on 1. For the CO exchange for [Ru(H2 O)5CO]2+,
the trans-[Ru(H2O)4(CO)2 ]2+ intermediate was not observed but its existence
indirectly demonstrated. In the present study, the signal of the [Tc(H2O)2(CO)4 ]+
intermediate was observed in the

99

Tc spectra, confirming the validity of the model. In

this study, many aspects of the reactivity of fac-[Tc(H2 O)3(CO)3]+ were observed by
using one single sample. A range for the water exchange rate was determined. A
kinetic model was developed to describe the CO exchange and the rate could be
monitored

99

Tc NMR spectroscopy at 4 8C (kCO = (0.82 ± 0.01)x10-4kg·s-1mol-1) and

37 °C (k CO = (10.0±0.02)x10-4 kgs-1mol-1). Moreover, the full aqueous carbonylation of
fac-[Tc(H2O)3(CO)3 ]+ was unambiguously demonstrated by

99

Tc and

13

C NMR

spectroscopy and the first 99Tc-13C coupling constant was determined.

Figure 2. a:

99

+

Tc NMR spectrum, recorded at 310 K, of a solution of fac-[Tc(H2O)3(13CO)3] kept three

weeks under 44 bar of

13

CO at room temperature; b:

13

C NMR spectrum recorded at 335 K of the

same solution as in (a) after releasing the CO pressure.

Material and methods. [NEt4 ]2[TcCl3(CO)3] 1 was synthesized according to the
literature.[12] NMR spectra (99Tc and

13

C) were obtained on a Bruker ARX-400
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spectrometer. The

13

C and

99

Tc NMR chemical shifts are referenced to TMS and

TcO4-, respectively, and measured with respect to dissolved CO (δ = 187)

[92]

, and

[Tc(H2 O)3(12CO)3 ]+ (δ = -867), respectively. The CO exchange was monitored by
99

Tc NMR spectroscopy. The spectra were obtained at 90.04 MHz in 500-5000 scans

with a spectral width of 100 kHz, 32k data points (acquisition time 0.262 s), and a
pulse width of 15 µs. New products formed under CO pressure were characterized by
99

Tc and

13

C NMR spectroscopy. The

13

C NMR spectra were recorded at 100.63

MHz in 200-20000 scans, with a spectral width of 41.7 kHz, 64k data points
(acquisition time 5.8 s) and a pulse width of 15 µs. Rate constants were obtained by
fitting the kinetic data to appropriate differential equations by a nonlinear optimization
procedure with the program SCIENTIST (version 2.0, MicroMath Inc.).
Sample preparation. A solution of fac-[Tc(H2O)3(CO)3 ]+ 1 was prepared as fo llows:
To a suspension of [NEt4]2 [TcCl3(CO)3 ] (0.183 g, 0.33 mmol) in dry THF (5 mL) three
equivalents of AgPF6 were added and stirred for 5 h. After filtration of AgCl and
NEt4PF6 , THF was evaporated under N2 , and aqueous HClO4 (2 mL, 2 M) was
added. To suppress the 17O NMR signal of the bulk water, Mn(ClO4 )2 (0.153 g, 0.69
mmol) was added. This solution was mixed at 277 K with

17

O-enriched water (1 mL).

The final composition of the solution was: 1 0.11 molkg-1, [H+] 1.33 molkg-1, [ClO4-]
1.78 mol·kg-1. To monitor the CO exchange reaction of 1, the solution was transferred
into a sapphire tube

[89]

and a pressure of 44 bar of

13

CO was applied. After complete

exchange, the solution was degassed and shaken for 10 min under 6 bar of N2.
Then, a pressure of 44 bar of

12

CO were applied to monitor the CO exchange at

another temperature. This procedure was repeated several times. The CO
concentration at 44 bar is 0.044 molkg-1. The absence of side products of the Tc
complexes was checked by

99

Tc, 17O, and 1 H NMR after each reaction.
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Chapter 6
Structural and Tc-99 NMR investigations of complexes with fac-[Tc(CO) 3 ]+
moieties and macrocyclic thioethers of various ring sizes: Synthesis and X-ray
structure of the complexes [Tc(9aneS3)(CO) 3]Br, [Tc2(tosylate) 2(18aneS6)(CO) 6],
and [Tc2(20aneS6OH)(CO) 6][tosylate]2.#

R. Schibli, R. Alberto, U. Abram, S. Abram, A. Egli, P. A. Schubiger and Th.A.
Kaden
Introduction. Macrocyclic thioethers have been a topic of interest because of the
σ- and π-donating and the π-accepting properties in addition to their increased
thermodynamic stability over open-chain analogues due to the macrocyclic effect.[93]
Furthermore, thioethers are resistant toward aerial oxidation, hydrolysis, and
protonation. These facts play an important role for the stability of corresponding
complexes when tested under challenging in vivo conditions. Therefore, Tc -99m, Re186, or Ag-111 labeled complexes based on a thiamacrocyclic skeleton are of
interest

for

radiopharmaceutical

applications.

Numerous

publications

have

documented the high affinity of technetium toward sulfur atoms in thiols, thiolates,
and thioethers and in particular macrocyclic thioethers.[94-98] However, reports of
compounds with cyclic thioethers and technetium in lower oxidation states and in
particular organometallic technetium complexes are rare.[99, 100] Furthermore, none of
the later species have ever been structurally characterized. This lack of examples is
striking since the chemistry of

Tc(I) with other π-donating and π-accepting ligand

99

systems such as phosphines and isonitriles has been widely explored.[25, 101-103] The
compounds 2, 3, and 5 presented in this paper are the first fully characterized
representatives of this class of interesting compounds. Although there are examples
of rhenium(I)-carbonyl complexes of the general formula fac-[ReXn(L)(CO)3](1-n)+ (X =
Cl, Br; n = 0, 1) with L being thiamacrocycles of different ring size and various
numbers of sulfur atoms

[93]

, no examples of polynuclear metal-carbonyl complexes

of group 7b elements with large macrocycles (S 6 or S8) can be found in the literature.
#

Inorg.Chem.,37, 3509-3516, 1998.
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Our group recently reported a convenient synthesis of fac-[NEt4]2 [TcX3(CO)3] (X = Cl
(1a), Br (1b)) on the macroscopic level with Tc -99 as well as on the no-carrier-added
level with Tc-99m.[12, 13] 1 and its corresponding rhenium analogue have proved to be
excellent synthons for selective substitution reactions with a variety of ligand systems
under ambient reaction conditions.[23,

24, 104, 105]

In the presented work we combined

the pronounced capacity of thioether ligands to bind technetium with the kinetical
inertness of the organometallic fac-[Tc(CO)3]+ moiety. We reacted 1 with the three
macrocyclic thioethers 9-ane-S3, 18-ane-S6, and 20-ane-S6-OH, which have the
potential to be attached to biologically relevant molecules after further derivatization
(Scheme 1). We describe herein the synthesis and the structure of the complexes
fac-[Tc(9-ane -S3)(CO)3 ]Br (2), fac-[Tc 2(tosylate)2(18-ane-S6)(CO)6] (3), and fac[Tc2(20-ane-S6-OH)(CO)6][tosylate]2 (5). The substitution reactions with 18-ane-S6
and 20-ane-S6-OH were monitored by means of

99

Tc NMR, and the formation of 1:2

as well as 1:1 species was detected.
Scheme 1.
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Results and discussion. The complexes fac-[Tc 2(tosylate)2 (18-ane-S6)(CO)6 ] (3)
and

fac-[Tc 2(20-ane-S6-OH)(CO)6 ][tosylate]2

(5)

were

obtained

by

previous

substitution of the halides in 1 with silver tosylate and subsequent addition of 0.5
equiv of the corresponding ligand to the filtered solution. Attempts to isolate and recrystallize the dimeric complexes with the halides as counterions were not
successful. Only previous exchange of the halides by the more bulky tosylate ions
enabled us to separate the product from byproducts. However, exchange of the
bromides by tosylates had no significant influence on the substitution reactions with
the macrocyclic thioethers; this was confirmed in the

99

Tc NMR experiment. For the

matter of consistency, all further experiments were performed with tosylate as the
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anion. The formation of complexes 3 and 5 was relatively slow (T1/2 = 30 min). This is
not surprising for low-spin d6 metal centers, which usually show slow reaction
kinetics. The reactions of [NEt4 ]2[TcBr3(CO)3 ] (1b) with 9-ane-S3 in methanol at room
temperature produced the mononuclear complex fac-[Tc(9-ane-S3)(CO)3]Br (2) in
87% yield. The reaction was completed within 30 min, which was concluded from the
99

Tc NMR experiment. This is significantly faster than in the case of the formation of

complexes 3 and 5. The faster reaction kinetics with 9-ane-S3 is unexpected since in
all complexes the metal centers have a low-spin d6 configuration. Therefore, the
differences must be ligand related. 9-ane-S3 reveals an all-endo orientation of the
lone pairs of the three donor atoms, which is ideal for facial coordination. No
reorientation of the sulfur lone pairs is necessary for a direct and fast tripodal
coordination of the ligand to the technetium center. Contrary to this situation, the
larger thiamacrocycles reveal a mixed exo, endo orientation of the sulfur lone pairs
which demands a structural reorganization before a dipodal or tripodal coordination
can be achieved. Details of the ring conformation analysis will be discussed later.
Complexes 2, 3, and 5 are air-stable, white, crystalline solids. They are only sparingly
soluble in acetonitrile and methanol and almost insoluble in water. Their facial
geometry is evidenced by the CO-stretch absorption as detected in the IR spectra.
The frequencies of the CO vibrations of the three complexes increase with their
charge. In the case of the neutral complex 3, the CO stretch absorptions were
observed at 2042, 1958, and 1924 cm-1, which is significantly lower than in the
dicationic complex 5 (2054 and 1949 cm-1). This can undoubtedly be explained by
the stronger metal-to-carbonyl back-bonding in 3. In the case of 2, the CO-stretch
bands were found at 2050 and 1980 cm-1, which is significantly higher than in the
corresponding rhenium complex (2010 and 1940 cm-1).[106]
99

Tc NMR Spectroscopy. In the past years,

99

Tc NMR spectroscopy has found

increased application as a tool to study reactions and electronic properties of this
element in different valencies. The high receptivity of the

99

Tc nucleus (0.275 relative

to 1H) and the wide range of chemical shifts as a function of ligand and oxidation
state enable the observation of almost any compound, although the nucleus
possesses an appreciable quadrupole moment, which leads to substantial line
broadening. It has been shown elsewhere

[107]

that the half line widths of the

99

Tc

resonances systematically depend on the symmetry of electron distribution around
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the nucleus and the oxidation state. Thus, the more asymmetric the distribution, the
shorter the relaxation time, and consequently, the lines broaden. Nevertheless, the
observation of the

99

Tc resonances is possible and is an important tool in the

detection of intermediates. Also, information about symmetry and electronic
properties of the products may be obtained.
The use of

99

Tc NMR spectroscopy for the detection of intermediates is

exemplified by the reaction of 1 with 9-ane-S3, 18-ane-S6, and 20-ane-S6-OH. In
coordinating solvents the anionic ligands [X]- (e.g., X = Cl, Br, tosylate) of 1 are
partially substituted by solvent molecules (sol). Depending on the relative strength of
coordination ability of the solvent and the anion, respectively, 1 can be present as
any combination of [TcXm(sol)3-m(CO)3](1-m)+ (m = 0-2). It has been reported
previously

[23]

, that the equilibrium in water lies completely on the side of

[Tc(OH2)3(CO)3 ]+ for most of the common anions such as halides or tosylate. In
contrast, a methanolic solution of 1 (0.1 M) containing the tosylate ions exhibits an
equilibrium of three products as determined by

99

Tc NMR spectroscopy (spectrum I

of Figure 1). A strong peak at -744 ppm (∆ν1/2 = 67 Hz) is assigned to the completely
solvated cationic [Tc(sol)3 (CO)3] + whereas the weak peak at -804 ppm (∆ν1/2 = 70 Hz)
is attributed to the less electron deficient neutral [Tc(tosylate)(sol)2(CO)3 ]. The very
small peak at -796 ppm likely represents the fac-[Tc(CO)3 ]+ moiety coordinated to two
tosylate anions. All substitution reactions monitored by

99

Tc NMR spectroscopy were

carried out directly in NMR tubes. Addition of 1 equiv of 9-ane-S3 to the methanolic
solution of 1 revealed after 30 min the complete disappearance of the educts, and
only one single peak at -1656 ppm (∆ν1/2 = 150 Hz) for complex 2 could be observed.
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99

Tc NMR spectra as a function of the concentration of 18-ane-S6.

In contrast to the straightforward reaction with 9-ane-S3, the situation was different
with 18-ane-S6. Since more than one fac-[Tc(CO)3] + moiety can coordinate to the thia
crown, the chemical shift and the number of observed signals depend on the ligand
to metal ratio. Addition of 0.4 equiv of 18-ane-S6 showed in the

99

Tc NMR after 30

min the resonances of starting material and a high-field -shifted peak at -1488 ppm
(∆ν1/2 = 210 Hz) (spectrum II of Figure 1). The peak at -1488 ppm was tentatively
assigned to the resonance of 3 and unambiguously confirmed by comparison with a
spectrum recorded from an analytically pure sample of 3 in methanol. After addition
of another 0.6 equiv of 18-ane-S6, the resonances associated with the solvated
species disappeared, the intensity of the signal associated with the 1:2 complex was
enhanced, and a new signal at -1515 ppm (∆ν1/2 = 130 Hz) (spectrum III, Figure 1)
appeared. Since the additional 0.6 equiv corresponded to a total of 1 equiv, this peak
should represent a 1:1 product, presumably the neutral complex [Tc(tosylate)(18ane-S6)(CO)3] (4) with a bidentate-coordinated 18-ane-S6 and a tosylate attached to
the metal center. The structurally comparable rhenium complex [ReBr(14-ane-
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S4)(CO)3] with a bidentate-coordinated macrocyclic thioether and one coordinated
bromide has been reported in the literature.[93]
Initial addition of 1 equiv of 18-ane-S6 to a methanolic solution of 1 revealed in the
low-field region the same two resonances but in opposite intensities. After 2 h the
ratio between the peaks at -1515 and -1488 ppm remained constant (spectrum IV,
Figure 1). Due to the formation of the 1:2 product, free 18-ane-S6 must still be
present, but even heating of the sample did not lead to the complete formation of the
1:1 complex, demonstrating the kinetically controlled formation and inertness of 3. By
further addition of metal precursor this ratio changed. Thus, the resonance signal of
the 1:1 complex at -1515 ppm decreased, while that of the 1:2 complex at -1488 ppm
increased. Attempts to isolate the mononuclear complex [Tc(tosylate)(18-aneS6)(CO)3] (4) from the reaction with a 1:1 metal to ligand ratio failed.
The reaction of 1 with 20-ane-S6-OH was more difficult to follow since complex 5 is
only sparingly soluble in methanol. In the

99

Tc NMR spectra obtained from a metal to

ligand ratio of 1:1 or 1:2, three peaks at -1474 ppm (∆ν1/2 = 360 Hz), -1495 ppm (∆ν1/2
= 250 Hz), and -1506 ppm (∆ν1/2 = 310 Hz) were observed after 15 min. Extended
heating at 60 °C over an 8 h period caused the disappearance of the signal at -1495
ppm. This observation was accompanied by the formation of a white precipitate of
the 1:2 complex in the NMR tube. Dissolution of 5 in DMSO showed a single
resonance peak at -1468 ppm. Thus, we assign the resonance signal at -1474 ppm
in methanol to complex 5 and the resonance at -1506 ppm to the 1:1 complex [Tc(20ane-S6-OH)(CO)3][tosylate], respectively. The intermediate at -1495 ppm observed in
the beginning of the reaction might represent a complex coordinated only bidentate
to the macrocyclic ligand, which, upon heating, loses the eventually coordinated
tosylate anion and converts to either of the two facially coordinated complexes. The
reaction equations resulting from these spectroscopic investigations are outlined in
Scheme 2.

74
Scheme 2.
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Surprisingly, the resonance signal of the dicationic complex 5 appears closer to
those of the neutral complexes formed with 18-ane-S6 than to the signal of the
cationic complex 2. Thus, it seems that not only slightly changed electronic properties
of the ligand but also the chelate effect is responsible for this observation. The
NMR

resonances

of

the

two

complexes

with

the

general

99

Tc

formula

[Tc(CO)3(CH3CN)(P 2)] show comparable shifts caused mainly by the chelate effect.
When P2 represents two monodentate coordinating triphenylphosphine ligands, the
99

Tc resonates at -3213 ppm. The resonance dramatically shifts to higher field (-3517

ppm) when the monodentate phosphines are replaced by the bidentate phosphine
dppe.[108] In the case of 2 the electron distribution around the metal center is
determined by the three rigid five-membered chelates. In the case of the larger
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macrocycles, only one or two five-membered chelates are formed, which leave the
coordination geometry and, thus, the electron distribution much more flexible.

Description of the Structures. fac-[Tc(9-ane-S3)(CO)3 ]Br crystallizes in the
monoclinic space group P21/c#. The structural presentation[50] view of 2 along with the
corresponding atom-numbering scheme and selected bond lengths and angles are
given in Figure 2. The metal center has an almost ideal octahedral coordination
sphere with a facial arrangement of the three carbonyl groups. The coordinated
macrocyclic ligand forms three five-membered rings with the metal center. The S-TcS and the C-Tc-C angles have average values of 85.2(3)° and 88.9(2)°, respectively.
Therefore, they only slightly deviate from the expected ideal 90° for an octahedron.
The Tc-C bond lengths possess a mean distance of 1.92(1) Å and are about 0.05 Å
shorter than in fac-[Re(9-ane-S3)(CO)3 ]Br.10 The mean Tc-S distance is 2.45(1) Å,
which is almost equal to the Re-S bond lengths (2.46(1) Å) in the corresponding
rhenium complex.[106] However, they are significantly longer than in the homoleptic
Tc(II) and Re(II) complexes [Tc(9-ane-S3)2]2+ (2.38(1) Å) and [Re(9-ane -S3)2]2+
(2.37(1) Å), respectively. [95]

#

Crystal data: C9H12BrO3S3 Tc, MW = 442.28, cryst size (mm) = 0.6 × 0.2 × 0.1, P21/c, a = 14.79(2) Å,
3
b = 11.691(2) Å, c = 16.94(2) Å, ß = 94.88(6)°, V = 2918(5) Å , Z = 8, temp. = 203(2)°K, Dc = 2.014
3
(g/cm ), radiation = Mo Ka (0.709 30 Å), wR2/R1a = 0.0779/0.0483, GOF = 1.155.
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Figure 2. Crystal structure of 2. Hydrogen atoms are omitted for clarity. Tc(1)-C(102) 1.931(6)Å, Tc(1)S(2) 2.447(2)Å, Tc(1)-C(2) 1.910(7)Å, Tc(1)-S(3) 2.465(2)Å, Tc(1)-C(3) 1.933(6)Å, S(1)-C(11)
1.823(6)Å, Tc(1)-S(1) 2.448(3)Å, S(2)-C(12) 1.821(6)Å, C(2)-Tc(1)-C(1) 89.1(3)°, C(1)-Tc(1)-S(2)
90.4(2)°, C(2)-Tc(1)-C(3) 88.7(3)°, C(3)-Tc(1)-S(2) 179.0(2)°, C(1)-Tc(1)-C(3) 89.0(2)°, S(2)-Tc(1)-S(1)
85.52(7)°, C(2)-Tc(1)-S(2) 92.1(2)°.

fac-[Tc 2(tosylate)2(18-ane-S6)(CO)6] crystallizes in the monoclinic space group
C2/c with half a molecule per asymmetric unit& . The molecule is completed by
inversion through the center of the molecule. The technetium centers are bidentate
and exo coordinated to the 18-ane-S6 ring system, which is very similar to the
rhodium(III) centers in the complex [Rh2Cl2(C 5Me5)2 (18-ane-S6)].[109] The Tc(I) center
exhibits a slightly distorted octahedral coordination. The S-Tc-S bond angle (84.2(1)°)
is comparable to those in complex 2. The C(30)-Tc-C(50) angle is 91.9(3)°, which is
significantly larger than the other two C-Tc-C angles with an average of 86.3(2)°. The
&

Crystal data: C32H38S8O12 Tc2, MW = 1067.10, cryst size (mm) 0.5 × 0.2 × 0.1, C2/c, a = 26.07(3)Å, b
3,
= 9.28(8)Å, c = 17.89(7) Å, b = 99.84(5)°, V = 4270(1) Å Z = 4, temp = 213(3)°K, Dc = 1.660 g/cm3,
radiation Cu Ka(? = 1.54184Å), GOF = 1.031, wR2/R1a(%) = 0.1028/0.0401.
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Tc-S bond lengths are 2.479(2) and 2.502(2) Å, which are slightly larger than the
values in complex 2. Due to the stronger π-back-bonding induced by the coordinated
anion in the trans position, the Tc-C(40) bond length (1.891(6) Å) is shorter than the
Tc-C bonds trans to the sulfur atoms (1.938(7) Å and 1.917(7) Å). The Tc···Tc’
distance is 8.55 Å. The structural presentation[50] of 3 with the corresponding atom
numbering scheme and selected bond lengths and angles are given in Figure 3.

Figure 3. Crystal structure of the neutral complex 3. Hydrogen atoms are omitted for clarity. Tc-C(30)
1.938(7)Å, Tc-O(11) 2.171(4)Å, Tc-C(40) 1.891(6)Å, Tc-S(1) 2.479(2)Å, Tc-C(50) 1.917(7)Å, S(7)Tc’#a 2.502(2)Å, C(50)-Tc-C(30) 91.9(3)°, O(11)-Tc-S(1) 87.10(10)°, C(40)-Tc-C(50) 86.4(3)°, S(1)Tc-S(7’)# 84.23(5)°, C(40)-Tc-C(30) 86.2(2)°, O(11)-Tc-S(7’)# 85.86(10)°, C(50)-Tc-O(11) 94.9(2)°,
C(40)-Tc-O(11) 177.4(2)°, C(30)-Tc-O(11) 95.9(2)°. (#) Symmetry transformation used: -x + 0.5; -y +
0.5; -z.

fac-[Tc 2(20-ane-S6-OH)(CO)6 ][tosylate]2·MeOH crystallizes in the monoclinic space
group Pc with two independent formula units per asymmetric unit$. One methanol

$

Crystal data:C35H46O14S8 Tc2, MW = 1143.2, cryst size (mm) = 0.2 × 0.2 × 0.05, Pc , a = 25.737(4)Å, b
3
= 14.009(1)Å, c = 26.479(3)Å, ß149.56(2)°, V = Å34837(1) Å , Z = 4, temp = 203(2)°K, Dc = 1.569
g/cm3, radiation Mo Ka(? = 0.710 73Å, GOF = 1.047, wR2/R1a = 0.1807/0.734.
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molecule co-crystallized with the complex. The structures of the two independent
molecules are only slightly different. Therefore, selected bond lengths and angles are
given for only one molecule. In contrast to complex 3, the fac-[Tc(CO)3 ]+ moieties are
tripodal, endo and cis coordinated toward the macrocycle. The coordinated atoms
are only in a slightly distorted octahedral arrangement around the metal centers. Two
of the S-Tc-S angles at each of the four technetium centers are in the range between
83.1° and 84.5° and are comparable to those in complexes 2 and 3. The third S-Tc-S
angle in all cases is significantly larger, with an angle of approximately 90°. The
distance between the two technetium centers in both molecules is 6.77 Å. The Tc-C
and Tc-S bond lengths have averages of 1.91(3) and 2.46(1) Å, respectively. The
structural presentation[50] of complex 5 with the corresponding atom numbering and
selected bond lengths and angles are given in Figure 4.

Figure 4. Crystal structure of the complex cation of compound 5. Hydrogen atoms are omitted for
clarity. Tc(1)-C(102) 1.97(2)Å, Tc(2)-S(5) 2.453(5)Å, Tc(1)-C(103) 1.94(2)Å, Tc(2)-S(8) 2.446(5)Å,
Tc(1)-C(101) 1.90(2)Å, Tc(2)-S(11) 2.482(4)Å, Tc(1)-S(18) 2.460(4)Å, Tc(2)-C(106) 1.86(2)Å, Tc(1)S(1) 2.482(4)Å, Tc(2)-C(105) 1.89(2)Å, Tc(1)-S(15) 2.478(4)Å, Tc(2)-C(104) 1.89(2)Å, C(102)-Tc(1)C(103) 88.9(8)°, C(106)-Tc(2)-C(105) 87.3(8)°, C(102)-Tc(1)-C(101) 89.4(7)°, C(105)-Tc(2)-C(104)
93.7(8)°, C(103)-Tc(1)-C(101) 89.9(8)°, C(106)-Tc(2)-C(104) 88.5(9)°, S(18)-Tc(1)-S(1) 83.1(1)°, S(5)Tc(2)-S(11) 90.0(1)°, S(18)-Tc(1)-S(15) 84.4(1)°, S(8)-Tc(2)-S(5) 83.9(2)°, S(1)-Tc(1)-S(15) 91.6(1)°,
S(8)-Tc(2)-S(11) 84.5(2)°.
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Analysis of the Ring Conformations. The conformation of macrocyclic thioethers is
controlled by the preferred gauche placement and an antipathy for the anti placement
at the C-S linkages. The ring conformation of cyclic thioethers can therefore be
specified by the torsion angles around the C-C, C-S, and S-C bonds.[110,

111]

Furthermore, in macrocyclic thioethers the sulfur atoms generally reveal an exodentate orientation, which is in contrast to the oxa and aza macrocycles. However,
not all crown thioethers follow this rule. In violation of the exo generalization, all sulfur
atoms in 9-ane-S3 and two sulfur atoms in 18-ane-S6 are endo oriented.[112,

113]

To

explain the structural differences of 2, 3, and 5 we compared the torsion or dihedral
angles of the crown thioethers with those of the uncoordinated ligands as well as with
those in structurally comparable complexes, respectively.
The conformation of 9-ane-S3 in 2 is only slightly different from that of the free
ligand (Ταβλε 1). This is not surprising since the free ligand has already an ideal
endo orientation of the sulfur atoms for a facial, tripodal coordination. The
transannular S···S distance of 3.32 Å is significantly smaller than in the free ligand
(3.45 Å). This can be explained by a lack of repulsion of the lone pairs of the sulfur
atoms due to the coordination to the metal center.

Table 1. Ligand Torsion Angles (deg) for 2 and Free 9-ane-S3
2

9-ane-S3

S(3)-C(14)-C(13)-S(2)

-48.2

-58.5

C(12)-C(11)-S(1)-C(16)

-64.8

-55.1

C(16)-C(15)-S(3)-C(14)

131.7

131.1

S(2)-C(12)-C(11)-S(1)

-48.5

C(14)-C(13)-S(2)-C(12)

130.5

C(15)-C(16)-S(1)-C(11)

134.2

S(3)-C(15)-C(16)-S(1)

-52.1

C(13)-C(14)-S(3)-C(15)

-63.8

C(11)-C(12)-S(2)-C(13)

-68.2
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The free ligand 18-ane-S6 crystallizes with a (g+ag-, g+g+g-, g+ag+)§ sequence

[114]

whereas the ligand in 3 shows a (aag-, g+ag+ , a*g-g-) sequence (Figure 5). The
torsion angles of 18-ane-S6 in 3 are listed in Table 2. Structure A in Figure 5 of the
free ligand reveals only gauche C-S linkages. Furthermore, only two of the sulfur
atoms show an endo orientation as earlier mentioned. In contrast to this situation,
structure B of the macrocyclic ring system in 3 is characterized by four anti and one
disfavored anticlinal linkages as well as four endo sulfur atoms. Only four of the six
sulfur atoms are involved in the metal coordination. The identical structural features
can also be found in the dinuclear complex [Rh2(C 5Me5)2Cl2(18-ane-S6)][BPh4]2.[109]

Table 2. Ligand Torsion Angles (deg) for 3
S(7)-C(6)-C(5)-S(4)

156.8

S(1’)-C(9)-C(8)-S(7)

-53.0

S(4)-C(3)-C(2)-S(1)

-163.0

C(8)-C(9)-S(1’)-C(2’)

137.0

C(6)-C(5)-S(4)-C(3)

90.3

C(9)-C(8)-S(7)-C(6)

-68.2

C(2)-C(3)-S(4)-C(5)

-84.0

C(3)-C(2)-S(1)-C(9’)

-74.2

C(5)-C(6)-S(7)-C(8)

-170.7

Figure 5 Ring conformation of 18-ane-S6 uncoordinated (A ) and in complex 3 (B).
§

The designation g+ (g-) represents a gauche (±60°) conformation with clockwise (counterclockwise)
torsion from the eclipsed angle; the designation a represents an antiperiplanar (180°) and a* an
anticlinal (±120°) placement.
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Although the X-ray structures of the free ligands 20-ane-S6 and 20-ane-S6-OH are
not known, the same preference for gauche placements at the C-S linkages and exo
orientation of the sulfur atoms can be expected. The macrocycle in 5 shows six
gauche placements, two anti placements, one angle of 91° and one of 97°,
respectively, and only two pure anticlinal placements (Ταβλε 3). Only half of the C-S
interactions in 5 are in the preferred gauche placement. Furthermore, from a steric
point of view a trans coordination of the technetium centers seems to be favored
compared to a cis coordination. However, analysis of the ring system in the complex
trans-[Rh2(COD)2(20-ane-S6)][PF6]2 (COD = cyclooctadiene) with a tripodal but trans
coordination of the Rh(I) centers revealed an even more unfavored ring
conformation.[115] Four anti, two anticinal, two placements with angles around 90° but
only four preferred gauche placements can be observed in the crystal structure of
trans-[Rh2(COD)2(20-ane-S6)][PF6]2. The two additional energetically favored gauche
interactions found in 5 and the minor steric requirement of the fac-[Tc(CO)3 ]+ moieties
(compared to the [Rh(COD)] moieties) might be an explanation why in the case of
20-ane-S6-OH only the cis and not a trans isomer is formed during the substitution
reaction. Another remarkable structural feature of 5 can be found at the propylene
bridges of the macrocycle. The derivatized propylene bridge (bearing the OH group)
reveals two gauche C-C linkages whereas the underivatized bridge shows two anti
conformations. Therefore, the thioether in 5 is not in a “crown” but in a twisted
“inside-out” conformation which is known to be a particularly favorable, low-energy
state.

Table 3. Ligand Torsion Angles (deg) for 5
C(6)-S(5)-C(4)-C(3)

82.6

C(9)-S(8)-C(7)-C(6)

62.8

C(4)-S(5)-C(6)-C(7)

91.8

S(5)-C(4)-C(3)-C(2)

65.6

C(20)-S(1)-C(2)-C(3)

-83.3

C(4)-C(3)-C(2)-S(1)

-78.6

C(2)-S(1)-C(20)-C(19)

-97.2

S(1)-C(20)-C(19)-S(18)

-44.1

C(17)-S(18)-C(19)-C(20) -56.4

S(18)-C(17)-C(16)-S(15) -63.4

C(19)-S(18)-C(17)-C(16) 150.1

S(15)-C(14)-C(13)-C(12) -176.7

82
C(10)-S(11)-C(14)-C(13) -176.8

C(14)-C(13)-C(12)-S(11) -175.1

C(14)-S(15)-C(16)-C(17) -73.7

S(11)-C(10)-C(9)-S(8)

-53.7

C(10)-S(11)-C(12)-C(13) 166.8

S(8)-C(7)-C(6)-S(5)

-34.5

C(12)-S(11)-C(10)-C(9)

C(7)-S(8)-C(9)-C(10)

-142.4

72.7

The results of the structural and the ring conformation analyses of the compounds
3 and 5 as listed below explain to a certain extent the different binding of the fac[Tc(CO)3] + cores to the macrocycles 18-ane-S6 and 20-ane-S6-OH: (1) Although the
fac-[Tc(CO)3] is a relatively small moiety, the thiomacrocycle 18-ane-S6 is too small
to host two metal centers in a cis/dipodal or a cis/tripodal coordination. Therefore,
steric hindrance prohibits a corresponding coordination. (2) A trans/tripodal
coordination would induce a strong ring deformation and ring contraction of 18-aneS6, which are incompatible with the mentioned gauche and exo preference of
macrocyclic thioethers. (3) The ligand 20-ane-S6-OH is larger and more flexible than
18-ane-S6. A tripodal coordination (compared to a dipodal coordination) of the two
fac-[Tc(CO)3]+ moieties is from a steric point of view possible and obviously preferred
by the metal center. (4) Furthermore, as shown by the ring conformation analysis of
trans-[Rh2(COD)2(20-ane-S6)][PF6]2, a trans/tripodal coordination of the metal centers
forces the ring system to a structural rearrangement, which is less favored than the
one found in complex 5 with a cis/tripodal coordination.

Conclusion. The reactions of 18-ane-S6 and 20-ane-S6-OH with 1 resulted in the
formation of novel dinuclear complexes of transition metal carbonyls with interesting
structural characteristics. Complexes 3 and 5 underline the high tendency of
macrocyclic thioethers to bridge metal centers and show the rich coordina tion
chemistry of these large macrocyclic rings. Although only 20-ane-S6-OH in complex 5
is already bifunctionalized, 2 and 3 and/or the corresponding ligands 9-ane-S3 and
18-ane-S6 can be regarded as model complexes/ligands in order to model suitable
compounds for a given nuclear medical application. It is known that charge, size, and
lipophilicity of a bifunctional chelator and/or complex have major influences on the
bioactivity and biodistribution of a pharmacophore. In this report we have shown that
the fac-[Tc(CO)3]+ moiety combined with macrocyclic thioethers offers an excellent
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tool to control the properties of a bioconjugate by the formation of neutral, mono - and
dicationic complexes. The high stability of the corresponding complexes 2, 3, and 5
on the macroscopic level substantiates the promising starting point for our ongoing in
vitro and in vivo studies with these ligand systems labeled with the fac-[99mTc(CO)3 ]+
moiety.
Material and methods. All reactions were carried out by standard Schlenk
techniques. Chemicals and solvents were of reagent grade, were purchased from
Fluka AG Buchs, and were used without further purification. 1,4,7 -Trithiacyclononane
and

1,4,7,10,13,16-hexathiacyclooctadecane

were

purchased

from

Aldrich.

3,6,9,13,16,19-Hexathiacycloicosanol was prepared according to the literature.[116]
The starting material 1a/b was synthesized by procedures reported previously.[12] FTIR spectra were recorded on a Perkin-Elmer 16 PC FT-IR spectrometer as KBr
pellets. The 1H and

99

Tc NMR spectra were recorded on a Varian Gemini 2000

system (operating at 300 MHz). 1H chemical shifts are reported relative to residual
solvent protons as a reference (3.30 ppm for methanol-d4, 2.49 ppm for DMSO-d6 ).
For the

99

Tc chemical shifts NH4TcO4 (0 ppm, in D2O) was used as the external

reference. Acquisition parameters of the

99

Tc NMR spectra: The pulse frequency was

set to 67.5224 MHz with a pulse angle of 54.8 °. The spectrum width was set to 100
kHz. All spectra were recorded with an acquisition time of 0.3 s/scan and an addition
of 1000 scans/spectrum. The line broadening was 1 Hz.

Synthesis of fac-[Tc(9-ane-S3)(CO)3 ]Br (2). [NEt4]2 [TcBr3(CO)3 ] (88 mg, 0.13
mmol) was dissolved in 5 cm3 of methanol. 1,4,7-Trithiacyclononane (23 mg, 0.13
mmol) was added, and the reaction mixture was stirred at ambient temperature
overnight. A white precipitate was formed, which was filtered, washed with ether, and
dried in vacuo. Yield: 50 mg (87%). Crystals of X-ray quality were obtained from a
warm, saturated methanolic solution. IR (cm-1, KBr): 3420 (w), 3356 (w), 2904 (w),
2050 (vs),1980 (vs), 1410 (w), 1190 (w), 1050 (w), 622 (m), 594 (w), 512 (m). 1H
NMR (δ, methanol-d4): 3.1 (broad s).

99

Tc NMR (δ, methanol-d4): -1656 (s, ∆ν1/2 =

150 Hz).

Synthesis of fac-[Tc2(tosylate)2 (18-ane-S6)(CO)6 ] (3). [NEt4]2 [TcBr3 (CO)3] (129 mg,
0.19 mmol) was dissolved in 5 cm3 of methanol. Silver tosylate (153 mg, 0.55 mmol)
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was dissolved in 3 cm3 of methanol and added. After filtration of AgBr,
1,4,7,10,13,16-hexathiacyclooctadecane (34 mg, 0.08 mmol) was added to the
methanolic solution and the reaction mixture was stirred overnight at ambient
temperature. The solvent was removed in vacuo, and 2 cm3 of CH2Cl2 was added to
the colorless, oily residue to remove [NEt4 ][tosylate]. After separation of the CH2Cl2
layer, the residue was re-dissolved in 1 cm3 of hot methanol and the solution was
kept at -30 °C. Within 2 days white crystals were formed, which were collected,
washed with ether, and dried in vacuo. Yield: 82 mg (84% based on Tc). Crystals of
X-ray quality were obtained by slow diffusion of ether into a methanolic solution of 3.
IR (cm-1, KBr): 2960 (w), 2042 (vs), 1958 (vs), 1924 (vs), 1384 (s), 1184 (w), 1036
(s), 644 (w). 1H NMR (δ, methanol-d4): 2.41 (s, 6H, CH3), 2.70-3.20 (m, 24H, CH2),
7.17-7.21 (m, 4H, aromatic), 7.65-7.68 (m, 4H, aromatic).

99

Tc NMR (δ, methanol-d4 ):

-1488 (s, ∆ν ½ = 210 Hz).
Synthesis of fac-[Tc2(20-ane-S6-OH)(CO)6 ][tosylate]2 (5).

Complex

5

was

synthesized and purified according to the method described for compound 3. Yield:
72% based on Tc. Crystals of X-ray quality were obtained by slow diffusion of ether
into a methanolic solution of 5. IR (cm-1, KBr): 3441 (m), 2926 (w), 2054 (vs), 1949
(vs), 1628 (w), 1412 (w), 1213 (m), 1122 (m), 1033 (m), 1010 (m), 684 (w), 568 (w).
1

H NMR (δ, DMSO-d6): 2.35 (s, 6H, CH3) 2.55-3.92 (m, 27H, CH2), 7.22-7.26 (m, 4H,

aromatic), 7.67-7.70 (m, 4H, aromatic).

Tc NMR (δ, DMSO-d6): -1468 (s, ∆ν ½ = 360

99

Hz).

X-ray Data Collection and Processing. The intensities for the X-ray determination
were collected on an automated single-crystal diffractometer of the type CAD4
(Enraf-Nonius) using Mo Kα (2, 5) and Cu Kα (3) radiation, respectively, with ωscans. The unit cell dimensions were determined from the angular settings of 25
high-angle reflections. The structures were solved by heavy-atom Patterson
synthesis using SHELXS-86.[117] Refinement was performed with SHELXL-93.[118] All
non-hydrogen atoms were located from successive Fourier maps and refined with
anisotropic thermal parameters. In the case of complex 3 the hydrogen atoms were
fully refined whereas in 2 and 5 the hydrogen atoms were placed at the calculated
positions and refined using the “riding model” option of SHELXL-93.
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Chapter 7
Novel Coordination Behavior of fac-[ReBr3(CO) 3 ]2- with 1,3,5-Triaza-7Phosphaadamantane (PTA). Systematic Investigation on Stepwise
Replacement of the Halides by PTA Ligand. Phase Transfer Studies and X-Ray
Crystal Structure of [NEt4 ][ReBr2(PTA)(CO) 3], [ReBr(PTA)2(CO) 3] and
[Re(PTA) 3(CO) 3]PF6.#

R. Schibli, K.V. Katti, Ch.L. Barnes and W.A. Volkert
Introduction. The preparation of water-soluble, organometallic transition metal
complexes has recently received considerable attention for applications in different
areas. Predominantly, the research efforts focus on the development of water-soluble
compounds for liquid/liquid biphasic catalysis and heterogeneous catalysis as
documented in several review articles.[119-121] The application of catalytically active
metal centers in aqueous media enables not only an easy separation and recovery of
the expensive catalyst from the substrate and products but is also important from an
ecological/economical point of view since water is an environmentally-benign and
inexpensive solvent. Nuclear medicine and radiopharmacy are other fields where
water-solubility of metal complexes is favorable because of their better in vivo
characteristics (e.g., faster clearance of the drug through the urinary pathway).
Remarkable progress was made in the past few years on the synthesis of watersoluble complexes with diagnostic (e.g. Tc-99m)[122,

123]

and therapeutic (e.g. Au-

198/199) radionuclides.[124] In both fields of research (catalysis and radiopharmacy),
the water-solubility is usually attained utilizing a variety of water-soluble ligand
systems and, in particular, ternary organophosphorus ligands such as sulfonated
phosphines,[125,

126]

1,3,5-triaza -7-phosphaadamantane (PTA)[127-130], tris(hydroxy

methyl)phosphine (THP)[131] or bis(bis(hydroxymethyl)phosphino)ethane (HMPE).[132,
133]

In an effort to develop new organometallic precursors for radiopharmaceutical

applications, Alberto and co-workers recently published a new normal pressure
synthesis for the organometallic precursors [NEt4]2[MX 3(CO)3] (M = Tc, Re; X = Cl,
#

Inorg.Chem., 37, 5306-5312, 1998.
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Br).[12,

23]

[NEt4]2[ReBr3(CO)3] (1) as well as the corresponding technetium complex

analogue have proved to be highly stable and water-soluble.[134]
As part of our ongoing studies on the development of fundamental chemistry of
water-soluble organometallic Tc(I) and Re(I)-compounds for potential use in
radiopharmaceutical applications, we are currently investigating the coordination
chemistry of organo-rhenium/technetium with water-soluble phosphine ligands. The
low steric requirements coupled with the high-oxidative stability and water-solubility
of 1,3,5 -triaza-7-phosphaadamantane prompted a systematic investigation of ligand
substitution on [NEt4]2[ReBr3(CO)3]. We, herein, report the synthesis, spectroscopic
and solution behavior and the X-ray crystallographic investigation of the complexes
[NEt4][ReBr2(PTA)(CO)3] (2), [ReBr(PTA)2(CO)3] (3a) [ReBr(PTAH)2(CO)3]Br2 (3b)
and [Re(PTA)3(CO)3]PF6 (4).

Results and Discussion. It is important to recognize that, to date, there were no
reports on carbonyl complexes of the elements of the manganese row with the PTA
ligand. This lack of studies is striking since the corresponding compounds of most of
the neighboring transition metals of the Group 6 and 8 have been known for a long
time and are still the topic of current investigations.[129,

135-137]

The compounds

reported in this paper are the first organometallic representatives of a Group 7
element for this class of ligands and, therefore, close an important gap.
Synthesis and Characterization of [NEt4][ReBr2(PTA)(CO)3] (2). Utility of the
synthon [NEt4]2[ReBr3(CO)3] (1), rather than the rhenium(I)-halopentacarbonyl, has
decisive advantages: (1) Complex 1 is not only soluble in organic solvents but also in
water; (2) The desired fac-Re(CO)3-moiety is already pre-formed, thus no CO has to
be displaced employing harsh reaction conditions; (3) The three halides in 1 are easy
to substitute by other ligand systems. Stirring a methanolic solution of 1 with one
equiv. of PTA at room temperature produced [NEt4][ReBr2(PTA)(CO)3] within 3 hours
as confirmed by

31P

NMR experiments. The reaction pathway is outlined in Scheme

1. Compound 2 is soluble in most polar organic solvents but only slightly soluble in
water. The

31P

NMR spectrum, recorded in acetonitrile, exhibits a singlet at -87.7

ppm which is significantly down field as compared to free PTA ligand (?δ = 12.7
ppm). The 1 H NMR spectrum revealed two doublets with an AB-pattern caused by
the three NCHaxN and three NCHeqN protons and a singlet for the six PCH2N
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protons. In addition the signals of the protons of counterion [NEt4]+ were observed in
the right ratio. The IR spectrum (in KBr) revealed the typical “fac-M(CO)3” pattern
with C-O stretching absorptions at 2009 cm-1 and 1892 cm-1.

Scheme 1.

[NEt4 ][ReBr2(CO)3 (PTA) 2 ]

2 PTA/H 2O/25ºC

1 PTA /MeOH/2 5ºC

[ReBr(CO) 3(PTA)2 ]

2

3a
[NEt4 ]2[ReBr 3(CO) 3]

- 2HBr

+ 2 HBr

1
[Re(CO) 3 (PTA) 3]PF 6

i .) 3 AgPF6/THF

i.) 2 AgPF6/THF

i i.) 3 PTA/THF/25ºC

ii.) 2 PTA/THF/2 5ºC
iii.) 2HBr

4

[ReBr(CO) 3 (PTAH) 2]Br 2
3b

The molecular structure of compound 2 was further confirmed by X-ray
crystallography§. The structural presentation and selected bond lengths and angles of
the complex anion are shown in Figure 1 along with the atom-numbering scheme.
[NEt4][ReBr2(PTA)(CO)3] crystallized in the monoclinic space group P21/n with one
formula unit in the asymmetric unit. The average Re-Br bond distance is 2.64(1) Å.
The Re-C bond distances range from 1.896(9) Å (C9-Re) to 2.062(15) Å (C8-Re).
The octahedral arrangement of the ligands deviates only slightly from the ideal
values. The Br-Re-Br angle is 87.52(3)° and the Br-Re-P and C-Re-C bond angles
have an average of 89(3)° and 89(1)° respectively.

