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Abstract

This thesis is about the coordination chemistry of rhenium(V) with small biomole-
cules. Such rhenium complexes may be of medical significance in the field of radio-
pharmacy, since radioactive isotopes such as 186Re or 188Re are used for the diagnosis
or treatment of tumors. But fundamental research is still necessary for the attach-
ment of radiometals to biologically active molecules. Most rhenium(V)-based radio-
pharmaceuticals lack stability (at physiological conditions) or selectivity (in terms of
targeting cells, or in terms of preparing an exactly defined agent).

In order to meet these requirements, a library of ligands was scanned to synthesize
kinetically inert mixed-ligand rhenium(V) complexes. Most of the prepared com-
plexes (22 out of 28) were built with tri- and bidentate chelating ligands (“3 + 2”
approach). They were studied by means of single-crystal X-ray diffraction, NMR
spectroscopy, mass spectrometry, elemental analysis and other methods. As triden-
tate chelators, nitrogen containing compounds such as diethylenetriamine, rac-2,3-
diaminopropionic acid, L-histidine, L-carnosine and other ligands based on amino
acids were used. As bidentate chelators, an oxygen donor library was used, covering
simple diols such as ethanediol or anhydroerythritol, and more complex molecules
such as nucleosides, pyranosides, mono- and disaccharides or glycoside antibiotics.

The optimum was found for a compound derived from the reducing disaccharide
D-isomaltose and the dipeptide L-carnosine. It was possible to transfer the synthesis
from standard laboratory conditions (millimolar concentration range, methanol as
solvent, alkaline pH) to labeling experiments with 188Re (nanomolar concentration
range, water as solvent, physiological pH).

With this work, the chemistry of coordination compounds with rhenium(V) is ex-
tended to physiological conditions and the synthesized compounds are promising
candidates for prospective works in the field of radiopharmacy.
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1 Introduction

1.1 Carbohydrates and amino acids

This works deals with two important substance classes in biochemistry: carbohy-
drates and amino acids. Since the discovery of DNA, it has been shown that all pro-
cesses in living organisms are based on the following major classes of organic com-
pounds: nucleic acids, proteins, lipids and carbohydrates. Until today, biochemical
research focused mainly on nucleic acids (the genome) and proteins (the proteome).
These biopolymers were identified as the basis for storage and transfer of biological
information.

Although carbohydrates are the most predominant form of biomolecules on earth,
they have not been taken into account in this context for a long time. Up to the present
the main topic about them is their role as energy source in most living organisms.
They play an important role in the storage and transport of energy (such as starch in
plants, glycogen in animals) or as structural and protective component in cells (such
as cellulose in plants, chitin in animals). Roughly 75 % of the annually renewable
biomass on earth (2·1011 tons) consists of carbohydrates[1]. During evolution, the car-
bohydrate D-ribose was selected as the exclusive sugar component of nucleic acids[2].
But in addition to these important roles, carbohydrates are involved in many other
metabolic processes. Glycoconjugates are carbohydrates attached to other molecules
such as lipids (glycolipids), or proteins (glycoproteins). A study on a protein database
showed that more than half of all known proteins are glycosylated[3]. Such glycocon-
jugates take part in recognition processes on a molecular level. They are destination
labels for proteins or other molecules. It has been shown that they have an influence
on cell growth and development, tumor growth and metastasis, anticoagulation, the
immune system, fertilization, cell-cell communication and microbial pathogenesis[4].
Today, carbohydrates are considered to be a third type of information-encoding bi-
ological macromolecules, after nucleic acids and proteins[5, 6]. They are worthwhile
to study, as the full complexity of cellular life cannot be directly explained solely
by genome and proteome[7]. The reason for this late awareness is the complexity
of the glycoconjugates, which are much more difficult to study than proteins or nu-