§

Crystal data: C17H32N4 O3PBr2Re, MW = 717.46, P22/n, a = 8.6889(4) Å, b = 29.3089(14) Å, c =
3
3
9.3017(5) Å, β = 97.1520(10)°, V = 2350.36(20) Å , Z = 4, Dcalc = 2.028 g/cm , MoK α = 0.71073 Å,
temp = 173°K, wR2 = 0.079, R = 0.048.
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Figure 1. Crystal structure of the anion of [NEt4][ReBr2(PTA)(CO)3] (2) with atom numbering scheme.
Re-Br(1) 2.6297(10)Å, Re-C7 1.931(10)Å, Re-Br(2) 2.6530(8)Å, Re-C(8) 2.062(15)Å, Re-P(1)
2.321(4)Å, Re-C(9) 1.896(9)Å, Br(1)-Re-Br(2) 87.52(3)°, Br(2)-Re-C(9) 174.9(3)°, Br(1)-Re-P(1)
91.55(9)°, P(1)-Re-C(7) 176.4(3)°, Br(1)-Re-C(8) 177.6(3)°, P(1)-Re-C(8) 89.5(3)°, Br(1)-Re-C(7)
90.6(3)°, P(1)-Re-C(9) 93.7(3)°, Br(1)-Re-C(9) 87.3(3)°, C(7)-Re-C(8) 88.5(4)°, Br(2)-Re-P(1)
86.58(9)°, C(7)-Re-C(9) 89.3(4)°, Br(2)-Re-C(7) 90.59(25)°, C(8)-Re-C(9) 90.5(4)°, Br(2)-Re-C(8)
94.69(25)°.

Synthesis

and

Characterization

of

[ReBr(PTA)2(CO)3]

(3a)

and

[ReBr(PTAH)2(CO)3]Br2 (3b ). The synthetic strategy for the preparation of 3a and 3b
(Scheme 1) profits from the completely different solubility behavior of the two
products, which will be discussed later. The neutral complex [ReBr(PTA)2(CO)3 ] is
formed in near quantitative yields in water or in polar organic solvents, from which it
precipitates in analytical pure form as white fluffy needles. The spectroscopic data
are in agreement with the proposed structure. The

31P

NMR spectrum in acetone

exhibits a singlet at -91.9 ppm and the 1H NMR spectrum shows only the signals of
the PTA ligands (singlet at 4.63 ppm and two doublets centered at 4.39 ppm and
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4.31 ppm). The C-O absorption bands are detected at 2029 cm-1, 1941 cm-1 and
1902 cm-1.
The diprotonated complex [ReBr(PTAH)2(CO)3]Br2 3b can be prepared by adding
two equiv. of HBr to a suspension of 3a in water or methanol. Removal of the solvent
and drying in vacuo yielded the product nearly quantitative and in analytically pure
form. Complex 3b can also be directly synthesized staring from 1. Precipitation of two
bromides of 1 with two equiv. of AgPF6 in THF produced [ReBr(THF)2(CO)3]. After
filtration of AgBr, two equiv. of PTA were added to the filtrate. Complex 3a was
formed within a few minutes, as confirmed by

31P

NMR experiments. After the

addition of HBr to the clear reaction solution, 3b precipitated quantitatively as a white
fluffy powder. The C-O absorptions for 3b were found at 2041 cm-1, 1966 cm-1 and
1921 cm-1 and are significantly blue-shifted compared to 3a, presumably, due to the
double positive charge of the complex cation. This causes a weakening of the metalto-carbonyl π-back bonding. However, the C-O stretch bands in 3b are less blueshifted than in the monocationic complex 4 (2056 cm-1 and 1968 cm-1). Obviously the
+2 overall charge of complex cation is not completely delocalized over the whole
molecule but is manly localized on the protonated ligands. This assumption is
underlined by the fact that 3b reveals a unexpected strong low field shift of the

31P

resonance (-75.3 ppm) compared to complexes 2, 3a and 4.
The neutral complex 3a crystallized in the monoclinic space group P21/c. The PRe-P bond angle is with 98.62(5)° significantly enlarged. This deviation from the
expected 90° for an octahedron is noteworthy since PTA has a small cone angle and
steric hindrance should therefore be minimized. As a consequence, the P-Re-Br
angles are narrowed (average of 84.0(7)°). Surprisingly the C-Re-C angles are not
affected by this distortion and have an average of 91(2)°. The mean Re-P and Re-C
bond distances are 2.44(1) Å and 1.94(3) Å respectively. The structural presentation
and selected bond lengths and angles of 3a are given in Figure 2.
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Figure 2. Crystal structure of [ReBr(PTA)2(CO)3] 3a with atom numbering scheme. Re-Br 2.6549(8)Å,
N(2)-C(6) 1.462(10)Å, Re-P(1) 2.447(2)Å, N(3)-C(3) 1.469(8)Å, Re-P(2) 2.427(2)Å, N(3)-C(5)
1.463(10)Å, Re-C(13) 1.914(8)Å, N(3)-C(6), 1.487(9)Å, Re-C(14) 1.966(7)Å, N(7)-C(7) 1.491(9)Å, ReC(15) 1.950(7)Å, N(7)-C(10) 1.472(10)Å, P(1)-C(1) 1.858(7)Å, N(7)-C(11) 1.481(9)Å, P(1)-C(2)
1.851(7)Å, N(8)-C(8) 1.460(8)Å, P(1)-C(3) 1.851(7)Å, N(8)-C(10) 1.467(10)Å, P(2)-C(7) 1.852(6)Å,
N(8)-C(12) 1.460(10)Å, P(2)-C(8) 1.833(7)Å, N(9)-C(9) 1.473(9)Å, P(2)-C(9) 1.833(6)Å, N(9)-C(11)
1.464(9)Å,

N(1)-C(1),

1.487(8)Å,

N(9)-C(12)

1.454(10)Å,

N(1)-C(4)

1.474(10)Å,

O(1)-C(13)

1.148(10)Å, N(1)-C(5) 1.459(9)Å, O(2)-C(14) 1.128(9)Å, N(2)-C(2) 1.487(9)Å, O(30-C(15) 1.140(9)Å,
N(2)-C(4) 1.469(11)Å, Br-Re-P(1) 84.52(4)°, Br-Re-C(14) 94.05(23)°, Br-Re-P(2) 83.65(4)°, Br-ReC(15) 92.49(24)°, Br-Re-C(13) 171.41(21)°, P(1)-Re-P(2) 98.62(5)°.

3b crystallized in the triclinic space group P1#. No significant structural differences
between 3a and 3b around the rhenium center could be observed and thus, no
separate picture of 3b is given. However, due to the protonation of one amine group
at each PTA ligand, we could find two different sets of N-C bonds lengths. The
quaternary nitrogens possess N-C distances with an average of 1.52(2) Å whereas
the tertiary nitrogens N-C bonds are centered at 1.45(3) Å. It may be noted that
similar observations were reported for the Ru, Rh, Ni, Pd and Pt complexes with
protonated PTA ligands.5a,5c-d Both uncoordinated bromine atoms are involved in
#

Crystal data C15H24 N6O3P2BrRe, MW = 700.48, P22/c, a = 6.8581(4)Å, b = 21.9499(12)Å, c =
3
3
13.9526(8)Å, ß = 94.6650(10)°, V = 2093.39(21)Å , Dcalc = 2.108 g/cm (? = 0.71073?), Z = 4, temp =.
173°K.
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hydrogen bonding to one protonated nitrogen of a PTA ligand of a neighboring
molecule in the unit cell (N-H···Br distances: 3.145 Å and 3.151 Å respectively). Bond
lengths and angles of 3b are given in figure 2. Full details of the structure are
included in the supporting materials.

Synthesis and Characterization of [Re(PTA)3(CO)3]PF6 (4). Complex 4 is formed
only after complete substitution of the halides in 1 by weaker coordinating anion such
as PF6- or NO3-. The substitution of the halides was achieved using three equiv. of
the corresponding silver salt in THF or water respectively. Addition of three equiv. of
PTA produced the complex cation [Re(PTA)3(CO)3]+ in good yields regardless if the
reaction was performed in THF (with PF6- as the counter ion) or in water (with NO3as the counter ion) as confirmed by

31P

NMR experiments. With NO3- as the counter

ion, complex [Re(PTA)3(CO)3]+ is soluble in water and polar organic solvents
whereas, with PF6- it is soluble in organic solvents only. Crystallization of the product
is favored with PF6- as the counter ion, therefore, all analytical experiments were
carried out using [Re(PTA)3(CO)3]PF6 (4). The
consistent with the proposed structure. The

31P

1H

and

13C

NMR spectra are

NMR spectrum presented, beside the

septet of PF6- (-144.1 ppm), a broad singlet at -95.3 ppm for the coordinated ligands.
Compound 4 crystallized in the triclinic space group P1$. The structural
presentation and selected bond lengths and angles of the complex cation along with
the atom numbering scheme are given in Figure 3. Compound 4 co-crystallized with
one molecule of acetonitrile per formula unit. The P-Re-P angles have an average of
94(1)° that is similar to the mean P-Mo-P bond angle (94(2)°) observed in the
structurally comparable, neutral complex fac-Mo(PTA)3(CO)3 .14a The C-Re-C bond
angles have an average of 90.8(6)°. The mean Re-P bond length is 2.447(8) Å. This
is only slightly longer than in the neutral complex 3a (0.02Å) but significantly longer
than in the anionic complex 2 (0.12 Å). This observation can be explained by a
weaker metal-to-ligand back bonding in complex 4 due to the coordination of three πaccepting ligands to the metal center and the positive overall charge.

$

Crystal data C23H39 N10O3F6P4Re, MW = 927.72, a = 9.3842(5)Å, b = 13.5797(7)Å, c = 13.9499(7)Å, a
3
3
= 105.5910(10)°, ß = 91.8560(10)°, ? = 107.0190(10)°, V = 1625.36(15)Å , Dcalc. = 1.896 g/cm ( ? =
0.71073Å), Z = 2, temp. = 173°K, Rw/R1a = 0.062/0.051.
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Figure 3. Crystal structure of the cation of [Re(PTA)3(CO)3]PF6 (4) with atom numbering scheme. ReP(1) 2.4529(19)Å, Re-C(19) 1.983(8)Å, Re-P(2) 2.4517(18)Å, Re-C(20) 1.963(8)Å, Re-P(3)
2.4383(18)Å, Re-C(21) 1.985(8)Å, P(1)-Re-P(2) 95.68(6)°, P(2)-Re-C(21) 178.13(20)°, P(1)-Re-P(3)
94.37(6)°, P(3)-Re-C(19) 178.63(21)°, P(2)-Re-P(3) 92.80(6)°, P(3)-Re-C(20) 87.90(20)°, P(1)-ReC(20) 175.29(22)°, P(3)-Re-C(21) 87.68(20)°, P(1)-Re-C(21) 86.08(20)°, C(19)-Re-C(20) 91.0(3)°,
P(1)-Re-C(19) 86.70(21)°, C(19)-Re-C(21) 91.5(3)°, P(2)-Re-C(19) 87.95(20)°, C(20)-Re-C(21)
89.9(3)°, P(2)-Re-C(20) 88.32(23)°.
31P

NMR Spectroscopic Studies of Substitution Patterns in [ReBr3(CO)3]2-. An

important determinant in using a radiolabeled complex for nuclear medical
applications is, that the complex must display thermodynamic stability and/or kinetic
inertness under high dilution in aqueous media and physiological pH. The suitability
of

188Re

labeled PTA for radiopharmaceutical use may be understood by studying

solution properties of PTA complexes of rhenium at macroscopic levels. Therefore, it
is of fundamental importance to gain an insight into the substitution behavior of
[ReBr3(CO)3]2- , under different reaction conditions (various pH’s and different solvent
systems). Since

31P

NMR chemical shifts of metal-coordinated phosphine nuclei are
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sensitive to substitution around the metal center,

31P

NMR spectroscopy has become

a reliable analytical tool to understand the coordination/substitution behavior and
kinetics of phosphine-metal compounds.
Generally, [ReBr3(CO)3]2- (1) follows the equilibrium pattern outlined in Scheme 2.
An aqueous solution of 1 showed the equilibrium completely shifted towards the
formation of [Re(OH2)3(CO)3]+ . However, IR spectroscopic experiments revealed the
formation of partially solvated species [ReBr2(sol)(CO)3]- and [ReBr(sol)2(CO)3 ] in
weak coordinating organic solvents (sol = solvent).[134]
Scheme 2.

[ReBr3(CO)3 ]2-

sol = solvent

[ReBr2(sol)(CO)3]-

[ReBr(sol)2(CO) 3]

[Re(sol)3(CO)3] +

A methanolic solution of 1, five minutes after the addition of two equiv. of PTA,
revealed in the

31P

NMR spectrum, beside free PTA (-96.8 ppm) the resonances of

the product [ReBr(PTA)2(CO)3] (-88.2 ppm) and the species [ReBr(MeOH)PTA(CO)3]
(A) at -82.7 ppm. The fourth signal at -72.2 ppm was tentatively assigned to the
species C, [Re(MeOH)(PTA)2(CO)3]+ (Fig. 4). This assumption was later confirmed
by the fact that addition of two equiv. of PTA to a methanolic solution of 1 (after
complete exchange of the halides by weaker coordinating NO3- ions) showed
exclusively a single signal at -72.2 ppm. Forty minutes after addition of the ligand, the
intensity of the product [ReBr(PTA)2(CO)3] decreased with the concomitant formation
of a white precipitate in the NMR tube. After two hours, the intensities of all signals
were weak, confirming the almost complete formation of 3a and its precipitation from
reaction solution. The schematic sketch of the reaction mechanism as a result of the
MeOH mediated solvation process is outlined in Scheme 3.
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Figure 4. Time dependent 31P NMR spectra of the formation of 3a in methanol. A =
[ReBr(MeOH)PTA(CO)3]; C = [Re(MeOH)(PTA)2(CO)3]+.
Scheme 3.

[ReBr3 (CO)3] 2-

[ReBr2(sol)(CO)3]-

[ReBr(sol)2(CO)3]

[Re(sol)3(CO)3]+

[ReBr(sol)PTA(CO3)]
A

[ReBrPTA2(CO3)]

[Re(sol)PTA2(CO3)] +

3a

C

In order to overcome the problem associated with the precipitation of 3a, the
above reaction was performed in a solvent mixture of DMSO and methanol (4:1).
After 10 minutes, the

31P

NMR spectrum consisted of six signals (Fig. 5). The

resonances of the final product 3a (-89.8 ppm), species [ReBr(sol)PTA(CO)3] (A: 82.7 ppm), species [Re(sol)2PTA(CO)3]+ (B: -85.3 ppm) and [Re(sol)(PTA)2(CO)3]+
(C: -72.9 ppm) as well as the signal of unreacted PTA ligand (-99.9 ppm) were
observed. Surprisingly, complex 2 (-87.3 ppm) was also detected. However, this peak
completely disappeared after 20 minutes. After 4 hours, the signal of the free ligand
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completely disappeared and the concentration of species A, B and C decreased
31P

drastically. Finally after 8 hours, the

NMR spectrum consisted of solely the signal

of 3a. The results of this experiment are outlined in Scheme 4. The formation of
species B in DMSO, but not in methanol, can be explained by the stronger
coordination

capacity

of

DMSO

towards

the

rhenium(I)

center.

Complex

[Re(DMSO)2PTA(CO)3]+ seems to be a substitutionally-inert species. This might also
explain the slower reaction kinetics in the DMSO/methanol mixture (8 hours
compared to 2 hours in methanol until complete formation of 3a).

B

PTA
3a
420'
240'

C

A

2

90'
30'
10'

-70 -75 -80

-85

-90

-95 -100

ppm
Figure 5. Time dependent 31P NMR spectra of the formation of 3a in DMSO/methanol. A =
[ReBr(DMSO)PTA(CO)3]; B = [Re(DMSO)2PTA(CO)3]; C = [Re(DMSO)(PTA)2(CO)3]+.
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Scheme 4.
[ReBr3 (CO)3] 2-

[ReBr2(sol)(CO)3]-

[ReBr(sol)2(CO)3]

[Re(sol)3(CO)3]+

[ReBr2PTA(CO 3)]-

[ReBr(sol)PTA(CO3)]

[Re(sol)2PTA(CO3)] +

2

A

B

[ReBrPTA2(CO3)]

[Re(sol)PTA2(CO3)] +

3a

C

The exclusive formation of 3a in both cases (methanol and DMSO/methanol),
even when starting with an excess of PTA ligand, can be explained by an increased
electron deficiency of the rhenium(I) center after coordination of two strong πaccepting phosphine ligands. Therefore, the re-coordination of a bromine is more
favored than the coordination of an additional PTA ligand. This conclusion is
supported by the fact that the trisubstituted complex 4 could only be synthesized after
complete exchange of the bromides. Complex [Re(sol)(PTA)2(CO)3]+ is rapidly
formed. However, the coordination of the third PTA ligand to form complex 4 is
extremely slow (T1/2 >10 h) as confirmed in the

31P

NMR experiment. Similar

observations are reported for the reaction of 1 with the strong π-accepting ligand tbutylisocyanide.[23]
Phase Transfer Experiments. Catalytically active transition metal complexes that
are bound to ligands capable of protonation and deprotonation, will provide
significant advantages in tuning the solubility characteristics of a catalyst by simply
changing the pH of their solution. Examples of compounds showing pH-mediated
ambivalent organic-aqueous solubility behavior include complexes of Co, Rh, Ir and
Ru with amino-alkyl-, 2-pyridyl-alkylphosphines and PTA.[129,

138]

Our studies on

[ReBr(PTA)2(CO)3] (3a) have provided the first example of a Re(I) mixed
carbonyl/PTA complex exhibiting a similar solubility behavior.
The neutral complex 3a is insoluble in water but soluble in weakly polar organic
solvents such as THF. The complex 3b on the other hand is highly soluble in water
but is only sparingly soluble in organic solvents. We layered a 2M aqueous solution
of NaBr with a saturated THF solution of 3a. Figure 6 depicts the

31P

NMR spectra of
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the aqueous and organic phase at different pH’s. The pH was adjusted using
hydrobromic acid and NaOH respectively. At pH = 2, the complex exists only in the
twice protonated form 3b in the aqueous layer, whereas at pH = 8.5 only the signal of
the neutral compound 3a could be observed in THF. At a pH of 3.5, a

31P

resonance

was detected in both layers (-80.1 ppm in the aqueous phase and -86.7 ppm in the
THF phase respectively) presumably due to the mono protonated species
[ReBr(CO)3(PTA)(PTAH)]+ (3c). The different chemical shifts of 3c in both layers
must be solvent-related. This phase transfer reaction could be performed several
times with only minor decomposition of the complex. When the system was stirred
over night at pH 8.5, small amounts of oxidized ligand O=PTA could be detected at 3.1 ppm in the 31P NMR spectrum.

-74.8
[ReX(CO) 3(PTAH) 2]2+

pH = 2.0

+ H+
-80.1

pH = 3.5

+ OH -

[ReX(CO) 3(PTA)(PTAH)] +

-86.7
-90.1

+ H+

pH = 8.5

+ OH -

[ReX(CO) 3(PTA) 2]
ppm -70

-80

-90

-70

aqueous phase

-80

-90

organic phase

Figure 6. pH dependent 31P NMR spectra of 3 under biphasic conditions.

Conclusion. The stepwise replacement of one or more halides in 1 by the
hydrophilic phosphine ligand PTA resulted in the formation of the mono-, di- and tricoordinated compounds 2, 3a/b and 4. These compounds showed an ambivalent
solubility behavior in organic and aqueous media. The phase transfer experiments
(from

aqueous

to

organic

media

and

vice-versa),

as

demonstrated

for

[ReBr(PTA)2(CO)3] (3a) prove the importance of protophilic ligands to achieve
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optimal solubility characteristics for potential application of Re(I) compounds in
biphasic catalysis. Kine tically inert Re(I) complexes exhibiting good water-soluble
characteristics are also important in the context of developing their

188Re

analogues

for therapeutic application in nuclear medicine. The ability of PTA ligands to produce
kinetically inert and water-soluble compounds with 1 will present further applications
of this class and related derivatives of PTA in nuclear medicine.
Materials and methods. All manipulations were carried out under aerobic
conditions. Solvents were purchased from Fisher Scientific and dried by standard
methods. 1,3,5-triaza-7-phosphaadamantane (PTA) was synthesized as described
by Daigle and co-workers.[139] The metal precursor [NEt4]2[ReBr3(CO)3] (1) was
synthesized according to the previously reported literature method.[12] Nuclear
magnetic resonance spectra were recorded on a Bruker ARX-300 spectrometer. The
1H

and

13C

chemical shifts are reported relative to residual solvent protons as a

reference, while the

31P

shifts are reported relative to an external reference of 85%

H3PO4. IR spectra were recorded on a Galaxy Series FTIR 3000 using KBr pellets.
Elementary Analyses were performed by Oneida Research Service, Inc. Whitesboro,
N.Y.
Synthesis of [NEt4][ReBr2(PTA)(CO)3] (2). To a methanolic solution (10 cm3) of 1
(96 mg, 0.12 mmol) PTA (20 mg, 0.12 mmol) was added and the solution stirred for 3
hours. The solvent was removed in vacuo, the residue extracted with 10 cm3 of dry
THF and the solution filtered. Layering the filtrate with diethyl ether yielded colorless
crystals of the product. Yield: 74 mg (82 %). Elementary analysis: Calc. for
C17H32N4O3Br2PRe: C, 28.46; H, 4.49; N, 7.81. Found: 27.97; 4.10; 7.69. IR (cm-1,
KBr): 2987 (w), 2958 (w), 2009 (vs), 1892 (vs), 1462 (m), 1253 (m), 1026 (m), 999
(m), 804 (w), 769 (w); 1 H (δ, acetonitrile-d3): 4.53 (d, 3 H, NCHaxN JHH = 12.9 Hz),
4.45 (d, 3 H, NCHeqN JHH = 12.9 Hz), 4.24 (s, 6 H, PCH2N), 3.20 (q, 8 H, CH2, JHH =
7.23 Hz), 1.23 (tt, 12 H, CH3, JHH = 7.23 Hz, JNH = 1.74 Hz);

13C

(δ, acetonitrile -d3):

73.0 (s, NCH2 N), 52.5 (s, CH2), 50.7 (d, PCH2N, JPC = 17.4 Hz), 7.2 (s, CH3);
acetonitrile-d3): -87.7 (s).

31P

(δ,
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Synthesis of [ReBr(PTA)2(CO)3] (3a). PTA (49 mg, 0.29 mmol) was added to an
aqueous solution (5 cm3) of 1 (105 mg, 0.13 mmol) and the reaction stirred for 12
hours during which a white precipitate of the product was formed. The solution was
filtered and the residue dried in vacuo. Yield: 79 mg (91 % based on Re). Elementary
analysis: Calc. for C15H24N6O3P2BrRe: C, 27.11; H, 3.64; N, 12.64. Found: 26.69,
4.21, 12.22. IR (cm-1, KBr): 2936 (w), 2029 (vs), 1941 (vs), 1902 (vs), 1292 (w), 1244
(w), 1105 (w), 1022 (m), 978 (m), 951 (m), 810 (w), 586 (w); 1H (δ, acetone -d6): 4.64
(s, 12 H, PCH2N), 4.39 (d, 6 H, NCHaxN, JHH = 14.8 Hz), 4.31 (d, 6 H, NCHeqN, JHH =
14.8 Hz);

13C

(δ, acetone-d6): 71.0 (s, NCH2N), 52.1 (virtual triplet, PCH2N, JPC = 9.8

Hz); 31P (δ, acetone -d6): -91.9 (s).

Synthesis of [ReBr(PTAH)2(CO)3]Br2 (3b). Complex 3b was synthesized by two
different protocols. Procedure A: To a methanolic suspension of 3a, two equiv. of
conc. HBr (48 %) were added. Subsequent removal of the solvent yielded the
product almost quantitatively . Procedure B: To a suspension of 1 (92 mg, 0.12
mmol) in 10 cm3 dry THF 10 two equiv. of AgPF6 (58 mg, 0.23 mmol) dissolved in 2
cm3 THF were added. The solution was stirred for 2 hours. After filtration, two equiv.
of PTA (40 mg, 0.24 mmol) were added to the filtrate and the solution stirred for an
other 3 hours at ambient temperature. Addition of three equiv. conc. HBr (40 µl, 0.36
mmol) yielded the analytical pure product as a thick white precipitate that was filtered
and dried in vacuo. Yield: 93 mg (93 % based on Re). Elementary analysis: Calc. for
C15H26N6O3Br3P2Re: C, 21.80; H, 3.17: N, 10.17. Found: 21.57; 2.96; 10.39. IR (cm1,

KBr): 3443 (w), 2953 (w), 2878 (w), 2768 (w), 2608 (w), 2564 (w), 2041 (vs), 1966

(vs), 1921 (vs), 1452 (w), 1308 (m), 1119 (w), 1026 (m), 982 (m), 949 (m), 899 (w),
814 (w), 772 (w); 1H (δ, D2O): 4.80 (s, 12 H, PCH2N), 4.41 (d, 6 H, NCHaxN, JHH =
15.2 Hz), 4.34 (d, 6 H, NCHeqN, JHH = 15.2 Hz);

13C

(δ, D2O): 71.1 (s, NCH2N), 50.0

(virtual triplet, PCH2, JPC = 9.1 Hz); 31P (δ, D 2O): -75.2 (s).

Synthesis of [Re(PTA)3(CO)3]PF6 (4). To a suspension of 1 (126 mg, 0.16 mmol)
in 10 cm3 dry THF three equiv. of AgPF6 (123 mg, 0.49 mmol) diluted in 2 cm3 dry
THF were added. The solution was stirred for 2 hours. After filtration of AgBr, three
equiv. PTA (82 mg, 0.49 mmol) were added to the filtrate and the solution stirred for
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15 hours at ambient temperature. Following solvent removal in vacuo, the residue
was recrystallized from acetonitrile/diethyl ether. Yield: 110 mg (75 % based on Re).
Calc. for C21H36N9O3F6P4Re: C, 28.44; H, 4.09; N, 14.21. Found: 28.58; 3.98; 14.37.
IR (cm-1, KBr): 3443 (w), 2950 (w), 2056 (vs), 1968 (vs), 1451 (w), 1296 (m), 1244
(w), 1103 (w), 1018 (m), 974 (s), 949 (m), 847 (s), 581 (w);

1H

(δ, acetonitrile -d3):

4.68 (d, 9 H, NCHaxN, JHH = 13.5 Hz), 4.61 (d, 9 H, NCHeqN, JHH = 13.5 Hz), 4.29 (s,
18 H, PCH2N); 13C (δ, acetonitrile-d3): 72.0 (s, NCH2N), 55.1 (broad s, PCH2); 31P (δ,
acetonitrile-d3): -95.2 (broad s, PTA); -144.1 (septet, PF6-).

X-ray Data Collection and Processing. The intensity data were collected on a
Siemens SMART CCD system using the omega scan mode. Data were corrected for
decay and absorption using the program SADABS based on the method of
Blessing.[140] The structures were solved using the program SHELX S86[141] and
refined on the NRCVAX system.[142-144] All hydrogen atoms were placed at the
idealized positions. Atomic coordinates and their equivalent isotropic displacement
coefficients for all compounds are included in the supplementary material. Cubic,
colorless crystals of X-ray quality of compound 2 were obtained by slow diffusion of
Hexane into a THF solution of the compound. Crystals of 3a grow as long, colorless
needles from a hot methanolic solution upon slow cooling to ambient temperature,
whereas crys tals of 3b were obtained from a hot saturated THF solution. Compound
4 crystallized from an acetonitrile solution layered with diethyl ether.
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Chapter 8
Development of novel water-soluble, organometallic compounds for potential
use in nuclear medicine: synthesis, characterization and 1H and 31P NMR
investigations of the complexes fac-[ReBr(CO) 3L] (L= bis(bis(hydroxymethyl
)phosphino)ethane, bis(bis(hydroxymethyl)phosphino)benzene).#

R. Schibli, K.V. Katti, W.A. Volkert, and Ch.L. Barnes
Introduction. Phosphines occupy a unique role in the design and development of
catalysts

[120, 121, 145]

and radiopharmaceuticals

[123, 146-148]

because of their versatile

bonding capability with transition metals and radiometals. The synergistic σ-donor
characteristics coupled with the M→P π-back bonding interactions (M = transition
metal) of phosphine ligands result in strong phosphine -metal bonds. These
complexes often exhibit optimum stability even under challenging in vivo
conditions.[147, 149, 150] In fact, the pioneering efforts by Deutsch et al. and others have
demonstrated stable technetium-99m complexes for application in nuclear medicine
as myocardial perfusion agents in humans.[103] The findings that phosphine ligands
produce in vivo stable complexes with radiometals (e.g. Tc-99m or Re-186/188) may
be advantageously used in the design and development of radiopharmaceuticals that
can be directed site-specifically to cancer tissues.
Despite superior ligating characteristics, the utility of phosphine ligands toward
radiometals has been limited to a selection of alkyl substituted mono and
bisphosphines (e.g. ((CH3)2PCH2)2 commonly referred as dmpe).[103,

151]

While alkyl

substituents on the PIII centers impart high nucleophilicity and thereby promote strong
M-P bonds, their extreme oxidative instability poses severe restriction in their
applications under routine laboratory and clinical settings. In order to achieve
optimum oxidative stability in aqueous media, we have recently demonstrated that
the introduction of hydroxymethyl substituents on the PIII centers produce phosphines
that are hydrophilic and oxidatively stable in water. Prototypes of hydroxymethyl
functionalized phosphines (1 and 2) and their coordination chemistry with Re(V)
#

Inorg.Chem., 40, 2358-2362, 2001.
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precursors are outlined in Scheme1.[152] The corresponding

99m

Tc(V) complexes of 1

and 2 have demonstrated excellent bio clearance characteristics in rat (and mouse)
models because of their high hydrophilicity. [153, 154]
Scheme 1.
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For a potential nuclear medical application of a transition metal compound a high
thermodynamic stability as well as a pronounced kinetic inertness is required. Since
the kinetic inertness of transition metal complexes are generally dictated by the
oxidation state of the coordinated metal center, we reasoned to investigate the
general coordination chemistry of 1 and 2 with low valent rhenium(I) precursors. The
results should partially answer the question how the coordination chemistry of watersoluble bisphosphines can be translated in the development of aqueous-soluble and
in vivo stable

188

Re(I) (or

99m

Tc(I)) comple xes for radiopharmaceutical applications.

For the current investigations, the Re(I) precursor [NEt4 ]2[ReBr3(CO)3 ], 3, was chosen
because Alberto et al. have recently demonstrated its elegant synthesis, also for the
corresponding

99

Tc analogues (i.e. [NEt4]2 [TcCl3(CO)3 ],).[23,

38]

The three halides are

prone to be substituted by water molecules in aqueous media. On the other hand the
three carbonyls are very inert against substitution. Therefore, coordination chemistry
of the water-soluble bisphosphine ligands 1 and 2 with 3 would be expected to aid
the development of the corresponding Re-186/188 (or Tc-99m) radiolabeled
biomolecules for use in cancer therapy and diagnosis.
We report herein, design and development of the novel compounds fac[ReBr(CO)3L]

(L

=

bis(bis(hydroxymethyl)phosphino)benzene

HMPB,

bis(bis(hydroxymethyl)phosphino)ethane HMPE). The X-ray crystal structure of the
representative compound fac-[ReBr(CO)3 HMPB], 5, reported herein, is the first one
of its kind and has allowed comparison of the bonding parameters with its
corresponding Re(V) analogues.[152] Solution properties and substitution profiles for
the compounds fac-[ReBr(CO)3HMPB] and fac-[ReBr(CO)3 HMPE], are discussed in
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terms of their relevance to understand in vitro/in vivo properties of its corresponding
99m

Tc analogues.

Results and Discussion. Synthesis and Characterization of Complexes fac[ReBr(CO)3HMPB] 5 and fac-[ReBr(CO)3HMPE] 8. We have recently reported
elegant synthetic strategies for the preparation of water-soluble rhenium(V)-oxo
complexes with the bisphosphines HMPE 1 and HMPB 2 (Scheme 1). When reacted
with [NEt4]2 [ReBr3 (CO)3], these bisphosphines produced in water well-defined
complexes of the general formula (fac-[ReBr(CO)3L]; L = HMPB, HMPE) in good
yields (Scheme 2).
Scheme 2.
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The complexes 5 and 8 revealed a high kinetic inertness at various pHs, ranging
from 3-10 at 37°C. No decomposition or re-oxidation of the metal core or ligand could
be detected after a period of several week as verified by NMR and IR-spectroscopy.
This redox stability of Re(I)/Tc(I) compounds is a significant advantage compared
rhenium complexes in higher oxidation states +3 and +5, which often tend to reoxidize or disproportion under alkaline conditions.
Evidence for the molecular constitution of 5 and 8 has come from 1H and

31

P NMR

spectroscopic investigations. Interestingly, the 1D and 2D (COSY) proton NMR
spectra of compound 5 as well as of 8 revealed different AB spin systems with
coupling constants of 12.9 Hz/ 9.3 Hz (5) and 13.8 Hz (8) for the protons of the four
hydroxymethyl groups. The eight protons are non-equivalent not only by virtue of the
different groups above and below the P-Re-P plane but also due to the orientation in
respect to the metal center (Figure 1 A). This results in the formation of two, partially
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overlapping AB spin systems. Variable temperature 1H NMR experiments (+10°C to
+90°C) performed in D2O revealed a low field shift of all signals with increasing
temperature (see supporting material). However, the doublets of the AB systems did
not completely coalesce at high temperature. Obviously the hydroxymethyl groups
are significantly hindered in their free rotation around the P-C bond and retain their
orientation as found in the X-ray structure of complex 5 (Figure 2). The protons
signals of the ethylene backbone in complex 8 are poorly resolved (Fig. 1 B). It is
apparent from the three dimensional model of the complex and the general
appearance of the spectrum that a XAA’BB’X spin system is present as reported for
the complex [ReBr(dppe)(CO)3 ] (dppe = 1,2-bis(diphenylphosphino)ethane).[155]

31

P

coupling, relaxation and dynamic effects result in a considerable line broadening and
overlap of ν A and ν B portion. Thus, only the center of absorption is listed in the
experimental section. At higher temperature (+50°C to + 70°C) additional splitting
presumably due to P-H coupling of the ethylene signals could be observed.

Figure 1. a: Structure model (view along the P···P axis and the P-Re-P plane) and NMR proton
1

assignment of complex 8. Only C-H protons are shown. B: H NMR spectrum of complex 8 (DMSOd6).

The CO stretch frequencies in the IR spectra were consistent with the fac[M(CO) 3] geometry of compounds 5 and 8. The corresponding absorption of the
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carbonyl groups were observed at 2029 cm-1, 1954 cm -1 and 1894 cm -1 for 5, and
2031 cm-1, 1958 cm-1 and 1902 cm-1 for 8, respectively. The final confirmation of the
structure of 5 was provided by X-ray diffraction analysis§.
X-ray Crystal Structure of 5. The crystal structure and selected bond distances and
angles of compound 5 is shown in Figure 2. The three CO ligands are facially
arranged with an average C-Re-C bond angle of 92.0(4)° which is very close to the
ideal 90° for an octahedral geometry. The phosphine ligand is coordinated in a
bidentate fashion forming an almost planar five -membered ring with the metal center
(average deviation from the P(1)-C(5)-C(6)-P(2)-Re-plane: 0.064 Å). The ligand is
slightly tilted towards the coordinated bromide, causing a narrowing of the Br-Re-P
angles (83.56(3)° for Br(1)-Re-P(1) and 83.32(3)° for Br(1)-Re-P(2)). The angle P(1)Re-P(2) of 80.93(4)° deviates significantly from the expected 90°. One of the oxygens
of the hydroxymethyl groups at each phosphorus points towards the bromide ligand,
where as the second oxygen points towards the benzene ring. The Re-P bond
distances are 2.4178(11) Å and 2.4264(11) Å respectively. This is only slightly
shorter than in the Re(V) complex [ReO2(HMPB)2]I (2.461(1) Å and 2.456(1) Å,
respectively).[152] The Re-Br bond length is 2.6145(5) Å. Due to a stronger π-back
bonding (enhanced by the electron rich bromine in trans position) the Re-C(12) bond
length (1.927(5) Å) is shorter than the other two Re-C bond distances (Re-C(11)
1.943(5) Å and Re-C(13) 1.967(5) Å), a feature, which is frequently observed in
octahedral complexes of the general formula fac-[ReXL(CO)3](X = Cl, Br, I; L =
bidentate ligand).[156]

§

Crystal data: C13H16O7P2BrRe, MW = 612.32, colorless, monoclinic, P21/n, a = 6.7036(3) Å, b =
14.8591(7) Å, ß = 91.3441(10)°, Z = 4, temp. = 173°K, wR = 0.034, wR2 = 0.025, GOF = 0.89.
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Figure 2. Crystal structure of the complex 5. Protons are omitted for clarity. Re-Br(1) 2.6145(5)Å, P(1)C(2) 1.853(4)Å, Re-P(1) 2.4179(11)Å, P(1)-C(1) 1.845(4)Å, Re-P(2) 2.4264(11)Å, O(7)-C(13)
1.143(6)Å, Re-C(11) 1.943(5)Å, O(5)-C(11) 1.167(6)Å, Re-C(12) 1.927(5)Å, O(6)-C(12) 1.120(6)Å, ReC(13) 1.967(5)Å, Br(1)-Re-P(1) 83.56(3)°, P(1)-Re-C(13) 172.73(13)°, Br(1)-Re-P(2) 83.32(3)°, C(11)Re-C(12) 91.6(2)°, Br(1)-Re-C(11) 92.4(2)°, C(11)-Re-C(13) 92.1(2)°, Br(1)-Re-C(12) 175.1(2)°,
C(12)-Re-C(13) 92.3(2)°, Br(1)-Re-C(13) 90.42(14)°, C(1)-P(1)-C(2) 104.1(2)°, P(2)-Re-P(1) 80.93(4)°,
C(1)-P(1)-C(5)

107.8(2)°,

P(1)-Re-C(12)

93.47(14)°,

C(2)-P(1)-C(5)

101.7(2)°,

P(1)-Re-C(11)

92.21(14)°.

Reaction Profiles of HMPB and HMPE with [NEt4 ]2 [ReBr3(CO) 3] using 31P NMR
Spectroscopy. The time dependent, qualitative

31

P NMR experiments in aqueous

media have unveiled interesting differences in the reaction kinetics and product
distribution between the two bidentate phosphine ligands (1 and 2) when they were
reacted with 3.
Addition of 1 equivalent of HMPB to a solution of 3 in water/DMSO (5:1) revealed,
after 5 min, a strong signal of the free ligand at -29.5 ppm and a relatively weak
signal of the product 5 at +30.5 ppm (Figure 3). The third peak at +38.1 ppm could be
unambiguously assigned by mass spectroscopy to the cationic, mono solvated
intermediate fac-[Re(OH2)(CO)3HMPB]+ (4) (M++1 = 551.0). After 30 min, the signals
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of both complexes 4 and 5 grow of intensity. 90 min after addition of ligand 1, the
signal of the final product 5 dominated the spectrum. But only after 5 hours the free
ligand was completely consumed and the intermediate 4 converted into the final
product 5.

Figure 3. Time dependent

31

P NMR spectra and the proposed substitution mechanism of the reaction

between 3 and HMPB.

The reaction with HMPE revealed a significantly different picture. Five minutes
after the addition of HMPE to the solution of the metal precursor 3, there was hardly
any free ligand detectable (Fig. 4). However, only small traces of product 8 could be
found. The dominant peak originated from the cationic, intermediate fac[Re(OH2 )(CO)3 HMPE]+, (7, M++1 = 502.7). Additionally two doublets at +30.6 and 18.9 ppm were detected. These doublet signals are caused conceivably by the
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intermediate complex 6 (Fig. 4) consisting of a monodentate coordination of ligand 2.
It may be noted that the two P

III

centers in the intermediate complex 6 are

unsymmetrical as evidenced by the observation of phosphorus-phosphorus coupling
in its

31

P NMR spectrum (J = 36 Hz). The two doublets disappeared after

approximately 2.5 hours. At this time, the peak of the final product 8 was already
dominant. However it took again more than 5 hours until completion of the reaction.

Figure 4. Time dependent

31

P NMR spectra and the proposed substitution mechanism of the reaction

between 3 and HMPE.

The different skeletons of ligand 1 compared to ligand 2 and the steric hindrance
of the hydroxymethyl groups are presumably the reason for the contrasting reaction
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mechanism. In ligand 1, which contains a benzene bridge, the phosphine
functionalities adopt an eclipsed (or syn periplanar) conformation. It is reasonable to
imagine that this type of pre-disposition makes the monodentate coordination
unlikely. Furthermore, steric hindrance due to the hydroxymethyl groups may explain,
why considerable amounts of free ligand remain in the reaction solution for an
extended period of time. On the other hand, the flexible backbone of ligand 2 allows
an anti conformation of the two phosphine groups. Thus, a coordination of the ligand
to the metal center in two steps (first step: monodentate; second step: bidentate) can
be expected. Obviously, the possibility of an initially monodentate coordination
enhance the consumption of free ligand drastically.
Conclusion. The solution chemistry of the Re(I) complexes 5 and 8 described,
might provide important insights on the utility and design of such water-soluble
phosphine based organometallic complexes in general and on the development of
Re(I) or Tc(I) compounds for nuclear medical applications in particular. Due to the
good water-solubility and low tendency of hydroxymethyl phosphines to oxidize,
theses ligand systems display superior features for biomedical applications
compared to alkyl- or aryl-phosphines. In fact, as a direct application of the
fundamental chemistry reported herein, the in vivo studies of the corresponding
99m

Tc(I) carbonyl complexes of HMPB and HMPE (i.e. fac-[99mTc(OH2 )(CO)3L]+, L =

HMPB, HMPE) have been recently investigated in our laboratory. These studies,
clearly, demonstrated that the water-soluble ligands 1 and 2 exert strong hydrophilic
characteristics on the

99m

Tc(I) -carbonyl complexes. It is important to recognize, that

the complexes fac-[99mTc(OH2 )(CO)3L]+ (L = HMPB, HMPE) have shown excellent
pharmacokinetic properties.[35] In the context of different approaches currently
available for the generation of technetium and rhenium carbonyls [16];[58, 157] the results
reported in this paper will also provide practically useful strategies on the application
of hydroxymethyl phosphine ligands to generate in vivo stable

99m

Tc(I) and (188 Re)

carbonyl compounds for their ultimate use in the design and development of site
specific (and tumor binding) radiopharmaceuticals.
Material and methods. All chemicals and solvents were purchased from Fisher
Scientific or Aldrich Co. and used without further purification. HMPE and HMPB were
synthesized according to the literature procedure.[132,

158]

The metal precursor
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[NEt4 ]2[ReBr3 (CO)3], (3) was synthesized according to the previously reported
method.[12, 23] Nuclear magnetic resonance spectra were recorded on a Bruker ARX300 and a Varian Gemini 2000 spectrometer. The 1H and

13

C chemical shifts are

reported relative to residual solvent protons as a reference, while the

31P

shifts are

reported relative to an external reference of 85% H3PO4 (0 ppm). IR spectra were
recorded on a Galaxy Series FTIR 3000 using KBr pellets. Mass spectra were
recorded on a Fisons VG Trio 2000 Quadrupole instrument.

X-ray Crystal Structure Determination. The intensity data were collected on a
Simens SMART CCD system using the omega scan mode. Data were corrected for
decay and absorption using the program SADABS based on the method of
Blessing.[140] The structure was solved using the program SHELX S86
refined on the NRCVAX system.[142,

143, 159]

[117]

and

All hydrogen atoms were placed at the

idealized positions. Atomic coordinates and their equivalent isotropic displacement
coefficients are included in the supplementary material.
Preparation of [ReBr(CO)3HMPB] (5). The precursor 3 (115 mg, 0.15 mmol) was
dissolved in 5 ml of H2O. HMPB (38 mg, 0.15 mmol) was added and the reaction
stirred for three hours at room temperature. The solvent was removed under reduced
pressure. 5 ml of dichloromethane was added to the waxy residue to extract NEt4Br
formed during the substitution reaction. 20 ml of diethyl ether were added to the
residue to convert the wax into a white powder. The powder was filtered and dried in
vacuum. Yield: 75 mg (82 %). Colorless crystals of X-ray quality of the compound
were obtained by slow diffusion of diethyl ether into a saturate methanolic solution of
the product. Anal. (C 13H16O7 ReBr): calcd. C, 25.50; H, 2.63; found: C, 25.32; H, 2.54.
IR (cm-1, KBr): 3327 (s), 2915 (w), 2029 (vs), 1954 (vs), 1894 (vs), 1430 (m), 1128
(m), 1040 (m), 885 (w), 760 (m), 613 (w), 518 (m); 1 H (δ, DMSO-d6): 8.02 (m, 2 H,
aromatic), 7.61 (m, 2 H, aromatic), 4.65 (d, 2 H, J = 12.9 Hz), 4.11 (d, 2 H, J = 12.9
Hz), 4.23 (d, 2 H, J = 9.3 Hz), 4.13 (d, 2 H, J = 9.3 Hz);

13

C (δ, DMSO-d6): 193.1 (s,

CO), 191.8 (s, CO), 188.1 (s, CO), 134.8 (s, aromatic), 132.1 (s, aromatic), 60.2 (d,
CH2OH, J PC = 41 Hz), 56.3 (d, CH2OH, J PC = 40 Hz); 31P (δ, DMSO-d 6): 29.7 (s).

111
Preparation of [ReBr(CO) 3HMPE] (8). Complex 8 was prepared according to the
same procedure applied for compound 5. Yield: 85 %. No crystals suitable for X-ray
analysis could be obtained from compound 8. Anal. (C 9 H16O 7ReBr): calcd. C, 19.16;
H, 2.86; found: C, 19.27; H, 2.66. IR (cm-1, KBr): 3414 (s), 3256 (s), 2031 (vs), 1958
(vs), 1902 (vs), 1435 (m), 1358 (m), 1057 (m), 1030 (s), 610 (w), 511 (w); 1H (δ,
DMSO-d6): 4.42 (d, 2 H, J = 13.8 Hz), 4.27 (d, 2 H, J = 13.8 Hz) 4.26 (d, 2 H, J =
13.8 Hz) 4.18 (d, 2 H, J = 13.8 Hz), 2.01 (broad, 4 H);

13C

(δ, DMSO-d6): 193.3 (s,

CO), 192.6 (s, CO), 188.7 (s, CO),57.5 (d, CH2OH, JPC = 38 Hz), 54.6 (d, CH2OH,
JPC = 35 Hz) 17.7 (d, CH2, JPC = 39 Hz); 31P (δ, DMSO-d6 ): 35.3 (s).
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Chapter 9
Versatile Synthetic Approach to New Bifunctional Chelating Agents Tailor
Made for Labeling with the fac-[M(CO) 3]+ core (M = Tc, 99mTc, Re): Synthesis, in
vitro, and in vivo Behavior of the Model Complex [M(APPA)(CO) 3] (APPA = [(5amino-pentyl)-pyridin-2-yl-methyl-amino]-acetic acid).#

A. Stichelberger, R. Waibel, C. Dumas, P.A. Schubiger, R. Schibli
Introduction. Since the development of the new organometallic aqua complex
fac-[99mTc(H2O)3 (CO)3] +, new ligand systems are intensively investigated.[23, 105, 160-166]
The advantages of the Tc -tricarbonyl synthon are related to its ease of preparation,
efficient complex formation, and physico-chemical characteristics, such as small size
and inertness.[11,

164, 167]

Previous studies on the macroscopic and no carrier added

level suggested that ideal chelating systems, with respect to a potential
radiopharmaceutical application, should contain one or more amine (preferentially
aromatic N-heterocycles) functionalities in combination with a carboxylic acid
function.[160,

162, 164, 166]

We here provide a facile synthetic approach for tridentate

BFCA offering a primary amine or a carboxylic acid functionality for modification of
peptides and proteins for labeling with the fac-[M(CO)3 ]+ fragment (M=99g Tc,

99m

Tc,

Re). The syntheses and coordinative features of the BFCA with the organometallic
fac-[M(CO)3 ]+ fragment are discussed and the pharmacokinetic characteristics of the
corresponding Tc-99m complex in BALB/c mice are presented.
Results and discussion. Previous studies have shown that tridentate coordinated
99m

Tc(CO)3-complexes exhibit better clearance characteristics in vivo than mono or

bidentate complexes.[164] Therefore, there is a high demand for tridentate BFCA for
labeling with the M(CO)3 fragment. During the search of versatile routes to produce
tridentate chelating systems, we found, that pyridine carbaldehyde is an excellent
synthon to build potent and tailor-made chelators for the precursor 2. The formation
of Schiff bases and their easy in-situ reduction to secondary amines allows formation
#

Nucl. Med. and Biol., in press.
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and fine tuning of almost any required properties of the ligand system. This synthetic
strategy offers a simple method for generating ligand systems bearing variable
pendent functionalities (-NH2, -CO2 H, -NCS etc.) for coupling to biomolecules.
Furthermore, different characteristics (e.g. hydrophilicity and lipophilicity) can be
introduced by choice of appropriate spacer group and additional side chains. In the
present case, mono-Boc-protected 1,5 -diamino-pentane or glycine was chosen in
combination with pyridine carbaldehyde to produce, after reduction of the Schiff’
base, the bidentate intermediate 4 or 9, in approx. 90 % yield. The secondary amine
was calculated with broom methyl acetate to obtain the intermediates 5 and 10.
Deportation of the acid or the amine functionalities applied via standard procedures
afforded the ligand system 6 and 11 (Scheme 1). The over-all yield of both the ligand
syntheses was approx. 60 %.
Scheme 1.
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For future functionalization of biomolecules the stepwise assembly and
introduction of the different functional groups is a decisive advantage of the
presented synthetic strategy. It allows e.g. in case of the intermediates 10 the
selective activation of a single carboxylic acid group for coupling to an amine group
of the biomolecule. On the other hand, after selective elimination of the Boc-group (in
e.g. 5) the coupling to a carboxylic acid of a biomolecule can be performed in-situ
without intra-molecular cross-reaction of the ligand. Saponification of the (methyl-)
ester group will finally form the tridentate N,N,O-chelate system accessible for
radiolabeling. As current experiments in our group have shown, the same synthetic
route can be applied to almost any mono Boc-protected daimio or amino-carboxylic
acid building block.
When reacted with the precursors 2, the ligand 6 (and 11 as previously published
in reference

[38]

) formed almost quantitatively a well-defined species with a metal-to-

ligand ratio of 1:1 as evident by 1 H- NMR spectroscopy, mass spectrometry and
HPLC (Scheme 2). The signals of the two ethylene groups of the free ligand appear
as two single peaks in the proton NMR (4.71 and 3.88 ppm). However, both singlet
split into two doublets after coordination to the fac-[M(CO)3] moiety, forming the
pattern of two AB-spin systems at 4.72 ppm and 4.63 ppm (J = 15 Hz), respectively
3.99 ppm and 3.63 ppm (J = 17 Hz) for 7a and for complex 7b at 4.86 ppm and 4.67
ppm (J = 15 Hz) respectively 4.01 ppm and 3.62 ppm (J = 17 Hz). This feature is in
accordance with the proposed tridentate coordination via the tertiary amine, the
acidic function and the pyridine nitrogen. Similar structural features have been
reported for the complex [Tc(CO)3(PADA)].[38] Additionally, the protons of the pyridine
ring are shifted by + 0.1 ppm to +0.05 ppm because of deshielding effect of the metal
center. Compared to the 13C-NMR of the free ligand, those of the complexes 7a and
7b show the appearance of three new signals (197.2 ppm, 197.0 ppm, and 196.2
ppm 7b) which correspond to the CO-ligands. Simultaneously a significant shift of
+10 ppm of the carbon atom of the acid function was observed. IR spectra of the
complexes 7a and 7b confirm the presence of the carbonyls of the M(CO)3 fragment
at significantly higher wave number (2036, 1924 cm-1 7a, 2023, 1888 cm-1 7b)
compared to the corresponding metal precursor 1 (2028, 1902 cm-1 for the Tcprecursor 1a and 2000, 1868 cm-1 for the Re-precursor 1b) due to the neutral over-all
charge of the complexes 7a/b.
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Radiolabeling of the ligand system 6 was performed with the precursor fac[99mTc(H2O)3(CO)3 ]+ 2c at 70°C in PBS buffer for 30 min. HPLC analysis showed
formation of one product (Figure 1). Due to the similar retention times of the
complexes 7c compared to complex 7a (and 7b) an identical structure can be
assumed for the complexes on the carrier added and no carrier added level (Fig. 1).
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Figure 1. HPLC traces and retention times of the tricarbonyl complexes 7a, 7b (UV, 254 nm) and 7c
(γ-trace).
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Complex formation was > 90 % on the n.c.a. level at a concentration of was 50±4
µM for ligand 6 (Fig. 2), thus significantly higher comparable to the PADA ligand
system.[164]

% formation of 7c

100

75

50

25

0
-7

-6

-5

-4

-3

log [conc. 6 ]
Figure 2. Yield of complex 7c depending on the concentration of ligand 6.

Complex 7c was challenged in 10 mM cysteine and 10 mM histidine respectively,
in PBS buffer (pH 7.4) for 24 h at 37°C to determine the stability against ligand
exchange and/or decomposition. Displacement of the ligand and formation of the
corresponding

99m

Tc-tricarbonyl-amino acid complex was with excess of cysteine 5.9

± 0.6 % and in case of histidine 10.2 ± 1.7 %. Considering the fact, that histidine is
one of the most potent ligand systems for the M(CO)3 fragment, the displacement of
the new ligand system 6 was very moderate.
Investigations in human serum revealed that 21.2 ± 2.3 % of the activity co-elute
with serum proteins, when being incubated for 24 h (Fig. 3). This is relatively high,
since generally tridentate complexes revealed only low serum binding. Lipophilic
interaction or aggregation of 7c with the serum proteins due to the long alkyl chain
and the pyridine ring might be the reason for this observation. To a lower extent
transchelating effects, as observed with excess of histidine or cysteine, may
contribute to the increased serum activity.
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Figure 3. Serum binding of the

99m

Tc complex 7c.

For a general in vivo evaluation of the new fac-[99mTc(CO)3 ]complex of 6, the time
point of the in vivo experiment was set to 24 h post injection (Table 1). The data
showed, that the complex 7c showed slightly different characteristics than the
99m

Tc(I)-PADA complex previously reported in the literature.[164] Kidney retention of

complex 7c was found to be 2.81 ± 0.12% ID/g and therefore, higher than that of the
Tc-PADA complex (0.57 ± 0.74 % ID/g). On reason could be that the pendent free

99m

primary amino group of 7c can be regarded as mimicking the ε-amino group of lysine.
Since the pK-value of this amino group is approximately 10.5, a similar value is
assumed for the free amino group of complex 7. At physiological conditions this
amino group is protonated and thus positively charged. Re -absorption by the
negatively charged membrane of the proximal tubule cells enhance renal
accumulation by the attractive effect exhibited by the two opposing charges.[168] This
may account for the higher activity found in kidneys. Although the complex 7c has a
neutral over-all charge the retention in the liver is only insignificantly higher than in
case of the

99m

Tc-PADA complex with an additional free carboxylic acid group (1.91 ±

1.63 % ID/g). The uptake in other organs and tissues is low and vary from 0.1 ± 0.01
% ID/g found in bones to only 1.03 ± 0.67 % ID/g found in stomach.
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Table 1. Biodistribution (% ID/organ)a of

99m

Tc-complex 7c in Balb C mice 24 h post

intravenous administration.
99m

Organ

Tc-complex 7c

99m

Tc-PADA-complexb

Blood c

0.29 ± 0.03

0.05 ± 0.06

Heart

0.25 ± 0.01

0.07 ± 0.10

Lung

0.34 ± 0.01

0.29 ± 0.44

Spleen

0.23 ± 0.03

0.22 ± 0.33

Kidneys

2.81 ± 0.12

0.57 ± 0.74

Stomach

1.03 ± 0.67

0.35 ± 0.43

Intestine

0.74 ± 0.21

0.10 ± 0.09

Liver

2.41 ± 0.14

1.19 ± 1.63

Muscle

0.11 ± 0.01

0.14 ± 0.02

Bones

0.10 ± 0.01

0.11 ± 0.04

a

Values represent the mean ± SD (n=3) of the percent injected dose/organ. Body weight of the mice

ranged from 24 -26 g.

b

Reference.

[164] c

Total blood volume is estimated to be 6.5 % of the body

weight.

Conclusion. A facile and versatile synthetic route was presented to produce
tridentate chelating systems for the organometallic M(CO)3 fragment. The strategy
provides a method for the stepwise and selective assembly of functional groups,
which offers the possibility to readily couple to the BFCA to biomolecules and adapt
the properties of the ligand to corresponding characteristics of the biomolecule. The
ligands we presented here, formed well defined complexes with the M(CO)3
fragment. At the n.c.a. level complex formation with the fac-[99mTc(H2 O)3(CO)3] is
quantitative and fast in low micromolar range of the ligands. Important for potential
use in radiopharmacy is the fact, that generally the corresponding Tc -99m complexes
showed good clearance characteristics from all organs and tissues, which are only
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slightly dependent on additional functional groups (-CO2H or -NH2) or the over-all
charge of the complexes.
Materials and methods. All chemicals were purchased from Aldrich Chemical
Co., Sigma or Fluka, Buchs, Switzerland. The chemicals and solvents were of
reagent

grade

and

used

without

further

purification.

The

precursors

(NEt4)2 [99TcCl3 (CO)3] (1a), (NEt4)2 [ReBr3 (CO)3] (1b), and [99mTc(H2O)3 (CO)3] + (2c)
were synthesized according to previously published procedures.[12,

38]

Mono Boc-

protected 1,5-diaminopentane (3) and [(Pyridin-2-ylmethyl)-amino]-acetic acid (9)
were synthesized according to the literature.[65, 169] For in vitro and in vivo data of the
99m

Tc-PADA complex we refer to the literature.[38, 164] Na[99mTcO4] was eluted from a

99

Mo/99mTc generator (Mallinckrodt, Petten, The Netherlands) using 0.9% saline.

HPLC analysis were performed on a Merck-Hitachi L-7000-system equipped with an
L-7400 tunable absorption detector, and a Berthold LB 506 B radiometric detector.
HPLC solvents and gradient systems were used according to a published
procedure.[164] Nuclear magnetic resonance spectra were recorded on a 300 MHz
Varian Gemini 2000 spectrometer. The

1

H and

13

C chemical shifts are reported

relative to residual solvent protons as a reference. For Tc-99 NMR the signal of TcO4was set to 0 ppm. IR spectra were recorded on a Perkin-Elmer FT-IR 16PC using
KBr pellets or NaCl plates.
Synthesis of compound 4 and 9: Compound 3 or 8 (0.5 mmol) were dissolved in 5
ml of dry methanol and 150 mg (1.4 mmol) pyridine carbaldehyde were added at 0°C.
The reaction was kept for 20 min at 0°C under stirring. The resulting Schiff base was
in situ reduced with 42.8 mg (1.5 mmol) of NaBH4 added in four portions and the
reaction was continuously stirred for additional 2h at 0°C. The solvent was removed
in vacuo at RT. The crude reaction mixture was applied on a silica gel column and
washed with ethyl acetate. The product was eluted with methanol. The slightly yellow
oil was dried in vacuum. Yield: 89 % (4), 95 % (9). Analytical data for 4: Calculated
for C16H27N3O2·0.1 H2O: C, 65.10; H, 9.29; N, 14.23. Found: C, 65.31; H, 9.56; N,
14.42. 1H-NMR (CDCl3): d 8.55 (m, 1H), 7.68 (m, 1H), 7.29 (m, 1H), 7.19 (m, 1H),
3.96 (s, 2H), 3.09 (m, 2H), 2.73 (m, 2H), 1.59-1.27 (m, 15H).

13

C-NMR (CDCl3): d

162.6, 158.1, 150.3, 146.8, 128.7, 123.2, 72.4, 54.8, 43.0, 40.6, 32.4, 24.3, 24.5,
20.3. IR (NaCl plates, cm-1): 1662(vs), 1640(vs), 1423(s), 1258(m), 996(w), 613(m).
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Analytical data for 9: Calculated for C8H10N2O2 ·0.2 H2O: C, 56.59; H, 6.17; N, 16.50.
Found: C, 56.31; H, 5.86; N, 16.72. 1H-NMR (DMSO-d6): d 8.67 (m, 1H), 7.92 (m,
1H), 7.57 (m, 1H), 7.44 (m, 1H), 4.23 (s, 2H), 3.37 (s, 2H).

13

C-NMR (DMSO-d6): d

176.1, 155.1, 144.2, 130.4, 128.1, 120.7, 50.5, 50.2. IR (NaCl plates, cm-1): 1676(vs),
1632(vs), 1455(s), 1228(m), 1054(w), 643(m).
Synthesis of compound 5 and 10: Compound 4 or 9 (0.35 mmol) were dissolved in
25 ml THF. 52 µl of NEt3 (0.37 mmol) were added. 34.5 µl of Bromomethylacetate
(0.375 mmol) were added drop wise and the reaction was heated for 8 hr. After
cooling to RT the reaction solution was filtered to remove solid [NHEt3]Br and the
organic solvent was removed. The crude product was purified by chromatography on
silica gel with CH2Cl2 /MeOH, 24:1, (5) or CH2Cl2/MeOH, 5:1, (10) respectively. The
pure products gave a yellow oils after drying at high vaccum. Yield: 52 % (5), 77 %
(10). Analytical data for 5: Calculated for C19H31N3 O4·0.2 H2O: C, 61.83; H, 8.58; N,
11.39. Found: C 62.04; H 7.38; N 11.66. 1 H-NMR (CDCl3): d 8.54 (m, 1H), 7.69 (m,
1H), 7.58 (d, 1H), 7.21 (m, 1H), 4.00 (s, 2H), 3,69 (s, 3H), 3.45 (s, 2H), 3.07 (m, 2H),
2.72(m, 2H), 1.53-1.31 (m, 15H).

13

C-NMR (CDCl3): d 176.3, 159.6, 156.1, 149.4,

146.8, 128.3, 126.2, 71.1, 60.2, 58.2, 54.8, 44.6, 40.6, 32.4, 24.3, 24.5. IR (NaCl
plates, cm-1): 1686(vs), 1622(vs), 1453(vs), 1238(m), 999 (m), 756(m). Analytical
data for 10: Calculated for C11H14N2 O4·0.05 N(Et)3: C, 55.78; H, 6.11; N, 11.80.
Found: C 55.51; H 7.38; N 11.96. 1 H-NMR (DMSO-d6): d 8.56 (m, 1H), 7.83 (m, 1H),
7.61 (m, 1H), 7.31 (m, 1H), 4.11 (s, 2H), 3.77 (s, 2H), 3.49 (s, 3H), 3.30 (s, 2H).

13

C-

NMR (DMSO-d6): d 178.2, 168.3, 151.4, 148.7, 134.6, 128.1, 122.4, 57.2, 49.5, 44.3.
IR (NaCl plates, cm-1): 1660(vs), 1647(vs), 1432 (m), 1021(w), 904(m), 821(m),
720(w), 643(m).
Synthesis of ligand 6: Compound 5 (97 mg, 0.26 mmol) was treated with 2 ml 1 M
HCl under refluxing conditions for 2 h to remove the Boc-protection group.
Saponification of the methyl ester was done in 4ml 1 M NaOH under refluxing
conditions for 2 h respectively. The reactions were neutralized and the solvent was
removed in vacuo. The product was extracted with dry methanol and remained as
slightly brownish powders. Yield: 50 mg (76 %). Analytical data: C13H21 N3O2 : C,
62.13; H, 8.42; N, 16.72. Found: C 62.31; H 7.38; N 17.16. 1H-NMR (MeOH-d4): d
8.79 (d, 1H), 8.05 (m, 1H), 7.71 (d, 1H), 7.59 (t, 1H), 4.71 (s, 2H), 3.88 (s, 2H), 3.41
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(t, 2H), 3.09 (t, 2H), 1.97 (m, 2H), 1.86 (m, 2H), 1.62 (m, 2H).

13

C-NMR (MeOH-d4): d

169.4, 151.1, 149.4, 137.9, 124.2, 124.1, 58.0, 56.5, 55.0, 39.0, 26.6, 23.8, 23.1. IR
(KBr, cm-1): 1640(vs), 1560(vs), 1413(vs), 1338(m), 1021(w), 807(m), 643(m).
Synthesis of ligand 11: Compound 10 (85 mg, 0.35 mmol) was treated with 2 ml 1
M NaOH under refluxing conditions for 2 h respectively. The reactions were
neutralized and the solvent was removed in vacuo. The product was extracted with
dry methanol. After drying the organic layer the product gave a slightly brownish
powder. Yield: 71 mg (89 %). Analytical data: Calculated for C10H12N2 O4: C, 53.57; H,
5.39; N, 12.49; Found: C 53.21; H 6.18; N 12.59. 1H-NMR (DMSO-d6): d 8.58 (m,
1H), 7.89 (m, 1H), 7.63 (m, 1H), 7.37 (m, 1H), 4.07 (s, 2H), 3.57 (s, 2H), 3.44 (s, 2H).
13

C-NMR (DMSO-d6): d 173.1, 168.9, 154.8, 148.9, 137.0, 122.9, 122.6, 51.4, 49,5.

IR (KBr, cm-1): 1632(vs), 1406(s), 1328(m), 1062(w), 864(m), 594(w).
Synthesis of complexes fac-[M(6)(CO)3] (M=99Tc 7a, Re 7b): The complexes of
7a/b were synthesized in one step according to the following protocol (Scheme 2). To
a 33 mM aqueous solution of 1a and 1b respectively, 1.1 equivalents of the ligand 6
were added, and the reaction was stirred for 3 h at 70°C. Complex formation was
monitored by means of HPLC. The reaction solution was applied directly on a
SepPak®-C18 cartridge, preconditioned according to the manufacturer’s protocol.
Unreacted educts and by-products were eluted with H2 O. The final product was
eluted with MeOH/H2O (1:1). After removal of the solvent the complexes gave dark
yellow powders. Analytical Data for 7a: 1H-NMR (MeOH-d4): d 8.90 (d, 1H), 8.19 (m,
1H), 7.82 (d, 1H), 7.69 (m, 1H), 4.72 (d, 1H), 4.63 (d, 1H), 3.99 (d, 1H), 3.66(m, 2H),
3.63(d, 1H), 3.14(m, 2H), 2.05 (m, 2H), 1.93 (m, 2H), 1.63 (m, 2H).

13

C-NMR (MeOH-

d4): d 197.2, 197.0, 196.2, 180.2, 158.8, 152.2, 140.1, 125.2, 123.7, 68.5, 67.2, 61.1,
39.2, 27.0, 24.2, 23.6.

99

Tc-NMR (MeOH-d4): d -936 (s, ? ?½ = 675 Hz). IR (KBr, cm-

1): 3440 (s), 2944 (m), 2036 (vs), 1924(vs), 1615(s), 1380(m), 1091(w), 904(w),
769(w), 627(w), 532(w). Analytical Data for 7b: Calculated for C16H22 N3O5Re: C,
36.92; H, 3.87; N, 8.07; Found: C, 37.12; H, 4.71; N, 7.97. 1H-NMR (MeOH-d4): d
8.92 (d, 1H), 8.21 (m, 1H), 7.85 (d, 1H), 7.66 (t, 1H), 4.86 (d, 1H), 4.67 (d, 1H), 4.01
(d, 1H), 3.71 (m, 2H), 3.62 (d, 1H), 3.10 (t, 2H), 2.04 (m, 2H), 1.89 (m, 2H), 1.61 (m,
2H).

13

C-NMR (MeOH-d4): d 197.2, 197.0, 196.2, 182.1, 159.8, 152.7, 152.3, 140.9,

140.1, 69.7, 68.4, 60.8, 39.5, 27.3, 24.7, 23.6. IR (KBr, cm-1): 3443(w), 2920(w),
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2851(w), 2362(w), 2023(s), 1886(vs), 1640(m), 1380(w), 1085(w), 769(w), 537(w).
MS (ESI): m/z (%) 520.1 (60), 522.1 (100) [C 16H20N3 O5Re] [M+H].
Radiolabeling of 6 and 11 with fac-[99mTc(H 2O)3(CO)3 ]+: The

99m

Tc-complex 7c was

prepared according to the following procedure (Scheme 2). To 45 µL of 2, 5 µL
aliquots of a 10-3 M - 10-8 M solution of the ligand 6 in PBS buffer (0.1 M NaCl / 0.05
M sodium phosphate buffered, pH 7.4) were added in micro tubes under nitrogen and
heated at 70°C for 30 min. After cooling on ice, complex formation was monitored by
HPLC.

Cysteine and Histidine challenge of the

99m

Tc-complex 7c: Aliquots of 100 µl of the

99m

Tc-complex 7c (final concentration of ligand 6 10-5 M) were added to 900 µl of a

10-2 M histidine and 10-2 M cysteine solution in PBS, pH 7.4, respectively. The
samples were incubated for 24 h at 37°C and analyzed by HPLC.
Serum binding of complex 7c: The solution of the

99m

Tc-complex 7c was adjusted

with physiological saline to a concentration of 40 MBq/mL. Aliquots of 5 µL were
added to 45 µL of human plasma, and analyzed after 1 h, 4 h, and 24 h after
incubation at 37°C on a Superdex 75 size-exclusion FPLC column using 1x PBS
containing 0.1% Tween20 and 1 M NaCl as the mobile phase.

In vivo studies with complex 7c: For the studies of the biodistribution of the

99m

Tc-

complex 7c, adult female BALB/c mice (average weight 25 g) were used. The
complex solution was adjusted to physiological pH with PBS buffer. Aliquots of 100
µL of the complex solution (0.4 MBq) were injected via the tail vein. Tissues and
organs were excised 24 h p.i. from the sacrificed animals. Tissues and organs were
weighted, the activity counted in a Packard NaI -counter and the percent injected
dose per gram (%ID/g) were calculated.
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Chapter 10
Influence of the Denticity of Ligand Systems on the In Vitro and In vivo
Behavior of 99mTc(I)-Tricarbonyl Complexes: A Hint for the Future
Functionalization of Biomolecules.#

R. Schibli, R. La Bella, R. Alberto, E. Garcia-Garayoa, K. Ortner, U. Abram, P.A.
Schubiger
Introduction. Beside the established techniques and strategies for the
functionalization and radiolabeling of target specific biomolecules with

99m

186/188

[170-172]

Re, using tetradentate N, S containing bifunctional chelating agents

the HYNIC system
coworkers

[16, 175]

Tc or
or

[173, 174]

, the “organometallic approach” pioneered by Jaouen and

is still in its infancy. Never the less, organometallic technetium and

rhenium complexes in low oxidation states have gained considerable attention in the
development of novel, target specific radiopharmaceuticals in the recent years.[34, 36,
176]

The reasons are primarily the outstanding features of the corresponding

compounds in terms of reduced size and kinetic inertness of the complexes. In
particular, Tc(I)- and Re(I)-tricarbonyl complexes seem to be ideal candidates for the
labeling of receptor avid biomolecules. The Tc/Re-tricarbonyl core allows the labeling
of even smallest biomolecules with high specific activities under retention of the
biological activity and specificity.[34] However, especially the early approaches to
produce

99m

Tc/188Re-tricarbonyl complexes suffer from the feasibility to be performed

in a routine clinical environment due to high pressure and multi-step syntheses.[57, 176]
This drawback can now be circumvent by a conve nient and fully aqueous based kit
preparation of the organometallic precursor fac-[M(OH2)3 (CO)3] + , M =

99m

Tc,

186/188

Re, developed in our laboratories.[38] This precursor is not only readily water-

soluble but reveals good stability in aqueous solutions over a broad pH range (pH =
2-12) for several hours. The three water molecules coordinated to the highly inert fac[M(CO)3 ]-core are readily substituted by a variety of functional groups such as
amines, thioethers, thiols and phosphines. This could be representatively shown by

#

Bioconjugate Chem., 11, 345-351, 2000.
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numerous substitution reactions with mono -, bi- and tridentate ligand systems on the
macroscopic level.[23,

24, 86, 177]

However, organometallic complexes have an almost

unknown in vitro and in vivo behavior. Therefore, a fundamental study of the in vitro
and in vivo characteristics of fac-M(CO)3 complexes is essential for the systematic
development of appropriate derivatization and functionalization strategies of
biomolecules.
Previous in vitro studies on the macroscopic and n.c.a. level suggested that ideal
chelating systems for the precursor fac-[99mTc(OH2)3 (CO)3] + (1) in respect of a
potential radiopharmaceutical application, should contain one or more amine
(preferentially aromatic N-heterocycles) functionalities in combination with a
carboxylic acid function.[34, 38] Ligands with a corresponding motif are not only easy to
synthesize but are actually occurring in many biological systems (e.g. histidine in
proteins and peptides). This will be one of the decisive advantages of the labeling
technique using the 99mTc-carbonyl approach.
To evaluate potential chelating systems for the formation of in vitro and in vivo
stable fac-99mTc(CO)3 complexes we choose several bi- and tridentate model ligands
containing amines and carboxylic acid functionalities (Figure 1).

NH2

HN
N

COOH

L1 = histidine

N

H
N

COOH

L3 = 2-picolylamine
-N-acetic acid

COOH

NH2

HN

COOH

HOOC
N

N
L5 = histamine

COOH

L7 = 2,4-dipicolinic acid

COOH

HN
COOH
L2 = iminodiacetic acid

N

N

COOH

L4 = 2-picolylamine
-N,N-diacetic acid

N
L6 = 2-picolinic acid

Figure 1. Structures of tridentate and bidentate ligand systems used for the present studies.

The selection of the chelating systems were governed by the criteria for use in
radiopharmacy: a: Potential to be readily bifunctionalized, b: Efficient complex
formation (low ligand concentration, formation of single species), c: Fast complex
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formation (reaction time max. 30 minutes) under mild reaction conditions for the
complex formation.
Since pharmacokinetics and biodistribution of

99m

Tc(I)-tricarbonyl complexes have

not yet been systematically investigated, no information about the correlation
between in vivo behavior of corresponding complexes and their size, denticity,
lipophilicity/hydrophilicity is available. The ligand systems, which satisfy the above
mentioned basic pre-requisites a)-c) were tested in vitro and in vivo in order to get a
general insight in the i) in vivo stability of corresponding organometallic complexes ii)
biodistribution, route and rate of clearance of these compounds.

Results and discussion. All ligand systems formed well-defined complexes with
a metal to ligand ratio of 1:1 (Scheme 1). The corresponding
on the macroscopic level were analyzed by 1H-,

99

Tc(I)/Re(I) complexes

13

C-NMR and IR spectroscopic

techniques (see experimental section). All compounds, except complex 2, exist in
two enantiomeric forms.
Scheme 1.
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The X-ray structures of the complexes fac-[Re(L1 )(CO)3 ]§, fac-[Re(L6)(CO)3]#
(Figure 2 and 3), and fac-[Tc(L4 )(CO)3 ]

[38]

could be elucidated, confirming the

proposed composition.

Figure 2. Crystal structure of the neutral complex fac-[Re(L1)(CO)3]. Re-O(21) 2.147(4)Å, Re-N(18)
2.188(5)Å, Re-N(11) 2.192(4)Å, Re-C(1) 1.900(6)Å, Re-C(2) 1.9103(6)Å, Re-C(3) 1.909(6)Å; O(21)Re-N(18) 75.1(2)°, N(18)-Re-N(11) 81.2(2)°, O(21)-Re-N(11) 82.1(2)°, C(1)-Re-C(2) 88.9(3)°, C(1)-ReC(3) 85.3(3)°, C(3)-Re-C(2) 88.8(3)°.

§

Crystal data: C9H10N3 O6Re, MW = 442.40, orthorhombic, P212121, a = 9.106(1)Å, b = 10.266(3)Å, c =
3
3
12.953(3)Å, temp = 293 K, MoK a radiation (? = 0.71073Å, V = 1210.8(4)Å , Z = 4, Dc = 2.427 Mg/m ,
GOF = 1.076, R1 = 0.0270, wR2 = 0.0603.
#
Crystal data: C9H4 D4NO7 Re, MW = 432.39, monoclinic, C2/c, a = 24.244(4)Å, b = 11.3233(13)Å, c =
3
8.7338(8)Å, ß = 100.913(17)°, temp = 208°K, MoK a radiation (? = 0.701073Å), V = 2354.3(5)Å , Z = 8,
3
Dc = 2.440 Mg/m , reflections = 2159.
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6

Figure 3. Crystal structure of the neutral complex fac -[Re(OH2)(L )(CO)3]. Re-O(5) 2.136(4)Å, ReN(10) 2.187(5)Å, Re-O(4) 2.191(5)Å, Re-C(1) 1.899(7)Å, Re-C(2) 1.914(6)Å, Re-C(3) 1.904(7)Å; O(5)Re-N(10) 74.32(16)°, O(4)-Re-N(10) 81.10(16)°, O(5)-Re-O(4) 81.92(16)°, C(1)-Re-C(2) 85.4(4)°, C(1)Re-C(3) 89.0(3)°, C(3)-Re-C(2) 86.7(3)

In all three cases only one enantiomer crystallized. The complexes on the n.c.a.
level were characterized by comparing their radioactive traces on the HPLC with the
UV traces (monitored at 254 nm) of the analytically pure

99

Tc or Re analogues (Table

1). The HPLC profiles of all reactions on the n.c.a. level showed the formation of the
same product as characterized on the macroscopic level. The applied HPLC system
did not allow distinguishing between the possible enantiomers. The ligand
concentrations on the n.c.a. level, necessary to achieve a radiochemical purity of >95
% (30 min at 75°C) varied between 10-4 M and 10-6 M (Scheme 1).
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Table 1. HPLC Retention Times (RT) and Log Po/w Values of Complexes 1-7; (RT of
Corresponding 99Tc and Re Complexes Monitored at 254 nm).
complex

RT [min]

log P o/w

1

12.5 (12.7)

-0.04±0.01

2

12.9 (13.4)

-2.12±0.01

3

17.7 (18.0)

-0.01±0.00

4

18.1 (18.7)

-2.10±0.02

5

14.3 (13.8)

-0.74±0.06

6

18.6 (18.4)

0.32±0.07

7

17.9 (17.3)

-1.51±0.04

Cysteine and Histidine Challenge. All complexes were challenged in 1 mM
cysteine (complexes 1-7) and histidine (complexes 2-7) in PBS buffer (pH = 7.4) for
24 h at 37°C to determine their stability against ligand exchange and/or
decomposition. The samples were analyzed by means of HPLC at 1, 4 and 24 hours.
The results are summarized in table 2. Only insignificant re-oxidation (< 1%) of the
complexes to

99m

TcO4- was detected after 24 h at 37°C. Besides this, two trends

could be observed: i) With excess histidine the ligand of complexes 2-7 were more
efficiently displaced than in presence of excess cysteine. This is consistent with the
coordination efficiency of different amino acid towards fac-[99mTc(OH2)3(CO)3]+ .[36] ii)
Complexes 5-7 revealed significant higher exchange rates than complexes 1-4.
Substitution of the coordinated water molecule in the complexes 5-7 by the functional
groups of histidine and cysteine via a dissociative or dissociative interchange
mechanism and subsequent displacement of the ligands L5-L7 is probably the reason
for the lower (thermodynamic) stability of compounds 5-7. On the other hand,
complexes 1-4 have a stable, “closed”, octahedral coordination sphere, where
substitution reaction via a dissociative or an associative mechanism is unlikely.
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Table 2. Stability of Complexes 1-7 (%a) against Ligand Exchange in 1 mM Histidine
and Cysteine in PBS Buffer at 37°C.
complex

a

ex. histidine

ex. cysteine

1h

4h

24 h

1h

4h

24 h

1

-

-

-

98±1

97±1

95±2

2

95±1

85±6

80±5

96±1

90±2

85±2

3

94±2

92±2

87±5

95±3

93±4

90±5

4

98±2

97±3

93±3

98±2

98±1

96±3

5

85±5

80±7

58±4

90±4

82±2

70±4

6

80±2

68±4

50±7

83±2

80±2

65±6

7

75±6

62±7

52±2

78±4

70±2

60±3

Values represent the means ±SD (n = 3).

Comparison of the log P o/w Values. Despite the aromatic backbones of most of the
tested ligands, the neutral over-all charge of some complexes and the organometallic
nature of the compounds 1-7, they revealed only a low lipophilicity. The log Po/w
values range from -2.1 to 0.34 (Table 1). This is astonishing, since neutral

99m

Tc(V)

complexes and complexes with aromatic side chains or aromatic backbones are
usually characterized by high log P o/w .[178, 179]
Plasma Stability and Behavior. All complexes revealed no significant re-oxidation
to

99m

TcO4- when incubated in human plasma for 24 h at 37°C, as determined by

FPLC. However, while the complexes 1-4 displayed only weak aggregation with
human plasma (< 1 % of initial activity) in vitro at 37°C (Figure 4), the complexes 5-7
reacted completely with the plasma proteins after 1 hour (Figure 4).
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Figure 4. Coordination of complexes 1-7 to human plasma in vitro at 37°C as a function of time
determined by radiometric FPLC analyses on a size exclusion column (Pharmacia Superdex 200 ; 250
mm, 10 µm).

Furthermore, we found that the kinetic of binding is almost independent of the
nature of the coordinated ligand and the over all charge of the corresponding
complex. If the coordination would be unspecific via lipophilic or hydrophilic
interactions, an aggregation could be expected for most of the complexes, because
the ligands possess similar structural features. This is obviously not the case, since
only complexes 5-7 co-elude with the plasma. A complete transchelation of the
99m

Tc(CO)3-core to the plasma proteins after this short time is unlikely, since the

complexes 5-7 were stable between 75-85 % in presence of strong tridentate ligand
system like cysteine and histidine after 1 hour at 37°C in PBS (Table 2). The
characteristic behavior of the “fac-[99mTc(OH2)L’(CO)3 ]”-type complexes 5-7 (L’ =
bidentate ligands) is presumably due to exchange of the substitution labile water
molecule by functional groups of the proteins and thus, formation of a complexprotein conjugate and eventually a transchelation of the whole 99mTc(CO)3-core to the
plasma proteins.

Biodistribution of Complexes 1-7, 24 h p.i. For an initial in vivo evaluation of the
seven

99m

Tc-tricarbonyl complexes (Scheme 1), the time point of the in vivo

experiments was fixed at 24 h post injection (p.i.). The results of the biodistribution
(24 h p.i.) are summarized in table 2. The data show a clear trend: The complexes 1,
2 and 4 (tridentate coordinated ligands) revealed a good clearance from all organs
and tissues 24 h p.i. The amounts of activity generally retained in the liver range from
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0.16 ± 0.10 %ID/g to 1.57 ± 0.04 %ID/g and those in the kidneys from 0.22 ± 0.07
%ID/g to 1.20 ± 0.09 %ID/g, 24 h p.i. Only complex 3 revealed a considerable uptake
in the liver (9.61 ± 2.74 %ID/g, 24 h p.i.).
Contrary to these findings, a significant higher retention of activity in all organs and
tissues was observed for complexes 5-7 with the bidentate coordinated ligands
(Table 3).

Table 3. Biodistribution (% ID/g)a of

99m

Tc-tricarbonyl Complexes 1-7 in Balb-C Mice,

24 Hours after Intravenous Administration

Organ

1

2

3

4

5

6

7

Blood

0.02±0.01 0.12±0.01 0.15±0.04 0.05±0.06 3.03±0.87 0.62±0.15 1.36±0.05

Heart

0.01±0.01 0.14±0.03 0.27±0.05 0.07±0.10 2.03±0.32 0.69±0.38 0.52±0.04

Lung

0.92±0.20 0.20±0.02 0.66±0.06 0.29±0.44 2.21±0.54 1.56±0.24 1.14±0.02

Spleen

0.36±0.20 0.21±0.02 0.41±0.09 0.22±0.33 2.23±0.38 0.66±0.08 0.69±0.05

Kidneys

0.22±0.07 1.20±0.09 2.32±0.42 0.57±0.74 7.58±3.57 13.73±0.3 30.59±2.6

Stomach 0.19±0.10 0.50±0.10 0.45±0.13 0.35±0.43 4.20±5.04 0.83±0.07 0.98±0.47
Intestine

0.06±0.02 0.22±0.03 0.60±0.06 0.10±0.09 2.60±0.29 1.37±0.12 2.18±2.44

Liver

0.16±0.10 1.57±0.04 9.61±2.74 1.19±1.63 20.56±2.8 5.94±0.43 16.86±2.3

a

Values represent the means ±SD (n = 3) of the percent injected dose/gram

Particularly the kidneys and the liver were targeted. The three complexes revealed
retention in the liver ranging from 5.94 ± 0.43 % ID/g to 16.86 ± 2.31 % ID/g and in
the kidneys from 4.08 ± 0.62 % ID/g to 30.59 ± 2.61 % ID/g. Compared with the low
log Po/w values of the complexes, there is a weak coincidence between the
lipophilicity/hydrophilicity and the liver or kidney retention of the corresponding
complexes. E.g., compound 5 is less lipophilic than compound 1 but shows a much
higher liver rete ntion (Table 2). This physico-chemical parameter alone is obviously
not sufficient to explain the observed in vivo behavior. The radioactivity found in the
blood pool was also by a factor of 4-100 higher (0.62±0.15 % ID/g to 3.03±0.87 %
ID/g) than for the complexes 1-4, 24 h p.i.
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Detailed Biodistribution data of Complexes 1 and 5. More detailed studies about
the biodistribution and pharmacokinetics of

99m

Tc(CO)3 complexes with bidentate and

tridentate systems were performed with one representative complex (1 and 5) of
each group at 15 min, 30 min and 1 h p.i. in order to follow the time course of
disappearance from the blood, kidney and liver. The data of the biodistribution are
summarized in table 4 and 5. The tridentately coordinated complex 1 is efficiently
excreted from all organs and tissues through both, the urinary and the hepatobiliary
pathways. The activity found in the kidneys and liver 1 h p.i. was 2.04±1.15 % ID/g
and 2.02±1.57 % ID/g, respectively. The complex 1 also cleared rapidly from the
blood pool (1.22±0.80 % ID/g, 1 h p.i.).

Table 4. Biodistribution (% ID/g)a of Complex 1 in Balb-C Mice, as a Function of
Time after Intravenous Administration.
Organ

15 min

30 min

Blood

10.64±0.81

2.77±2.15

1.22±0.80

Heart

4.26±0.12

1.09±0.81

0.45±0.28

Lung

10.77±1.00

3.55±3.47

1.39±0.86

Spleen

3.48±0.78

1.04±0.76

0.72±0.47

Kidneys

20.60±6.99

4.50±3.47

2.04±1.15

Stomach

8.82±0.69

4.29±2.91

3.13±2.08

Intestines

9.76±1.09

2.33±1.72

1.23±0.95

Liver

15.03±1.95

3.50±2.66

2.02±1.57

Muscle

1.99±0.18

0.46±0.32

0.21±0.12

Bone

2.25±0.52

0.58±0.44

0.81±0.73

a

Values represent the means ±SD (n = 3) of the percent injected dose/gram

1h
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The clearance of the bidentate coordinated complex 5 from the blood pool is
slower and correlates with a generally higher retention of activity in all organs and
tissues by a factor 10-20 compared to complex 1 (Table 5). Complex 5 is significantly
accumulated and retained in the liver and slowly excreted into the intestines
(36.82±9.01 % ID/g and 24.84±2.97 % ID/g, respectively, 1 h p.i.).
Table 5. Biodistribution (% ID/g)a of Complex 5 in Balb-C Mice, as a Function of
Time after Intravenous Administration.
Organ

15 min

30 min

1h

Blood

7.40±1.34

6.60±2.46

4.97±0.67

Heart

8.14±1.89

6.22±1.56

5.75±0.68

Lung

10.74±2.48

8.48±1.83

7.43±0.51

Spleen

4.69±0.90

4.30±0.89

3.79±0.22

Kidneys

48.78±16.97

31.10±2.89

22.57±2.55

Stomach

9.14±0.61

10.77±2.68

9.80±0.95

Intestines

27.16±1.46

26.66±3.47

24.84±2.97

Liver

29.43±1.34

38.01±5.10

36.82±9.01

Muscle

2.58±0.67

1.89±0.29

2.04±0.32

Bone

2.49±0.59

1.98±0.51

1.96±0.14

a

Values represent the means ±SD (n = 3) of the percent injected dose/gram

Parallel to the biodistribution studies, the urine and the blood of the mice were
analyzed by radiometric HPLC and FPLC for both complexes to verify the in vivo
stability of the compounds. The radioactive HPLC traces of the re-injection of the
urine sample (30 min p.i.) on the reversed phase column proved the identity with
compounds 1 and 5 respectively (Figure 5).
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Figure 5. Radioactive HP LC traces of mouse urine samples (30 min p.i.). The mice were injected with
complex 1, a: and complex 5, b:. The corresponding reference HPLC trace displayed the identity and
stability complex in vivo. Experiments were performed using a reversed phase column (MacheryNagel C-18; 10 µm, 150x4.1 mm).

No traces of pertechnetate could be found, proving the high in vivo stability of the
99m

Tc-tricarbonyl core. FPLC analyses of murine plasma samples (30 min p.i.)

showed only minor binding of complex 1 to serum proteins (< 1 %). On the other
hand, the entire radioactivity in plasma samples of mice, injected with complex 5,
eluded simultaneously with plasma proteins (Figure 6). Binding to serum proteins
could, thus, explains the relatively high activity in the blood pool found for compound
5 even 24 h p.i (3.03±0.87 % ID/g). These results are consistent with those made in
vitro in human plasma.
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Figure 6. a: UV trace (240 nm) and radioactive trace of murine plasma sample, 30 min p.i. of
complexes 1 b: and 5 c: Experiments were performed using a size-exclusion column (Pharmacia
Superose 12; 300 mm, 10 µm ).
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Conclusion. The first systematic in vitro and in vivo experiments of

99m

Tc(CO)3

model complexes with various bi- and tridentate ligand systems are presented. All
tested ligand systems formed well-defined complexes with a metal-to-ligand ratio of
1:1, at low ligand concentrations and short reaction times. The complexes with
tridentate ligands revealed mostly a good and fast clearance from all organs and
tissues. On the other hand, the complexes with bidentate-coordinated ligands were
characterized by a high retention of activity in the liver and the kidneys. A slightly
lower thermodynamic stability of bidentate coordinated complexes and the potential
substitution of the water molecule in these compounds by functional groups of
proteins might be the reason for the high retention of these compounds in vivo.
Further experiments and studies have to be carried out to fully understand this
discrepancy in the in vivo distribution. The results so fare suggest, that for the
radiolabeling with fac-[99mTc(OH2)3 (CO)3] + or fac-[186/188Re(OH2 )3(CO)3 ]+, tridentate
chelating systems are preferable for the functionalization of biomolecules, since they
form organometallic compounds with more favorable pharmacokinetics.
Materials and methods. All chemicals were purchased from Aldrich Chemical Co.
or Fluka, Buchs, Switzerland. The chemicals and solvents were of reagent grade and
used

without

further

purification.