1



1 Introduction

cleic acids. This complexity is caused by the chemical features of carbohydrates. By
definition, carbohydrates are “hydrates of carbon”, but not all of them fit into the
formula (C·H2O)n. More generally, they can be regarded as aldehydes or ketones
with two or more hydroxyl groups. Optionally, they may contain other elements
such as sulfur, nitrogen or phosphorus. All functional groups can be linked to other
molecules, giving an immense variety of structures. Monosaccharides, the smallest
unit of carbohydrates, contain at least one chiral carbon atom and each stereogenic
center may double the amount of isomeric forms. Moreover, many monosaccharides
are mixtures in solution, as they are able to adopt α-, β- furanoidic, pyranoidic and
open-chain isomers. For all these reasons, the chemistry of carbohydrates is varie-
gated and complicated. It is difficult to predict which functional groups may interact
with other reacting agents, such as metal ions. Furthermore, saccharides containing
an aldehyde function (aldoses) or other reactive groups show reducing properties to-
ward some metal ions in analogy to Fehling’s solution with copper(II). But despite
the configurational lability and potentially unfavorable redox properties, carbohy-
drates provide manifold oxygen-donor functions in particular for the coordination
of metals. An increase in structural information of such metallated compounds has
been observed in recent years[8].

Amino acids are molecules containing both acidic and alkaline functional groups.
They show chirality and their properties vary with attached side chains. These side
chains may be hydrophobic and nonpolar, or polar and variably charged. Except for
glycine, all standard (proteinogenic) amino acids contain an asymmetric α-carbon
atom, which bears one carboxy and one amino function. For historical reasons re-
lated to the molecule L-glyceraldehyde, their configuration is assigned by the stereo-
descriptor L. Amino acids are able to polymerize via peptide bonds; the polymers
are called peptides (if below ca. 100 units) and proteins (if more). As found in nature
for metalloproteins, amino acids are excellent chelators for metal ions. Between one-
quarter to one-third of all proteins are thought to need metals as co-factors such as
zinc, iron, copper, cobalt, nickel, manganese, magnesium and calcium[9]. In such me-
talloproteins and -enzymes, the metals are bonded via the nitrogen, oxygen or sulfur
atoms of the amino acid side chains. But even much smaller subunits of these poly-
mers, individual amino acids and peptides, have been known as chelating ligands
for metals for a long time[10, 11]. In these coordination compounds, amino acids are
mostly bidentate (N,O)-chelates, or tridentate in the presence of suitable side chains.
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1.2 Coordination compounds with rhenium(V)

Rhenium was the last stable, naturally occurring element to be discovered. In 1925
it was isolated and verified by W. Noddack, I. Tacke and O. Berg from fractions of the
manganese containing minerals columbite, tantalite and gadolinite[12]. After rho-
dium and ruthenium, it is among the rarest metals on earth. Like its lighter homo-
logue manganese, rhenium covers a wide range of oxidation states: from −III to
VII (configurations d10 to d0). While higher and intermediate oxidation states are
dominated by oxides and halides (like ReO−

4 ), carbon monoxide extends this series
to lower oxidation states (I and below)[12]. The most stable oxidation states in water
are IV and VII[13]. This holds true for the occurrence of rhenium in nature, where it
is widely distributed in concentrations of parts-per-billion, but never elemental. It
occurs as ReO2 and Re(OH)4 under reductive/anaerobic conditions, and as ReO−

4 in
oxidizing environments[14–16].

Concerning the chemistry of coordination compounds, the oxidation state with
the most reported complexes is V[17]. Rhenium(V) tends to disproportionatea to
rhenium(VII) and rhenium(IV), but it is possible to stabilize it with a variety of li-
gands. Examples are multiply bonded oxido-, nitrido- or imido-groups, which are
good π-donor ligands. Such complexes are diamagnetic (d2 configuration) and the
coordination geometry is mostly octahedral, but also square-pyramidal or trigonal-
bipyramidal are known for pentavalent complexes. For the {ReO}3+ core, there are
mainly three strategies for the design of stable complexes. The so-called “2 + 2”,
“3 + 1” and “3 + 2” approaches[19, 20] were developed for complexes with mixed-
ligand donor atom sets. The numbers refer to the denticities of the ligands entering
the coordination sphere of rhenium, in addition to the multiply bonded oxido li-
gand. Five-coordinated square-pyramidal complexes are the result of the “2 + 2”
and “3 + 1” systems. But many of these 16-electron species are not substitution inert
in a biological milieu[19]. Octahedral complexes derived from the “3 + 2” approach
are 18-electron speciesb. They are built with tri- and bidentate chelating ligands, and
due to this closed shell, seem to be more substitution inert[20].