The

precursors

(NEt4)2 [99TcCl3 (CO)3]

and

(NEt4)2 [ReBr3(CO)3] are synthesized according to the previously published
procedure.[23] Na[99mTcO4] was eluted from a

99

Mo/99mTc generator (Mallinckrodt,

Petten, The Netherlands) using 0.9% saline. Female, adult Balb-C mice were
purchased from RCC Ltd., Fuellinsdorf, Switzerland. HPLC analyses were performed
on a Merck-Hitachi L-7000-system equipped with an L-7400 tunable absorption
detector, a Berthold LB 506 B radiometric detector. HPLC solvents consisted of
aqueous 0.05 M TEAP (triethylammonium phosphate) buffer, pH = 2.25 (solvent A)
and methanol (solvent B). For the radiochemical analyses a Macherey-Nagel C-18
reversed phase column (10 µm, 150 x 4.1 mm) was used. The HPLC system started
with 100 % of A from 0-3 min. The eluent switched at 3 min to 75 % A and 25 % B
and at 9 min to 66% A and 34% B followed by a linear gradient 66% A/34% B to 100
% B from 9-20 min. The gradient remained at 100 % B for 2 min before switching
back to 100 % A. The flow rate was 1 ml/min. For the plasma stability studies, a
Pharmacia Superdex 200 size exclusion column (250 mm, 10 µm) and a Pharmacia
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Superose 12 size exclusion column (300 mm, 10 µm) were used. The eluent used
was PBS buffer (0.1 M NaCl/0.05 M sodium phosphate buffered, pH = 7.4) with 0.1%
Tween 20. The thin layer chromatography (TLC) system was performed using glassbacked silica gel (Merck 60F254) plates and a mobile phase of 99%/1% concentrated
HCl. The plates were scanned with a Burkard RAYTEST RITA -3200 radioanalyzer.
Nuclear magnetic resonance spectra were recorded on a 300 MHz Varian Gemini
2000 spectrometer. The 1H and

13C

chemical shifts are reported relative to residual

solvent protons as a reference. IR spectra were recorded on a Perkin-Elmer FT-IR
16PC using KBr pellets.
Preparation of fac-[99mTc(OH 2)3(CO)3] +. The organometallic precursor was
prepared according to the literature procedure.[38] Briefly: Na/K-tartrate (15 mg),
Na2CO3 (4 mg) and NaBH4 (5.5 mg) were placed in a 10 ml glass vial or a 10 ml
serum vial. The vial was sealed and flushed with CO for 20 min. The generator eluate
(3 ml, 5-8 GBq/ml) was added. The vial was incubated at 75°C for 30 min. Pressure
from the evolving H2 gas was balanced with a 20-ml syringe. After cooling on an ice
bath, 300 µl of a solution of 1 M phosphate buffer pH 7.4/ 1 N HCl (1:2) was added to
adjust the pH to approximately 7. Yield: >98% determined by means of HPLC and
TLC.
Preparation of the Complexes 1-7. The complexes 1-7 were prepared according to
the following general procedure: 900 µl of a solution of fac-[99mTc(OH2)3(CO)3]+ and
100 µl of a 10-3 M, 10-4 M and 10-5 M solution of the corresponding ligand in PBS
buffer (0.1 M NaCl/0.05 M sodium phosphate buffered, pH = 7.4) were placed in a
10-ml glass vial under nitrogen. The vial was sealed and the reaction heated to 75°C
for 30 min and cooled on an ice bath. The complex formation was checked by HPLC.

Preparation of the

99

Tc/Re Analogues of the Complexes 1-7. The complex fac-

[99Tc(L4 )(CO)3 ] was prepared according to the previously published procedure.[38]
Synthesis of the complex fac-[Re(OH2 )(L5)(CO)3]+ will be published elsewhere.[37] The
complexes fac-[Re(L1)(CO)3], fac-[Re(L3)(CO)3], fac-[Re(OH2)(L6)(CO)3] and fac[Re(OH2 )(L7)(CO)3] were synthesized according to the following protocol: To 5 ml of a
25 mM aqueous solution of (NEt4)2 [ReBr3 (CO)3],

two

equivalents

of

the

137
corresponding ligand were added and the reaction stirred for 3 h at 70°C. Then the
volume of the reaction solution was reduced to 1.5 ml under vacuum. After 12 h at
5°C the analytically pure products precipitated either as white (fac-[Re(L1)(CO)3] and
fac-[Re(L3)(CO)3])

or

bright

yellow

(fac-[Re(OH2 )(L6)(CO)3]

and

fac-

[Re(OH2 )(L7)(CO)3]) powders in yields between 68% to 87 %. Crystals of complex
fac-[Re(L1)(CO)3] suitable for X-ray analyses were grown from a hot, saturated
aqueous solution upon cooling to room temperature. Crystals of compound fac[Re(OH2 )(L6)(CO)3] were grown from D2O in a NMR tube upon cooling at 5°C for 2
days. Analytical data for complex fac-[Re(L1)(CO)3]. 1 H NMR (DMSO-d6): δ 8.26 (m, 1
H), 7,21(m, 1 H), 5.88 (broad s, 1 H), 5.19 (broad s, 2 H), 3.84 (dd, 1 H), 3.16 (t, 2 H).
C NMR (DMSO-d6): δ 199.3, 197.5 ,180.8, 140.1, 133.8, 115.6, 51.2, 27.3. IR (KBr,

13

cm-1): 3334(m), 3150(m), 3112(m), 2022(vs), 1894(vs), 1856)vs), 1642(m), 1618(s),
1492(w), 1380(m), 1318(w), 1220(w), 1160(w), 1086(w), 894(w), 776(w), 626(w),
534(w). Analytical data for complex fac-[Re(L3 )(CO)3 ]. 1 H NMR (DMSO-d6): δ 8.86
(m, 1 H), 8.22 (m, 1 H), 7.84 (m, 1 H), 7.65 (m, 1 H), 4.69 (dd, 1 H), 4.56 (dd, 1 H),
3.68 (dd, 1 H), 3.50 (dd, 1 H). ).

C NMR: δ 192.8, 192.7, 182.3, 168.2, 161.5, 156.2,

13

142.6, 126.1, 124.8, 65.1, 62.4. IR (KBr, cm-1): 3904(w), 3424(m), 2022(vs),
1912(vs), 1874(vs), 1614(s), 1442(m), 1380(m), 1298(w), 1092(w), 942(w), 770(w),
550(w). Analytical data for complex fac-[Re(OH2)(L6)(CO)3]. 1H NMR (MeOH-d4 ):
δ 9.07 (m, 1 H), 8.45 (m, 2 H), 8.00 (m, 1 H).

C NMR (MeOH-d4): δ 198.8, 197.8,

13

194.8, 191.9, 154.0, 141.5, 141.2, 130.5, 128.8. IR (KBr, cm-1): 3100(w), 2028(vs),
1912(vs), 1874(vs), 1684(s), 1602(m), 1360(m), 1170(w), 768(m), 692(w). Analytical
data for complex fac-[Re(OH2 )(L7) (CO)3]. 1 H NMR (MeOH-d4): δ : 9.03 (m, 1 H), 8.62
(m, 1 H), 8.27 (m, 1 H). IR (KBr, cm-1): 3210(m), 3064(w), 2038(vs), 1919(vs),
1734(s), 1672(s), 1612(m), 1560(m), 1438(w), 1240(m), 1172(m), 964(w), 770(w),
714(w), 632(w).

C NMR (MeOH-d4): δ 192.8, 192,5, 191.4, 185.8, 160.2, 148.4,

13

146.5, 1368, 123.0, 121.1.
Preparation of Complexes [NEt4][Re(L2)(CO)3 ]. To a methanolic solution (5 ml) of
disodium iminodiacetate (17 mg, 0.1 mmol), (NEt4)2[ReBr3(CO)3 ] (71 mg, 0.1 mmol)
were added and the reaction heated for 3 hours at 50°C. After removal of the solvent
the product was extracted into THF. The solvent was evaporated and white product
was dried in vacuo. Yield: 33 mg (67 %). 1H NMR (D 2O): δ 3.78 (d, 2H), 3.37 (d, 2H),
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3.14 (q, 8 H), 1.15 (tt, 12 H). 13C NMR (D 2O): δ 192.1, 179.8, 50.9, 47.4, 2.0. IR (KBr,
cm-1): 3340(w), 2770(w) 2028(vs), 1916(vs) 1610(s), 1488(m), 1442(m), 1380(m),
1094(w), 872(w), 773(w), 596(w).
Cysteine and Histidine Challenge. To 900 µl of a 10-3 M cysteine solution and 900
µl of a 10-3 M histidine solution in PBS (pH = 7.4), 100 µl aliquots of the

99m

Tc-

complex were added (final ligand concentration 10-5 M). The samples were incubated
at 37°C and analyzed by means of HPLC after 1 h, 4 h and 24 h.
Octanol-water Partition Coefficient. The log Po/w values of the complexes 1-7 were
determined applying the multiple back extraction method described by Troutner et
al.[180]
In vitro Plasma Stability. The solutions of the complexes 1-7 were adjusted with
physiological saline to a concentration of 37 MBq/ml. Aliquots of 25 µl of these
solutions were added to 475 µl human plasma and incubated at 37°C. In case of
complexes 1-4, aliquots were taken and analyzed after 1, 4 and 24 h. In case of
complexes 5-7, aliquots of 80 µl were taken and analyzed by size exclusion FPLC
(Superdex 200 column) after 5, 15, 30, 60 min and 24 h of incubation.

In vivo Plasma Stability of the Complexes 1 and 5. To evaluate the in vivo plasma
stability of the complexes 1 and 5, aliquots of 500 µl of the blood of sacrificed Balb-C
mice (30 min p.i.) was collected. The blood was centrifuged at 10’000 u/min for 4
min. The plasma was separated and analyzed by size exclusion FPLC (Superose 12
column).

Biodistribution of

99m

Tc-carbonyl complexes. Female, adult Balb-C mice (average

weight, 25 g) were used for the biodistribution studies. The complex solutions were
diluted and their pH adjusted to physiological conditions with PBS buffer. 100 µl
aliquots of the complex solution (3-4 MBq) were injected in each animal via the tail
vein. Tissues and organs were excised from the sacrificed animals at 24 hours (Table
5). Additional time points (at 15 min, 30 min, and 1 h p.i.) were analyzed for
complexes 1 and 5 (Table 3 and 4). The organs and tissue were weighed, the activity
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counted in a Packard NaI gamma counter and the percent injected dose per gram (%
ID/g) calculated.
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Chapter 11
In vitro and in vivo evaluation of bidentate, water-soluble phosphine ligands as
anchor groups for the organometallic fac-[99mTc(CO) 3 ]+-core.#

R. Schibli, K.V. Katti, C. Higginbotham, W.A. Volkert, and R. Alberto
Introduction. Traditionally, complexes of technetium used in radiopharmacy are
based on N,S-ligand systems. Technetium complexes with isocyanide ligands, e.g.,
[Tc(MIBI)6]+ (MIBI = 2-methoxy-2-methylpropylisocyanide) are the sole class of
organometallic complexes used in nuclear medicine today. [25,

181]

However, the

potential utility of organometallic carbonyl compounds of technetium and rhenium for
nuclear medicine applications was proposed in the literature.[16,

175]

Recently, two

major breakthroughs were reported for the synthesis of organometallic complexes
bearing a fac-[M(CO)3]-moiety [M = Tc(I), Re(I)] avoiding the conventional high
pressure route. Katzenellenbogen et al. applied a double ligand-transfer-reaction to
produce various types of derivatized cyclopentadienyl tricarbonyl technetium/rhenium
complexes in good yields for labeling steroids.[182] The compounds are neutral and
provide a highly lipophilic core. Alberto et al. used a different strategy to produce the
hydrophilic precursor fac-[M(OH2)3(CO)3]+ , 1, (M =

99m Tc, 99Tc,

Re,

188Re)

in organic

and aqueous solutions directly from the corresponding permetalate in presence of
CO.[14,

38]

Complex 1 reacts with a variety of ligand systems under moderate

conditions due to the substitution lability of the three water moieties.[38, 86, 177, 183]
Katti et al. have pioneered the utility of water-soluble and air stable hydroxymethyl
phosphine ligands for the development of new radiopharmaceuticals and also for
catalytic

applications.[177,

184-186]

The

bidentate

ligands

bis(bis(hydroxy-

methyl)phosphino)ethane (HMPE) and bis(bis(hydroxymethyl)phosphino)benzene
(HMPB), shown in Figure 1, produced water-soluble and in vivo stable complexes
with

99m Tc(V)

and Re(V).[124] The compounds demonstrated favorable in vivo

pharmacokinetic characteristics such as fast clearance from the blood pool and
efficient clearance through the urinary pathway. This is related to the high

#

Nucl. Med. Biol., 26, 711-716, 1999.
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hydrophilicity of the corresponding complexes.[133,

153]

Macroscopic chemistry using

Re(V) precursors has demonstrated that in all the cases these bidentate ligands
produce complexes with ligand-to-metal ratios of 2:1.

P
HO

P
HO OH

P
OH

HO

HMPE
Figure

1.

Structure

of

the

HO OH

OH

HMPB

bidentate,

bis(bis(hydroxymethyl)phosphino)ethane

P

water-soluble

(HMPE)

and

hydroxymethyl

phosphine

ligands

bis(bis(hydroxymethyl)phosphino)benzene

(HMPB).

However, to achieve high specific activities and to form a well-defined

99m Tc-

labeled biomolecule using low ligand concentrations, a 1:1 ligand -to-metal ratio is
required. Instead of four substitution labile coordination sites, offered by most
Tc(III/V) and Re(III/V) precursors (e.g., [MO2(pyridine)4]+, [MOCl4]- ), complex 1 has
only three sites. Results from our previous experiments suggested, furthermore, that
after coordination of two strong p-acidic functions, such as isocyanides or tertiary
phosphines, the third position in 1 is rather low in reactivity. [23,

177]

Based on these

observations, the formation of 1:1 complexes with 1 and the bidentate ligands HMPE
and HMPB would be expected. We, herein, report the syntheses of the Tc(I)
complexes

fac-[ 99m TcCl(CO)3L]

(L

=

HMPE

2a,

HMPB

3a)

and

fac-

[99m Tc(OH2)(CO)3L]+ (L = HMPE 2b, HMPB 3b) at the no -carrier-added (n.c.a.)
level. The compounds were characterized comparing the chromatographic properties
of their corresponding rhenium analogues. The results of in vitro studies and
biodistribution studies of complexes 2b and 3b are presented.
Results and discussion. The 99m Tc-precursor, 1a, was produced in = 95 % yields
in high RCP as confirmed by HPLC. Only minor traces (= 5 %) of

99m TcO -

4

or

99m Tc-

tartrate could be detected. 1a completely reacted with either HMPE or HMPB at pH =
7.5 and total ligand concentration of approximately 10-4 M to form fac[99m TcCl(CO)3HMPE] (2a) or fac-[99m TcCl(CO)3HMPB] (3a) (Figure 2).
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Figure

2.

Synthesis

of

fac-[99mTcCl(CO)3L]

(L

=

HMPE

2a,

HMPB

3a)

and

fac-

[99mTc(OH2 )(CO)3 L] + 2b/3b starting from 1a or 1b, respectively.

The products revealed retention times (r.t.) of 8.8 ± 0.1 min and 10.7 ± 0.2 min,
respectively. The neutral products were converted to the corresponding cationic
complexes fac-[99m Tc(OH2)(CO)3HMPE]+ (2b) and fac-[99m Tc(OH 2)(CO)3HMPB]+
(3b) (r.t. = 7.8 ± 0.1 min and 8.6 ± 0.1 min, respectively) upon dilution of the samples.
T1/2 of this conversion is approximately 30 min (Figure 3 A, B, C, and 4 A, B, C).

Figure 3. HPLC profile of the reaction solution of 1a/b and HMPE. A: reaction solution 10 min after
addition of HMPE to a sample of 1a/b. B: 30 min after dilution of the sample with 0.01 M phosphate
buffer. C: 60 min after dilution with 0.01 M phosphate buffer. D: HPLC profile of the rhenium
complexes fac-[ReBr(CO)3 HMPE] and E: of fac-[Re(OH2)(CO) 3HMPE]+ monitored at 254 nm.
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Figure 4. HPLC profile of the reaction solution of 1a/b and HMPB. A: reaction solution 10 min after
addition of HMPB to a sample of 1a/b. B: 30 min after dilution of the sample with 0.01 M phosphate
buffer. C: 60 min after dilution with 0.01 M phosphate buffer. D: HPLC profile of the rhenium
complexes fac-[ReBr(CO)3 HMPB] and E: of fac-[Re(OH2)(CO) 3HMPB]+ monitored at 254 nm.

Only the addition of large amounts of NaCl ([Cl- ] = 5 M) to the solutions
reconverted parts of 2b/3b back to 2a/3a, respectively, after 12 h (Figure 5 A and 5
B).

Figure 5. A: Partial re-conversion of 2b into 2a and B: Partial re-conversion of 3b into 3a by addition of
-

excess NaCl ([Cl ] = 5 M) monitored by HPLC.
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Complexes

fac-[Re(OH2 )(CO)3HMPE]+,

fac-[ReBr(CO)3HMPE],

fac-

[ReBr(CO)3HMPB] and fac-[Re(OH2 )(CO)3 HMPB]+ prepared and characterized at
the macroscopic level

[187]

, were subjected to HPLC analysis using the identical

column and HPLC conditions. The complexes showed retention times of 9.5 min, 7.9
min, 11.3 min, and 9.1 min, respectively (Figures 3 D and 3 E and 4 D and 4 E).
The in vitro stability of 2b and 3b in aqueous solutions at pH 3, 7.5 and 9 were
excellent over a 24 h incubation period at room temperature (Table 1). Incubation of
2b and 3b in 0.2 M aqueous solutions of cysteine, histidine or 2% HSA at 35°C and
pH 7.5 for 12 h produced no detectable decomposition, modification or alteration of
either 2b or 3b as determined by HPLC.

Table 1. RPC (%)a of 2b (3b) at Various Time Points and pH Values in 0.02 M
Borate Buffer
pH

1h

4h

24 h

3

98±1 (98±1)

98±2 (98±1)

98±1 (98±1)

7.5

98±1 (97±1)

96±1 (98±3)

96±1 (97±1)

9

95±1 (96±1)

95±2 (96±2)

94±2 (95±1)

an = 3

Biodistribution studies in CF-1 mice, following intravenous administration of 2b and
3b, showed an efficient clearance from the bloodstream via the hepatobiliary and
renal-urinary pathways (Tables 2 and 3). The activity remaining in the whole blood for
both complexes at 4 h p.i. was approximately 0.4 % ID. Complex 2b showed greater
excretion into the urine (56.1 ± 2.4 % ID at 4 h p.i.) than via the hepatobiliary
pathway. In contrast, 3b clears about 55 % ID via the hepatobiliary pathway and
about 40 % was found in the urine at 4 h p.i. No specific uptake or long term retention
was observed in the kidneys or other organ systems.
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Table 2. Biodistribution (% ID/organ)a of 2b in Normal Mice as a Function of Time
after Intravenous Administration.
Organ

0.5 h

1h

4h

Brain

0.01±0.01

0.01±0.01

0.01±0.01

Bloodb

0.8±0.1

0.6±0.06

0.4±0.03

Heart

0.03±0.01

0.01±0.01

0.01±0.01

Lung

0.1±0.01

0.06±0.01

0.02±0.02

Liver

23.0±1.68

14.4±0.61

3.6±0.56

Spleen

0.03±0.02

0.01±0.01

0.01±0.01

Stomach

0.6±0.03

0.3±0.06

0.1±0.01

Large Intestines

4.7±0.83

9.2±0.63

34.3±1.04

Small Intestines

24.17±3.10

23.5±1.90

2.8±0.65

Kidneys

4.8±0.53

2.1±0.20

0.5±0.04

Urine

34.5±2.92

45.0±0.97

56.1±2.37

a Values represent the mean ± SD (n = 3) of the percent injected dose/organ. Body weight of the mice
ranged from 24-26 g; b Total blood volume is estimated to be 6.5 % of the body weight

Table 3. Biodistribution (% ID/organ)a of 3b in Normal Mice as a Function of Time
after Intravenous Administration
Organ

0.5 h

1h

4h

Brain

0.01±0.01

0.01±0.01

0.01±0.01

Bloodb

0.6±0.01

0.5±0.04

0.4±0.02
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Heart

0.1±0.01

0.06±0.01

0.02±0.02

Lung

0.1±0.02

0.1±0.02

0.03±0.01

Liver

13.6±2.43

5.8±1.09

3.5±0.94

Spleen

0.02±0.01

0.02±0.01

0.01±0.01

Stomach

0.3±0.05

0.2±0.04

0.2±0.07

Large Intestines

2.15±0.01

5.8±1.53

48.3±2.04

Small Intestines

45.5±4.51

48.1±3.19

2.0±0.11

Kidneys

3.9±1.50

2.0±0.05

0.5±0.01

Urine

27.7±3.83

31.3±4.42

39.7±2.40

a Values represent the mean ± SD (n = 3) of the percent injected dose/organ. Body weight of the mice
ranged from 24-26 g; b Total blood volume is estimated to be 6.5 % of the body weight

It has been shown that the precursors fac-[M(OH2)3(CO)3 ]+ (M = Tc, Re) efficiently
produce Tc/Re(I) complexes with a variety of ligands at the macroscopic level under
ambient conditions which exhibit extraordinary kinetic and oxidative stability. [23, 38, 86,
177]

Alberto et al., have recently reported that fac-[99m Tc(OH2)3(CO)3]+ can be

produced at no-carrier-added (n.c.a.) levels for the preparation of stable

99m Tc(CO) 3

complexes in high yields.[38] These results demonstrate the feasibility of using this
precursor as a vehicle to form new

99m Tc(I)

or

188Re(I)

labeled chelates for in vivo

applications.
Phosphine ligand systems are known to produce technetium and rhenium
complexes with high in vitro and in vivo stability. The synergetic interactions of the
sigma donor and the M? P π-back bonding characteristics of phosphine ligands
result in strong Tc/Re-phosphine bonds that exhibit optimal stability, even under in
vivo conditions. For example, the efforts by Deutsch et al., and others have
demonstrated that ligating characteristics of phosphines can be used for the
development of

99m Tc

complexes for applications in Nuclear Medicine as myocardial

perfusion agents in humans.[103, 147]
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HMPE and HMPB react readily with 1a to produce rapidly 2a/3a. Since 2a and 3a
exhibit HPLC retention times similar to the corresponding rhenium(I) complexes
(Figures 3 D and 4 D) which had been fully characterized at the macroscopic level
[187]

, it can be assumed that 2a and 3a have the postulated structures fac-

[99m TcCl(CO)3HMPE] and fac-[99m TcCl(CO)3 HMPB], respectively. The same holds
true for the complexes 2b and 3b which showed also similar retention times as their
rhenium(I) analogues fac-[Re(OH2 )(CO)3HMPE]+ and fac-[Re(OH 2)(CO)3HMPB]+
(Fig. 3 E and 4 E). The cationic species 2b/3b are more hydrophilic and elute earlier
on the RP-HPLC column than the neutral complexes 2a/3a.
It is known from spectroscopic experiments, at the macroscopic level, that the
equilibrium

between

fac-[M(OH2 )3(CO)3 ]+

and

the

neutral

species

fac-

[MX(OH2 )2(CO)3] (M = 99Tc, Re) (X = Cl, Br) strongly depends on the total halide
concentration in solution. At typical chloride concentrations of 0.2 M encountered in
these studies on the n.c.a. level with 99m Tc (0.9 % saline and addition of HCl to
adjust

the

pH),

the

equilibrium

is

shifted

to

the

neutral

species

fac-

[99m TcX(OH2) 2(CO)3 ] 1b (Fig. 3). It is, therefore, not surprising that the neutral
complexes 2a and 3a were predominantly formed instead of the cationic species 2b
and 3b. The two H2O ligand in 1b must be displaced preferentially to the Cl- ligand by
the HMP-P(III) donor atoms. After dilution of the samples e.g. by addition of 0.01 M
phosphate buffer, the ligated Cl- is displaced by H2 O. This displacement of the
chloride is reversible. Addition of a large excess of NaCl to an aqueous sample of
pure 2b/3b led to the partial reformation of 2a/3a (Figure 6).
The complexes 2b and 3b do not alter or decompose or form new

99m Tc

products

in 0.2 M aqueous solutions of cysteine, histidine, or in a 2 % solution of HSA as
confirmed by HPLC analyses. This shows that the H2O molecule in the chelates
2b/3b is not readily displaced by functional groups present in peptides or proteins.
These results indicate that coordination of the fac-[Tc(I)(CO) 3]-core by the two
phosphine groups on either HMPE or HMPB reduces the ability of the third site on
the 99m Tc(I) -center to coordinate with functional groups on proteins and other
biomolecules. In contrast to this coordinating inertness of the complexes 2b/3b, other
studies have shown that the precursor 1a labels HSA and histidine quantitatively and
permanently within seconds at room temperature.[38] The results of the in vivo
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biodistribution and pharmacokinetic studies show rapid clearance from the blood via
the hepatobiliary and renal-urine system indicating minimal coordination or
association with biomolecules in the blood, kidneys, liver, and other tissues (Tables 2
and 3). However, more studies with this chelate system are required to fully elucidate
the reactivity of the H2O occupied coordination sites on these or related complexes.

Conclusion. The results of these studies show that: (A) 1a can be prepared in
near quantitative yields at tracer concentrations, (B) 1a reacts with HMPE and HMPE
to form the

99m Tc-complexes

2a and 3a in high RCP. Based on chromatographic

studies, with the corresponding Re(I)-chelates, it can be assumed that 2a and 3a
rapidly convert to 2b and 3b in aqueous solutions. (C) 2b/3b exhibit excellent in vitro
and in vivo stability. These results suggest that bifunctional chelating agents
containing HMP groups hold potential for use in labeling biomolecules via the
organometallic precursor 1a.

Material and methods. All chemicals were obtained from either Aldrich Chemical
Co. or Fisher Scientific. All chemicals and solvents were of reagent grade and used
without further purification. HMPE and HMPB were synthesized according to the
literature procedure.[132,

152]

Na[99m TcO4] was eluted from a

99Mo/99m Tc

generator

(Mallinckrodt Medical, Inc.) using 0.9% saline. HPLC analyses were performed on a
Waters 600E system equipped with a Waters 486 tuneable absorption detector, a
radiometric detector system, and a Waters 746 Data Module integrating recorder.
HPLC solvents consisted of H2 O containing 0.1% trifluoroacetic acid (solvent A) and
acetonitrile containing 0.1% trifluoroacetic acid (solvent B). For the radiochemical
experiments (analysis and purification) a C-18 Hamilton PRP-1 column (10 µm, 150 x
4.1 mm) was used. The HPLC gradient system started with 95% A / 5% B from 0-2
min followed by a linear gradient 95% A / 5% B to 20% A / 80% B from 2 to 17
minutes. The gradient remained at 20% A / 80% B for 5 minutes before ramping back
to 95% A / 5% B at 26 minutes. The flow rate was maintained at 1.5 ml/min.
Synthesis of 1a: fac-[99m Tc(OH 2)3(CO)3]+, 1a, was synthesized according to the
procedure published by Alberto et al.,

[38]

with minor modifications: Na/K-tartrate (15

mg, 53 µmol), Na 2CO3 (4 mg, 38 µmol) and NaBH4 (5.5 mg, 15 µmol) were dissolved
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in 500 µl H2O and placed in a 10 ml glass vial or a 10 ml serum vial. The vial was
sealed and the solution was flushed with CO for 10 min. The generator eluate (2.5
ml, approximately 3 GBq) was added. The vial was incubated at 75°C for 30 min.
After cooling to room temperature the remaining pressure in the closed vial was
released via a syringe. A 2 N HCl solution (65 µl) was added to destroy excess
NaBH4 and to adjust the pH to approximately 7.5. Yield: >98% as determined by
HPLC.
Synthesis of fac-[99mTcCl(CO)3L] and fac-[99m Tc(OH 2)3(CO)3L]+(L = HMPE,
HMPB): HMPE or HMPB (10 µl, concentration = 0.5 mg/ml in H2O) was added to 1
ml of an aqueous solution of 1a. The mixture was vortexed for 1 min and incubated
for 2 min at room temperature. The formation of the neutral complexes fac[99m TcCl(CO)3L] 2a/3a (approximately 70-95 % of the injected activity) and the
cationic complexes fac-[99m Tc(OH2 )3(CO)3L]+ 2b/3b was monitored by HPLC. The
neutral complexes, 2a/3a, were separated by HPLC and re-injected after 60 min to
confirm their complete conversion into 2b/3b. Syntheses of the rhenium analogues of
2a/b and 3a/b are published elsewhere.[187]

In Vitro Studies: The stability of the complexes 2b/3b at pH = 3, 7.5 and 9 in 0.9%
saline was determined at various time points (1 h, 4 h, 24 h) by HPLC. 100 µl of a 0.1
M borate buffer solution (pH = 8.5) was added to aliquots of 400 µl of 2b/3b. The pH
values of the samples were adjusted to 3, 7.5 or 9 with 0.1 N NaOH and 0.1 N HCl,
respectively. Radiochemical purity (RCP) was determined using HPLC. The elution of
= 98% of the injected activity as either 2b/3b or
presence of

99m TcO
2

or other unstable

99m Tc

99m TcO -

4

during HPLC, excluded the

compounds which cannot be eluted

from the RP-HPLC column. The 1-octanol-water partition coefficient Po/w of 2b/3b
was determined at pH 7.5 by the multiple back-extraction technique.[180] Complexes
2b/3b were challenged by incubation in excess cysteine (0.2 M), histidine (0.2 M)
and 2% human serum albumin (HSA) at 35°C for 12 h.
In vivo Studies: The biodistribution studies of 2b/3b were performed with CF-1
normal mice. 80-100 µl (55-80 kBq) aliquots of the corresponding complex in
buffered saline were injected intravenously via the tail vein. Tissues and organs were
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excised from the sacrificed animals at 30 minutes, 1 hour and 4 hours post injection
(p.i.). The organs and tissue were weighed and the activity counted in a NaI well
counter and the percent injected dose (% ID; Table 2 and 3) calculated. The % ID in
whole blood was estimated assuming a blood volume of 6.5 % of the total body
weight.
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Part II
Development of organometallic
biomolecules of technetium and rhenium for
potential use in radiopharmacy
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Numerous research groups are currently exploiting the potential of the tricarbonyl
technology for various purposes and with different biomolecules. The advantages of
the tricarbonyl moiety are valuable for the labeling of small biomolecules (< 1000 Da)
but also for large proteins (> 15’000 Da). Table 1 provides a momentary picture of the
state of the research employing the carbonyl technology.

Table 1. Selected examples of novel technetium/rhenium-tricarbonyl labeled
compounds for potential radiopharmaceutical application

Biomolecule/ligand

Target/application

Ref.

Estrogen

Estrogen receptor/breast cancer

[16, 182, 188-192]

Progesterone

Progesterone receptor/breast cancer

[193]

Tamoxifen

Estrogen receptors/breast cancer

[188]

WAY 100635

Serotonergic system

[34, 194]

Piperidine derivatives

Sigma receptors on tumors

[57, 195, 196]

Haloperidol

Dopamine D2 receptors

[197]

Tropane

Dopamine receptors

[197-199]

Benzazepine

Dopamine D1 receptors

[200]

MIBI

Multi drug resistance/renal imaging

[201, 202]

Metomidate

Adrenal cortex/Adrenal cortical tumors

[203]

Somatostatin

Somatostatin receptors

[204, 205]

Neurotensin

Neurotensin receptors

[206-208]

Annexin

Phospholipid binding/ apoptosis

[209]

Neuropeptide Y

NPY receptors

[210]

Tat-peptide

Transcription

factor/

HIV

genome

[211, 212]

replication
Bombesin

Bombesin receptors/ Small-cell lung
cancer

[213]
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Bitisatin

Glycoprotein

IIb/IIIa

recptor/trombi

[214]

imaging
ScFv

Colon cancer/ bladder cancer

[215, 216]

Surfactant protein B

Acute respiratory distress syndrome

[217]

MAb

Bladder cancer

[64]

Apart from the investigation of the basic coordination chemistry of organometallic
Tc/Re-complexes, the optimization of the precursor preparation and the fine-tuning of
tailor-made ligand systems, our group is also engaged in the development of small,
metal-tricarbonyl

labeled

biomolecules

for

potential

use

in radiopharmacy.

Carbohydrates and nucleosides derivatives are among the most advanced. In the
following chapters 12-16

the

syntheses

and

characterization

of

the

first

representatives of such compounds are described, along with the corresponding
biological evaluation in vitro. A short introduction about carbohydrate-metal
complexes and the use of nucleosides analogues in radiopharmacy will precede
these chapters.
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Use of Carbohydrate Pending Transition Metal Complexes
From a coordination chemistry perspective, carbohydrates are abundantly
functionalized with weak donor sites. Water is an effective competitive donor for nonfunctionalized carbohydrates. Metal center often tend to polymerize in such oxygen
rich environments. Thus, the coordination behavior in water and in noncompetitive
organic solvents may be totally different. On the other hand, carbohydrates properly
functionalized with Lewis-basic substituents (thiols, phosphines and amines) may
form highly stable complexes. Muc h progress has been made in functionalization of
carbohydrates with various chelating systems and with or without spacer groups
(anchoring groups).[218] Due to the dominant coordination ability of the anchoring
groups, such complexes or ligand systems respectively behave coordinativley often
similarly to those without a carbohydrate moiety. Interests in such compounds stem
primarily

from

two

research

areas:

(i)

Heterogeneous

catalysis

and

(ii)

pharmaceutical chemistry.
The separation and recuperation of catalyst from the product is a still a drawback
of current homogeneous, organic catalysis. The use of water soluble and waterstable catalysts enable the development of bi-phasic and, equally important,
environmental benign catalytic processes. Carbohydrate based ligand systems
increase the water-solubility of transition metal dramatically, making them accessible
to heterogeneous catalysis. Furthermore, carbohydrates are chiral pool of naturally
occurring enantiomerically pure compounds. Thus, carbohydrate -metal interactions
are of interest in metal-assisted or metal-catalyzed enantioselective synthesis.
Examples

like

the

phosphines

functionalized

rhodium

complex

[Rh(α-D-

glucopyranosyl-(1,1)-2,3-di-O-diphenylphosphino-α-D-glucopyranoside)(cod)]BF4,
nota bene an organometallic complex, have already shown the potential of such
compounds in biphasic asymmetric hydration, affording enantiomeric excess close to
99%.[219,

220]

In this respect, Steinborn and Junicke presented recently a

comprehensive review about carbohydrate -metal complexes of the platinum-group
metals.[218]
But not only heterogeneous catalysis takes advantage of the favorable
characteristics of carbohydrates. Introduction of modification of saccharides are one
of the most promising way to render drugs more bio-compatible and increase their
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bio-availability. In case of platinum, the synthesis and application of carbohydratederived cis-platinum compounds in chemotherapy has received attention, because of
their low toxicity and the possible oral administration in contrast to currently available
anti cancer drugs.[221, 222]
OH

O
HO
HO

O
OH

NH2
Pt

Cl

H2 N
Cl

Figure 1. Orally administrable cis-platinum-analogue with pending carbohydrate moiety developed by
Chen an co-workers.

[221]

The examples and the references mentioned in this section are representatives of
a much more widespread and active field of inorganic chemistry. It is not subject of
this thesis to give an overview about the progress in metal-carbohydrate chemistry.
However, the reader is invited to recognize and estimate the general and possible
impact of the concepts and compounds presented in the following chapters 12-15.

Application of Carbohydrates in Nuclear Medicine
Cancer cell growth is heavily dependent on increased glucose metabolism. The
association between neoplastic growth and increased glucose metabolism has been
recognized many years ago.[223] The molecular mechanisms by which increased
glucose metabolism is sustained, however, are still not fully understood and are the
subjects of very intense research efforts. The development of positron emission
tomography (PET) has provided a tool to study increased glucose metabolism in vivo
by measuring the uptake of the radiolabeled glucose analogue [18F]-2-Fluoro-desoxy
glucose (FDG).[224] Di Chiro and co-worker first demonstrated that FDG is more avidly
accumulated in human brain tumors than in surrounding brain and that tumor
recurrence is associated with increased FDG uptake.[225] The concept is currently
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extended and applied to tumors in other areas of the body and is used in many
studies to diagnose, monitor, and evaluate treatment response of cancers.[226, 227]
In case of FDG two steps are required for its accumulation in cells: (i) facilitated
diffusion through a glucose transport protein (mainly Glut-1) and (ii) subsequent
phosphorylation to FDG-6-P by one of the hexokinase isoforms (hexokinase I and II).
FDG-6-P is not transported out of cells nor undergoes glycolytic breakdown.
Therefore, it is metabolically trapped inside cells. Aloj and co-workers provided
recently evidence, that metabolic trapping via phosphorylation appears even more
likely as the rate determining step in FDG uptake, than its transport into the cell.[228]
The short half live of the

18

F isotope (β +, T1/2 = 109 min) and costs of production,

however, are still a drawback for its more widespread use. Thus, a technetium-99m
based analogue of FDG would economically be much more favorable. Attempts have
sporadically been made to functionalize glucose or use glucose analogues (e.g. 5thio glucose or glucose-6-phsophate) for labeling with technetium-99m for tumor
diagnosis.[229-231] Although some of this compounds showed marginal up -take in e.g.
bone lesions others didn’t show in vitro and in vivo pharmacological activity which
corresponds to the parent monosaccharide or FDG. The poor chemical and structural
characterization and of these complexes prohibited not only to argue about the
reason of the failure but did not provide any hint, how to optimize such complexes.
Our group tried to follow a more systematic approach for the derivatization and
characterization of glucose analogues labeled with the technetium - and rheniumtricarbonyl moiety in order to find a potential surrogate for FDG. Derivatization of
glucose and 2-desoxyglucose was perfo rmed at position C-1, C-2, C-3 and C-6
(Figure 2) with tridentate amino-dicarboxy (IDA) chelate. Spacers of various length
separate the carbohydrate moiety from the metal center. At position C-3, tridentate
ligand systems containing aromatic amine functionalities have been introduced apart
form the IDA chelate. The syntheses and the chemical characterization of the
glucose analogues and their rhenium-, and technetium-tricarbonyl complexes will be
presented in chapters 12-14. Results of docking experiments between yeast
hexokinase and the organometallic glucose analogues, the results of the enzymatic
activity and data of the cell uptake of the compounds will be described in chapter 15.
The project aimed for the development of glucose analogues for potential use in
radiopharmacy. However, as mentioned earlier, combining carbohydrate chemistry
and transition metal chemistry is an important topic for various reasons. Therefore,
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one should not underestimate the general impact and future potential of the
derivatization strategies described for other areas of chemical and biological
research. The examples of chelating systems presented herein are relatively
universal and can potentially host various types of metal centers (e.g. Ni 2+, Cu2+ etc)
in different oxidation states. The physical, chemical and biochemical behavior and
characteristics of the corresponding complexes has yet to be unveiled.

6

HO

5 O
HO
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4

M(CO)3
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OH
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Chapter 12
Derivatization of glucose and 2-deoxyglucose for transition metal
complexation: Substitution reactions with organometallic 99mTc and Re
precursors and fundamental NMR investigations.#

J. Petrig, R. Schibli, C. Dumas, R. Alberto, and P. A Schubiger

Introduction. The coordination chemistry of transition metals with carbohydrates
based ligand systems in general has become a very active field in recent years. Even
the reaction of native glucose with various transition metals produces complexes,
which exhibit interesting biological features.[232,

233]

However, nonfunctionalized

carbohydrates are generally weak ligands. Therefore, functionalization with chelating
groups leads to stronger metal binding compounds. Such carbohydrate derivatives
often contain polyamine chelating systems such as tris(2-aminoethyl)amine.[234,

235]

,

diaminopropane (dap) and diethylenediamine.[236] In most of these compounds at
least one sugar hydroxy group is directly involved in the coordination sphere. Only
recently a PtII comple x with a glucose derivative was reported where the metal is
exclusively coordinated through a dap chelate and not via hydroxy functionalities.[221]
The complex showed similar biological activity as cis-platin. All these examples are
classical Werner-type complexes exhibiting no direct metal-carbon bond. The class of
organometallic carbohydrate complexes has only recently attracted greater
attention.[218] This, despite the fact that sugar moieties could enhance water-solubility
useful, e.g., for the development of water-soluble catalysts and biocompatibility of
traditionally hydrophobic organometallic compounds.[219,

220]

On the other hand,

organometallic metal cores often exhibit advantages in terms of kinetic inertness,
stability and size and thus could lead to the development of more efficient and stable
compounds compared to “classical” inorganic complexes.
On the background of developing novel drugs for use in diagnostic and therapeutic
nuclear medicine, it would be of great interest to label glucose with the transition
metal isotope Tc-99m to substitute the expensive but readily used F-18 labeled 2-

#

Chem.-Eur. J., 7, 1868-1873, 2001.
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Deoxyglucose (18F-FDG) for localization of tumor and metastatic tissue. Due to the
almost ideal decay properties (t1/2 = 6 h, γ energy = 150 keV), low cost of production
and on-site availability, Tc -99m is the most frequently used radioisotope in nuclear
medicine today. However, complexes of Tc and glucose and its derivatives are
mentioned only sporadically in the literature.[229-231, 237] The actual structures of these
products were only poorly investigated and none of the complexes showed biological
activity similar to

18

F-FDG presumably due to the direct interactions/coordination of

the hydroxy groups of the glucose with the Tc V center. Our group has recently found
an elegant synthetic strategy to produce low-valent, organometallic Tc-99m and Re188 complexes of the general formula [M(OH2)3(CO)3]+ (M = Tc-99m, Re-188) for the
radioactive labeling of small biomolecules e.g. CNS receptor ligands or peptides
(Figure 1A).[38,

164]

The low spin d6 electron configuration of the metal center gives

rise to complexes of high kinetic inertness. The three substitution labile water
molecules are readily exchanged against suitable chelating systems containing
amines and carboxylic acids. On the other hand the three CO ligands are substitution
stable and protect the metal center from ligand attack and/or back oxidation. Both
properties give the complexes a high stability in biological environment. For the
purposes of labeling glucose and 2-deoxyglucose with Tc-99m- and Re-tricarbonyl a
hydrophilic and simple iminodiacetic acid (IDA) moiety was attached to position C-1
separated by an ethylene linker (Figure 1B). The corresponding complexes are the
first examples of organometallic carbohydrate compounds of group 7 metals ever
reported. The structure and the substitution behavior of the corresponding rhenium
complexes were investigated by means of one and two dimensional

1

H NMR and

Mass-spectroscopy. Preliminary results of the in vitro stability of the corresponding
radioactive Tc-99m complexes are briefly mentioned.
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Figure 1: (A) Structure of organometallic precursor [M(H2O)3(CO)3] (M =

99m

Tc, Re); (B) Structure of

glucose/desoxyglucose derivatives for the labeling with organometallic precursor.

Results and discussion. Ligand synthesis: The bifunctionalization of the glucose
and 2-deoxyglucose at position C-1 with an iminodiacetic acid (IDA) moiety was
accomplished in five-steps (Scheme 1). All products were unambiguously
characterized by means of 1H, 13C NMR and Mass spectroscopy. For the synthesis of
compound 6 acetobromoglucose was used as the starting material. A standard
Königs-Knorr glycosylation using mercury(II)bromide and ethylene glycol gave the
desired alcohol 1. The glycosylation of tri-O-acetyl-D-glucal with ethylene glycol
yielded the corresponding alcohol of the deoxyglucose (7). Both compounds 1 and 7
were tosylated (2 and 8) and afterwards converted into the corresponding azides 3
and 9 using NaN3 . The reduction of the azides with hydrogen in the presence of
Lindlar catalyst gave the corresponding amines 4 and 10 in almost quantitative
yields. Finally the transition metal chelate was built up in one step by a double
alkylation of the amine with methyl bromo acetate (5 and 11). Deprotecting of the
acetates with K2CO3 in methanol, which could be also suitable to hydrolyze the
methyl esters, caused unfortunately the hydrolysis of 5/11 at position C-1. Therefore,
the deprotection was performed in two steps. First the acetates were removed with
sodium methylate and then the esters were hydrolyzed with NaOH to form the
disodium salt of the products 6 and 12. In case of compound 6 the pure β-anomer
and in case of 12 the pure α−anomer were produced. The compounds proved to be
stable as solid for several weeks at room temperature in the desiccator.
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a: Diethylene glycol, HgBr2, mole sieve, CH2Cl2, 71 %; b: Diethylene glycole, acid resin, mole sieve,
acetonitrile, 40%; c: TosCl, pyridine, CH2Cl2, 72 ; d: NaN3, DMF, 92 %; e: H2, Lindlar catalyst, EtOH,
90 %; f: Methyl bromoacetate, NEt3, THF, 50 %; g: 1.) NaOMe, MeOH 2.) NaOH, H2O, quantitatively.

NMR investigations: The 1H NMR spectra of compounds 6 and 12 revealed beside
the signals of the sugar the singlet of the four equivalent protons of the IDA moiety at
approximately 3.2 ppm and additional signals of the protons of the ethylene spacer
as expected (Figure 2A). Interestingly two of the four protons of the spacer in
compounds 6 and 12 are non-equivalent and show multiplets centered around 3.9
ppm and 3.3 ppm. Coupling with each other and the two other ethylene protons at
2.86 ppm could be verified in the 2D spectra. Based on the chemical shifts, the
resonance at 2.86 ppm can be assigned to the NCH2 and those at 3.9 and 3.3 ppm to
the OCH2 protons. The asymmetry of the protons close to the sugar moiety origins
from the restrained rotation around the glycosidic bonds, reported in the literature.
The bifunctionalized glucose derivatives 6 and 12 were reacted with the
organometallic precursor [NEt4 ]2[Re(CO)3Br3 ] in water at 50°C (Scheme 2). The
coordination of the Re(CO)3-core and, thus, the formation of the carbohydrate
complexes 13a and 14a, takes place almost instantaneously as verified by means of
HPLC (monitored at 254 nm) and in the proton NMR experiment. The formation of
side products could not be observed. As a blank experiment, underivatized glucose
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and 2-deoxyglucose was also reacted with [NEt4]2[Re(CO)3Br3]. In this case, no
formation of stable products could be observed under the same reaction conditions.
The tridentate coordination of the metal core via the IDA chelate was first verified in
the NMR experiment. Due to the coordination of the Re I center the resonance of the
four equal protons of the IDA moiety disappeared. At the same time the formation of
an AX spin system with coupling constants around 16 Hz and the intensity of four
protons was observed, approximately 0.7 ppm downfield shifted (Figure 2B). The
NCH2COO protons of the IDA moiety became non-equivalent upon rigid coordination
to the metal center by virtue of their, now different chemical environment (see
structure in Figure 2B). Similar observation were reported in case of the complex
(Re(dppm)(NCMe)(CO)3)ClO4

(dppm

=

bis(diphenylphosphine)methane)

Re(PADA)(CO)3 (PADA = picolylamine N,N-diacetic acid).[38,

238]

In the

1

or

H NMR

spectrum of 13a the AX pattern reveals additional splitting (ν A : 1.3 Hz and 3 Hz; ν X:
1.3 Hz). These couplings are presumably because of long-range couplings with
protons of the ethylene linker and/or the glucose. The

1

H-NMR spectrum of the

complex 14a showed an AX spin system with a coupling constant of 16.5 Hz. Since
the signals are relatively broad, it can be assumed, that long-range couplings exist
also in this complex but are not resolved.
Due to the electronic influence of the Re I center also the resonance of the linker
NCH2 protons at 2.8 ppm shifted significantly downfield (approx. 1 ppm) compared to
those in compounds 6 and 12, respectively (Figure 2). Therefore, it is reasonable to
assume, that these protons are closer to the metal center. The signal of the linker
protons closer to the sugar moiety, shifted just slightly (0.1-0.2 ppm).
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1

Figure 2. (A) H NMR spectrum and 3D model of compound 6. Proton signal of the metal chelate IDA
1

and the ethylene linker with assignments (based on COSY experiments) are specially labeled (B) H
NMR spectrum and 3D model of complex 13a. The AX spin system formed by the IDA protons is
+

partially overlaid by signals of the sugar and/or the linker protons. Signals of [NEt4] origin from the
organometallic precursor.

Since the hydroxy functionalities of a sugar are essential for bio-recognition, the
Tc/Re-tricarbonyl center should not interfere with these functional groups. A
coordination of the metal to the hydroxy functionalities would be definitely observable
in the 1H NMR experiment due to significant chemical shifts of the anomeric protons.
As evident from the 1H-NMR spectra of compound 13a and 14a the Re(CO)3 center
has only a small effect on the ring protons. Thus, the metal center must be
coordinated via the IDA moiety and not via hydroxy groups. Extension of the linker
between sugar- and chelating-moiety can presumably minimize these influences
even more.
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Mass and IR spectroscopic investigation: Analysis of the mass spectra of
compounds 13a and 14a showed intensive signals of the intact complex at 606/608
and 590/592 mass units, respectively. The difference of two mass units origins from
the fact, that rhenium exists as mixture of the two isotopes

185

Re/187Re with almost

similar natural abundance. In addition the mass spectrum of complex 14a shows
distinct fragmentations providing further evidence that the metal center is coordinated
in the proposed fashion. Fragmentation of the compound 14a occurs at position C-1,
which produces the signals of 428/430 mass units (M-160) lacking the sugar moiety.
Further signals at 400/402 mass units correspond to the 'Re(IDA)(CO)3' fragment
without the ethylene linker.
The pattern of the C-O stretch frequencies in the IR spectra confirm the facial
arrangement of the three CO ligands in 13a (2024 and 1906 cm-1) and 14a (2022 and
1892 cm-1). In addition a single, strong absorption of the carboxylate functionalities
with a significant blue -shift, due to the coordination of the metal, could be observed at
1636 cm-1 in both complexes.

In vitro characterization and stability of radioactive labeled compounds: For
fundamental radiopharmaceutical evaluation, the compounds 6 and 12 were also
reacted with the radioactive precursor [99mTc(H2O)3(CO)3 ]+ under physiological
conditions (Scheme 2). Analysis of the products 13b and 14b by radioactive HPLC
(the standard tool to characterize and analyze radioactive labeled compounds)
showed similar retention times as for the corresponding rhenium complexes 13a and
14a. Thus, it can be concluded that compound 6 and 12 produce with
[99mTc(H2O)3(CO)3 ]+ complexes with identical structure as with the rhenium even
under high diluted and non-stoichiometric conditions. The radioactive complexes 13b
and 14b were tested in vitro in 1 n physiological phosphate buffer (pH = 7.4) and
human serum at 37°C for 24 h. Only minor decomposition of the complex or back
oxidation of the metal center to 99mTcO4- could be observed (< 5 %) during this time.
For an eventual application of these of similar compounds in diagnostic nuclear
medicine, this stability would be far sufficient. Details of the in vitro experiments will
be published elsewhere.
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Conclusion. This paper presents a synthetic strategy for the functionalization of
glucose and 2-deoxyglucose at position C-1 with nitrogen containing side chain. The
strategy

can

presumably

be

applied

to

functionalize

other

positions

of

monosaccharides and polysaccharides. Particularly the synthetic intermediate 4 and
10, respectively, can be useful for the formation of amine containing ligand systems
tailor made for different metal centers. The usefulness of the bifunctionalization of the
sugars for metal coordination with simple ligand systems could be exemplified by
reacting the derivatives with the organometallic precursors [M(H2 O)3(CO)3]+ (M =
99m

Tc, Re). Where in case of underivatized glucose and 2-deoxyglucose no formation

of stable compounds could be observed, the functionalized derivatives produced with
[M(H2O)3 (CO)3] + single products in good yields. The novel organometallic

99m

Tc/Re

carbohydrate complexes exhibit excellent stability under physiological in vitro
conditions. Theses fundamental results will build the scaffold for future in vitro and in
vivo experiment in order to determine biological affinity and activity of corresponding
compounds. Furthermore, we believe, that these results of labeled carbohydrate
derivatives will provide additional insights for the progress and concept of
bioinorganic (-organometallic) chemistry.

Materials and methods. All chemicals were purchased at Fluka or Aldrich and
used without further purification. Solvents were purified and dried by standard
procedures. [NEt4]2 [Re(CO)3Br3] was prepared as described in the literature.[12] The
rhenium precursor dissolves readily in H2O by substitution of all three bromides by
water molecules to form [Re(H2O)3 (CO)3] + as described previously by our group.[12]
All reactions were monitored by TLC on Silica Gel 60 F254 (Merck). Column

169
chromatography was carried out on Silica Gel 60 0.062 - 200 mesh (Fluka). HPLC
chromatography (gradient elution TEAP buffer/methanol) was done with a
Merck/HITACHI L-600 Intelligent Pump with a UV detector Merck/HITACHI L-4000A
and a radioactivity detector Berthold LB 506 C-1. As column a Nucleosil 100-5 C-18
was used. The NMR spectra were measured on a 300MHz Varian Gemini 2000
spectrometer and the peaks of the solvents were used as standard. The IR spectra
were recorded on a Perkin-Elmer FT-IR 16PC. Mass spectra were measured on a
Micromass VG Trio 2000 Operator or were done by the MS service of the Organic
Chemistry Department of the Federal Institute of Technology Zurich.
Preparation of [99mTc(H 2O)3(CO)3] +. The synthesis is described in detail in
reference.[38]; briefly: a sealed vial containing NaBH4 , Na,K-tartrate and Na 2CO3 was
flushed for half an hour with CO gas. Afterwards TcO4- was added in 0.9 % saline.
The mixture was heated at 70° for 30 minutes and then neutralized with 1 M HCl.
Yield > 98 %.
Radioactive labeling procedure: To 900 µl of a 10-4 M solution (physiological
phosphate buffer pH = 7.4) of compounds 6 and 12, respectively, 100 µl of a solution
containing [99mTc(H2O)3(CO)3 ]+ was added. The mixture was heated at 70° C for 30
minutes. The products were analyzed for their radiochemical purity (> 95 %) by
HPLC.
Preparation of 2-Hydroxyethyl 2,3,4,6-tetra-O-acetyl-β-D-glucopyranoside 1: To αD-acetobromoglucose (2 g, 4.8 mmol) in dry CH2Cl2 (25 ml), powdered mole sieve
(UOP type 3A) and ethylene glycol (2.7 ml, 3.02 g, 48.6 mmol) was added. After 15
minutes mercury(II)bromide (1.75 g, 4.8 mmol) was added and it was stirred
overnight. The mixture was diluted with 150 ml of CH2Cl2 and filtered over a pad of
celite. The organic phase was washed with 5% KI (3x15 ml) and water (3x15 ml), it
was dried over Na 2SO4 and the solvent was evaporated. It yielded 1.35 g (71%) of
slightly yellowish oil that was pure enough for further synthesis. 1H NMR (CDCl3, 25°
C): δ = 5.22-4.976 (m, 3 H), 4.55 (d, J = 8.0 Hz, 1H; H-1), 4.19 (d, J = 4.1 Hz, 1 H),
3.78 (dd, J12 = 4.7 Hz J23 = 41.2 Hz, 1H; dd, J12 = 3.9 Hz J23 = 32.7 Hz, 1H), 3.76 3.69 (m, 1H), 2.09 2.05 2.03 2.00 (s, 12 H; H3C-C=O);13C NMR (CDCl3, 25° C): δ =

170
171.3 170.9 170.1 170.0 ( H3C-C=O), 102.1 (C-1), 73.7, 73.3, 72.6, 72.0, 69.2, 67.0,
62.7, 62.6, 21.3, 21.2 (H3C-C=O). The spectroscopic data correspond to the
literature.[239]

Preparation

of

2-p-Tolylsulfonyloxyethyl

2,3,4,6-tetra-O-acetyl-β-D-

glucopyranoside 2: To 1 (1.34 g, 3.4 mmol) in CH2Cl2 (15 ml) and pyridine (1.5 ml) at
0°C toluene-4-sulfonyl chloride (1.3 g, 6.8 mmol) was added in small portions and the
solution was stirred overnight at room temperature. The mixture was diluted to 60 ml
and washed with 1 N HCl, sat. NaHCO3 and water. The organic phase was dried
over Na 2SO4 and the solvent evaporated. Column chromatography (SiO2 , ethyl
acetate: isohexane 1:1) gave 1.23 g (66 %) of a white solid. 1H NMR (CDCl3, 25° C):
δ = 7.76 (d, J = 8.5 Hz, 2 H; CH arom.), 7.35 (d, J = 8.0 Hz, 2 H; CH arom.), 5.12 (dd,
J23 = 9.6 Hz J34 = 41.9 Hz, 1 H; H-3), 5.09 (dd, J45 = 9.3 Hz J34 = 42.0 Hz, 1H; H-4),
4.92 (dd, J12 = 8.0 Hz J23 = 9.6 Hz, 1 H; H-2), 4.50 (d, J = 8.0 Hz, 1H; H-1), 4.25 4.06 (m, 4 H), 4.00 - 3.94 (m, 1H), 3.83 - 3.75 (m, 1 H), 3.69 - 3.64 (m, 1 H),2.07 2.04
2.01 1.99 (s, 12 H; H3C-C=O); 13C NMR (CDCl3, 25 ° C): δ = 171.3 170.8 170.1 170.0
(H3C-C=O), 145.7 133.6 (C arom.), 130.6 128.6 (CH arom.), 101.5 (C1-H),73.3, 72.5,
71.6, 69.2, 68.9, 67.9, 62.5, 22.3 (H3C-Carom. ), 21.4 21.2 (H3C-C=O) The
spectroscopic data correspond to the literature.[240]

Preparation

of

2-Azidoethyl

2,3,4,6-tetra-O-acetyl-β-D-glucopyranoside

3:

Compound 2 (1 g, 1.83 mmol) and NaN3 (0.48 g, 7.32 mmol) in DMF (20 ml) were
heated over night at 60° C. After cooling the mixture was diluted with water (50 ml)
and extracted with CH2Cl2 (3x20 ml). The combined organic phases were dried over
Na2SO4. Evaporation of the solvent yielded 0.72 g (94%) of a yellowish solid.

1

H

NMR (CDCl3, 25° C): δ = 5.20 (t, J = 9.3 Hz, 1 H; H-4), 5.10 (t, J = 9.6 Hz, 1 H; H-3),
5.01 (dd, J12 = 7.9 Hz J23 = 9.5 Hz; H-2), 4.59 (d, J = 8.0 Hz, 1 H; H-1), 4.25 (dd, J6a5
= 4.7 Hz J6a6b = 12.4 Hz, 1 H; H-6a), 4.15 (dd, J6b5 = 2.5 Hz J6a6b = 12.4 Hz, 1 H; H6b), 4.02 (ddd, Jvic = 3.5 Hz Jvic =5.7 Hz Jgem =10.4 Hz, 1 H), 3.73 - 3.65 (m, 2 H),
3.53 - 3.44 (m, 1H), 3.28 (ddd, Jvic = 3.5 Hz Jvic = 4.6 Hz Jgem = 13.5 Hz, 1 H), 2.08
2.04 2.02 2.00 (s, 12 H; H3C-C=O);

C NMR (CDCl3, 25° C): δ = 171.3 170.9 170.0

13

(H3C-C=O), 101.4 (C1-H), 73.5, 72.6, 71.8, 69.2, 69.0, 51.2, 21.4 21.3 21.2 (H3CC=O) The spectroscopic data correspond to literature.[241]
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Preparation of 2-Aminoethyl 2,3,4,6-tetra-O-acetyl-β-D-glucopyranoside toluene-4sulfonic acid salt 4[242]: To a solution of 3 (1.46 g, 3.5 mmol) in ethanol (40 ml)
toluene-4-sulfonic acid (0.73 g, 3.85 mmol) and Lindlar catalyst (0.88 g) was added.
The mixture was hydrogenated at 1 atm. H2 for 30 hours. The mixture was diluted
with ethanol and the catalyst was filtered off over a pad of celite. The evaporation of
the solvent gave 1.8 g (90%) of a white solid. 1 H NMR (CDCl3, 25° C): δ = 7.72 (d, J =
8.0 Hz, 2H; CH arom.), 7.67 (br s, 2 H; NH2), 7.18 (d, J = 8.0 Hz, 2 H; CH arom.),
5.10 (t, J = 9.3 Hz, 1 H; H-4), 4.99 (t, J = 9.6 Hz, 1 H; H-3), 4.90-4.84 (m, 1 H; H-2),
4.46 (d, J = 8.0 Hz, 1 H; H-1), 4.32-4.30 (m, 1H), 4.02 - 3.95 (m, 1 H; 3H), 3.65 - 3.60
(m, 1 H), 3.20 - 3.10 (m, 2 H), 2.37 (s, 3 H; Carom. -CH3), 2.02 2.00 1.97 (s, 12 H; H3CC=O); 13C NMR (CDCl3, 25° C): δ = 171.7 170.7 170.4 170.0 (H3C-C=O), 142.1 141.4
(C arom.), 129.7 126.6 (CH arom.) 101.7 (C1-H), 73.3, 72.6, 71.6, 69.2, 68.6, 62.0,
41.0, 22.0 (H3C-Carom. ) 21.4 21.3 21.2 (H3C-C=O); IR (KBr): ν = 3034br, 1744 vs,
1624 w, 1526 w, 1440 w, 1374 s, 1268 vs, 1236 vs, 1126 s, 1090 s, 1040 vs, 11010
s, 908 w, 816 w, 682 m, 568 m cm-1; MS (ES): m/z (%) 392 (100) [M+1].

Preparation of 1-O-[2-(Dimethyl iminodiacetato)ethyl]-2,3,4,6-tetra-O-acetyl-β-Dglucopyranoside 5: To 4 (1.58 g, 2.8 mmol) in THF (30 ml) triethylamine (1.2 ml, 0.88
g, 8.7 mmol) and methyl bromoacetate (0.54 ml, 0.9 g, 5.88 mmol) were added and
the solution was refluxed overnight. After cooling it was filtered, diluted with CH2Cl2
(30 ml) and washed with water. The organic phase dried over Na 2SO4 and the
solvent evaporated. Column chromatography (SiO2, ethyl acetate:isohexane 2:1)
gave 0.98 g (65%) of a yellowish solid. 1H NMR (CDCl3, 25° C): δ = 5.17 (t, J = 9.3
Hz, 1 H; H-4), 5.06 (t, J = 9.6 Hz, 1 H; H-3), 4.95 (dd, J12 = 8.0 Hz J23 = 9.6 Hz, 1 H;
H-3), 4.57 (d, J = 8.0 Hz, 1 H; H-1) 4.26 - 4.10 (m, 2 H; H-6), 3.97 - 3.92 (m, 1 H, H5), 3.71 - 3.65 (m, 2 H), 3.68 (s, 6 H; COOCH3), 3.59 (s, 4 H; N-CH2COOCH3 ), 3.01 2.94 (m, 2 H), 2.07 2.03 2.00 1.98 (s, 12 H; H3C-COO-); 13C NMR (CDCl3, 25° C): δ =
172.2 (COOCH3), 171.3 170.9 170.1 170.0 (H3C-C=O), 101.2 (C1-H), 73.6, 72.4,
772.0, 69.9.7, 69.1, 62.6, 56.1, 54.4, 52.2, 21.4 21.3 (H3C-C=O); IR (KBr): ν 2960 w,
2894 vw, 1758 vs, 1434 m, 1378 m, 1226 s, 1172 s, 1062 s, 1036 s, 946 w cm-1; MS
(FAB): m/z (%) 536 (100) [M+1].
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Preparation of (2-(Iminodiacetato)ethyl)-β-D-glucopyranosyl disodium salt 6: To a
solution of 5 (0.66 g, 1.23 mmol) in dry methanol (33 ml) sodium methanolate (0.067
g, 1.23 mmol) was added. After 4 hours of stirring at RT glacial acetic acid (0.07 ml,
0.074g, 0.37 mmol) was added and the solvent evaporated. The residue was
dissolved in water (33 ml) and 1 M NaOH (2.5 ml) was added. The mixture was
stirred overnight at RT and solvent evaporated. After drying in a desiccator 0.56 g
(98%) of an amorphous yellowish solid was obtained. The product was pure enough
for the labeling. 1H NMR (D 2O, 25° C): δ = 4.47 (d, J = 7.97 Hz, 1 H; H-1), 4.05 - 3.98
(m, 1 H; H-B), 3.91 (dd, J = 1.9 Hz J' = 12.4 Hz, 1 H; H-6), 3.79 - 3.69 (m, 2 H; H-6'
H-C) 3.51 (t, J = 9.1 Hz, 1 H; H-3), 3.48 - 3.72 (m, 1 H; H-5), 3.39 (t, J = 9.1 Hz, 1 H;
H-4), 3.33 - 3.27 (m, 1 H; H-2), 3.26 (s, 4 H; H-A/X), 2.87 -2.84 (m, 2 H; H-D/E), 1.91
(s, 3 H; NaOAc); IR (KBr): ν = 3424 br, 1584 s, 1410 s, 1334 w, 1222 w, 1162 vw,
1078 m, 1040 m, 626 w; MS (ES): m/z (%) 338 (100) [M-2 Na+1].

Preparation

of

(2-Hydroxyethyl)-3,4,6-tri-O-acetyl-2-deoxy-α-D-arabino-

hexopyranoside 7: Preparation of the acid resin: Ag 50W-X2 (50 g, H+ form, 100-200
mesh, moisture content 72-84%) was washed with water (3x100 ml) until the filtrate
was colorless and then with acetonitrile (10x70 ml). Afterwards it was dried in a
desiccator over phosphorous pentoxide for 24 h to give the dry resin. Tri-O-acetyl-Dglucal (3 g, 11 mmol) and dry LiBr (3.35 g, 38.57 mmol) were dissolved in dry
acetonitrile (36 ml). Powdered mole sieve (2.4 g, UOP type 3A) and the acid resin
(4.56 g) were added. After some minutes of stirring ethylene glycol (6.45 ml, 7.18 g,
275.47 mmol) was added. After 5 hours of stirring the mixture was filtered, the
solution was neutralized with triethylamine and the solvent evaporated. The residue
was dissolved in CH2Cl2 and washed once with ice cold 1 M HCl and once with
saturated NaHCO3. The organic phase was dried over Na 2SO4 and the solvent
evaporated. Column chromatography (SiO2, ethyl acetate:isohexane 2:1) gave 1.48 g
(40%) of colorless oil. 1 H NMR (CDCl3, 25° C): δ = 5.31 (ddd, J = 5.5 Hz J' = 9.3 Hz,
1 H; H-3), 4.99 (t, J = 9.6 Hz, 1 H; H-4; br d, J = 3.3 Hz, 1 H; H-1), 4.27 (dd, J56a = 4.7
Hz J6a6b = 12.1 Hz; H-6a), 4.06 (dd, J56b = 2.2 Hz, J6a6b = 12.1 Hz, 1 H; H-6a), 4.03 3.98 (m, 1 H; H-5), 3.76 - 3.70 (m, 2 H), 3.61 - 3.55 (m, 1 H), 2.28 (dd, J12eq. = 4.1 Hz
J2eq.2ax. = 12.9 Hz; dd, J = 6.6 Hz J' = 13.2 Hz, 1 H; H-2eq.), 2.08 2.03 2.01 (s, 9 H; 3
H3C-COO-), 1.83 (dd, J12ax. = 8.0 Hz J2eq.2ax. = 13.2 Hz; dd, J = 15.4 Hz J' = 12.9 Hz,
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1 H; H-2ax.);

C NMR (CDCl3, 25° C): δ = 171.3 170.8 170.5 (H3C-C=O), 98.0 (C1-

13

H), 70.3, 70.0, 69.6, 68.7, 63.1, 62.4, 35.6, 21.6 21.4 (H3C-C=O); IR (CHCl3): ν =
2942 w, 1740 vs, 1370 m, 1239 vs, 1138 m, 1080 m, 1044 s, 1002 m, 984 m, 604 w
cm-1; MS (ES): m/z (%) 357 (100) [M+Na].

Preparation of 2-p-Tolylsulfonyloxyethyl 3,4,6-tri-O-acetyl-2-deoxy-α-D-arabinohexopyranoside 8: Compound 8 was prepared according to the procedure described
for 2. Yield: 78 %. 1H NMR (CDCl3, 25° C): δ = 7.79 (d, J = 8.5 Hz, 2 H; CH arom.),
7.36 (d, J = 8.2 Hz, 2 H; CH arom.), 5.22 (dd J = 5.5 Hz J' = 11.5 Hz; dd, J = 5.2 Hz J'
= 11.5 Hz, 1 H; H-3), 4.96 (t, J = 9.6 Hz, 1 H; H-4), 4.90 (br d, J = 4.1 Hz, 1 H; H-1),
4.25 (dd, J56a = 4.7 Hz J6a6b = 12.3 Hz; H-6a), 4.17 (t, J = 4.7 Hz, 2 H; CH2), 4.00 (dd,
J56b = 2.5 Hz, J6a6b = 12.3 Hz, 1 H; H-6a), 3.94 - 3.88 (m, 1 H; H-5), 3.85 - 3.77 (m, 1
H), 3.67 - 3.60 (m, 1 H), 2.44 (s, 3 H; Carom. -CH3) 2.17 (dd, J12eq. = 4.1 Hz J2eq.2ax. =
13.0 Hz; dd, J = 6.6 Hz J' = 12.9 Hz, 1 H; H-2eq.), 2.07 2.03 1.99 (s, 9 H; 3 H3CCOO-), 1.83 (dd, J12ax. = 8.0 Hz J2eq.2ax. = 13 Hz; dd, J = 15.2 Hz J' = 12.9 Hz, 1 H; H2ax.);

C NMR (CDCl3, 25° C): δ = 171.3 170.7 170.5 (H3C-C=O), 145.7 133.5 (C

13

arom.), 130.6 128.6 (CH arom.), 97.8 (C1-H),69.8, 69.4, 96.3, 68.8, 65.8, 62.8, 35.3,
22.3 (H3C-Carom. ), 21.5 21.4 (H3C-C=O); IR (CHCl3 ): ν = 2926 w, 1742 vs, 1368 m,
1194 m, 1176 m, 924 w, 602 w; MS (ES): m/z (%) 511 (100) [M+Na].

Preparation

of

2-Azidoethyl

3,4,6-tri-O-acetyl-2-deoxy-α-D-arabino-

hexopyranoside 9: Compound 9 was prepared according to the procedure described
for 3. Yield: 80 %. 1H-NMR (CDCl3, 25° C): δ = 5.33 (dd J = 5.5 Hz J' = 11.6 Hz; dd, J
= 5.2 Hz J' = 11.6 Hz, 1 H; H-3), 5.01 (t, J = 9.6 Hz, 1 H; H-4; br d, J = 4.1 Hz, 1 H; H1), 4.31 (dd, J56a = 4.7 Hz J6a6b = 12.1 Hz; H-6a), 4.08 (dd, J56b = 2.5 Hz, J6a6b = 12.1
Hz, 1 H; H-6a), 4.05 - 3.98 (m, 1 H; H-5), 3.86 - 3.80 (m, 1 H), 3.65 - 3.58 (m, 1 H),
3.43 (t, J = 5.1 Hz, 2 H; CH2), 2.31 (dd, J12eq. = 4.1 Hz J2eq.2ax. = 13.1 Hz; dd, J = 6.6
Hz J' = 12.9 Hz, 1 H; H-2eq.), 2.09 2.05 2.02 (s, 9 H; 3 H3C-COO-), 1.85 (dd, J12ax. =
7.97 Hz J2eq.2ax. = 13.1 Hz; dd, J = 15.4 Hz J' = 12.9 Hz, 1 H; H-2ax.);

13

C-NMR

(CDCl3, 25° C): δ = 171.1 170.5 (H3C-C=O), 97.9 (C1-H), 69.9, 69.5, 68.9, 67.2, 63.0,
51.1, 35.5, 21.6 21.4 (H3C-C=O); IR (CHCl3): ν = 2108 s, 1742 vs, 1370 m, 1136 m,
1052 s, 984 w, 602 w cm-1; MS (ES): m/z (%) 382 (100) [M+Na].
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Preparation

of

2-Aminoethyl-3,4,6-tri-O-acetyl-2-deoxy-α-D-arabino-

hexopyranoside toluene-4-sulfonic acid salt 10: Compound 10 was prepared
according to the procedure described for 4. Yield: 95 %. 1 H-NMR (CDCl3, 25° C): δ =
7.87 (br s, 2 H; NH2), 7.70 (d, J = 8.0 Hz, 2H; CH arom.), 7.09 (d, J = 7.7 Hz, 2 H; CH
arom.), 5.24 - 5.16 (m, 1 H; H-3), 4.90 (t, J = 9.6 Hz; H-4), 4.81 (br d, J = 2.5 Hz, 1 H;
H-1), 4.20 (dd, J56a = 4.1 Hz J6a6b = 12.4 Hz, 1 H; H-6a), 3.93 - 3.86 (m, 2 H; H-5 H6b), 3.77 - 3.73 (m, 1 H), 3.58 - 3.49 (m, 1 H), 3.10 (br s, 2 H), 2.34 (s, 3 H; Carom. CH3), 2.22 - 2.16 (m, 1 H; H-2eq.), 2.02 1.95 1.94 (s, 9 H; H3C-C=O), 1.65 - 1.56 (m,
1 H; H-2ax.);

C-NMR (CDCl3, 25° C): δ = 171.3 170.8 170.5 (H3C-C=O), 141.9

13

141.2 (C arom.), 129.6 126.6 (CH arom.) 97.9 (C1-H), 69.8, 69.6, 68.6, 64.1, 62.7,
40.0, 35.0, 22.0 (H3C-Carom. ) 21.6 21.4 21.3 (H3C-C=O); IR (KBr): ν = 3450 br, 1744
vs, 1370 m, 1234 vs, 1126 s, 1038 s, 1012 s, 820 w, 686 m, 602 m cm-1; MS (ES):
m/z (%) 334 (100) [M+1].

Preparation

of

2-(Methyliminodiacetato)ethyl

-3,4,6-tri-O-acetyl-2-deoxy-α-D-

arabino-hexopyranoside 11: Compound 11 was prepared according to the procedure
described for 5 and 10. Yield: 66 %. 1H NMR (CDCl3, 25° C): δ = 5.27 (dd, J = 5.5 Hz
J' = 11.5 Hz; dd, J = 5.2 Hz J' = 11.3 Hz, 1 H; H-3), 4.97 (t, J = 9.6 Hz; H-4), 4.94 (br
d, J = 1.9 Hz, 1 H; H-1), 4.31 (dd, J56a = 4.4 Hz J6a6b = 12.1 Hz, 1 H; H-6a), 4.02 (dd,
J56b = 2.2 Hz J6a6b = 12.1 Hz, 1 H; H-6b), 3.99 - 3.94 (m, 1 H; H-5), 3.79 - 3.72 (m, 1
H), 3.70 (s, 6 H; COOCH3), 3.62 (s, 4 H; N-CH2-COO-), 3.52 - 3.50 (m, 1 H) 2.98 (t, J
= 5.5 Hz, 2 H) 2.20 (dd, J12eq. = 4.4 Hz J2eq.2ax. = 12.9 Hz; dd, J = 6.6 Hz J' = 12.2 Hz,
1 H; H-2eq.), 2.07 2.02 1.99 (s, 9 H; 3 H3C-COO-), 1.80 (dd, J12ax. = 8.1 Hz J2eq.2ax. =
12.7 Hz; dd, J = 15.4 Hz J' = 12.9 Hz, 1 H; H-2ax.);

C-NMR (CDCl3, 25° C): δ =

13

172.4 (COOCH3 ), 171.4 170.7 (H3C-C=O), 97.7 (C1-H), 73.6, 70.4, 69.7, 67.6, 63.0,
56.3, 54.3 52.3, 35.6, 21.6 21.4 (H3C-C=O): IR (CHCl3 ): ν = 1742 vs, 1368 w, 1050 m
cm-1; MS (FAB): m/z (%) 478 (100) [M+1].

Preparation

of

2-(Iminodiacetato)ethyl-2-deoxy-α-D-arabino-hexopyranoside

disodium salt 12: Compound 12 was prepared according to the procedure described
for 6. Yield: 98 %. 1H-NMR (D 2O, 25° C): δ = 5.00 (d, J =3.3 Hz, 1 H; H-1), 3.91 3.90 (m, 1 H; H-3) 3.87 (dd, J = 2.2 Hz J' = 12.4 Hz, 1 H; H-6), 3.83 - 3.74 (m, 2 H; H6' H-B), 3.68 - 3.56 (m, 2 H; H-5 H-C), 3.34 (t, J = 9.5 Hz, 1 H; H-4) 3.27 (s, 4 H; H-
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A/X), 2.89 – 2.85 (m, 2 H; H-D/E) 2.20 - 2.14 (m, 1 H; H-2), 1.92 (s, 3 H; NaOAc),
1.74 - 1.64 (m, 1 H; H-2'); IR (KBr): ν = 3422 br, 1584 vs, 1410 s, 1334 m, 1266 w,
1196 m, 1126 m, 1064 m cm-1; MS (ES): m/z (%) 322 (100) [M-2 Na +1].

Preparation

of

(2-(Iminodiacetato)ethyl)-β-D-glucopyranosyl-tricarbonyl-rhenate

sodium salt 13a: The disodium salt 6 (42 mg, 0.09mmol) was dissolved in water (5
ml) and [NEt4]2 [Re(CO)3Br3] (70 mg, 0.09 mmol) were added. After 2 hours at 50° C
the solvent was evaporated and the residue dried overnight in a desiccator. CH2Cl2
was added to the residue to dissolve most of the formed tetraethyl ammonium
bromide. The precipitate was filtered and dried in vacuum. Yield 90 %. 1H NMR (D 2O,
25° C): δ = 4.53 (d, J = 8.0 Hz, 1 H; H-1), 4.34 - 4.23 (m, 1 H; H-B), 4.10 - 4.01 (m, 1
H; H-C) 4.00 (2 d, J = 16.8 Hz, 2 H; H-A), 3.97 (dd, J = 1.9 Hz J' = 12.4 Hz; 1 H, H-6),
3.82 (2d, J = 16.8 Hz, 2 H; H-X), 3.82 - 3.74 (m, 3 H; H-6' H-D/E), 3.54 (t, J = 9.1 Hz,
1 H; H-3) 3.53 - 3.48 (m, 1 H; H-5), 3.44 (t, J = 9.1 Hz, 1 H; H-4) 3.38 - 3.33 (m, 1 H;
H-2), 1.91 (s, 3 H; NaOAc) IR (KBr): ν = 3444 br, 2024 vs, 1906 vs, 1636 vs, 1396 m,
1076 m, 1038 m cm-1; MS (ES): m/z (%) 606, 608 (100%) [M -].

Preparation

of

2-(Iminodiacetato)ethyl-2-deoxy-α-D-arabino-hexopyranosyl-

tricarbonyl-rhenate sodium salt 14a: Compound 14a was prepared according to the
procedure described for 13a. Yield: 81 %. 1H NMR. 1 H NMR (D 2O, 25° C): δ 5.06 (d,
J = 2.5 Hz; 1 H), 4.06 (d, J = 16.5 Hz, 2 H; H-A),4.00 – 3.89 (m, 5 H), 3.58 – 3.72 (m,
4 H), 3.75 (d, J = 16.5 Hz, 2 H; H-X), 3.69 – 3.63 (m, 1 H), 3.34 (t, J = 9.5 Hz, 1 H; H4), 2.25- 2.20 (m, 1 H; H-2a), 1.78 – 1.72 (m, 1 H; H-2b); IR (KBr): ν 3422 (br), 2022
(s), 1892 (vs), 1636 (s), 1394 (m), 1062 (m), 1028 (m); MS (ES): m/z (%) 592 590
(100) [M-], 430 428 (80) [C 9H8NO5Re-].
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Chapter 13
Versatile routes to C-(2) and C-(6) functionalized glucose derivatives of
iminodiacetic acid.#

C. Dumas, R. Schibli and P. A. Schubiger
Introduction. Carbohydrates are interesting building blocks for organic chemistry
and drug development due to their involvement in various biological systems, water
solubility and optical activity. The latter two characteristics make them interesting, for
example, in asym metric synthesis and in heterogeneous catalysis.[243] Also, several
review articles recently appeared summarizing the importance and growing
application of carbohydrate-based drugs. On the other hand, the chemistry and
application of carbohydrate-based transition metal complexes in other research areas
is strikingly underdeveloped. Carbohydrate-based complexes could be extremely
important in research fields such as bioinorganic and bioorganometallic chemistry,
where they have attracted considerable attention, for example, in assay development
and nuclear medicine.[2,

188, 244-246]

The development of new sugar-pendant ligand

systems for site-specific transition metal coordination could significantly extend the
scope of these research topics.
With a view to develop novel, metal-based, tumor targeting radiopharmaceuticals
for diagnostic and therapeutic purposes, we previously reported the synthesis and
functionalization of β-glucose and 2-deoxy-α-glucose at the C-1 position with an Oglycosidically linked iminodiacetic acid (IDA) chelating moiety. [63] Reaction of the
corresponding glucose and deoxyglucose derivatives with the organometallic
precursor [NEt4]2[ReBr3(CO)3 ] yielded almost quantitatively, highly stable and watersoluble organometallic complexes.
However, to target either glucose transport systems like e.g. Glut 1 (often over
expressed on malignant tumors cells) or the active site of the enzyme hexokinase or
both, the functionalization of glucose at C-6[247] or C-2 position for transition metal
coordination would be desirable.[248] In the case of hexokinase, the C-2 position

#

J. Org. Chem., 68, 512-5118, 2002.

177
appears to be the sole center where substitution is tolerated without completely
losing the biological activity of glucose.[249]
We report here the first systematic synthesis of glucose functionalized at C-2 or C6 position with metal chelating moiety.

Results and discussion. In a recent review, Nicolaou presents a list of 20
different general methods to carry out an O-glycosylation, which shows the diversity
of carbohydrate chemistry.[250]

However, syntheses of glucose derivatives at

positions other tha n C-1 with multiple functional groups, including amines, are
scarcely reported. Among the other positions, the chemistry of C-6 is the most
developed and described due to the relatively easy access to a reactive precursor
such as e.g. 1,2:3,5-(O-methylene)-α-D-glucose 11.[251] On the other hand, C-2
position of glucose is exceptionally problematic to C-substitute, presumably due to
the unreactivity of a C-2 leaving group toward displacement with charged
nucleophiles. This fact was attributed to the electron-withdrawing effect of the
anomeric carbon atom and the unfavorable dipolar interaction in the transition state
of the substitution reaction.[252, 253] Lastly, O-substitution of the hydroxyl group at the
C-2 position is rarely employed for purposes other than protection. For our approach,
we decided to follow the reaction pathway using O-substitution, which was also
recently

utilized

to

prepare

different

D-glucose

derivatized

bis-imidazole

[254]

compounds.

Two options are reasonable for the retrosynthesis of glucose derivatives at C-2
and C-6 position. The first one is a convergent synthesis which includes the coupling
of a halogenoalkane already functionalized with the chelating moiety (Scheme 1,
method I) to the protected glucose. The second alternative is a linear synthesis. In
the latter case, the first step is the O-alkylation of the protected glucose by a
halogenated primary alkylamine to afford the spacer pendant carbohydrate. The
chelating moiety will subsequently be built up by dialkylation of glucose derivative
with methyl bromoacetate. (Scheme 1, method II) Although method I is
straightforward, we found that the basic conditions for the coupling of the ligand
system led to uncontrolled hydrolysis of the ester functionalities rather than linkage of
the ligand system to glucose. Therefore, we followed method II.
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Substitution at C-2 position. Methyl 3,4,6-Tribenzyl-β-D-glucopyranoside 2 seemed
to be an ideal starting material for functionalization of glucose at C-2 position. The
commercially available tribenzyl glucal 1 was treated with m-CPBA in methanol to
afford the desired methyl glucopyranose 2 (Scheme 2) as a mixture of the α and β
anomers (ratio 1:20) with in 64% yield as described by Danishefsky et al.[255, 256]
However, attempts to alkylate the unprotected alcohol at C-2 position in the
presence of different bases (KOH, NaOH or NaH) in DMF or dioxane with an alkyl
bromide or an alkyl tosylate yielded the desired product only in trace amounts even
at elevated temperatures. The use of desiccant including drierite, calcium carbonate
and molecular sieves in the reaction solution did not increase the yields either. Steric
hindrance of the OH group due to the bulky benzyl groups particularly in case of
sugars in the pyranose form might be the reason for these synthetic problems. We
therefore chose to start from a protected furanose precursor because in this case,
the protecting groups are above and the OH is group below the plane of the furanose
ring system. The steric hindrance should thus be reduced and the alkylation at C-2
position facilitated.
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Scheme 2
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Reagents and conditions: (a) m-CPBA, MeOH, 64%; (b) different conditions have been tested for this

reaction, various bases (KOH, NaOH, NaH), solvents (dioxane, DMF) and desiccants have been used
as well as different temperature conditions.

The methyl 3,5,6-tri-O-benzyl-D -α-β-glucofuranoside 4 prepared according to the
synthesis reported by Lee and al.[257] has been successively coupled with 3-bromo-N(1-tert-butoxycarbonyl)propylamine,[258] N-bromooctylphtalimide[259] and commercially
available 1,2-bis-(2-chlorethoxy)ethane in DMF at room temperature in the presence
of sodium hydride. The corresponding N-protected aminopropyl- and aminooctylsugars 5a and 5b were obtained after 14 hours with respective yields of 65% and
71%. Compound 5c was obtained from the alkylation reaction and converted without
purification into the azide 5d in a 87% overall yield. The modified glucoses 5a-d were
all present as a mixture of the α and β anomers in a ratio of 1:1, as evident from the
1

H NMR spectra. The next step of the synthesis was the deprotection of the amine

functionality to build up the chelating moiety by dialkylation. Compound 6a was
isolated after 1 hour of reaction without purification by deprotection of the Boc groups
in the presence of trifluoroacetic acid in dichloromethane. (Scheme 3) The
phthalimide group of the glucose derivative 5b was removed in the presence of
hydrazine in methanol at room temperature to afford the aminoalkyl-D -glucose 6b.
The azide functionality of glucose derivative 5c was reduced overnight under reflux
by the action of LiAlH4 in THF to furnish the free amine derivative 6c.
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a

Scheme 3
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(a)

NaH,

OMe

(c)

(d)
(e)

5a: R=O(CH2)3NHBoc
5b: R=O(CH2)8NPht
5c: R=(OCH2CH2) 3Cl
5d: R=(OCH2CH2)3N3

(b)

6a: R=O(CH2)3NH2
6b: R=O(CH2)8 NH2
6c: R=(OCH2CH2)3NH2

3-bromo-N-(1-tert -butoxycarbonyl)propylamine

or

N-

bromooctylphtalimide or 1,2-bis-(2-chlorethoxy)ethane, DMF, rt, 14 h, 65-71%; (b) NaN3, 2 h, DMF,
100°C; (c) CF3CO2 H, CH2Cl2, rt, 1 h, 86%; (d) NH2 NH2, MeOH, rt, 2 h, 77%; (e) LiAlH4, THF, rt, 3 h,
71%. Pht : Phthalloyl.

The chelating moieties were obtained by double alkylation of the amines of
furanoses 6a-c using methyl bromoacetate in THF in the presence of triethylamine to
afford the diesters 7a-c with yields of 56-69%. The following three steps led to final
deprotections of the sugar and the chelating moiety. The hydrogenolysis of the
benzyl groups occurred in methanol in the presence of a catalytic amount of
palladium hydroxide to give the deprotected triols 8a-c in excellent yields (>85%).
The partial transformation of the furanose in pyranose and the elimination of the
methyl at C-1 position[260] were achieved simultaneously in acetic anhydride in the
presence of trimethylsilyl triflate to afford hexaesters 9a, 9b and 9c. (Scheme 4)
Hexaesters 9a-c were obtained as a mixture of the α and β anomers of the pyranose
form. Traces of the corresponding anomers of the furanose form have also been
observed in the

1

H NMR spectrum. Transesterification of the four acetates of

derivatives 9a-c in methanol with sodium methanolate and the saponification of the
methyl ester in an aqueous solution of sodium hydroxide finally yielded the
functionalized glucose derivatives 10a-c. Overall yields of derivatives 10a-c were
16%, 23% and 22% with respect to glucofuranose 4.
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Scheme 4
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7c: X = (C2H4 O) 2C2H 4, R = Bn 9c: X = (C 2H4O)2 C2H4

O
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HO
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O
N

X

HO2 C
10a: X = (CH 2)3
10b: X = (CH2 )8
10c: X = (C2H 4O)2C 2H4

8a: X = (CH2) 3, R = H
8b: X = (CH 2)8, R = H
8c: X = (C2H4 O) 2C2H 4, R = H

Reagents and conditions: (a) BrCH2 CO2 Me, NEt3, THF, reflux, 14 h, 56-69%; (b) H2, Pd(OH)2/C,

MeOH, 85-99%; (c) TMSOTf, AcOH, 0°C, 40 min, 66-90%; (d) NaOMe, MeOH; (e) NaOH (0.091N),
Dowex 50W-X8, 85-89%.

Substitution at C-6 position. The starting material for the alkylation at C-6 position,
1,2:3,5-(O-methylene)-α-D-glucose 11, was prepared according to the method
described by Hough et al.[251] in one step from D -glucopyranose. As for the synthesis
of sugar derivative 10a-c, the substitution at C-6 position started with the insertion of
the linker at C-6 position. The unprotected alcohol was alkylated in DMF in the
presence of sodium hydride with either the protected bromoamines 3-bromo-N-(1tert-butoxycarbonyl)propylamine

or

N-bromooctylphtalimide

to

afford

their

corresponding aminoethers 12a-b. (Schema 5) The second step of the synthesis is
still the deprotection of the amine functionality to allow the preparation of the metal
chelating moiety. Using the same method described for C-2 position, the amines 12a
and 12b were respectively deprotected in the presence of trifluoroacetic acid in
dichloromethane or hydrazine monohydrate in methanol to afford the corresponding
primary amines 13a-b.
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Reagents and conditions: (a) NaH, 3-bromo-N-(1-tert-butoxycarbonyl)propylamine, DMF, rt, 14 h,

57%; (b) CF3 CO2H, CH2Cl2, rt, 1 h, 91%; (c) NaH, N-bromooctylphtalimide, DMF, rt, 14 h, 40%; (d)
NH2 NH2, MeOH, rt, 2 h, 81%.

The C-6 substituted glucose derivatives 13a-b were dialkylated in the same
manner as compounds 7 to yield the corresponding diester derivative 14a and 14b.
(Schema 6) Finally, the two glucose derivatives 15a-b were obtained by
saponification of the esters of carbohydrates 14a-b in 1M aqueous NaOH and the
deprotection of the acetals by addition of Dowex 50W-X8. Overall yields of
derivatives 15a-b were 23% and 16% with respect to bismethylene-D-glucofuranose
11.
a

Scheme 6
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Reagents and conditions: (a) BrCH2 CO2 Me, NEt3, THF, reflux, 14 h, 58-62%; (b) NaOH, rt, 2 h,

Dowex 50W-X8, 77-78%.