But which ligands are suitable? As reported in the previous chapter, carbohydrates
and amino acids may be used as oxygen- and nitrogen-donor ligands. According
to literature, structures of complexes with each of these two substance classes are
known. But as of today, not for both combined.

a The following hydrolysis equation was reported for a rhenium(V) compound by Cotton et al.:[18]

2 ReOCl−4 + n H2O −→ ReO2·n H2O + ReO−
4 + 8 Cl−

b only for an alternative notation of the multiple bond: Re≡O|+ instead of Re=O
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Figure 1.1 Scheme of rhenium(V) diolato complexes. A: [ReO(Cp*)(diolH−2)] with
ethanediol[21], B: [ReO(tacn)(diolH−2)]+ with ethanediol[22], C: [ReO(dien)(diolH−2)]+ with
several carbohydrates[23, 24], D: [ReO(B(pz)4)(diolH−2)] with ethanediol[25], E: [ReO(bdmpza)-
(diolH−2)] with ethanediol[26] and other diols[27], F: [ReO(tpb)(diolH−2)] with ethanediol[28],
propanediol[29], oxalate[30] and several carbohydrates[23, 31, 32], G: [ReO(tpa)(diolH−2)] with
ethanediol and catechol[33], H: [ReO(bpen)(diolH−2)]+ with ethanediol[34], I: [ReO(L)-
(diolH−2)] with catechol[35], J: [ReO(ami)(diolH−2)] with oxalate[36], K: [ReO(dppe)(OMe)-
(diolH−2)] with oxalate[37], L: [ReO(bipy)(OMe)(diolH−2)] with oxalate[37].

For carbohydrates, mainly structures with the co-ligands dien[23, 24] and tpb[23, 31, 32]

are known, as illustrated in Figure 1.1 (yellow box). But as shown there too, many
other compounds were reported since 1987 for simple diols like ethanediol. They
can be regarded as model compounds for carbohydrate complexes in prospective
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works. In all cases, a bidentate (O,O) binding mode was observed for the diols, while
mostly tridentate nitrogen-donor ligands complete the octahedral coordination. Fig-
ure 1.2 shows complexes with single amino acids that were structurally characterized
since 1999. Bi- and tridentate binding modes via the thiol-, amine- and carboxylate-
functions of the amino acids were observed. Most of the compounds depicted in
the Figures 1.1 and 1.2 are built in analogy to the previously mentioned “3 + 2” ap-
proach. The affinity of these compounds raises the question, whether it is possible to
combine both ligand types (carbohydrates and amino acids) complementarily in one
complex. With regard to pharmacology, such compounds that are related to biologi-
cal molecules might have promising features.

CO Me2

Me

S

M N O

P Q

Figure 1.2 Scheme of rhenium(V) complexes with amino acids. M: [ReO(tpb)(L-pro)] with
L-proline[38], N: [ReO(dien)(L-pro)]+ with L-proline or L-leucine (not depicted)[39], O: [ReO-
(L-cys)(L-cysMe)] with L-cysteine[40], P: [ReO(D,L-met)Cl2] with L-methionine[41], Q: [ReO-
(L-his)Cl2] with L-histidine[42].
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1.3 Radiopharmaceutical compounds

Radiopharmaceuticals are radioactive drugs for the diagnosis or treatment of dis-
eases. Depending on their purpose, they contain different radioactive nuclides.

Imaging agents
The term “medical imaging” implies all techniques used in medicine to diagnose or
examine diseases by images. For the imaging of internal organs, compounds are
used with short-lived isotopes, which are γ-ray or positron emitting. Widely used
isotopes are metals such as 99mTc, 67Ga, 111In (γ-ray emitters) and 61,62,64Cu, 68Ga,
94mTc, 89Zr (positron emitters), but also non-metallic isotopes are used (such as 18F
or 123I)[43]. Diagnostic agents labeled with these isotopes are administered to pa-
tients in low and non-toxic doses, with a total radiation dose comparable with con-
ventional X-ray radiography[44]. In the case of γ-emitters, the radiation emerging
from inside the body is detected by scintigraphic cameras, giving images of inter-
nal organs with computerized tomography techniques (SPECT)c. In the case of β+-
emitters, the energetic particles are detected indirectly via pairs of γ-photons, origi-
nating from electron-positron annihilation (PET)d. SPECT and PET are methods of
functional imaging, as they show the biochemical activity in living organisms, and
not their morphology (as in X-ray tomography). It is possible, however, to combine
both imaging types in modern diagnostics.