Conclusion. In summary the first practical and versatile method for the
substitution of glucose at C-2 or C-6 position with a functionalized side chain (10a-c
and 15a-b) has been successfully developed. Although this method was set up for Dglucose, it can presumably be extended to the substitution/functionalization of other
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natural and artificial monosaccharides. The synthetic intermediates 8a-c and 13a-b
may be particularly useful for the preparation of functionalized carbohydrates for
linkage to peptides and lipids. They can also be powerful intermediates for the
formation of amine containing ligand systems tailor-made for various transition metal
centers. In vitro evaluation of the bioaffinity of the corresponding

99m

Tc labeled

glucose derivative 10a-c and 15a-b for hexokinase and Glut-1 are in progress.
Material and methods. Unless otherwise specified purchased materials were
used without further purification. Dry THF was distilled from Na/benzophenone
immediately before use. Moisture sensitive reactions were conducted in oven-dried
glassware under a nitrogen atmosphere. All reactions were monitored by thin layer
chromatography performed on pre-coated silica gel (60 F254) plates and visualized
using UV light and applying a solution of potassium permanganate (1% in water).
Similarly, amines were detected by ninhydrin (0.5% in methanol). Column
chromatography was accomplished on silica gel 60 (0.062-200 mesh). Highresolution mass spectroscopy were done by the MS service of the Department of
Organic Chemistry at the Federal Institute of Technology Zurich (ETHZ). The
elemental analyses were performed by the Laboratory of Microelementary analysis
from the Department of Organic Chemistry at the Federal Institute of Technology
Zurich (ETHZ). The NMR spectra were measured at 300 MHz and 75 MHz for 1H and
13

C, respectively. Unless otherwise specified, spectra were recorded in CDCl3 as

solvent, and chemical shifts were expressed in ppm relative to residual CHCl3 at
7.27 ppm for 1 H and to CDCl3 at 77.7 ppm for 13C.
Methyl

3,5,6-Tri-O-benzyl-2-O-(3-tert-butoxycarbonylaminopropyl)-α,β -D-

glucofuranoside

(5a):

glucofuranoside

4

To

a

(985 mg,

solution

of

2.12 mmol,

methyl

3,5,6-tri-O-benzyl-α−β -D-

1 eq.)

and

3-bromo-N-(1-tert-

butoxycarbonyl)propylamine (1.51 g, 6.36 mmol, 3 eq.) in DMF (30 mL) at 0°C was
added portion wise NaH 60% in oil (340 mg, 8.5 mmol, 4 eq.). The obtained
suspension was stirred overnight with increasing the temperature from 0°C to rt. The
excess of NaH was then destroyed by addition of methanol (0.32 mL) and water
(0.63 mL) at 0°C. The solvents were removed by distillation to afford a brownish oil,
which was diluted in dichloromethane and washed two times with water. The organic
layer was dried over Na 2SO4, filtered and evaporated to dryness to provide a brown
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oil, which was purified by chromatography on silica gel CH2Cl2/acetone (95:5). Yield
65%. Rf 0.27 (AcOEt/nHex 1:3); 1H NMR 7.20-7.11 (m, 15H), 5.01 (d, J = 4.7 Hz,
0.5H), 4.86-4.67 (m, 2H), 4.66-4.50 (m, 5.5H), 4.38-4.28 (m, 1H), 4.17 (dd, J = 5.6
Hz, J = 3.5 Hz, 1H), 4.13-3.80 (m, 1.5H), 3.82-3.66 (m, 1.5H), 3.58-3.49 (m, 1H),
3.48-3.35 (m, 4H), 3.30-3.19 (m, 2H), 1.80-1.62(m, 2H), 1.44 (s, 9H); HRMS calcd for
C36H47NO8 621.3302, found 621.3307.
Methyl

3,5,6-Tri-O-benzyl-2-O-(8-phthalimidooctyl)-α,β -D-glucofuranoside

(5b):

Compound 5b was prepared from 4 and N-bromooctylphtalimide according to the
preparation of 5a. Yield 71%. Rf 0.45 (AcOEt); IR (neat) 1748, 1372, 1222; 1H NMR
7.88-7.79(m, 1H), 7.74-7.65 (m, 1H), 7.40-7.19 (m, 17H), 5.04 (d, J = 4.8 Hz, 0.5H),
4.97 (d, J = 4.0 Hz, 0.5H), 4.81 (d, J = 11.6 Hz, 1H), 4.75-4.48 (m, 6H), 4.39-4.18 (m,
2H), 4.18-3.99 (m, 2H), 3.97-3.84 (m, 1H), 3.83-3.62 (m, 2H), 3.60-3.30 (m, 2H), 3.47
(s, 1.5H), 3.42 (s, 1.5H), 1.78-1.40 (m, 4H), 1.40-1.18 (m, 8H);
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C NMR 179.9 (2C),

139.6, 139.3, 138.6, 132.8 (2C), 128.9 (4C), 128.8 (3C), 128.6 (2C), 128.3 (4C),
128.2 (3C), 128.0 (2C), 127.9, 109.3, 86.9, 81.1, 80.8, 77.5, 77.2, 74.0, 73.0, 72.8,
71.5, 70.6, 30.2, 29.9, 29.7, 27.4, 26.6; C44H51 NO8 (721.36): calcd C, 73.21; H, 7.12;
N, 1.94; found C, 73.44; H, 7.48; N, 2.31.

Methyl
glucofuranoside

3,5,6-Tri-O-benzyl-2-O-[2-(2-azidoethoxy)ethoxy]ethyl-α,β -D(5d):

To

a

solution

of

methyl

3,5,6-tri-O-benzyl-α−β -D-

glucofuranoside 4 (1 g, 2.1 mmol, 1 eq.) and 1,2-bis-(2-chlorethoxy)ethane (3.4 mL,
21.5 mmol, 10.2 eq.) in DMF (50 mL) at 0°C was added portion wise NaH 60% in oil
(430 mg, 10.8 mmol, 5.1 eq.). The obtained suspension was stirred overnight with
increasing the temperature from 0°C to rt. The excess of NaH was then destroyed by
addition of methanol (0.5 mL) and water (1.5 mL) at 0°C. The solvents were removed
by distillation to afford a yellow oil, which was diluted in AcOEt (50 mL) and washed
two times with water (50 mL). The organic layer was dried over Na 2SO4 , filtered and
evaporated to dryness to provide an oil (1.2 g) composed of a mixture of 5c and 1,2bis-(2-chlorethoxy)ethane in a ratio of 2:3. To a solution of this oil in DMF (25 mL)
was added at rt NaN3 (252 mg, 4.48 mmol, 2 eq.). The resulting suspension was
heated at 100°C for 4 hours. After cooling, brine (188 mL) was added and the mixture
was extracted with Et2O (3x110 mL). The combined organic layers were dried over
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Na2SO4 and evaporated to dryness to afford a brown oil, which was purified by
chromatography on silica gel AcOEt/nHex (1:3). Yield 87%. Rf 0.60 (AcOEt/nHex
1:3); IR (neat) 2106, 1110, 1062; 1H NMR 7.57-7.19 (m, 15H), 5.09 (d, J = 4.3 Hz,
0.2H), 4.97 (s, 0.8H), 4.93-4.84 (m, 1H), 4.77-4.58 (m, 5H), 4.41 (dd, J = 9.0, 4.8 Hz,
1H), 4.23-4.08 (m, 2H), 4.01 (dd, J = 10.5, 1.9 Hz, 1H), 3.98 (s large, 1H), 3.82 (dd,
J = 10.5, 5.2 Hz, 1H), 3.81-3.63 (m, 10H), 3.52 (s, 0.6H), 3.49 (s, 2.4H), 3.54-3.43
(m, 2H);
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C NMR 139.6, 139.3, 138.6, 129.9 (2C), 129.5, 129.2 (3C), 128.7 (2C),

128.4, 128.0 (2C), 127.7 (2C), 127.4 (2C), 110.3, 109.9, 108.2, 88.6, 87.3, 87.2,
81.3, 80.8, 80.2, 74.0, 72.8, 71.5, 71.4, 71.1, 70.0, 51.3; m/z 644.5 (MNa + );
C34H43N3O8 (621.73): calcd C, 65.68; H, 6.97; N, 6.76; found C, 65.68; H, 6.98; N,
6.68.

Methyl 3,5,6-Tri-O-benzyl-2-O-(8-aminooctyl)-α,β -D-glucofuranoside (6b): To a
solution of 5b (279 mg, 0.39 mmol, 1 eq.) in methanol (6 mL) was added at rt
hydrazine 24% in water (0.41 mL, 3.1 mmol, 8 eq.). After one night of stirring the
solvent was removed and the crude oil directly used in the following step without any
purification. Yield 77%. Rf 0.10 (AcOEt/nHex 2:1); IR (neat) 1702, 1580, 1494; 1H
NMR 7.35-7.19 (m, 15H), 4.84-4.71 (m, 2H), 4.65-4.45 (m, 5H), 4.28 (dd, J = 9.0,
4.5 Hz, 1H), 4.12-4.03 (m, 1H), 3.98 (d, J = 4.8 Hz, 1H), 3.89 (dd, J = 10.5, 2.1 Hz,
1H), 3.77 (s large, 1H), 3.70 (dd, J = 10.5, 5.4 Hz, 1H), 3.36 (s, 3H), 3.31 (t,
J = 6.6 Hz, 2H), 3.24-3.31 (m, 2H), 1.52-1.35 (m, 4H), 1.29-1.14 (m, 8H); HRMS
calcd for C 36H49NO6 591.3560, found 591.3555.
Methyl

3,5,6-Tri-O-benzyl-2-O-[2-(2-aminoethoxy)ethoxy]ethyl-α,β -D-

glucofuranoside (6c): To a solution of 5c (1.83 g, 2.95 mmol, 1 eq.) in THF (25 mL)
was added at rt a solution of LiAlH4 (2.3M) in THF (1.3 mL, 2.95 mmol, 1 eq.). After 3
hours of reflux the resulting solution cooled and the excess of LiAlH4 was destroyed
by successive addition of water (22 µL), NaOH (3.75 M, 221 µL) and water (620 µL).
The resulting suspension was filtered over a celite pad and the filtrate evaporated to
dryness to afford a colorless oil. Yield 50%. Rf 0.26 (AcOEt/nHex 5:1); IR (neat)
1108, 1062; 1H NMR 7.60-7.21 (m, 15H), 5.09 (d, J = 4.0 Hz, 0.4H), 4.97 (s, 0.6H),
4.88 (dd, J = 11.4, 6.0 Hz, 1H), 4.82-4-59 (m, 5.4H), 5.13-4.37 (m, 1H), 4.35-4.28 (m,
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0.6H), 4.23-4.08 (m, 2H), 4.05-3.95 (m, 2H), 3.89-3.64 (m, 10H), 3.62-3.55 (m, 2H),
3.52 (s, 1.2H), 3.49 (s, 1.8H); HRMS calcd for C 34H45 NO8 595.3145, found 595.3137.
Methyl

3,5,6-Tri-O-benzyl-2-O-[bis-N-[(1-methoxycarbonyl)methyl]aminopropyl]-

α,β -D-glucofuranoside (7a): To a solution of 5a (857 mg, 1.38 mmol, 1 eq.) in CH2Cl2
(5 mL) was added at rt TFA (0.85 mL, 16.8 mmol, 8 eq.). The resulting solution was
stirred for 1 h and then washed with water (10 mL), a saturated solution of NaHCO3
(10 mL). The organic layer was dried over Na 2SO4 and evaporated to afford 6a, as a
crude oil directly used in the following step. Rf 0.26 (CH2Cl2). Triethylamine (0.35 mL,
2.5 mmol, 2.1 eq.) and methyl bromoacetate (0.23 mL, 2.5 mmol, 2.1 eq.) were
added to a solution of 6a (617 mg, 1.19 mmol, 1 eq.) in THF (8 mL) and the solution
was refluxed overnight. After cooling, the mixture was filtered; the filtrate was diluted
with CH2Cl2 (15 mL) and washed with water (15 mL). The organic layer was dried
over Na 2SO4 and the solvent was removed under reduced pressure. The crude
product was purified by column chromatography on silica gel AcOEt/n-Hexane (1:2)
Yield 59% from 5a. Rf 0.34 (AcOEt/nHex 1:3); IR (neat) 1710, 1452, 1364, 1206; 1H
NMR 7.36-7.23 (m, 15H), 4.82 (s, 1H), 4.77 (d, J = 11.4 Hz, 1H), 4.61-4.54 (m, 4H),
4.52 (d, J = 11.1 Hz, 1H), 4.32-4.20 (m, 1H), 4.12-4.04 (m, 1H), 4.01-3.98 (m, 1H),
3.96-3.84 (m, 1H), 3.84-3.62 (m, 2H), 3.68 (s, 6H), 3.53 (s, 4H), 3.43 (t, J = 6.3 Hz,
2H), 3.38 (s, 3H), 2.75 (t, J = 7.2 Hz, 2H), 1.74-1.64 (m, 2H); m/z 688.5 (MNa + );
C37H47NO10 (665.32): calcd C, 66.75; H, 7.12; N, 2.10; found C, 66.70; H, 7.09; N,
1.74.

Methyl 3,5,6-Tri-O-benzyl-2-O-[bis-N-[(1-methoxycarbonyl)methyl]aminooctyl]-α,β D-glucofuranoside

(7b): Compound 7b was prepared from 6b according to the

preparation of 7a. Yield 56%. Rf 0.52 (AcOEt/nHex 5:3); 1 H NMR 7.38-7.21 (m, 15H),
4.83-4.74 (m, 2H), 4.63-4.48 (m, 5H), 4.28 (dd, J = 9.1, 4.6 Hz, 1H), 4.08 (ddd,
J = 9.0, 5.4, 1.8 Hz, 1H), 3.99 (d, J = 4.5 Hz, 1H), 3.90 (dd, J = 10.5, 1.8 Hz, 1H),
3.77 (s, 1H), 3.73 (d, J = 5.4 Hz, 1H), 3.70 (s, 6H), 3.55 (s, 4H), 3.38 (s, 3H), 3.32 (t,
J = 6.6 Hz, 2H), 2.68 (m, Hz, 2H), 1.54-1.39 (m, 4H), 1.32-1.20 (m, 8H);
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C NMR

172.4 (2C), 139.9, 139.5, 138.8, 129.0 (3C), 128.9 (2C), 128.8 (2C), 128.6 (2C),
128.3, 128.2 (3C), 128.0, 127.9, 109.3, 86.9, 81.2, 80.8, 77.5, 74.0, 73.1, 72.8, 71.6,
70.7, 56.6, 55.6 (2C), 55.2 (2C), 52.2, 30.3, 30.1, 30.0, 28.5, 27.8, 26.6; m/z 736.3
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(MH+ ); C42H57 NO10 (735.40): calcd C, 68.55; H, 7.81; N, 1.90; found C, 68.29; H,
7.94; N, 1.64.

Methyl 3,5,6-Tri-O-benzyl-2-O-[2-[bis-N-[(1-methoxycarbonyl)methyl]aminoethoxy]
ethoxy]ethyl-α,β-D-glucofuranoside (7c): Compound 7c was prepared from 6c
according to the preparation of 7a. Yield 62%. Rf 0.24 (AcOEt/nHex 1:1); 1 H NMR
7.55-7.25 (m, 15H), 4.96 (s, 1H), 4.88 (d, J = 11.4 Hz, 1H), 4.84-4.58 (m, 4H), 4.62
(d, J = 11.4 Hz, 1H), 4.40 (dd, J = 9.0, 4.8 Hz, 1H), 4.18 (ddd, J = 9.0, 5.7, 2.1 Hz,
1H), 4.14 (d, J = 4.5 Hz, 1H), 4.08-3.46 (m, 12H), 4.01 (dd, J = 10.5, 2.1 Hz, 1H), 3.8
(s, 6H), 3.73 (4H), 3.49 (s, 3H), 3.06 (t, J = 5.7 Hz, 2H); C40H53NO12 (739.36): calcd
C, 65.03; H, 7.09; N, 1.90; found C, 65.01; H, 6.94; N, 1.51.

Methyl

2-O-[Bis-N-[(1-methoxycarbonyl)methyl]aminopropyl]-α,β−D-gluco-

furanoside (8a): To a solution of 7a (450 mg, 0.67 mmol, 1 eq.) in methanol (15 mL)
was added at rt Pd(OH)2 10% weight (45 mg). The resulting suspension was stirred
under 1 atm hydrogen till the TLC showed no starting material any more. The
suspension was then filtered over a celite pad and the solution was evaporated to
dryness to afford a colorless oil used without purification in the following step. Yield
85%. Rf 0.52 (AcOEt); IR (neat) 1748; 7a 1H NMR (D 2O) 5.94 (d, J = 3.9 Hz, 1H),
5.04-4.87 (m, 5H), 4.71-4.64 (m, 1H), 4.47 (d, J = 3.9 Hz, 1H), 4.43-3.35 (m, 1H),
4.24-4.01 (m, 2H), 4.00-3.70 (m, 6H), 3.68-3.40 (m, 5H), 3.29 (t, J = 6.9 Hz, 2H),
1.80-1.69 (m, 2H); 7aβ

1

H NMR (CD3OD) 5.32 (d, J = 3.3 Hz, 1H), 4.54 (d,

J = 7.8 Hz, 1H), 4.48-4.24 (m, 4H), 4.17-4.04 (m, 1H), 4.03-3.48 (m, 6H), 3.87 (s,
9H), 3.43-3.20 (m, 2H), 2.13-1.99 (m, 2H); HRMS calcd for C16H29 NO10 395.1791,
found 395.1788.

Methyl

2-O-[Bis-N-[(1-methoxycarbonyl)methyl]aminooctyl]-α,β -D-glucofuranose

(8b): Compound 8b was prepared from 7b according to the preparation of 8a. Yield
99%. Rf 0.30 (AcOEt/nHex 5:3); IR (neat) 1750, 1656;

1

H NMR (CD3OD) 4.97 (d,

J = 4.7 Hz, 1H), 4.72 (s large, 1H), 4.15 (d, J = 3.9 Hz, 1H), 3.99-3.64 (m, 6H), 3.79
(s, 6H), 3.62-3.43 (m, 4H), 3.36-3.21 (m, 2H), 3.28 (s, 3H), 1.74-1.42 (m, 4H), 1.381.22 (m, 8H);
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C NMR (CD3OD) 168.8 (2C), 110.1, 90.9, 83.5, 75.8, 72.6, 71.9, 65.9,
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58.9, 56.6, 56.1 (2C), 54.6 (2C), 31.6, 31.0, 30.9, 28.2, 27.9, 26.0; HRMS calcd for
C21H40NO10 465.2652, found 465.2652 (MH+).
Methyl 2-O-[2-[Bis-N-[(1-methoxycarbonyl)methyl]aminoethoxy]ethoxy]ethyl-α,β -Dglucofuranoside (8c): Compound 8c was prepared from 7c according to the
preparation of 8a. Yield quantitative. Rf 0.31 (AcOEt); 1H NMR 4.83-4.76 (m, 1H),
4.71 (d, J = 11.8 Hz, 0.5H), 4.51 (d, J = 11.8 Hz, 0.5H), 4.34-4.28 (m, 0.5H), 4.174.05 (m, 1.5H), 3.99-3.64 (m, 3H), 3.71-3.47 (m, 10H), 3.65 (s, 6H), 3.63 (s, 4H), 3.33
(s, 1.5H), 3.32 (s, 1.5H), 2.98-2.86 (m, 2H);
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C NMR 172.2, 172.1, 108.5, 107.8,

88.8, 87.8, 82.7, 81.7, 79.8, 75.0, 72.7 (2C), 71.6, 71.3, 71.2, 71.0, 70.9 (2C), 70.8,
70.7, 70.6 (2C), 70.6, 70.3 (2C), 70.1 (2C), 69.9, 64.7, 64.6, 56.2, 56.0, 55.9, 55.8,
54.1, 54.0, 52.2, 52.0; m/z 492.2 (MNa +); C19H35NO12 (469.22): calcd C, 48.61; H,
7.51; N, 2.98; found C, 48.95; H, 7.11; N, 2.99.

1,3,5,6-Tetra-O-acetyl-2-O-[bis-N-[(1-methoxycarbonyl)methyl]]aminopropyl-α,β -Dglucopyranose (9a): To a suspension of 8a (130 mg, 0.28 mmol, 1 eq.) in anhydride
acetic (3 mL) was added at 0°C and under nitrogen flux TMSOTf (49 µL, 0.28 mmol,
1 eq.). After 40 min of stirring at 0°C, the solution was diluted in dichloromethane and
poured into a NaHCO3/ice mixture. The biphasic solution was stirred and NaHCO3
was added until a constant basic pH was reached. The layers were separated and
the aqueous one was extracted two times with dichloromethane. The combined
organic layers were then dried over Na 2SO4 , filtered and evaporated to dryness to
afford a yellow oil, which was purified by chromatography on silica gel AcOEt/nHex
2:1. The desired product was obtained as a colorless oil with yield of 90%. Rf 0.36
(AcOEt/nHex 2:1); IR (neat) 1750, 1436, 1370; 1H NMR 6.34 (d, J = 3.9 Hz, 0.2H),
5.55 (d, J = 8.0 Hz, 0.3H), 5.34-5.25 (m, 0.5H), 5.18-4.92 (m, 1H), 4.30-4.20 (m, 1H),
4.12-3.99 (m, 1H), 3.82-3.35 (m, 5H), 3.67 (s, 6H), 3.49 (s, 4H), 2.74-2.64 (m, 2H),
2.06 (s, 3H), 2.04 (s, 3H), 2.03 (s, 3H), 1.99 (s, 3H), 1.68-1.55 (m, 2H); HRMS calcd
for C 23H36 NO14 550.2136, found 550.2136 (MH+).
1,3,5,6-Tetra-O-acetyl-2-O-[bis-N-[(1-methoxycarbonyl)methyl]aminooctyl]-α,β -Dglucopyranose (9b): Compound 9b was prepared from 8b according to the
preparation of 9a. Yield 66%. Rf 0.38 (AcOEt/nHex 2:1); 1 H NMR 6.35 (d, J = 4.8 Hz,
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0.03H), 6.17 (s, 0.18H), 5.86 (d, J = 5.1 Hz, 0.34H), 5.81 (d, J = 4.5 Hz, 0.45H), 5.545.33 (m, 1.7H), 5.28-5.19 (m, 0.3H), 4.74-4.50 (m, 0.5H), 4.42-4.32 (m, 0.5H), 4.214.12 (m, 1H), 3.93-3.44 (m, 4H), 3.77 (s, 6H), 3.61 (s, 4H), 2.78-2.69 (m, 2H), 2.192.06 (m, 12H), 1.66-1.48 (m, 4H), 1.39-1.28 (m, 8H);
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C NMR 172.2 (2C), 171.2,

170.6, 170.3, 169.6, 94.2, 89.9, 79.3, 74.8, 73.1, 72.3, 71.4, 70.3, 69.9, 68.7, 62.3
(2C), 55.4 (2C), 52.2, 51.8, 51.6, 29.3, 29.0, 21.6, 21.4, 21.3; m/z 620.2 (MH+ );
C28H45NO14 (619.28): calcd C, 54.27; H, 7.32; N, 2.26; found C 54.13, H 7.37, N
2.38.

1,3,5,6-Tetra-O-acetyl-2-O-[2-[bis-N-[(1-methoxycarbonyl)methyl]aminoethoxy]
ethoxy]ethyl-α,β-D-glucopyranose (9c): Compound 9c was prepared from 8c
according to the preparation of 9a. Yield 41%. Rf 0.44 (AcOEt); 1H NMR 6.24 (dd,
J = 8.5, 4.3 Hz, 0.06H), 6.04 (d, J = 11.4 Hz, 0.27H), 5.86 (d, J = 5.5 Hz, 0.17H), 5.74
(d, J = 5.2 Hz, 0.27H), 5.74 (d, J = 8.2 Hz, 0.23H), 5.41-5.17 (m, 2H), 5.13-5.06 (m,
0.5H), 4.81-4.36 (m, 1.5H), 4.33-4.19 (m, 0.8H), 4.17-3.96 (m, 2.2H), 3.89-3.41 (m,
10.99H), 3.63 (s, 6H), 3.39 (s, 0.81H), 3.36 (s, 0.69H), 3.28 (s, 0.51H); 2.93-2.83 (m,
2H), 2.09-1.94 (m, 12H); m/z 646.2 (MNa +); C26H41NO16 (623.61): calcd C, 50.08; H,
6.63; N, 2.25; found C, 50.17; H, 6.37, N, 2.29.

2-O-[Bis(carboxymethyl)aminopropyl]-α,β -D-glucopyranose

(10a):

NaOMe

(13.4 mg, 0.25 mmol, 1 eq.) was added to a solution of 9a (137.2 mg, 0.25 mmol,
1 eq.) in dry methanol (1 mL) at rt under nitrogen flux. After 3 hours of reaction the
solvent was removed, the product was dissolved in NaOH (0.091N, 1 mL) and stirred
overnight. The solution was neutralized by addition of Dowex 50W-X8 till the pH = 7
was attained. The solution was then filtered and evaporated to afford an oil. Yield
85%. IR (neat) 1632, 1402; 1H NMR (CD3OD) 5.44 (m, 0.5H), 4.72 (d, J = 8.1 Hz,
0.5H), 4.26-3.59 (m, 8H), 3.56-3.45 (m, 2H), 3.39-3.10 (m, 1H), 3.21-3.18 (m, 0.5H),
3.06-2.92 (m, 0.5H), 2.28-2.01 (m, 2H), 1.56-1.40 (m, 2H); m/z 357.0 (MH4+ );
C13H23NO10 (353.13): calcd C, 44.19; H, 6.56; N, 3.96; found C, 43.83; H, 6.57; N,
3.62.

2-O-[Bis(carboxymethyl)aminooctyl]-α,β -D-glucopyranose (10b): Compound 10b
was prepared from 9b according to the preparation of 10a. Yield 89%. IR (neat)
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1596, 1354; 1H NMR (CD3OD) 5.37 (d, J = 3.3 Hz, 0.5H), 4.64-4.59 (m, 0.5H), 4.123.56 (m, 9H), 3.52-3.45 (m, 1H), 3.39-3.34 (m, 1H), 3.34-3.22 (m, 2.5H), 3.01 (dd,
J = 8.7, 8.1 Hz, 0.5H), 1.89-1.78 (m, 2H), 1.76-1.65 (m, 2H), 1.57-1.40 (m, 8H); m/z
423.2 (M); C18H33NO10 (423.21): calcd C, 51.05; H, 7.85; N, 3.31; found C, 51.00; H,
7.88; N, 3.46.

2-O-[2-[Bis(carboxymethyl)aminoethoxy]ethoxy]ethyl-α,β -D-glucopyranose

(10c):

Compound 10c was prepared from 9c according to the preparation of 10a. Yield
81%. 1H NMR (CD3OD) 5.48-5.35 (m, 0.45H), 5.26-5.10 (m, 0.55H), 4.60-4.49 (m,
0.5H), 4.08-3.81 (m, 2H), 3.76-3.48 (m, 1.5H), 3.36-3.10 (m, 3H), 3.10-2.75 (m, 13H),
2.39-2.25 (m, 2H); m/z 427.3 (M); C16H29NO12 (427.17): calcd C, 44.96; H, 6.84; N,
3.28; found C, 44.89; H, 6.82; N, 3.15.

6-O-(3-Tert-butoxycarbonylaminopropyl)-1,2:3,5-(O-methylene)-α-D-glucofuranose
(12a): Compound 12a was prepared from 1,2:3,5-(O-methylene)-α-D-glucofuranose
11 and 3-bromo-N-(1-tert-butoxycarbonyl)propylamine according to the preparation
of 5a. Yield 57%. Rf 0.38 (CH2Cl2/acetone 95:5); [α ]D 20 = +0.7, c 0.008 MeOH, IR
(neat), 2922, 1710; 1H NMR 6.01 (d, J = 3.9 Hz, 1H), 5.12-4.97 (m, 4H), 4.82 (dd,
J = 9.4, 5.9 Hz, 1H), 4.46 (dd, J = 9.4, 3.9 Hz, 1H), 4.32 (dd, J = 6.5, 2.4 Hz, 1H),
4.15-4.08 (m, 1H), 4.03-3.99 (m, 1H), 3.76 (dd, J = 10.5, 3.9 Hz, 1H), 3.66 (dd,
J = 10.5, 4.8 Hz, 1H), 3.59-3.41 (m, 2H), 3.28-3.11 (m, 2H), 1.82-1.70 (m, 2H), 1.42
(s, 9H); m/z 384.3 (MNa +); C16H27 NO8 (361.17): calcd C, 53.18; H, 7.53; N, 3.88;
found C, 53.17; H, 7.26; N, 4.01.

1,2:3,5-(O-Methylene)-6-O-(8-phthalimidooctyl)-α-D-glucofuranose

(12b):

Compound 12b was prepared from 11 and N-bromooctylphtalimide according to the
preparation of 5a. Yield 40%. Rf 0.33 (CH2Cl2 /acetone 95:5), [α]D 20 = +18.0, c 0.0183
MeOH, IR (neat) 1772, 1712, 1400; 1H NMR 8.08-7.89 (m, 2H), 7.57-7.34 (m, 2H),
5.97 (d, J = 3.6 Hz, 1H), 5.12-4.94 (m, 3H), 4.75 (dd, J = 6.0, 5.7 Hz, 1H), 4.42 (dd,
J = 8.4, 3.9 Hz, 1H), 4.30 (dd, J = 12.0, 2.4 Hz, 1H), 4.13-4.02 (m, 1H), 4.00-3.95 (m,
1H), 3.73 (dd, J = 10.5, 3.6 Hz, 1H), 3.62 (dd, J = 10.5, 4.8 Hz, 1H), 3.45-3.26 (m,
4H), 1.69-1.43 (m, 4H), 1.42-1.16 (m, 8H);

13

C NMR 166.1 (2C), 134.7, 134.2, 132.7

(2C), 124.0, 123.3, 105.0, 104.5, 97.1, 78.1, 76.8, 76.4, 72.7, 72.3, 72.2, 71.8, 30.0,
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29.7, 29.6, 29.1, 27.3, 26.6; m/z 484.3(MNa +); C24H31 NO8 (461.206): calcd C, 62.46;
H, 6.77; N, 3.04; found C, 62.47; H, 6.82; N, 3.20.

1,2:3,5-(O-Methylene)-6-O-(3-aminopropyl)-α-D-glucofuranose (13a): Compound
13a was prepared from 12a according to the preparation of 6a. Yield 91%. Rf 0.15
(CH2Cl2/acetone 95:5); [α ]D 20 = +13.4, c 0.047 MeOH, 1 H NMR 5.99 (d, J = 3.6 Hz,
1H), 5.04 (d, J = 4.8 Hz, 1H), 5.01 (d, J = 4.8 Hz, 1H), 4.88 (s, 2H), 4.53 (d,
J = 3.3 Hz, 1H), 4.24-4.22 (m, 1H), 4.05-4.01 (m, 2H), 3.83-3.74 (m, 3H), 3.65-3.57
(m, 1H), 3.30-3.19 (m, 2H), 2.04-1.99 (m, 2H);

13

C NMR 105.1 (t), 104.9 (t), 97.0 (d,

2C), 88.5 (t, 2C), 84.2 (t), 84.0 (t), 71.6 (d), 66.4 (d); C11H19 NO6 (261.12): calcd C,
50.57; H, 7.33; N, 5.36; found C, 50.25; H, 7.00; N, 5.63.

1,2:3,5-(O-Methylene)-6-O-(8-aminooctyl)-α-D-glucofuranose

(13b):

Compound

13b was prepared from 12b according to the preparation of 6b. Yield 81%. Rf 0.33
(CH2Cl2/acetone 95:5); [α]D 20 = -12, c 0.00084 MeOH, IR (neat) 1708, 1634; 1H NMR
6.13 (d, J = 3.9 Hz, 1H), 5.23 (d, J = 6.0 Hz, 1H), 5.20-5.10 (m, 2H), 4.88 (d,
J = 6.0 Hz, 1H), 4.56 (d, J = 4.8 Hz, 1H), 4.46 (d, J = 2.4 Hz, 1H), 4.29-4.20 (m, 1H),
4.17-4.09 (m, 1H), 3.92-3.81 (m, 1H), 3.81-3.70 (m, 1H), 3.56-3.45 (m, 2H), 2.96-2.84
(m, 2H), 2.90-1.05 (m, 12H);

13

C NMR 105.2, 104.8, 97.2, 84.5, 76.9, 76.6, 72.8,

72.5, 72.3, 72.0, 32.3, 30.2, 29.9, 27.4, 26.8, 23.3; m/z 332.3 (MH+ ); C16H29 NO6
(331.20): calcd C, 57.99; H, 8.82; N, 4.23; found C, 58.37; H, 8.56; N, 4.34.

6-O-[Bis-N-[(1-methoxycarbonyl)methyl]aminopropyl]-1,2:3,5-(O-methylene)-α-Dglucofuranose (14a): Compound 14a was prepared from 13a according to the
preparation of 7a. AcOEt/n-Hexane (1:2) Yield 58%. Rf 0.87 (CH2Cl2/acetone 95:5);
[α]D 20 = -37.9, c 0.0380 MeOH, 1 H NMR 5.88 (d, J = 3.7 Hz, 1H), 5.04-4.89 (m, 3H),
4.79-4.67 (m, 1H), 4.39 (dd, J = 8.7, 3.7 Hz, 1H), 4.23 (dd, J = 12.7, 1.7 Hz, 1H),
4.08-4.01 (m, 1H), 3.95-3.90 (m, 1H), 3.72-3.54 (m, 2H), 3.62 (s, 6H), 3.56-3.34 (m,
2H), 3.47 (s, 4H), 2.77-2.68 (m, 2H), 1.75-1.61 (m, 2H);

13

C NMR 146.4, 140.0,

105.1, 104.9, 97.3, 97.2, 88.9, 88.5, 84.3, 76.6, 76.4 (2C), 72.2, 72.1, 68.6 (2C),
68.5; m/z 428.3 (MNa +); C17H27NO10 (405.16): calcd C, 50.37; H, 6.71; N, 3.46; found
C, 50.56; H, 6.37; N, 3.48.
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6-O-[bis-N-[(1-methoxycarbonyl)methyl]aminooctyl]-1,2:3,5-(O-methylene)-α-Dglucofuranose (14b): Compound 14b was prepared from 13b according to the
preparation of 7a. Yield 62%. [α]D 20 = +122, c 0.0043 MeOH, IR (neat) 1746, 1660;
1

H NMR 6.15 (d, J = 3.9 Hz, 1H), 5.25 (d, J = 6.0 Hz, 1H), 5.21-5.19 (m, 1H), 5.19-

5.16 (m, 1H), 4.90 (d, J = 5.7 Hz, 1H), 4.58 (d, J = 3.9 Hz, 1H), 4.48 (d, J = 1.8 Hz,
1H), 4.24-4.20 (m, 1H), 4.18-4.15 (m, 1H), 3.86-3.82 (m, 1H) 3.81 (s, 6H), 3.80-3.76
(m, 1H), 3.66 (s, 4H), 3.59-3.50 (m, 2H), 2.79 (dd, J = 7.5, 5.4 Hz, 2H), 1.73-1.29 (m,
12H); m/z 498.6 (MNa +); HRMS calcd for C 22H37 NO10 475.2417, found 475.2426.

6-O-[Bis(carboxymethyl)aminopropyl]-α,β -D-glucopyranose (15a): Compound 14a
(117 mg, 0.29 mmol, 1 eq.) was dissolved in a 1M solution of NaOH (1 mL). After
2 hours of stirring at rt, the solution was neutralized by addition of Dowex 50W-X8 till
pH = 5-6 was attained. The solution was then filtered and evaporated to afford an oil.
Yield 78%. IR (neat) 1716, 1654, 1560; 1 H NMR (CD3OD) 5.94 (d, J = 3.9 Hz, 0.5H),
5.09 (d, J = 6.3 Hz, 0.5H), 5.07-5.02 (m, 1H), 5.01-4.96 (m, 1H), 4.70 (d, J = 6.6 Hz,
0.5H), 4.54-4.39 (m, 0.5H), 4.39-4.28 (m, 0.5H), 4.17-3.92 (m,1.5H), 3.86-3.65 (m,
1H), 3.76 (s, 2H), 3.74 (s, 2H), 3.56-3.47 (m, 2H), 3.43-2.30 (m, 2H), 1.89-1.76 (m,
2H); m/z 356.1 (MH3+ ); C13H23 NO10 (353.13): calcd C, 44.19; H, 6.56; N, 3.96; found
C 44.05, H 6.61, N 4.08.

6-O-[Bis(carboxymethyl)aminooctyl]-α,β -D-glucopyranose (15b): Compound 15b
was prepared from 14b according to the preparation of 9a. Yield 77%. IR (neat)
1602, 1402; 1H NMR (CD3OD) 6.14 (d, J = 6.5 Hz, 0.6H), 5.18-5.09 (m, 2.4H), 4.704.64 (m, 1H), 4.59 (s large, 1H), 4.39-4.32 (m, 1H), 4.13-3.98 (s large, 1H), 4.08-3.96
(m, 1H), 3.85 (s large, 1H), 3.81-3.59 (m, 4H), 3.34-3.02 (m, 2H), 1.84-1.32 (m, 12H);
m/z 423.1 (M); C18H33NO10 (423.21): calcd C, 51.05; H, 7.85; N, 3.31; found C 50.98,
H 7.88, N 3.39.
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Chapter 14
Novel organo-rhenium complexes with carbohydrate skeletons:
Functionalization of glucose at position C-3 for transition metal coordination.#

C. Dumas, J. Petrig, L. Frei, B. Spingler, P.A. Schubiger, R. Schibli
Introduction. In the recent years, it has been recogni zed, that the coordination
chemistry of carbohydrates with transition metal centers plays a significant role in
processes like transport and the storage of metals as well as the metabolism of toxic
metals.[220-222] Examples of organometallic complexes with a carbohydrate skeleton
are even more rare in the literature, albeit increasing.[261, 262] Specially for this class of
complexes a improved solubility in aqueous media would be often desired e.g. for
use in biphasic catalysis. Unfortunately there is only little information about
(organometallic) carbohydrate complexes of Group VII metals. A knowledge of the
binding properties of technetium and rhenium with carbohydrates is of medical
significance, since radioactive isotope of both elements are used in tumor diagnosis
and therapy.
In the present work we describe for the first time synthetic strategies for the
syntheses of glucose derivatives functionalized at position C-3 with versatile
tridentate metal chelating entities. The different ligand systems are based on Lhistidyl (10), imino diacetic acid (11) and N-acetyl picoly amine (12) frame works
(Scheme 1). The preparation, structural and spectroscopic analyses rheniumtricarbonyl complex of C-3 functionalized glucose derivatives are presented. The facRe(CO)3 complexes 13-15 and 16 have shown that in all of the cases the metal
center exclusively coordinates tridentately via the anchor groups.
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Results and discussion. For the synthesis of the C-3 derivatized glucose
derivatives

the

commercially

available

1,2;5,6 -di-O-isopropylidene -α-D-

glucofuranose, diacetone-D-glucose, 1, was used. The acetonide protection groups
have proven to be relatively stable under various reaction conditions be but can be
readily removed in presence of acid. During our studies we found that the aldehyde 4
is a versatile precursor to build up the various types of chelating systems for our
purposes. Aldehyde 4 was obtained in three steps with an over all yield of 51 %
similar to the previously published method by Zhong (Scheme 2).[263] In a fist step 2
was synthesized according to the method of Bessodes in presence on KOH and the
phase transfer catalyst 18-crown-6.[264] The diol 3 was prepared in presence of tbutyl-hydroperoxide with a catalytic amount of OsO4. To remove OsO4 from the
reaction solution, silica gel was added. After purification the product was obtained
with approx. 60% yield. If NaHSO3 is used instead of silica gel the protection groups
of 3 are cleaved due to the low pH of the reaction after formation of the osmium
sulfite adduct. After oxidative cleavage of the diol with natrium periodate on silica gel
the aldehyde 4 could be isolated almost quantitatively.
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Reagents and conditions: i. KOH, 18-crown-6, THF; ii. OsO4, BuOOH, NEt4OH, BuOH; iii. NaIO4,

silica, CH2Cl2.

The development of the metal chelates was accomplished in all the cases via a
reductive amination in dry methanol in presence of NaBH3CN and molecular sieve
(Scheme 3). The amines were used in a four fold excess. For the synthesis of the
intermediate 7 Nε-Tr-histidine methyl ester was used. The Schiff’s base was in situ
reduced with NaBH3CN. For the compound 5 the aldehyde was reacted with glycine
methyl ester and for compound 6 with 2-picolyl amine respectively. After reduction of
the imine and a purification step, the secondary amine functionalities of 5 and 6 were

195
alkylated with methyl bromo acetate to afford the furanose intermediates 8 and 9
(table 1). It is worthwhile to mention, that this synthetic strategy can presumably be
applied to build a wide variety of other chelating systems in good over-all yields,
tailor-made for different transition metal centers and purposes.
Scheme 3.
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Table 1.
Product
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CO2Me

R

R’
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H2 C CO2 Me
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The acetonide protecting groups in compounds 7-9 were removed according to a
modified procedure reported by Roberts in presence of 2 N H2SO4 at room
temperature.[265] The trityl protection groups was cleaved concomitantly under these
condition. After 48 hours the reaction solutions were neutralized with Ba(OH)2. The
suspensions were centrifuged to separate the BaSO4. Saponification of the methyl
ester in 10a-12a has been accomplished with 1 N NaOH. After evaporation of the
solvent pure products could be isolated.
In the 1H NMR spectra of the deprotected ligands 10b-12b the signals of the
aromatic protons of the chelating moieties were well resolved. However, in the region
between 3.90 ppm and 3.00 ppm only unresolved multiplets could be observed due
to the presence of a mixture of α and β-anomers. Only in the spectrum of 11b the
intense singlet at 3.60 ppm could be unambiguously attributed to the four NCH2CO2
protons. Mass spectrometric analyses provided in all the cases evidence for the
proposed molecular structure and composition.
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Syntheses of the organometallic rhenium complexes. The rhenium precursor
[NEt4 ]2[ReBr3 (CO)3] reacted readily with the glucose derivatives 10b-12b under mild
and stoichiometric conditions. All reactions have been monitored by means of HPLC.
Thereby, the formation of single peaks could predominantly be observed with the
applied HPLC system. As a blank experiment, underivatized glucose and 2deoxyglucose was also reacted with [NEt4]2 [Re(CO)3Br3]. In this case, no formation of
stable products could be observed under the same reaction conditions. The rheniumtricarbonyl carbohydrate complexes 13-15 were isolated as pale yellow-brow, moistand air-stable powders in good yields. Their identity was confirmed by microanalysis,
(high resolution) mass spectrometry, IR, 1H and

13

C NMR spectroscopy. The 1H NMR

spectra of the complexes were recorded at 50°C. At this temperature the signals of
the α- and β-anomers collapse to give single, sharp peaks, which could be more
easily attributed. We were particularly interested in the coordinative properties of the
metal center in presence of the different functional groups of the sugar derivatives.
Generally, for the protons of the pyranose ring only insignificant chemical shift were
detected. Thus, it can be concluded, that the rhenium center does not coordinate to
hydroxyl group of the glucose moiety. Otherwise, one would expect a low-field shift of
the ring protons. On the other hand, all protons of the chelating systems revealed
significant shifts toward higher field and/or splitting after coordination of the
[Re(CO)3]+ -moiety. In detail: Due to the coordination of the Re I center the resonance
of the fo ur equal protons of the IDA moiety disappeared. At the same time the
formation of an unresolved AB spin system could be detected between 3.8-3.5 ppm.
The NCH2CO2 protons of the IDA moiety became non-equivalent upon rigid
coordination to the metal center by virtue of their, different chemical environment.
Similar observation have been reported by our group for Re(CO)3 complexes of IDAglucose derivatives functionalized at position C-1.[63] Similar patterns of the
methylene groups were observed in complex 15. Both singlets of the two methylene
groups of the free ligand at (4.71 and 3.88 ppm) disappear and split into two doublets
after coordination to the fac-[M(CO)3 ] moiety, forming the pattern of two AB-spin
systems at 5.10 ppm and 4.74 ppm (J = 16 Hz), respectively 4.0 ppm and 3.8 ppm (J
= 14 Hz). The later ones were poorly resolved due to overlapping with the protons of
the sugar moiety. This feature is in accordance with the proposed tridentate
coordination via the tertiary amine, the acidic function and the pyridine nitrogen.
Similar structural features have also been observed for the complex [Tc(CO)3 (APPA)]
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(APPA = [(5-amino -pentyl)-pyridin-2-yl-methyl-amino]-acetic acid).[266] Additional finesplitting of the methylene protons are presumably due to the fact that the complex 15
exists as to diastereo isomers. The protons of the pyridine ring shifted by +0.1 ppm to
+0.05 ppm compared to the free ligand 12b because of de-shielding effect of the
metal center. Another interesting feature could be observed in the 1 H NMR spectrum
of complex 13. In the 1H-NMR of the uncoordinated ligand 10, all N-H protons are
rapidly exchange by deuterons in D2O or DMSO-d6. However, in case of the
corresponding Re(CO)3 -complex, we found, that the proton of the coordinated αamino group is substitution stable over several days even in protic solvents. This can
be easily explained by the coordinative participation of the lone-pair of the α-nitrogen,
which prohibits a fast exchange of the NH-proton under neutral conditions. Moreover,
we observed two NH signals (broad and unresolved at 6.4 ppm; broad triplet at 5.8
ppm) with an intensity ratio of 1:1.5. Two dimensional NMR experiments (COSY)
revealed, that both signals couple with the protons of the α-C atom and the
neighboring CH2 protons of the ethyl spacer (Fig. 1). The α-nitrogen of compound 13
becomes a chiral center after tridentate coordination of the histidine moiety. Thus, the
NH protons of both isomers are visible due to their different chemical environment.
However, it seems, that one of the tow isomers is preferably produce during the
reaction. In addition to the αNH-proton, the δ-proton of the imidazole ring shows a
splitting with an similar intensity ratio (1:1.5), whereas for the other protons we could
not resolve the isomers. This structural feature of complex 13 was also observed
during our studies with (Re(CO)3)α N-Acetyl-His functionalized neuropeptides.[267]
The IR spectra of the anionic and neutral complexes revealed the typical facM(CO)3 pattern with single sharp and intense absorption between around 2000 cm-1
and broad and intense absorption around 1900 cm-1. The absorptions are
significantly blue shifted as compared to the starting material [ReBr3(CO)3 ]2- due to
the different over-all charge of the complexes.
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ESI-Mass Analyses. The mass spectra of the new complexes were obtained via
ESI-MS. The complex 14 was measured in the negative mode. The mass peak of the
molecular anion 15 was detected at 606/608 mass unit, showing the isotopic envelop
characteristic of a mono anion with one rhenium atom (isotopic composition

185

Re

40%:187Re 60%). Further mass peaks origins form rhenium containing fragments
such as at 431 (14-sugar moiety). Complex 13 were measured in the negative and
15 in the positive mode were their molecular mass at 628/630 [M-1]- and 663/665
[M+Na]+ mass units respectively could be detected.

Preparation and Crystal structure of complex 16. Crystal structure of transition
metal-carbohydrate and organometallic-carbohydrate are scarcely reported. Since
crystals of complexes 13-15 could not be obtained, attempts were made to prepare
the corresponding complexes of the de-esterified furanoses 7b-9b in dry methanol. In
case of 9b we were able to obtain crystals of X-ray quality. The structural analyses
via X-ray and the 1H-NMR unveiled, that during the complex formation one of the two
isopropylidene groups (at C-5 and C-6) were lost. The deprotection must be a direct
consequence of the coordination of the metal center, since this partial deprotection
could not be observed with diacetone-D-glucose, 1, in presence of [ReBr3(CO)3 ]2- at
various conditions.
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Colorless crystals could be obtained by slow diffusion of ether into a methanolic
solution of 16§. The molecular structure of the compound is shown in figure 2. Only
one of the two potential isomers crystallized in the orthorhombic space group
P212121. Compound 9b acts as tridentate, anionic ligand, which is coordinated via the
pyridine, the tertiary amine and the deprotonated carboxylic acid functionality to the
rhenium-tricarbonyl center. The structure is in accordance with the 1H NMR spectra
of 16 and 15. The structural features around the metal center resembles the one
observed for the technetium(I) complex [Tc(PADA)(CO)3] (PADA = picolylamine
diacetic acid).[38] The complex 16 reveals a distort octahedral coordination sphere.
Significant deviation can be found for the angles between the rhenium center and the
coordinated

hetero

atoms

(N(11)-Re(1)-N(12)

75.83(17)°;

O(12)-Re(1)-N(11)

81.71(16)°; O(12)-Re(1)-N(12) 79.02(14)°) whereas the C-Re-C angles remain nearly
orthogonal (C(2)-Re(1)-C(1) 88.6(2)°; C(2)-Re(1)-C(3) 88.7(2)°; C(1)-Re(1)-C(3)
89.3(3)°). The Re-C bond and the two Re-N bond lengths are nearly equal within the
standard deviation (1.92(7) Å and 2.20(4) Å). The furanose ring assumes an
envelope conformation. No direct or indirect interaction of the furanose moiety with
the metal chelate can be observed. The remaining isopropylidene group points away
from the metal center, whereas the diol functionality is oriented towards the
picolylamine acetic acid chelate. The formation of hydrogen bond could not be
observed.

§ Crystal data for 16: C23H27 N2O11Re, MW = 693.67, colorless plates, orthorhombic, P212121, T = 183
K, Mo Kα, λ = 0.71073 Å, a = 7.2693(3) Å, b = 9.9472(4) Å, c = 34.2689(15) Å, Z = 4, R1 = 0.0344,
wR2 = 0.0721, GOF = 0.975.
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Figure 2. Molecular structure of complex 16.
1.915(6)Å; Re(1)-C(1)

1.919(5)Å;

[50]

Selected bond length and angles: Re(1)-C(2)

Re(1)-C(3) 1.929(5)Å; Re(1)-O(12)

2.118(4)Å;

Re(1)-N(11)

2.177(5)Å; Re(1)-N(12) 2.232(4)Å; C(2)-Re(1)-C(1) 88.6(2)°; C(2)-Re(1)-C(3) 88.7(2)°; C(1)-Re(1)C(3) 89.3(3)°; C(2)-Re(1)-O(12) 174.8(2)°; C(1)-Re(1)-O(12) 95.79(19)°; C(3)-Re(1)-O(12) 94.2(2)°;
C(2)-Re(1)-N(11) 93.5(2)°; C(1)-Re(1)-N(11) 170.5(2)°; C(3)-Re(1)-N(11) 100.0(2)°; O(12)-Re(1)N(11) 81.71(16)°; C(2)-Re(1)-N(12) 97.79(19)°; C(1)-Re(1)-N(12) 94.71(18)°; C(3)-Re(1)-N(12)
172.4(2)°; O(12)-Re(1)-N(12) 79.02(14)°; N(11)-Re(1)-N(12) 75.83(17)°.

Conclusion. In this work we developed basic synthetic strategies for the
functionalization of glucose at position C-3 for transition metal complexation. 3-Oacetaldehyde-1,2;5,6-di-O-isopropylidene-α-D-glucofuranose

has

shown

to

be

versatile intermediate for the development of nitrogen containing chelating moieties.
The number of potential ligand systems, which can be synthesized with this method
is presumably infinite. The spectroscopic (NMR and IR) experiments performed in
this work revealed, that the glucose derivatives coordinated readily and exclusively
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via the artificial tridentate chelates to the organometallic rhenium -tricarbonyl entity.
This holds true for the compounds in solution as well as in solid state, which was
verified in the first X-ray structure of a rhenium-tricarbonyl glucofuranoside complex.
Due to the unique physical and chemical characteristics of carbohydrates,
functionalized carbohydrates can play an important role at the interface between
transition metal chemistry and other disciplines of chemistry and biology The findings
made in this work contribute to the extension of this highly interesting and
challenging filed of transition metal-carbohydrate chemistry, which can be important
e.g. in the development of novel catalysts, antiviral and anticancer drugs.

Material and methods. All chemicals were purchased of reagent grade and used
without further purification. Dry THF was distilled from Na/benzophenone immediately
before use. The precursors (NEt4)2[ReBr3(CO)3 ] was synthesized according to the
previously published procedure.[12] Tr-L-histidine methyl ester was synthesized
according to the literature.[268] Moisture sensitive reactions were conducted in ovendried glassware under a nitrogen atmosphere. All reactions were monitored by tin
layer chromatography performed on Merck pre-coated silica gel (60 F254) plates and
visualized using UV light and applying a solution of potassium permanganate (1% in
water). Similarly, amines were detected by ninhydrin (0.5% in methanol). Column
chromatography was accomplished on Fluka silica gel 60 (0.062-200 mesh). HPLC
analyses were performed on a Merck-Hitachi L-7000-system equipped with an L7400 tunable absorption detector, a Berthold LB 506 B radiometric detector. HPLC
solvents consisted of aqueous 0.05 M TEAP (triethylammonium phosphate) buffer,
pH = 2.25 (solvent A) and methanol (solvent B). For the radiochemical analyses a
Macherey-Nagel C-18 reversed phase column (10 µm, 150 x 4.1 mm) was used. The
HPLC system started with 100 % of A from 0-3 min. The eluent switched at 3 min to
75 % A and 25 % B and at 9 min to 66% A and 34% B followed by a li near gradient
66% A/34% B to 100 % B from 9-20 min. The gradient remained at 100 % B for 2 min
before switching back to 100 % A. The flow rate was 1 ml/min. For the plasma
stability studies, a Pharmacia Superdex 200 size exclusion column (250 mm, 10 µm)
and a Pharmacia Superose 12 size exclusion column (300 mm, 10 µm) were used.
The eluent used was PBS buffer (0.1 M NaCl/0.05 M sodium phosphate buffered, pH
= 7.4) with 0.1% Tween 20. The IR spectra were recorded on a Perkin-Elmer FT-IR
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16PC. Mass spectra were measured on a Micromass VG Trio 2000 Operator and
high-resolution mass spectroscopy were done by the MS service of the Department
of Organic Chemistry at the Federal Institute of Technology Zurich (ETHZ). The
elemental analyses were performed by the Laboratory of Microelementary analysis
from the Department of Organic Chemistry at the Federal Institute of Technology
Zurich (ETHZ). The optical rotations were measured on a Polarimeter Perkin Elmer
241. The NMR spectra were measured on a Varian Gemini 2000 (300 MHz and 75
MHz for 1H and

13

C, respectively). Unless otherwise specified, spectra were recorded

in CDCl3 as solvent, and chemical shifts were expressed in ppm relative to residual
CHCl3 at 7.27 ppm for 1H and to CDCl3 at 77.7 ppm for 13C.
3-O-[2-(L-Histidinato)ethyl]- α,β−D-glucopyranose

(10):

Compound

10

was

prepared from 7 according to the preparation of 11. Yield 74 %. IR (KBr) 3412, 1632,
1384, 1124, 1080, 1038 cm-1; 1H NMR (DMSO, 50°C) 7.88 (s, 1H), 7.11 (s, 1H), 5.07
(d, J = 3.3 Hz, 0.5H), 4.46 (d, J = 7.5 Hz, 0.5H), 4.14-3.92 (m, 2H), 3.88-3.68 (m, 3H),
3.68-3.58 (m, 1H), 3.58-3.44 (m, 1H), 3.36 (t, J = 9.3 Hz, 1H), 3.29-3.13 (m, 4H), 3.08
(dd, J = 7.5, 15.0 Hz, 1H); m/z 384 (MNa +).

3-O-[Bis(carboxymethyl)aminoethyl]-α,β-D-glucopyranose

(11): Glucofuranose 8

(0.28 g, 0.63 mmol) was stirred at rt in a solution of H2SO4 (2N, 2 ml) for 1 day. The
obtained solution was neutralized by addition of Ba(OH)2 and the obtained precipitate
was separated by centrifugation. NaOH (1M, 1.3 ml) was added to the clear solution,
after one night of stirring the obtained solution was neutralized by addition of HCl
(1M, 1.3 ml). After evaporation of the water the residual oil was dried in a desiccator.
The solid was solved in methanol (20 mL) and the residual insoluble were
precipitated by centrifugation. The evaporation to dryness of the solution affords a
white powder (0.13 g). Yield 60%. IR (CHCl3) 3424, 1736, 1634, 1402, 1256, 1120,
1078, 1040, 910 cm-1; 1H NMR (DMSO, 60°C) 4.05 (d, J = 3.3 Hz, 0.4H), 4.44 (d, J =
6.9 Hz, 0.6H), 4.17-3.85 (m, 2H), 3.85-3.65 (m, 3H), 3.61 (s, 2H), 3.60 (s, 2H), 3.553.39 (m, 1H), 3.38-3.08 (m, 2H), 3.09-2.84 (m, 2H); m/z 338 (M-H).
3-O-[2-Carboxymethyl-2-(pyridin-2-ylmethyl)aminoethyl]- α,β-D-glucopyranose
(12): Compound 12 was prepared from 9a according to the preparation of 11. Yield
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95%. IR (CHCl3) 3420, 1638, 1440, 1400, 1260, 1124, 1080, 768 cm-1; 1H NMR
(DMSO, 50°C); m/z 373 (100, MH +), 395 (80, MNa+).

3-O-[(1-Methoxycarbonyl)aminoethyl]-1,2:5,6-(O-isopropylidene)-α-Dglucofuranose (5): To a solution of glycine methyl ester (1.99 g, 15.9 mmol) in dry
methanol (20 mL) with molecular sieves were added drop wise aldehyde 4 (1.2 g,
3.97 mmol) in solution in dry methanol (20 mL) and NaBH3CN (0.25 g, 3.97 mmol).
After 24h at rt the molecular sieves were filtered over a Celite pad and the organic
layer was evaporated to dryness. The resulting oil was divided up between water
(20 ml) and chloroform (40 ml). The aqueous layer was then extracted with
chloroform (30 mL). The combined organic layer were dried over Na 2SO4 and
evaporated. The crude was purified by chromatography on silica gel AcOEt to afford
a pale yellow oil (0.82 g). Yield 55%. 1H NMR 5.86 (d, J = 3.6 Hz, 1H), 4.55 (d,
J = 3.6 Hz, 1H), 4.32-4.27 (m, 1H), 4.12-4.07 (m, 2H), 4.01–3.96 (m, 1H), 3.90 (d,
J = 3.0 Hz, 1H), 3.8-3.72 (m, 1H), 3.71 (s, 3H), 3.66-3.59 (m, 1H), 3.43 (s, 2H), 2.832.75 (m, 2H) 2.03 (s, 1H), 1.48 (s, 3H), 1.40 (s, 3H), 1.32 (s, 3H), 1.30 (s, 3H);
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C

NMR 173.2, 112.4, 109.7, 105.9, 83.0, 82.9, 81.9, 73.1, 70.5, 68.1, 52.4, 51.3, 49.3,
27.5, 26.9, 25.9; IR (CHCl3) 3020, 1740, 1378, 1210, 1162, 1076, 1018, 846 cm-1;
m/z 398 (MNa+).

3-O-[2-(pyridin-2-ylmethyl)aminoethyl]-1,2:5,6-(O-isopropylidene)-α-Dglucofuranose (6): Compound 6 was prepared from 4 and picolylamine according to
the preparation of 5. AcOEt/MeOH (1:1). Yield 22%. 1H NMR 8.55-8.53 (m, 1H),
7.66-7.60 (m, 1H), 7.33 (d, J = 7.7 Hz, 1H), 7.16-7.12 (m, 1H), 5.87 (d, J = 3.9 Hz,
1H), 4.56 (d, J = 3.6 Hz, 1H), 4.35-4.28 (m, 1H), 4.11-4.03 (m, 2H), 4.00-3.95 (m,
2H,), 3.93 (s, 2H), 3.88-3.79 (m, 1H), 3.77-3.64 (m, 1H), 2.87-2.79 (m, 2H), 2.33 (br
s, 1H) 1.48 (s, 3H), 1.38 (s, 3H), 1.30 (s, 3H), 1.26 (s, 3H);

13

C NMR 160.5, 150.0,

137.1, 122.7, 122.6, 112.4, 109.7, 106.0, 83.1, 82.9, 81.9, 73.2, 70.5, 68.1, 55.8,
49.3, 27.5, 26.9, 25.9; IR (CHCl3 ) 2936, 1594, 1572, 1458, 1434, 1378, 1252, 1162,
1126, 1076, 1018, 846 cm-1; m/z 395 (100, MH+), 417 (35, MNa+ ).
3-O-[2-(Methyl-Nim-triphenylmethyl-L-histidinato)ethyl]-1,2:5,6-(O-isopropylidene)α-D-glucofuranose (7): Compound 7 was prepared from 4 and N-triphenylmethyl-L-
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histidine according to the preparation of 5. AcOEt/MeOH (14:1). Yield 24%. 1H NMR
7.35 (d, J = 1.4 Hz, 1H), 7.33-7.30 (m, 9H), 7.14-7.09 (m, 6H), 6.54 (s, 1H) 5.82 (d,
J = 3.9 Hz, 1H), 4.53 (d, J = 3.9 Hz, 1H), 4.32-4.25 (m, 1H), 4.12-4.02 (m, 3H), 3.96
(dd, J = 5.5, 8.5 Hz, 1H), 3.87 (d, J = 3.3 Hz, 1H) 3.71-3.68 (m, 1H), 3.60-3.55 (m,
1H), 3.58 (s, 3H) 2.95 (br s, 1H) 2.89 (d, J = 6.9 Hz, 1H) 2.85-2.79 (m, 1H), 2.69-2.63
(m, 1H) 1.47 (s, 3H), 1.39 (s, 3H), 1.31 (s, 3H), 1.28 (s, 3H);

13

C NMR 160.5, 150.0,

137.1, 122.7, 122.6, 112.4, 109.7, 106.0, 83.1, 82.9, 81.9, 73.2, 70.5, 68.1, 55.8,
49.3, 27.5, 26.9, 25.9; IR (KBr): ν 2936, 1594, 1572, 1458, 1434, 1378, 1252, 1162,
1126, 1076, 1018, 846 cm-1; m/z 720 (MNa+).

3-O-[Bis-N-[(1-methoxycarbonyl)methyl]aminoethyl]-1,2:5,6-(O-isopropylidene)-αD-glucofuranose (8): Triethylamine (0.15 ml, 1.07 mmol, 1.51 eq.) and methyl
bromoacetate (0.1 ml, 1.07 mmol, 1.5 eq.) were added to a solution of 5 (0.27 g, 0.71
mmol, 1 eq.) in THF (7.5 mL) and the solution was refluxed overnight. After cooling,
the mixture was filtered; the filtrate was diluted with CH2Cl2 (10 mL) and washed with
water (15 mL). The organic la yer was dried over Na 2SO4 and the solvent was
removed under reduced pressure. The crude product was purified by column
chromatography on silica gel AcOEt/n-Hexane (1:1) Yield 70%. 1H NMR 5.83 (d,
J = 3.6 Hz, 1H), 4.56 (d, J = 3.9 Hz, 1H), 4.28-4.22 (m, 1H), 4.12-4.04 (m, 2H), 4.013.96 (m, 1H), 3.96 (dd, J = 5.5, 8.5 Hz, 1H), 3.85 (d, J = 3.0 Hz, 1H), 3.81-3.74 (m,
1H), 3.69-3.65 (m, 1H), 3.69 (s, 6H), 3.61 (s, 4H), 3.03-2.90 (m, 2H), 1.48 (s, 3H),
1.40 (s, 3H), 1.32 (s, 3H), 1.30 (s, 3H);

13

C NMR 172.4, 112.4, 109.7, 105.9, 83.3,

82.9, 81.8, 73.1, 70.7, 68.0, 56.2, 54.7, 51.3, 27.2, 26.9, 26.0; IR (CHCl3) 3018, 3006,
1742, 1483, 1378, 1202, 1166, 1076, 1016, 848 cm-1; m/z 470 (MNa+ ).

3-O-[N-[(1-methoxycarbonyl)methyl]-N-(pyridin-2-ylmethyl)aminoethyl]-1,2:5,6-(Oisopropylidene)-α-D-glucofuranose (9a): Compound 9a was prepared from 6
according to the preparation of 8. AcOEt. Yield 81%. 1H NMR 8.52-8.50 (m, 1H),
7.66-7.61 (m, 1H), 7.49 (d, J = 8.0 Hz, 1H), 7.16-7.12 (m, 1H), 5.80 (d, J = 3.6 Hz,
1H), 4.50 (d, J = 3.9 Hz, 1H), 4.28-4.22 (m, 1H), 4.11-4.01 (m, 2H), 3.98 (s, 2H),
3.98-3.92 (m, 1H), 3.66 (d, J = 2.8 Hz, 1H), 3.76-3.61 (m, 2H), 3.67 (s, 3H), 3.50 (s,
2H) 2.95-2.90 (m, 2H), 1.46 (s, 3H), 1.38 (s, 3H), 1.28 (s, 3H); 13C NMR 172.5, 160.0,
149.9 149.5, 137.2, 123.6, 122.9 122.6, 112.4, 109.6, 105.7, 83.3 83.0, 82.9, 82.0
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81.7, 73.1, 70.2, 68.0, 61.3, 56.0, 54.4, 52.2 51.9, 27.6 27.3, 27.0 26.7, 25.8; IR
(CHCl3) 1738, 1598, 1436, 1378, 1252, 1164, 1076, 1016, 846 cm-1; m/z 467 (20)
(MH+ ), 489 (100) (MNa+).

3-O-[2-Carboxymethyl-2-(pyridin-2-ylmethyl)aminoethyl]-1,2:5,6-(Oisopropylidene)-α-D-glucofuranose (7d): Derivative 6b (0.57 g, 1.22 mmol) was
dissolved in a NaOH (0.5M, 2.6 mL) and stirred overnight at rt. The solution was then
neutralized with HCl (1M), evaporated and strongly dried. The obtained oil was
solved in methanol and the residual insoluble were precipitated by centrifugation. The
evaporation to dryness of the solution affords a pale yellow oil (0.54 g). Yield 98%. 1H
NMR (DMSO) 8.58 (m, 1H), 7.88 (dt, J = 1.6, 7.7 Hz, 1H) 7.61 (m, 1H), 7.38 (m, 1H),
5.89 (d, J = 3.6 Hz, 1H), 4.69 (d, J = 3.8 Hz, 1H), 4.29 (q, J = 6.3 Hz, 1H), 4.06 (m,
2H), 4.05 (s, 2H), 3.85 (m, 3H), 3.65 (m, 1H), 3.52 (s, 2H), 2.96 (m, 2H), 1.84 (s, 3H),
1.40 (s, 3H), 1.34 (s, 3H), 1.32 (s, 3H); IR (KBr) 2988, 2934, 2366, 1736, 1638, 1442,
1380, 1258, 1216, 1166, 1128, 1072, 1018, 888, 846 cm-1; m/z 475 (MNa+).
Preparation of the Complexes 12a-14a. The complexes 12a-14a were prepared
according to the following general procedure: 900 µl of a solution of fac[99mTc(OH2 )3(CO)3 ]+ and 100 µl of a 10-3 M, 10-4 M and 10-5 M solution of the
corresponding ligand in PBS buffer (0.1 M NaCl/0.05 M sodium phosphate buffered,
pH = 7.4) were placed in a 10-ml glass vial under nitrogen. The vial was sealed and
the reaction heated to 75°C for 30 min and cooled on an ice bath. The complex
formation was checked by HPLC.

3-O-{2-[tricarbonyl-(L-histidinato-)rhenium(I)]ethyl}-D-glucopyranose (13): To a
methanolic solution (5 ml) of ligand 10 (31 mg, 0.09 mmol), was added
(NEt4)2 [ReBr3(CO)3] (70 mg, 0.09 mmol). After 2 hours heating at 50°C, the solvent
was removed and the product extracted into CH2Cl2, the insoluble residuals were
filtered, the solvent was evaporated and a white solid was dried in desiccator. Yield
57 %. IR (KBr) 3404, 2018, 1886, 1632, 1398, 1122, 1076, 1036 cm-1; 1H NMR
(DMSO, 50°C) 8.26 (s, 1H), 7.23 (s, 1H), 5.70-5.61 (m, 1H), 5.07 (d, J = 3.3 Hz,
0.5H),4.50-4.45 (m, 0.5H), 4.26-4.04 (m, 2H); 3.98-3.87 (m, 1H), 3.86-3.69 (m, 2H),
3.68-3.45 (m, 2H), 3.43-3.07 (m, 5H); m/z 352 (60, MNa+), 354 (100, MNa+ ).
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Tetraethyl

ammonium

3-O-[2-(Iminodiacetic

acid-)ethyl]-D-glucopyranosyl-

tricarbonyl-rhenat (14): Complex 14 was prepared from 11 according to the
preparation of 13. Yield 94%. IR (KBr) 3426, 2008, 1892, 1742, 1638, 1458, 1400,
1260, 1180, 1032, 788, 648 cm-1; 1H NMR (DMSO) 5.15-5.01 (m, 0.4H), 4.50-4.26
(m, 0.6H), 4.17-4.02 (m, 1H), 4.02-3.89 (m, 1H), 3.89-3.78 (m, 1H), 3.78-3.64 (m,
3H), 3.64-3.49 (m, 3H), 3.49-3.41 (m, 1H), 3.41-3.12 (m, 4H); m/z (%) 608 (24) 606
(18) [M -], 432 (23), 430 (82), 428 (70), 426 (10), 388 (10), 386 (84), 384 (100), 382
(30), 343 (8), 341 (24).

3-O-[2-(Picolylamino acetic acid-)ethyl]-α-D-glucopyranosyl-rhenium(I) tri-carbonyl
(15): Complex 15 was prepared from 12 according to the preparation of 14. Yield 24
%. IR (KBr) 3422, 2026, 1910, 1632, 1456, 1388, 1128, 1078, 1036, 776, 644 cm-1;
1

H NMR (DMSO, 50°C) 8.88 (d, J = 5.4 Hz, 1H), 8.27 (dt, J = 1.2, 7.8 Hz, 1H), 7.90-

7.78 (m, 1H), 7.75-7.66 (m, 1H), 5.28-5.02 (m, 3H), 4.83-4.69 (m, 1H), 4.56-4.43 (m,
2H), 4.28-4.15 (m, 1H), 4.06-3.72 (m, 4H9, 3.71-3.60 (m, 2H), 3.47-3.21 (m, 2H); m/z
663 (16, MNa+ ), 665 (20, MNa+).

3-O-[2-(Picolylaminoaceticacid)ethyl]-1,2-O-isopropyliden-α-D-glucofuranosylrhenium(I)-tricarbonyl (16): Complex 16 was prepared from 9b according to
the preparation of 14. Yield 41 %. 1H NMR (DMSO) 8.86 (m, 1H), 8.25 (tt, J = 1.5,
7.5 Hz, 1H), 7.82 (m, 1H), 7.68 (m, 1H), 5.98 (d, J = 3.6 Hz, 1H), 4.84 (d, J = 3.8 Hz,
1H), 4.65 (d, J = 14.7 Hz, 1H), 4.56 (d, J = 14.7 Hz, 1H), 4.76-4.63 (m, 1H), 3.82 (d,
J = 17.1 Hz, 1H), 3.54 (d, J = 17.1 Hz, 1H), 4.13-3.61 (m, 7H), 1.50 (s, 3H), 1.38 (s,
3H); IR (KBr) 2934, 2024, 1996, 1888, 1632, 1454, 1378, 1320, 1258, 1216, 1164,
1068, 1018, 902 cm-1; m/z 705 (MNa+).
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Chapter 15
First In Vitro Characterization of Organometallic Glucose Derivatives of
Rhenium and Technetium against HT29 Tumor Cell Lines and Yeast
Hexokinase.#

R. Schibli, C. Dumas, L. Spadola, L. Scapozza, E. Garcia-Garayoa, J. Petrig, P.A.
Schubiger
Introduction. The covalent linkage of drugs with sugar residues can produce
compounds with different pharmacokinetics and pharmacodynamics than the parent
drug. Effects such as drug release, absorption, distribution, metabolism and excretion
can be tuned by virtue of a sugar assignment. Enormous efforts are ongoing to
implements these findings in the future drug development. The tumor therapeutic
Glufosfamid can be regarded as a prototype of such an approach.[269] Also inorganic
chemists have recognized in the recent years, the value of coupling transition metal
centers with carbohydrate moieties.[218,

222]

Chen and co-workers have recently

presented a carbohydrate -derived cis-platinum analogue useful in chemotherapy. [221]
This Pt-glucose complex has a significantly lower toxicity than the parent compound,
cis-platinum, and has furthermore the advantage of a potential oral administration.
The radioactive labeled glucose analogue, [18F]-2-Fluoro-desoxy glucose (FDG;
F: β +, T1/2 = 109 min) has gained a tremendous relevance in clinical tumor

18

diagnosis in the recent years. FDG is taken up by tumor cells mainly by facile
diffusion through the glucose transport protein Glut-1. Phosphorylation of FDG to
FDG-6-P is accomplished by one of the hexokinase (HK) isoforms. FDG-6-P is
metabolically trapped inside cells. There is evidence that the phosphorylation via HK
appears as the rate determining step in FDG accumulation in cancer cells.[228] The
high clinical relevance of FDG prompted the development of inexpensive and readily
available Tc -99m (γ, energy = 150 keV, T1/2 = 6 h) labeled glucose analogues.[229-231,
270]

However, none of these

99m

Tc(V)-compounds matched the criteria of FDG.

Therefore, we reasoned to functionalize glucose in order to employ the
#

Manuscript in preparation.
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organometallic precursor [M(H2 O)3(CO)3]+ (M =

99m

Tc, Re).[38] Other than technetium

and rhenium in the high oxidation states +V, the low-valent, organometallic M(CO)3
moiety reveals a low affinity towards hard donor groups such as hydroxy
functionalities (e.g. of the sugar moiety) but a high affinity towards medium soft and
soft donor functionalities of pendent chelating systems.
In this work we present the first biological characterization of technetium- and
rhenium-tricarbonyl complexes of glucose, derivati zed at position C-1, C-2, C-3 and
C-6 with various chelating systems (Scheme 2). The complexes have been tested for
competitive enzyme inhibition (yeast hexokinase). Molecular docking studies of the
X-ray structure of yeast hexokinase provided evidence of the most probable
interactions of these complexes with the protein. The corresponding

99m

Tc complexes

have been tested in vitro for cell up -take in HT29 colon carcinoma cell lines.
Results and Discussion. The number of inhibitors for different HKs (yeast,
bovine brain, rabbit and human muscle) reported in the literature is rather limited. (i)
Deoxy derivatives of hexoses which are competitive inhibitors with Ki values in the
range of the Km value of glucose (approx. 1 mM).[271,

272]

(ii) Hexose-6-phosphate

analogues which inhibit human HK by interacting at regulatory sites.[273] (iii) A
bisubstrate inhibitor, where a glucose moiety is bound through a spacer to an ATP
analogue with an inhibition constant in the vicinity of 2 mM.[274] (iv) Glucosamine
derivatives.[275, 276] However, to the best of our knowledge no results about inhibitorial
activity of organometallic glucose complexes towards HKs have been published till
today.
The structure and composition of all tested rhenium complexes have been
unambiguously characterized by means of 1H NMR, IR spectroscopy and Mass
spectrometry. The metal-tricarbonyl center is in all cases tridentately coordinated via
imino diacetic acid, IDA,- (1-5 and 9), picolylamine mono acetic acid (6), histidyl (7) or
via a bisimidazolyl amino methane (8) chelates (Scheme 1). The resulting complexes
showed a high stability over a period of several weeks in aqueous media as evident
from HPLC and NMR analyses. They revealed a moderate to good solubility in
aqueous media, which was essential to perform the in vitro experiments. Complexes
with chelating systems containing aromatic functionalities (15a-17a) and the complex
12a with an octyl chain were less soluble in buffered systems than the complexes
10a, 11a, 13a, 14a and 18a.
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Scheme 1.
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Hexokinase assay of the rhenium complexes 11b-17b: The complexes 11b-17b
have been tested for competitive inhibition of yeast hexokinase. Due to the variable
solubility of the organometallic complexes in the aqueous media, they could generally
only be tested at concentration between 10-4 M and 7.6x10-3 M in TEOA buffer (see
table 1).
Two trends have been observed: (i) C-2 functionalized derivatives with a long alkyl
and polyethylene glycole pacer (12b and 13b) exhibited low Ki values in the µM
(Table 1). For a comparison the known HK inhibitor N-acetyl-glucosamine reveals Kivalues of 3.26 ± 0.01 mM (literature value 2.72 ± 0.05 mM.[276]). (ii) For the anionic
complex 11b functionalized at position C-2 with an propyl spacer only and for the
glucose complexes functionalized at C-3 only moderate or no inhibition of the
enzyme was detected independent on the over-all charge. It has to be considered,
that for more reliable results, the complexes 15b-17b should have been tested at
higher concentrations. This was, however, due to the limited solubility of these
complexes not possible as mentioned above.
Blank experiments, performed with the functionalized glucose derivatives without
the organometallic M(CO)3 -fragment, have shown no activity against HK. Similar
observations have been made with organometallic functionalized thymidine
analogues towards human cytosolic thymidine kinase. Also in those cases only the
corresponding rhenium-tricarbonyl complexes revealed activity towards the enzyme,
but not the ligand itself.[277]

Table 1: Inhibition constants of complexes 11b-17b with respect to yeast
hexokinase.
Complex

Ki [mM]

tested conc. of inhibitor

11b

not detectable

1 – 2.5 mM

12b

5.8 ± 0.9

1 – 2.5 mM

13b

0.25 ± 0.01

1 – 2.5 mM

14b

not detectable

2 – 7.6 mM

15b

7.4 ± 0.2

1 – 2 mM
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16b

not detectable

0.1 – 2 mM

17b

11.2 ± 0.3

1 – 3.8 mM

Molecular docking studies: From high-resolution crystal structures of the enzyme
dimer and monomer it is evident that in the HK, the two C-terminal and N-terminal
domains are separated by a deep cleft (Fig. 1B).[275] Glucose binds at the very bottom
of the cleft and causes the small lobe of the molecule to rotate by 12° relative to the
large lobe (Fig. 1A).[278] Glucose and competitive sugar inhibitors bind at the same
site of the domain. The glucopyranose has to adopt a C-1 (chair equatorial)
conformation. The C-3 and C-4 hydroxyl group of the sugar are making specific
interaction with the side chains of the protein (Fig. 1B). No direct interaction with
protein is observed at position C-2 and C-6, however in the later case during
conformational changes in the enzyme the side chains will be brought into contact
with the hydroxyl group at C-6. The same hold true for position C-1. Thus, it seems to
be obvious, that most of the potent inhibitors of HK are C-2 functionalized e.g. otoluoyl glucosamine. Further analyses revealed that the cleft of the active site is
about 8-10 Å deep. Consequently, a large rhenium complex attached to the position
C-2 of glucose via an alkyl chain of approximately 8 Å could readily be located
outside the enzyme, imposing minimal hindrance to the movement of the lobe (Fig.
1C). In case of tested rhenium -glucose complexes, this partially explains the
observation, that only complexes 12b and 13b reveal significantly lower Ki values
than the other complexes. In addition it was found, that a negative charges in close
vicinity to the sugar moiety are in disfavor for a biding at the active site of the
enzyme. This is in agreement with the finding, that the complex 11b with a short
propyl linker at position C-2 and a negative over-all charge is a poor inhibitor.
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Figure 1. (A) Schematic drawing (side view) of the protein movement during up-take and processing
of glucose.

[278]

(B) Active site of HK with open cleft (grid represents the surface of the protein). One

molecule of glucose (including ring atom numbering) and one molecule of glucose-6-phsphate is
shown in addition. (C) Complex 12 (octyl spacer) docked at the active site of the enzyme.

In vitro stability of radioactive labeled compounds: The glucose analogues 1-9
were reacted with the radioactive precursor [99mTc(H2O)3 (CO)3]+ under physiological
conditions. The HPLC analysis of the 99mTc complexes 10a-18a revealed similar
retention times as for the corresponding rhenium complexes 10b-18b. Thus, it can be
concluded that Tc-99m-complexes have an identical structure as the corresponding,
fully characterized rhenium complexes. Previous to the cell experiments all
radioactive complexes 10a-18a were tested in vitro in 1 N physiological phosphate
buffer (pH = 7.4) and human serum at 37°C for 24 h. Only minor decomposition of
the complexes or back oxidation of the metal center to
observed during this time.

99m

TcO4- (5-10 %) could be
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Cell internalization experiments: For the cell internalization experiments the colon
carcinoma cell line HT29 has been used. HT29 cell have been validated for exclusive
over expression of the Glut1 sodium independent transport systems. However, it has
been reported that HT29 cells express in addition the sodium dependent glucose
transporter (SGLT1).[279] The cells have been incubated for 20 min at 37°C with the
freshly prepared and HPLC purified technetium-99m complexes 10a-18a with
different activity (125-1000 KBq). The results are depicted in figure 2. Cellular uptake
of the

99m

Tc-complexes was generally low (0.1-0.3 % of total activity after 20 min)

compared to e.g. [3H]-2-deoxyglucose (approx. 3 % after 20 min). Complex 17a
revealed a significantly higher uptake of 0.7% ± 0.08%. This uptake could inhibited by
40% in presence of 10 mM D-glucose but not in presence of cytochalasin B (50 µM)
a potent Glut1 inhibitor (Fig. 3). Later findings preclude a specific uptake of the
radioactive complex via the sodium independent transporter. On the other hand the
inhibition in presence of glucose could be an indication, that this complex is
transported via the sodium dependent transporter SDGLT1. Further experiments are
needed to verify this hypothesis. Generally the low uptake of complexes 10a-17a can
be explained by the fact, that sugars mainly interact with the transport protein via the
hydroxyl groups at C-1, C-2 and C-3 on the extra cellular side.[280] On the other hand,
hydroxyl groups at the position C-4 and C-6 interact at the intracellular binding sides.
E.g. 6-deoxy-N-(7-nitrobenzyl-2-oxa-1.3-diazol-4-yl)amino glucose (6-NBDG) is
transported via Glut1.[270] Thus, one could have expected, that compound 18a could
readily be transported via Glut1. However, we found that complex 18 is not better
taken up by the HT-29 cells. The negative over-all charge of the complex might be
one of the reasons, that a transport via Glut1 could not be detected.
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Figure 2. Cellular up-take of the complexes 10a-18a in HT-29 colon carcinoma cells (after 20 min at
37°C).
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Figure 3. Cellular up-take of complex 15a, 17a and 18a in presence of 10 mM D-glucose or 50 µM
cytochalasin B.
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Conclusion. The results of the enzyme inhibition of the tested rhenium-tricarbonyl
complexes correspond with the findings of the molecular docking experiments, which
predicted significant activity only for C-2 functionalized derivatives with spacers of at
least 7-8 carbons length between sugar and complex moiety. The tested complexes
could theoretically be phosphorylated at position 6. Thus, additional experiments are
needed to determine the actual role of these complexes as possible pseudosubstrates. The very low uptake of the technetium -99m labeled compounds via
Glut1, over expressed in cancer cells, precludes at the moment their use in
radiopharmacy. However, we are currently screening other cellular transport systems
e.g. Glut3 and SDGLT1 and 3, for potential affinity for the presented compounds.
Materials and methods. All chemicals and enzymes were of reaction grade and
have been purchased from Fluka (Buchs, Switzerland). They were used without
further purification. The syntheses of the glucose derivatives 1-9 and the rhenium
complexes 10, 14-18 have been described elsewhere.[63,

281, 282]

All

99m

Tc glucose

complexes have been prepared analogues to the procedure published in
reference.[63] Na[99mTcO4 ] was eluted from a

99

Mo/99mTc generator (Mallinckrodt,

Petten, The Netherlands) using 0.9% saline. UV/vis spectra were recorded on
Beckman DU640 spectrometer. HPLC analyses were performed on a Merck-Hitachi
L-7000-system equipped with an L-7400 tunable absorption detector, a Berthold LB
506 B radiometric detector. HPLC solvents consisted of aqueous 0.05 M TEAP
(triethylammonium phosphate) buffer, pH = 2.25 (solvent A) and methanol (solvent
B). For the radiochemical analyses a Macherey-Nagel C-18 reversed phase column
(10 µm, 150 x 4.1 mm) was used. The HPLC system started with 100 % of A from 03 min. The eluent switched at 3 min to 75 % A and 25 % B and at 9 min to 66% A
and 34% B followed by a linear gradient 66% A/34% B to 100 % B from 9-20 min.
The gradient remained at 100 % B for 2 min before switching back to 100 % A. The
flow rate was 1 ml/min. Gamma samples were measured in a Packard COBRA II
gamma counter. Scintillation analyses were performed on a Canberra Packard
1900TR beta counter.

Synthesis of complexes 11b-13b. The complexes have been prepared similar to
the method described for complex 10 in reference.[63] The disodium salt of 2-4 was
dissolved in water (5 ml) and 1 equivalent of [NEt4 ]2[Re(CO)3Br3 ] was added. After 2

218
hours at 50° C the solvent was evaporated and the residue dried overnight in a
desiccator. The crude reaction product was re-dissolved in a minimum amount of
methanol and applied on 2 g SepPak C18 cartridge, preconditioned according to the
manufacturer’s protocol. Unreacted educts and by-products were eluted with H2 O.
The final product was eluted with MeOH/H2 O (1:3). Analytical data for complex 11b:
1

H NMR (CD3OD, 25° C): 5.49 (d, J = 3.7 Hz, 0.5H), 4.65 (d, J = 7.5 Hz, 0.5H), 4.10-

3.54 (m, 10H), 3.54-3.00 (m, 4H), 2.40-2.01 (m, 2H); IR (KBr): 3444 br, 2024 vs,
1892 vs, 1650 vs, 1400 m, 1064 m cm-1; MS (ES): m/z (%) 622 (58%), 624 (100%)
[M-]. Analytical data for complex 13b: 1 H NMR (DMSO, 50° C) 5.24-5.17 (m, 0.3H),
5.04-4.99 (m, 0.5H), 4.86-4.81 (m, 0.2H), 4.51-4.45 (m, 0.4H), 4.29-4.15 (m, 0.6H),
4.02-3.50 (m, 8H), 3.50-3.31 (m, 2H), 3.31-3.14 (m, 3H), 1.84-1.70 (m, 2H), 1.70-1.54
(m, 2H), 1.51-1.26 (m, 8H); IR (KBr): 3432 br, 2020 vs, 1884 vs, 1656 vs, 1640 vs,
1630 vs, 1390 m, 1034 m cm-1; MS (ES): m/z (%) 692 (100%), 695 (88%) [M-].
Analytical data for complex 13b: IR (KBr): 3445 br, 2022 vs, 1883 vs, 1646 vs, 1653
vs, 1637 vs, 1617 vs, 1458 m, 1385 m, 1092 m cm-1; MS (ES): m/z (%) 633 (100, MC2H5O2), 635 (90, M-C2 H5O2).

Hexokinase

assay.

The

phosphotransferase

activity

was

followed

spectrophotometrically by reduction of NADP+ in the presence of an excess of
G6PDH (as described in Scheme 2). The assay was validated with 2-N-acetyl
glucosamine, a known HK inhibitor. Stock solution of 10-2 M in triethanolamine
hydrochloride buffer (TEOA, pH = 7.6) buffer of the complexes 10b-18b have been
prepared. Inhibition with respect to glucose was studied at two different
concentrations at saturating concentration of ATP (0.66 mM). All reactions were
carried out at 37°C and followed by NADH absorbance at 340 nm. For
phosphotransferase activity, the reaction mixture (1 ml) contained 50-250 µl of the
stock solution of the complexes in 0.1 M TEOA, 100 µl of 10 mM NADP, 50 µl of 0.66
mM ATP, 200 µl of 10 mM MgCl2, 75-250 µl of 1 mM glucose, 5 µl of a stock solution
of glucose-6-phosphate dehydrogenase (G6PDH; 140 U/ml) and 10 ml of a stock
solution of HK (150 U/ml). The sample volume was matched to 1 ml with 0.1 TEAO
buffer. Side effect on the absorption of NADP+ and NADPH were detected at
concentrations above 10-2 M of complexes.
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Scheme 2

HK
Glucose
ATP-Mg

G6PDH
Glucose-6-phosphate
NADP +

ADP-Mg

6-Phospho-gluconolactone
NADPH

Measurement of cell uptake. HT-29 cells were grown in McCoy’s 5A with 10% fetal
calf serum (FCS). Confluent cells were placed in 12-well plates (106 cells/well) and
allowed to attach overnight. Cellular uptake was assayed as previously described
with few modifications.[283] Before the assay cells were incubated for 5 h at 37°C with
McCoy’s + 0.5% bovine serum albumin (BSA). Prior to the uptake studies cells were
pre-incubated with phosphate-buffered saline (PBS) + 1% BSA for 30 min at 37°C.
Uptake was measured by the addition of [3H]-2-deoxyglucose (2 µCi/ml, 160 nmol/ml)
and followed by incubation for 20 min at 37°C. The effect of insulin, cytochalasin B
and D-glucose on [3 H]-2-deoxyglucose uptake was also tested. Cells were incubated
for 20 min at 37°C with insulin (0-100 nM), cytochalasin B (0-50 µM) and D-glucose
(0-10 mM) before the 20 min incubation with [3H]-2-deoxyglucose. The uptake of the
sugar derivatives radiolabeled with

99m

Tc: Cells (106 cells/well) were incubated for 20

min at 37°C with increasing concentrations of the different derivatives (0-1 MBq/ml,
approximately 0-52 pM). The uptake was terminated by aspiration of the medium.
Cells were washed three times with cold PBS and lysed with 1N NaOH.
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Development of organometallic thymidine analogues for monitoring gene
expression and tumor diagnosis.
For the rational design of nucleosides analogues and derivatives for use in
radiopharmacy, in-deep knowledge of the tissue expression and the substrate
specificity of their target enzyme are of crucial importance. In case of
deoxyribonucleoside kinase, those information have been made available in the
recent years.[284-286] There are four principle kinases of the nucleoside salvage
pathway: cytosolic thymidine kinase (TK-1), mitochondrial thymidine kinase (TK-2),
2’-deoxycytidine kinase (dCK), and 2’-deoxyguanosine kinase (dGK). The expression
of TK-1 is regulated during cell cycle and the active enzyme is found only in the Sphase. TK-1 is widely distributed and expressed in all proliferating cells (e.g. cancer
cells) but absent in normal tissues.[287-289] This makes TK-1 an excellent target for
tumor targeting. Also dCK is over-expressed in a variety of tumor types.[290-292] On the
other hand, not much in known about the TK-1 and dGK level in cancerous tissues.
Previous studies have indicated, that TK-1 has a stringent substrate specificity
among all deoxynucleosides kinases, allowing only minor structural modification on
active substrates. This is in sharp contrast to the herpes virus kinases, which has a
relatively broad substrate specificity. This fact is used in the development of antiviral
drugs such as acyclovir, gancyclovir and abacavir and more recently in gene
expression monitoring, which we aimed with the project described in chapter 16.
Commonly

used

reporter

genes

as

β-galactosidase,

chloramphenicol-

acetyltransferase, green fluorescent protein (GFP), or luciferase play critical roles in
investigating the mechanisms of gene expression in transgenic animals and in
developing gene delivery systems for gene therapy. However, measuring expression
of these reporter genes often requires biopsy and can not be used for the noninvasive imaging of structures in the body. In vivo reporter genes can be visualized
non-invasively using radiolabeled molecules. In this respect, genes encoding for
enzymes e.g herpes simplex virus, receptors, antigens, and transporters can be
used. Enzyme activity can be assessed by the accumulation of the metabolites of
radiolabeled specific substrates, receptors by the binding and/or internalization of
ligands, antigens by binding of antibodies, and transporters by the accumulation of
their substrates. The tracking system consists of "reporter" genes that can be
attached to any gene therapy and used to monitor the progress of therapy. Using
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radiolabeled specific HSV1-TK substrates e.g. 8-[18F]fluoropenciclovir a significant
higher uptake was found in HSV1-TK-expressing cells as compared to the wild type
controls.[293,

294]

These surrogate markers should allow physicians to locate the

reporter genes paired with the gene therapy and establish a picture of the treatment
at work.
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Figure 1. The reporter genes and gene therapy are paired and infused into a patients tumor cells (A).
The reporter genes produce a protein e.g. HSV-1 TK that traps radioactive molecules, and the
radioactivity causes the regions of the body in which the reporter gene is present to “light-up” during a
e.g. positron emission tomography (PET) scan.

Since expression of the herpes simplex virus type I thymidine kinase (HSV1-TK)
gene leads ultimately to phosphorylation of specific substrates and to the
accumulation of the resulting negatively charged metabolite, this gene can be used
as an in vivo reporter gene (Figure 1).[293, 295-298] Thymidine kinase is a key enzyme in
the pyrimidine salvage pathway, phosphorylating thymidine (dT) to thymidine
monophosphate (dTMP) in the presence of Mg2+ and ATP.[299] In contrast to the
cellular enzyme, the HSV1-TK exhibits a broad range of acceptance for
nucleosides.[300] Moreover, unlike its cellular counterpart human cellular TK-1, HSV1TK is able to phosphorylate pyrimidine, as well as purine analogs, and requires low
stereochemical demands for the ribose moiety, accepting acyclic side chains e.g. the
above mentioned pencyclovir, gancyclovir or acyclovir. The differences in substrate
diversity are the crucial molecular basis for the selective treatment of viral infections
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or the control of gene expression using radiolabeled drugs as mentioned above. The
current situation regarding radioactive labeled probes for this gene therapy
monitoring is still based on substrates for the nucleoside transport systems and for
the enzyme with a rather low affinity (e.g. acyclovir Km(HSV 1) = 11-15 µM)), which
may be a limiting factor for cellular accumulation. Therefore, more efforts have to be
made to synthesize (radiolabeled) compounds with improved biochemical properties.
In addition, as in case of the

18

interest to find an inexpensive

F-labeled deoxy glucose it would be of great economic
99m

Tc-based alternative to the PET-labeled nucleoside

analogues.

Figure 2.

Representation of a portion of the active site of HSV 1-TK with bound thymidine. The

position and geometry of dT and the amino acids that are directly involved in substrate binding are
shown as capped sticks and are labeled. The secondary structure of the protein is displayed as tubes.
The hydrogen bond-mediating water molecules are presented as small spheres, and hydrogen bonds
are displayed as dashed lines. The LID region and P-loop (glycine loop) are indicated (picture
from.

[301]

).

Martin and co-workers have synthesized in the past years a series of potent
inhibitors for HSV-1 TK. The uridine analogues showed a high affinity for the enzyme
with Ki-values in the sub-nanomolar range.[302] Predominantly the low water-solubility
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of the corresponding compounds precluded a “classical” application as virostatica.
The much higher affinity of these 5’-amino-5-ethyl uridine analogues compared to
currently available nucleoside derivatives towards the enzyme inspired us to the
development of organometallic complexes of Tc -99m with similar structural features
for use in diagnosis and staging of tumor and/or therapy progression. To use
radioactive labeled inhibitors instead of a substrate is an entirely new approach.
Though, there is reason to assume, that the broader specificity of the viral enzyme
paired with high affinity nucleoside derivatives might have the potential to provide
sufficient target-to-non-target ratios enabling imaging of transvected cells.[303]
Moreover, X-ray structure analyses of the enzyme’s active site preclude the
introduction of a transition metal complex at the pyrimidine ring system.[301] The
controversial results of boron cluster functionalized thymidine analogue support this
assumption.[304,

305]

On the other hand, at the C-5’ position of the sugar moiety of

thymidine (where phosphorylation occurs) considerable spacer is available. Thus, it
can be expected, that the enzyme can host a small, organometallic complex like the
tricarbonyl core.
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Chapter 16
First organometallic inhibitors for human thymidine kinase: Synthesis and in
vitro evaluation of rhenium(I)- and technetium(I)-tricarbonyl complexes of
thymidine.#

R. Schibli , M. Netter , L. Scapozza , M. Birringer , P. Schelling , C. Dumas , J.
Schoch, P.A. Schubiger
Introduction. Nucleoside kinases play a pivotal role in the use of nucleosides for
cancer and antiviral therapy. [306] In this context the human cytosolic thymidine kinase
(hTK1) and the viral thymidine kinases (HSV-1 TK) are important target enzymes.
Proliferating cells reveal a dramatically increased TK1 activity compared to quiescent
cells. These characteristics form the base of a selective targeting of growing tumor
cells. On the other hand, introduction of reporter genes, such as for the herpes
simplex virus type 1 thymidine kinase (HSV1-TK) has emerged as a very powerful
tool to monitor the delivery, magnitude, and time variation of therapeutic gene
transfer in vivo. These reporter genes can be coupled with a therapeutic gene of
interest to indirectly monitor the expression of the therapeutic gene. In case of HSV1TK a selective targeting is facilitated due to the relaxed substrate specificity of the
enzyme as compared with mammalian thymidine kinases. In both respects (tumor
proliferation and gene therapy monitoring) radioactive labeled probes allow a
noninvasive diagnosis and early assessment of tumor growth and response to
therapeutic approaches. Typically, either positron-labeled substrates for intracellular
enzymes or positron-labeled ligands for cellular receptors are used as radioactive
probes. However, there would be a great interest to develop Tc-99m based
diagnostic probes because of the favorable decay properties (γ, 140 keV, t1/2 = 6 h),
low costs and easy availability of this radionuclide. In addition, due to the

188

W/188 Re-

generator technique (Re-188: β -, 2.1 MeV, t1/2 = 18 h) a therapeutic pendant of
technetium

is

nowadays

also

readily

available.

Particularly

organometallic

technetium(I) and rhenium(I) modified analogues of thymidine could be attractive
#

J. Organomet. Chem. 668, 67-74, 2003.
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candidates for gene therapy monitoring and diagnosis/therapy of proliferating tumors.
The high kinetic inertness and relatively small size of e.g. the technetium(I)- and
rhenium(I)-tricarbonyl core as compared to common Tc(V)/Re(V) complexes of the
Werner type is a decisive advantage for bio-medical purposes due to increased in
vivo stability and reduced interference with biological activity.
Herein, we report the functionalization, synthesis and structural characterization of
a series of novel 5’-amino thymidine analogues and their corresponding technetium99m(I)/rhenium(I)-tricarbonyl labeled complexes. The biological characterization and
evaluation of the organometallic rhenium compounds were performed in vitro against
hTK 1 respectively HSV-1 TK. The Tc -99m analogues have been challe nged in vitro
in physiological phosphate buffer and human serum albumin.
Results and discussion. Syntheses. Martin et al. recently presented a series of
carboxamide derivatives of 5’-amino-2’,5’-dideoxy-5-ethyluridine and could show, that
they are highly potent inhibitors of HSV1-TK and HSV2-TK.[302] The IC 50 values for
these enzymes were found to range from 1 µM to 1 nM which is orders of magnitude
more potent than e.g. the antiviral drug Acyclovir (IC 50 = 28 µM). The design of these
HSV TK inhibitors was based on isosteric and isoelectronic analogues of thymidine
monophosphate (Figure. 1).

Figure 1. Examples of a new generation of potent inhibitors of herpes simplex virus thymidine
kinase.

[302]
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Based on the X-ray structure of HSV-1 TK and molecular modeling calculation,
there is evidence that the aromatic residues of these compounds are located outside
the binding site of the enzyme.[307,

308]

Other X-ray structure analyses of the viral

enzyme predicted, that functionalization of thymidine/uridine at positions other than
C-5’ causes serious reduction of binding to the enzyme.[301] Thus, it would interesting
and reasonable to develop synthetic strategies for high affinity, C5’-functionalized
and 99mTc-labeled thymidine/uridine analogues for potential use in radiopharmacy.
Discovered for radiopharmaceutical application, the water-soluble, organometallic
complex [M(H2O)3 (CO)3]+ (M = Tc, Re), 1, has gained considerable attention in the
past years. The high kinetic inertness, its small size and the versatility of appropriate
chelating systems make this organometallic core particularly suitable for in vivo
stable radiolabeling of small biomolecules. Mundwiler et al. have recently presented
C-5 functionalized organometallic thymidine complexes of Tc-99m and Re.[309]
However, to our knowledge, there exists no other systematic in vitro investigation of
biologically active technetium and rhenium based thymidine analogues in the
literature. In order to elucidate the potential of organometallic technetium and
rhenium-tricarbonyl complexes of thymidine (or uridine) for radiopharmaceutical
application, we are currently focusing on the functionalization and labeling of
thymidine at the C-5’-position. From our previous studies we have learned, that poly
amino poly carboxylic acid based ligand systems react readily with the precursor 1 to
form stable and hydrophilic complexes.[63, 164, 310] Thus, we synthesized a series of 5’carboxamide derivatives of 5’ amino thymidine with an imino diacetic acid chelating
moiety and alkyl spacers of variable chain lengths and various side chains. The
thymidine derivatives 6-9, 12 and 15 were obtained through coupling with the
corresponding N,N-dicarboxy methyl amino carboxylic acids 2-5 in the presence of
1,3-dicyclohexyl carbodiimide (DDC) and N-hydroxysuccinimid (NHS) in DMF as
shown in Scheme 1.
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Scheme 1.

(i) DCC, NHS in DMF, 60°C, 2 h; (ii) 1 N NaOH, r.t. 3 h.

The compounds were purified over silica gel (ethylacetate/methanol: 8/1). Yields
varied between 64-79 % for the coupling reaction. For the derivatives 12 and 15 with
additional side chains the chelating moiety was build up after coupling of the spacers
to 5’-amino thymidine. N-Boc-5-amino -2(S)-hydroxy-pentanoic acid.[311] or 4-cyano 3phenyl butanoic acid 10 were amidically linked to 5’-amino thymidine. After reduction
of the cyano group or cleavage of the Boc group, the pendent primary amino function
of compounds 11 and 14 were double N-alkylated with methyl bromo acetate in
presence of NEt3 to form the nucleoside derivatives 12 and 15 in yields of 38-59 %
after

chromatographic

purification

on

silica

gel

(ethylacetate/methanol:8/2,

ethylacetate/methanol:9/1 respectively). All nucleoside derivatives 6-9, 12 and 15
have been unambiguously characterized by means of 1H,

13

C NMR and Mass

spectroscopy.
The reactions with the organometallic precursor 1b have been performed in a
water/methanol mixture (1/1) at 60°C. The crude products were purified over
SepPak® reversed phase columns using a water-methanol gradient. The complexes
16b-21b were obtained in good yields (61- 84 %) as a mixture of the corresponding
Na+ and NEt4+ salts as evident form the elemental analyses. The IR spectra of all
complexes revealed the typical fac-M(CO)3 pattern of a symmetrically coordinated
complex with significantly blue-shifted CO stretch frequencies compared to the
starting material (NEt4)2[ReBr3(CO)3] (2000 cm-1 and 1868 cm-1). In the

1

H NMR

spectrum of complexes 16b-21b the four protons of the coordinated IDA moiety
showed the typical pattern of an AB system (Figure 2B). This proved the desired
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symmetric, tridentate coordination of the metal-tricarbonyl core via the IDA chelate.
The singlet of the previously identical NCH2CO2 protons in 6-9, 12 and 15 (Figure 2A)
became non-equivalent upon rigid coordination to the metal center by virtue of their
axial and equatorial orientation.

1

Figure 2. (2A) Schematic drawing and section of the H-NMR spectra (3.0 – 4.5 ppm) of thymidine
analogue 9 and (2B) complex [NEt4][Re(9)(CO)3], 19b. Only NCH2 CO2 protons of the complex and
+

NCH2 of the counter ion (NEt4 ) are labeled.

The same spectroscopic features have been previously reported for rheniumtricarbonyl

complexes

of

IDA-functionalized

desoxyglucose

and

glucose

derivatives.[63] There was no significant chemical shift observed in the 1H NMR
spectra of complexes 16b-21b for protons, which are not in close vicinity of the
chelate. Therefore, unspecific coordination or interaction of the metal center via other
functional groups of thymidine can largely be excluded. All complexes revealed a
good solubility in water and polar organic solvents, which was a prerequisite for
enzymatic studies in vitro.
The corresponding radioactive technetium-99m complexes 16a-21a have been
almost quantitatively prepared in physiological phosphate buffer (PBS; pH = 7.4) at
concentration of 10-4 M of compounds 6-9, 12 and 15 after 60 min at 75°C. Single
species have been produced with all nucleoside derivatives. The characterization of
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complexes 16a-21a was accomplished by comparison of the retention times of the γtraces with the UV-traces (254 nm) of the corresponding rhenium complexes (Figure
3).

Figure 3. HPLC trace of complex 19b : (A) UV-trace (254 nm); (B) γ-trace of the radioactive complex
19a. Peak at 4.2 min represent unreacted [

The organometallic

99m

+

Tc(H2O)3 (CO)3] (> 5 % of total activity).

99m

Tc-complexes were challenged in vitro in PBS buffer and

human serum alb umin for 24 h at 37°C. Decomposition or dissociation of the
complexes to either TcO4- or 1a was less than 8 % of the initial activity. This stability
would be sufficient for a potential radiopharmaceutical application of such
compounds.

In vitro evaluation. For an initial evaluation of the biological activity, the rhenium
complexes 16b-21b have been screened and tested in vitro for inhibition of HSV-1
TK as well as human, cytosolic TK-1 according to the procedure described by Gerber
et al. The inhibition of the enzymatic reaction:

ATP + dT ? ADP + dTMP

was monitored. The results of these in vitro experiments are depicted in figure 4.
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Figure 4. Enzymatic formation of ADP at various concentrations of complexes 16b-21b in presence of
-

hTK 1. Complex [Re(IDA)(CO)3] was used as a negative control.

The formation of ADP or dTMP in presence of hTK 1 at various concentrations of
complexes

16b-21b

was

measured.

The

organometallic

rhenium -thymidine

complexes revealed competitive inhibition of hTK 1. One could observe a correlation
between length of the spacer and the inhibitorial effect of the rhenium complexes,
necessary to inhibition of formation of ADP and dTMP respectively. The complex
[NEt4 ][Re(IDA)(CO)3 ] without the pharmacophoric group was used as a negative
control. Inhibition was found to be increased for complexes with longer alkyl chains.
On the other hand, the introduction of an additional hydrophobic (complex 20b) or
hydrophilic (complex 21b) groups seem not to significantly change the inhibition
capacity. It is reasonable to assume, that a better spacial separation of the
pharmacophor (thymidine) and complex moiety reduce potential steric and/or
electrostatic interference with the protein. Using the viral enzyme, only insignificant
inhibition of dTMP/ADP formation could be detected in presence of complexes.
These findings are surprising since the thymidine moiety should be recognized by
both human and viral TK. In case of the inhibitors shown in figure 1 selectivity for vTK
or hTK 1 respectively, is not related to the introduction of organic residues introduced
at position C-5’ but by substitution of the methyl group at the C-5 position by an ethyl
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functionality. On the other hand in case of the organometallic complexes 16-21 the
selectivity for hTK 1 is presumably related to the introduction of the organometallic
complex moiety at the C-5’ position of 5’-amino thymidine. To the best of our
knowledge, such an effect has never been observed and there are no other
compounds reported in the literature, which reveal a comparable TK selectivity.
Kinetic experiments revealed a less pronounced dependence of the Ki-values on the
spacer length than expected from the HPLC assays (Table 1). However, the complex
16 clearly inhibits the enzyme less than complex 19 with the longest alkyl spacer,
which is in accordance with the HPLC data.
Till now, we do not have a concluding explanation for these results. It can be
speculated that steric interference of the rhenium-tricarbonyl complex moiety with the
viral enzyme prohibits a binding of the complexes to the active site. Computer-aided
docking studies based on the X-ray structure of vTK are in progress and might help
to understand the absence of inhibition of the viral enzyme.

Table 1. Ki values of complexes 16-19.
Complex
Ki [µM]

16
52 ± 1.5

17

18

19

7.5 ± 1.5

7.2 ± 3.6

3.6 ± 5.3

Cell internalization studies. The affinity towards the targeted enzyme is an
significant issue, however the uptake of the complexes in to (cancer or transvected)
cells hosting the thymidine kinase is of equal importance for a potential application in
radiopharmacy. We therefore tested the cellular uptake of the most effective inhibitor
of hTK 1, complex 19a, in four different, human caner cell lines. For all tested cells,
significant uptake (3 - 9 % of total activity) of radioactivity was found (Figure 5). The
observed uptake rate are within the range of [3 H]thymidine measured in a parallel
experiment (Figure 5). However, we had to recognize, that the uptake can not be
inhibited with the known nucleoside transport inhibitor like nitrobenzylthioinosine
(NBNPR) or dipyridamole, nor in presence of excess thymidine or the corresponding
rhenium complex 19b (Figure 6). Thus, one can conclude, that the uptake is rather
due to passive diffusion, than by an active transport.
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Figure 5. Cellular uptake of complex 19a and [ H]thymidine in four different, human cancer cell lines
after 4 hours 37°C.
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Figure 6. Time dependent uptake of complex 19a in presence of rhenium complex 19b, excess
thymidine, NBMPR or dipyridamole in HT-29 colon cancer cells.
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Conclusion. In conclusion, the first series of organometallic technetium and
rhenium thymidine complexes have been synthesized and fully characterized. The
biological affinity of the rhenium-tricarbonyl compounds was tested in vitro with hTK 1
and HSV-1 TK. The selective and exclusive inhibition of hTK 1 prohibits the use of
the corresponding radioactive technetium-tricarbonyl complexes for gene therapy
monitoring. On the other hand, with the current functionalization and labeling strategy
at position C-5’ thymidine derivatives could be produced, which might have the
potential to serve as proliferation markers for tumor diagnosis.

Materials and methods. Solve nts for syntheses were purchased from Aldrich
Chemical Co. or Fluka, Buchs, Switzerland and were dried according to standard
methods. The organometallic precursor [NEt4]2[ReBr3(CO)3 ] and the radioactive
precursor [99mTc(H2 O)3(CO)3 ]+ were prepared as previously reported.[11, 12] 5’-Aminothymidine.[312] and 2-hydroxy-5-amino-pentanoic acid 13.[313] were synthesized
according to the literature. The ?-cyano-3-phenylbutanoic acid 10 was synthesized
starting from ethyl-a-carbethoxy-?-cyano-ß-phenyl-butyrate.[314] Compounds 2-5 have
been synthesized by a previously published procedure.[166] Na[99mTcO4 ] was eluted
from a

99

Mo/99mTc generator (Mallinckrodt-Tyco, Petten, Netherlands) using 0.9 %

saline. HPLC analyses of the rhenium and technetium-99m complexes were
performed on a Merck-Hitachi L-7000-system equipped with an L-7400 tunable
absorption detector and a Berthold LB 506 B radiometric detector using a MachereyNagel C-18 reversed phase column (10 µm, 150 x 4.1 mm). HPLC solvents: Aqueous
0.05 M TEAP (triethylammonium phosphate) buffer, pH = 2.25 (solvent A), methanol
(solvent B). The HPLC system started with 100 % of A from 0-3 min. The eluent
switched at 3 min to 75 % A and 25 % B and at 9 min to 66% A and 34% B followed
by a linear gradient 66% A/34% B to 100 % B from 9-20 min. The gradient remained
at 100 % B for 2 min before switching back to 100 % A. The flow rate was 1 ml/min.
Nuclear magnetic resonance spectra were recorded on a 300 MHz Varian Gemini
2000 spectrometer. The 1H and 13C chemical shifts are reported relative to residual
solvent protons as a reference. IR spectra were recorded on a Perkin-Elmer FT-IR
16PC using KBr pellets. Mass and elemental analyses were performed at the Swiss
Federal Institute of Technology, ETH, Zürich. Culture media McCoy's 5A-
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GLUTAMAX

I,

fetal

bovine

serum

(FBS),

Antibiotic/Antimycotic

solution,

Trypsin/EDTA, Bovi ne Serum Albumin (BSA) and Soybean Trypsin Inhibitor were
obtained from GIBCO BRL Life Technologies AG (Basel, Switzerland). HEPES was
purchased from Sigma (Buchs, Switzerland). Glycine were obtained from Fluka
(Buchs, Switzerland). HCl, NaCl, MgCl2 , NaOH and KCl were purchased from Merck
(Dietikon, Switzerland). [Methyl-3 H]thymidine (185 GBq/mmol and 37MBq/ml) was
purchased from Amersham Pharmacia Biotech, Inc., UK. Human colon cancer cells
(HT-29) and prostate cancer cells (PC-3) were purchased from European Collection
of Cell Culture (ECACC, Salisbury, England), the human renal carcinoma cell line
Caki-2 were obtained from the German collection of microorganism and cell culture,
Braunschweig and the renal carcinoma cell line GW were obtained from CLSHeidelberg and all cell lines were maintained in Dulbecco’s modified Eagle medium
(GIBCO) and McCoy's 5A-GLUTAMAX I, respectively, supplemented with 10% fetal
calf serum (GIBCO) and 100 iu.ml-1 penicillin, 100 µg.ml-1 streptomycin and 0.25
µg.ml-1 amphotericin B. All cell lines were grown in a 7.5% CO2-humidified
atmosphere at 37°C.
In Vitro HPLC Assay and enzyme kinetic experiments. Human cytosolic TK was
purified and assayed by using a published protocol.[315, 316] with some modifications.
Briefly: hTK (2-5µg) was incubated at 37°C for 15 min in a mixture (75µl) containing
50 mM Tris, pH 7,4, 5 mM ATP, 5 mM MgCl2, 1mM deoxythymidine and different
concentrations of the rhenium complexes (0.5-2 mM). The reaction was terminated
by adding EDTA (2.5 mM, 675 µl) and analyzed by HPLC. 0.2 M NaH2PO4, 25 mM
tetrabutylammonium hydrogensulfate and 3% methanol were used as the mobile
phase and the flow rate was 1.1 ml/min. A Macherey-Nagel C-18 reversed phase
column (10 µm, 150 x 4.1 mm) was used. UV-absorption was measured at 254 nm.
Samples without substrate (thymidine) and without inhibitor were used as blank
reactions. The formation of adenosine diphosphate and thymidine monophosphate
was monitored qualitatively. HSV1-TK was assayed under the same reaction
conditions. The kinetic constants towards hTK-1 were determined by measuring the
initial velocities. Reaction mixtures containing 50 mM tris buffer (pH = 7.2), 5 mM
ATP, 5 mM MgCl2, 2mg/ml BSA, 0.11 ng enzyme and various concentration of
[3H]thymidine and the corresponding complexes 16-19 in final volume of 33 µl.
Samples of 5 µl were taken every 3 min and inactivated by transferring on DEAE
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cellulose paper. After washing with 8 ml ammonium acetate (4 mM) and 8 ml of
methanol the paper disks were dried and counted in the scintillation counter.
For cell uptake experiments, cells were trypsinized and seeded into 24 well plates
and the internalization experiment was performed after 24 hours. All experiments
were carried out in triplicate and in Na + -free buffer containing 140 mM N-methyl-Dglucamine (NMDG), 5 mM HEPES, 5 mM KH2PO4 , 1 mM CaCl2, 1 mM MgCl2 , and 10
mM glucose, pH 7.4. Sodium containing buffer enclosed 135 mM NaCl, 5 mM KCl,
3.33 mM NaH2PO4, 0.83 mM Na 2 HPO4, 1 mM CaCl2, 1 mM MgCl2, 10 mM glucose,
and 5 mM HEPES, pH 7.4 at 37°C.

Cellular uptake experiments with complex 19. Confluent monolayers of cells were
washed three times with Na +-free buffer (for testing the sodium dependent transport
system cells were washed with sodium containing buffer), followed by 15 min preincubation in the same buffer 50 µl (50-70 kBq) of 19 were added and incubated for
0, 5, 15, 30, and 120 min, followed by sampling of the supernatant and washing
(three times) with ice cold BPS buffer. To remove activity bound to membrane two
steps of acid wash (50 mM glycine-HCl/100 mM NaCl, pH 2.8) were performed, by
incubating at RT for 5 min, and the supernatants were collected. After washing, cells
were solubilized with 1 N NaOH at 37°C and the surface bound and internalized
activities were measured in a gamma counter. Results are expressed as percentage
of the total activity in the cells (surface bound + internalized).

Inhibition of cellular uptake. For inhibition of cellular uptake the cells were preincubated with buffer solution containing either 10 µM nitrobenzylthioinosine
(NBNPR), or 10 µM Dipyridamol, or 10 µM of free ligand, without the
metalotricarbonyl moiety, or 10 µM of the corresponding Re-tricarbonyl-complex, or 4
mM deoxythymidine, or two of these compounds combined before adding
[3H]thymidine (0.2-2 µCi/ml) or complex 19. After solubilization of the cells 10 µl of
each sample were taken for protein determination.

Syntheses of compounds 6-9. The syntheses of compounds 6-9 was performed
according to the following, general procedure: Compounds 2-5 (1 equivalent) were
dissolved in DMF. N,N’-dicyclohexyl carbodiimide (DCC; 1.1 equivalent) and Nhydroxy succinimide (NHS; 1.1 equivalent) were added. The reactions were stirred at
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60°C for 2h. The formation of the active ester was monitored by TLC. Aminothymidine (1 equivalent) was added and the reaction stirred over night at 40°C. When
the reaction has finished (monitored by TLC) the solvent was removed under
vacuum, and the crude product was purified by chromatography on silica gel
(ethylacetate/CH2Cl2 /methanol: 8/1/1). The saponification of the methyl ester was
performed in 1 M NaOH for 3h at RT and monitored by HPLC. Analytical data for 6:
H-NMR (D 2O): δ 1.7 (s, 3H), 1.8 (m, 2H), 2.2 (m, 2H), 2.2 (m, 2H), 3.2 (m, 2H), 3.3

1

(d, 2H), 3.8 (q, 1H), 4.0 (s, 2H), 4.2 (m, 1H), 6.1 (t, 1H), 7.3 (s, 1H),

13

C-NMR

(DMSO): δ 168.1, 167.2, 160.0, 146.4, 131.9, 105.8, 81.0, 79.7, 67.8, 67.6, 46.5,
36.2, 34.6, 28.5, 21.9, 8.3; HPLC: Rt: 9.3 min.
Analytical data for 7: 1H-NMR (D 2O): δ 1,1 (m, 12H), 1,4-1,6 (m, 4H), 1,7 (s, 3H),
2,1-2,2 (m, 4H), 2,9-3,0 (m, 10H), 3,1 (s, 4H,), 3,3 (m, 2H), 3,8 (m, 1H), 4,2 (m, 1H),
6,0 (t, 1H), 7,3 (s, 1H,);

C-NMR (CD3OD): δ 174.3, 169.1, 165.1, 151.1, 137.2,

13

110.5, 85.9, 85.1, 71.8, 71.5, 57.4, 41.1, 38.6, 34.8, 24.9, 22.3, 11.1; HPLC: Rt : 10.0
min. Analytical data for 8: : 1 H-NMR (CD3OD): δ 1.4 (m, 6H), 1.6-1.8 (m, 4H), 2.0 (s,
3H), 2.3 (m, 4H), 2.8 (m, 2H), 3.5 (d, 2H), 3.8 (s, 4H), 4.0 (m, 1H), 4.3 (m, 1H), 6.3 (t,
1H), 7.6 (s, 1H);

C-NMR (CD3OD): δ 175.5, 172.2, 165.1, 151.2, 138.2, 136.1,
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110.7, 85.9, 84.5, 72.6, 71.5, 54.6, 54.1, 41.3, 39.0, 36.0, 29.2-25.3, 12.2; HPLC: Rt:
10.6 min. Analytical data for 9: 1H-NMR (D 2O): δ 1.2 (m, 12H), 1.5 (m, 2H), 1.7 (m,
2H), 1.9 (s, 3H), 2.2 (m, 2H), 2.3 -2.4 (m, 4H), 3.4 (d, 2H), 3.7 (s, 4H), 4.1 (m, 1H), 4.4
(m, 1H), 6.3 (t, 1H), 7.5 (s, 1H);

C-NMR (CD3OD): δ 177.6, 170.7, 166.5, 151.7,

13

137.5, 111.6, 85.4, 84.4, 71.6, 57.1, 56.3, 40.9, 38.1, 35.9, 32.7, 28.1-29.2, 25.5,
11.7; HPLC: Rt : 16.9 min.
Synthesis of compound 11. The ?-cyano -3-phenylbutanoic acid 10 (1.7 mmol) was
solved in DMF (10 ml) and DCC (1.8mmol) and NHS (1.8 mmol) were added. The
solution was stirred for 90 min at 50°C. 5’-aminothymidine (1.6 mmol) was added in
portions to the reaction solution. The DMF was removed in vacuum and the product
was purified by chromatography on silica gel (ethylacetate/methanol: 9/1) and
checked via 1H-NMR spectroscopy. Yield: 284 mg (52%). 1H-NMR (CD3OD): δ 2.0 (d,
3H), 2.3 (m, 2H), 2.8 (m, 4H), 3.5 (m, 3H), 3.9 (m, 1H), 4.3 (m, 1H), 6.2 (m, 1H), 7.47.5 (m, 5H), 7.6 (s, 1H). The cyano group was reduced in dry methanol with HCl
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conc. (100µl) and Pd/C 10%. H2 was bubbled through the solution over night. The
solution was filtered over celite and the product (301mg, 98%) was used without
further purification. 1H-NMR (CD3OD): δ 2.0 (d, 3H), 2.1 (m, 2H), 2.3 (m, 2H), 2.7 (m,
4H), 3.5 (m, 3H), 3.9 (m, 1H), 4.3 (m, 1H), 6.2 (m, 1H), 7.4-7.5 (m, 5H), 7.6 (s, 1H).
Syntheses of compounds 12 and 15. To a solution of 11 or 14 (0.6 mmol) in
methanol, NEt3 (1.9 mmol) and methylbromoacetate (1.3 mmol) was added drop wise
under an atmosphere of nitrogen. The reaction mixture was refluxed over night, the
solvent removed and the product was purified by chromatography on silica gel
(ethylacetate/methanol: 9/1). The saponification of the ester groups was performed in
1N NaOH for 3 h at room temperature (Scheme 2). Analytical data for 12: 1H-NMR
(CD3OD): δ 2.0 (s, 3H,), 2.2 (m, 2H), 2.6 (m, 2H), 2.6 (m, 4H), 3.2 (m, 1H), 3.4 (d,
2H), 3.5 (s, 4H), 3.9 (m, 1H), 4.2 (m, 1H), 6.2 (t, 1H), 7.2 -7.4 (m, 5H), 7.6 (s, 1H);
C-NMR (CD3OD): δ 172.8, 169.8, 165.3, 151.2, 142.2, 137.1, 128.8-127.1, 110.3,

13

85.7, 84.9, 71.7, 71.6, 57.5, 41.0, 40.6, 38.6, 30.2, 10.9; HPLC: Rt: 15.4 min.
Analytical data for 15: 1H-NMR (CD3OD): δ 1.8-1.9 (m, 4H), 1.9 (s, 3H), 2.4 (m, 2H),
3.4 (m, 2H), 3.6 (d, 2H), 4.1 (m, 1H), 4.1 (s, 4H), 4.2 (m, 1H), 4.4 (m, 1H), 6.2 (t, 1H),
7.5 (s, 1H);

C-NMR (D 2O): δ 176.6, 169.3, 166.9, 152.1, 139.1, 136.9, 112.0, 85.8,

13

85.0, 71.7, 70.9, 57.7, 55.7, 38.2, 31.8, 20.1, 12.9; HPLC: Rt: 9.9 min.
Scheme 2.

(i) DCC, NHS in DMF, 60°C, 2 h; (ii) Methanol, conc. HCl, 10 % Pd/C, H2, r.t. 12 h (iii) BrCH2CO2 CH3,
methanol, NEt3, reflux, 12 h; (iv) 1 N NaOH, r.t. 3 h.
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Syntheses of the Complexes 16a-21a. The complexes 16a-21a were prepared
according to the following general procedure: 900 µl of a solution of fac[99mTc(OH2 )3(CO)3 ]+ and 100 µl of a 10-4 M solution of the corresponding ligand in
PBS buffer (0.1 M NaCl/0.05 M sodium phosphate buffered, pH = 7.4 ) were placed in
a 10-ml glass vial under nitrogen. The vial was sealed and the reaction heated to
75°C for 60 min and cooled on an ice bath. The complex formation was checked by
HPLC.

Syntheses of complexes 16b-21b. The Re(CO)3-thymidine-complexes were
synthesized according to the following general procedure: (NEt4 )2[ReBr3 (CO)3] and
the ligands 6-9, 12 and 15 in equimolar amounts were solved in a H2 O/methanol
mixture (1/1) (5ml) and stirred at 60°C till the disappearance of the starting material
(monitored by means of HPLC). The solution was evaporated to dryness and
resolved in a small amount of water. The resulting complex was purified by
chromatography

on

SepPak®-cartridge

(Waters,

C18-cartridges)

using

water/methanol gradient. Analytical data for Complex 16b: Yield: 64mg (76%);

a
1

H-

NMR (D 2O): δ 1.12 (t, 4H), 1.78 (s, 3H), 1.8 (m, 2H), 2.2 (m, 2H), 2.2 (m, 2H), 3.0 (q,
3H), 3.2 (m, 2H), 3.4 (d, 2H), 3.4-3.6 (AB, 4H,), 3.8 (q, 1H), 4.2 (m, 1H), 6.1 (t, 1H),
7.4 (s, 1H),

C-NMR (D 2O): δ 192.4 (CO), 191.8 (CO), 178.4, 170.7, 162.1, 146.9,
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133.1, 106.8, 81.0, 79.7, 66.8, 63.6, 57.5, 47.2, 36.6, 33.5, 27.9, 16.1, 6.3, 1.9; EA
for C21H24 N4O12Re(C 8H20N)0.3 Na3.2Br2.5 . 0.5 H2O: calc.: C 27.23 H 3.03 N 5.83.
found: C 27.51 H 3.98 N 5.72; IR (KBr): 3750 br, 2014 s, 1890 vs, 1684 s cm-1;
HPLC: Rt : 18.5 min; MS (ESI): m/z (%) 709 (60), 711 (100) [M-].
Analytical data for Complex 17b: Yield: 57,8mg (61%); 1 H-NMR (CD3OD): δ 1.31.4 (m, 12H), 1.75-1.85 (m, 4H), 2.0 (s, 3H), 2.3-2.4 (m, 4H), 3.3-3.4 (m, 10H), 3.5 (d,
2H), 3.5-3.8 (AB, 4H), 4.0 (q, 1H), 4.4 (m, 1H), 6.3 (t, 1H), 7.6 (s, 1H);
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C-NMR

(CD3OD): δ 197.8 (CO), 196.9 (CO), 181.8, 174.7, 165.3, 151.2, 137.0, 110.6, 86.0,
85.4, 71.7, 63.0, 52.0, 52.5, 50.8, 41.4, 38.0, 35.3, 24.4, 22.9, 11.7; EA for
C22H26N4O12Re(C 8 H20N)1.5 Na1.5Br1.3Cl0.7 . H2 O: calc.: C 37.08, H 5.31, N 6.99, found:
C 37.37, H 5.38, N 6.16; IR (KBr): 3418 br, 2014 s, 1998 vs, 1874 w, 1684 s, 1654 m
cm-1; HPLC: Rt: 16.1 min; MS (ESI): m/z (%) 725.2 (100), 723.2 (60) [M-].
Analytical data for Complex 18b: Yield: 76mg (86%); 1 H-NMR (CD3OD): δ 1.3-1.4
(m, 18H) 1.7 -1.8 (m, 4H), 2.0 (s, 3H), 2.3 (m, 4H), 3.3-3.4 (m, 10H), 3.5 (d, 2H), 3.6-
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3.8 (AB, 4H), 4.0 (m, 1H), 4.3 (m, 1H), 6.3 (t, 1H), 7.6 (s, 1H);

C-NMR (CD3OD): δ

13

199.0 (CO), 198.0 (CO), 183.0, 176.8, 166.0, 151.2, 139.6, 137.4, 112.0, 88.0, 85.5,
74.0,

71.0,

64.4,

52.0,

42.7,

40.2,

37.3,

30.0-26.0,

13.4;

EA

for

C25H32N4O12Re(C 8 H20N)0.6 Na0.4.1.5H2O: calc.: C 40.62, H 5.38, N 7.31, found: C
40.19, H 5.45, N 6.88; IR (KBr): 3384 br, 2020 s, 1880 vs, 1700 w, 1684 s, 1652 s,
1646 m cm-1; HPLC: Rt: 20.9 min; MS (ESI): m/z (%) 766.8 (100), 764.8 (60) [M-].
Analytical data for complex 19b: Yield: 74.2mg (79%);

1

H-NMR (CD3OD): δ 1.4

(m, 18H), 1.7 (m, 2H) 1.8 (m, 2H), 2.0 (s, 3H), 2.3 -2.4 (m, 4H), 3.4 (m, 4H), 3.5 (d,
2H), 3.6 -3.8 (AB, 4H), 4.0 (m, 1H), 4.3 (m, 1H), 6.3 (t, 1H), 7.6 (s, 1H);

13

C-NMR

(CD3OD): δ 197.6 (CO), 197.1 (CO), 181.7, 175.3, 165.0, 151.2, 136.9, 110.5, 85.6,
85.2, 71.8, 69.5, 62.8, 51.9, 46.8, 46.9, 41.1, 38.8, 35.8, 29.2-28.8, 26.6-24.9, 11.1;
EA for C28H38N4O12Re(C 8H20N)0.3Na0.7.2H2O: calc.: C 40.57; H 5.38; N 6.69. found: C
40.00; H 5.41; N 6.63. IR (KBr): 3550 br, 2015 s, 1888 vs, 1672 s cm-1; HPLC: Rt:
20.5 min; MS (ESI): m/z (%) 809.0 (100), 807.0 (60) [M-].
Analytical data for complex 20b: Yield: 87.8mg (75%); 1H-NMR (CD3OD): δ 1.3-1.4
(m, 5H), 2.0 (s, 3H), 2.15-2.3 (m, 4H), 2.6 (m, 2H), 3.0-3.25 (m, 3H), 3.3 -3.5 (m, 3H),
3.5 (d, 2H), 3.6 -3.8 (AB, 4H), 3.84 (m, 1H), 4.23 (m, 1H), 6.2 (t, 1H), 7.3 -7.4 (m, 5H),
7.5 (s, 1H);

C-NMR (CD3OD): δ 197.3 (CO), 196.9 (CO), 181.3, 173.0, 165.3,

13

151.2, 142.5, 137.1, 128.6-126.8, 110.4, 85.9, 85.0, 71.7, 67.6, 62.9, 51.9, 43.0,
40.9, 38.8, 30.9, 11.1, 6.3; EA for (C 28H30N4O12 )1.17Re (C 8H20N)0.4Na0.6: calc.: C
44.47, H 4.47, N 7.32 found: C 44.51, H 5.17, N 7.15; IR (KBr): 3739 br, 2014 s,
1892 vs, 1703 s, 1671 s, cm-1; HPLC: Rt: 20.2 min; MS (ESI): m/z (%) 801.2 (100),
799.2 (60) [M-].
Analytical data for complex 21b: Yield: 45mg (92%); 1H-NMR (CD3OD): δ 1.3-1.4
(m, 6H), 1.78-1.9 (m, 4H), 2.0 (s, 3H), 2.3 (m, 2H), 3.3-3.4 (m, 6H), 3.6 (d, 2H), 3.63.8 (AB, 4H), 4.0 (m, 1H), 4.2 (m, 1H), 4.39 (m, 1H), 6.28 (t, 1H), 7.6 (s, 1H);

13

C-

NMR (CD3OD): δ 197.8 (CO), 196.9 (CO), 181.8, 176.0, 165.3, 151.2, 138.5, 136.2,
110.6, 86.0, 85.4, 72.3, 71.5, 63.0, 52.0, 41.4, 38.6, 31.8, 20.1, 12.0; EA for
C22H26N4O13Re(C 8 H20N)0.7 Na0.3: calc.: C 39.52, H 4.81, N 7.85, found: C 38.71, H
5.29, N 8.07; IR (KBr): 3408 br, 2020 s, 1878 vs, 1646 s, cm-1; HPLC: Rt: 14.9 min;
MS (ESI): m/z (%) 741.1 (100), 739.1 (60) [M-].
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Summary and Outlook

The radioactive isotope technetium-99m is still the “working horse” in routine,
diagnostic nuclear medicine and will it also be in the near future. The therapeutic
pendant, the isotopes rhenium-188, is not only attractive due to its chemical
propinquity to technetium but chiefly because of the access via a reliable,

188

W/188Re-

generator technique developed in the past years. Thus, the potential benefit of a
universal labeling technology for both elements will have a tremendous impact on the
development of coupled diagnostic and therapeutic methods for cancer treatment.
Although rhenium is chemically related to its congener technetium, in
radiopharmacy only a few examples exist, where the labeling protocol and the
chemical stability of corresponding technetium compounds is effectively transferred
to rhenium. For this reason, the novel, organometallic precursors [*M(H2O)3 (CO)3] +,
where *M =

99m

Tc and

188

Re have been introduced. Two synthetic strategies have

been elaborated, allowing the almost quantitative preparation of the precursor of both
isotopes in aqueous solutions, starting directly from the corresponding permetalate.
The introduction of the solid, water-soluble and stable potassium boranocarbonate
K2[H3BCO2] as the reducing agent and/or source of CO enabled the formulations of
convenient and realizable kit preparations with the potential to be used routinely in a
clinical environment. The specific activities and labeling stabilities achieved with
these new precursors are by orders of magnitude higher, than with previous
protocols and a major step in the implementation of a coupled 99mTc/188 Re regime.
Parallel to the work on the no-carrier-added level (n.c.a.), the investigation on the
macroscopic level focused on the basic ligand exchange mechanisms of the
organometallic synthons [M(H2O)3(CO)3 ]+ (M =

99g

Tc, Re) as well as the structural

characterization of the corresponding complexes. During water and CO exchange
experiments, the unexpected formation of the homoleptic carbonyl complex
[Tc(CO)6] + was observed. The complex reveals a surprising stability and solubility in
aqueous media. The access and potential impact of such a compound on the n.c.a.
level has yet to be explored.
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The formation and structural features of technetium/rhenium-tricarbonyl complexes
with mono-, multi-dentate chelating systems have been elucidated. The results have
been directly or indirectly led to the design of tailor-made bifunctional, chelating
systems (“anchoring groups”) for the [*M(CO)3]+ -fragment. In addition, the connection
between structural features and the pharmacokinetic behavior and characteristics of
99m

Tc-tricarbonyl complexes in vitro and in vivo was a key result of the present work.

All ex and in vivo data obtained till today clearly suggest the use of tridentate anchors
for the functionalization of biomolecules in order to reduce unwanted retention of
radioactivity in non-targeted tissue and organs. In experiments with tumor affine
peptides labeled with the technetium-tricarbonyl core, these tendencies were fully
confirmed and thus, gave significant inputs for the development of other
organometallic radiopharmaceuticals.
Apart from the tricarbonyl-fragment, an effective, aqueous-based preparation of
mixed nitrosyl-carbonyl precursors of Tc(I) and Re(I) has been elaborated and
established for Tc-99m on the n.c.a. level. We believe that in radiopharmacy, this
new class of compounds will find a niche, where the tricarbonyl core displays its
limitations of use.
The second part of these work dealt with the implementation of the tricarbonyl
technology on small, radiopharmaceutically interesting proliferation tracer, such as
carbohydrates and nucleosides derivatives.

18

Fluor-labeled glucose analogues are

nowadays routinely used in nuclear medicine for tumor localization and therapy
staging despite its short physical half live and costs. Thus, there is a high potential of
inexpensive radioactive labeled carbohydrates derivatives, which clearly would
comprise Tc-99m as the radioisotope. The field of organometallic carbohydrate
complexes is still in its infancy, despite the enormous perspective of such
compounds. Therefore, we elaborated systematically new strategies were elaborated
for the functionalization of glucose at position C-1, C-2, C-3 and C-6 for the labeling
with [*M(H2O)3(CO)3 ]+. A series of ten fully characterized glucose-pending technetium
and rhenium complexes have been prepared. Based on computer aided docking
experiments the first potent, organometallic, competitive inhibitor for yeast
hexokinase could be rationally design, synthesized and successfully tested in vitro.
Other experiments regarding the uptake of such compounds in human cancer cells
via the expected transport system, Glut1, revealed however a limited potential for
their use in radiopharmacy. Although targeted for a radiopharmaceutical application
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the organic-synthetic functionalization strategies presented here can be inspiring for
the preparation of carbohydrate complexes with other transition metal centers and for
other purposes.
An other challenging topic for radiopharmacy in the post-genomic era is the
analysis of gene regulation by a reporter assay. Reliable monitoring of gene
expression in tumor cells will be a key prerequisite for the future of gene therapeutic
approaches. In this context viral thymidine kinase (vTK) is the enzyme to be targeted
due to its broader substrate specificity compared to human thymidine kinase (hTK).
The first examples of organo -technetium/rhenium complexes of thymidine have been
prepared and characterized. The technetium-99m thymidine complexes showed in
vitro an excellent cellular uptake in several human cancer cell lines via passive
diffusion. However, all six tested complexes expressed an unexpected selectivity and
competitive inhibition for hTK and only insignificant inhibition for vTK. Such an
“inversed” selectivity has never been reported even for pure organic nucleoside
analogues and is therefore generally of high interest for understanding the structural
prerequisites of an inhibitor/substrate of thymidine kinases.
Own

future

research

directions

regarding

organometallic

and

bioorganometallic chemistry of technetium and rhenium
What has been described in this thesis with complexes of technetium and rhenium
is only the “tip of the iceberg” in respect of novel, aqueous based, organometallic
chemistry of transition metals. There are other examples of water-stable and watersoluble, organometallic compounds described in the literature.[317] Their potential and
general impact on future directions in chemistry and biology has clearly been
underestimated and neglected in the past. Having the radiopharmaceutical
application in mind, we will clearly investigate the aqueous-organometallic chemistry
of other radioisotopes.
In the near future the research will be directed towards simplified and efficient
synthetic pathways of mixed carbonyl-nitrosyl complexes of techne tium and rhenium
for use in radiopharmacy. The recent results have unveiled a riche but at the same
time more challenging substitution chemistry than in case of tricarbonyl compounds.
This justifies a detailed investigation of their substitution chemistry and structural
characteristics.
In respect of new, tricarbonyl based radiopharmaceuticals we will continue the
rational syntheses of technetium -tricarbonyl labeled thymidine derivatives with
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priority. Structure-function relationship and fundamental characteristics in cancer cell
lines and tumor xenografts will have a decisive influence on the synthetic strategies.
The question of, whether inhibitors will yield sufficient target-to-back ground ratios for
imaging purposes is a crucial question to be answered for the immediate potential of
the currently adopted strategy.
Folic acid receptors and metabolism is an other promising target for tumor
diagnosis and therapy, which we are currently evaluation and investigating for
labeling with tricarbonyl technology. Whilst not being a new concept and target, we
hope to improve the results with the current state of the art tracer,

111

Indium-DTPA-

folate. The animal-PET facilities at PSI will be integrated in our efforts by employing
the isotope technetium-94m (β-, T1/2 = 53 min) as a surrogate for Tc-99m and Re188.
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