The most developed branch of radiopharmaceuticals are compounds with 99mTc.
In 2004, this isotope was used for 80 % of the diagnostic studies in routine nuclear
medicine[17, 43]. It is readily available from 99Mo/99mTc generators and commercially
“instant kits” have been developed for the preparation of imaging agentse. The “ra-
diolabeling” of these compounds is generally done with the following methods[43]:
• direct labeling: the disulfide linkages of large biomolecules (like antibodies) are
converted by reducing agents to free thiols, which bind strongly to the metal.
• pre-labeling approach (preformed chelate approach): at first, stable metal-chelate
species are formed, that are conjugated to a biomolecule in a second step.
• post-labeling approach (indirect labeling): a reactive functional group is attached
to a biomolecule, and in a second step this chelator is coordinated to a metal core.

c Single Photon Emission Computed Tomography
d Positron Emission Tomography
e Widely-used compounds are [99mTcI(MIBI)6]+ (Cardiolite®, a complex with the carbon bonded

ligand 2-methoxy-isobutyl-isocyanide for the imaging of the heart), [99mTcVO2(tetrofosmin)2]+

(Myoview®, a complex with the ligand bis(2-ethoxyethyl)phosphino-ethane for the imaging of the
heart) or [99mTcVO(DMSA)2]− (a complex with dimercapto succinic acid for the imaging of the
kidneys)
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First generation or metal essential agents are simple compounds such as [99mTcO4]−.
Their biodistribution depends solely on the size and charge of the compounds, which
means their allocation in the body is not very specific. For second generation agents,
chelated metals are linked to biologically active molecules (such as antibodies or
small peptides) which are able to interact with specific biological targets (Figure 1.3).
As the ligands in these complexes contain two different units (a chelating and a bioac-
tive site), this design is called the bifunctional chelate approach (BFC). As another
strategy, these two sites may even be located coincidentally in one bioactive mole-
cule (integrated approach). An example is given later in this text (Figure 1.4).

biological target radioactive metal ion

bioactive site chelating site

spacer

Figure 1.3 Design of targeted radiopharmaceuticals according to the bifunctional approach.

Radio-therapy
The above holds true for therapeutic radiopharmaceuticals, but the radionuclides
differ. Mostly β−-radiating isotopes are used for cancer therapy, and the radiation
doses are higher and more toxic. Due to the cell-damaging properties of β−-radiating
isotopes, such pharmaceuticals must be high-selectivly harmful for tumor cells and
minimally harmful to the entire organism. This goal seems to be reachable by the con-
junction of radiometals with biologically active molecules. Like a Trojan horse, these
pharmaceuticals are designed to bind to certain receptors of tumor cells, resulting in a
selective apoptose. For such applications, the most widely used radionuclides are 90Y
and 177Lu. Although 188Re is conveniently purchased from a 188W/188Re generator,
it has not been commonly accepted for medical use so far. The physical propertiesf

are attractive for diagnostics and therapy, but its chemical properties have been, so
far, the major draw-back for its use. Much of the knowledge about imaging agents
with technetium is transferable to rhenium, as these elements are very similar due to
the lanthanide contraction. But there are important discrepancies, in particular in the

f The following isotopes might be useful for scintigraphic imaging (γ-radiation) and therapeutic
application (β−-radiation): 186Re (β−

max = 1.07 MeV, t 1
2

= 3.8 d, Eγ = 137 keV) and 188Re (β−
max =

2.1 MeV, t 1
2

= 17 h, Eγ = 155 keV)
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redox properties. Rhenium complexes are harder to reduce (and easier to oxidize)[44].
But during the last decade, many efforts have been made in the chemistry of rhenium
to develop an application to radiopharmacy[43, 45–48]. At present, some compounds
have reached the status of clinical application:

• 188Re-HEDP, a radiopharmaceutical compound derived from hydroxy-ethylene-
diphosphonate, is utilized for the pain therapy of skeletal metastases (palliative care).
In spite of its simple composition (it is a first generation agent, see previous page) and
its unknown oxidation state, charge or geometry, it has been classified as “bone seek-
ing”. This may be caused by the tendency of hydroxylapatite surfaces to adsorb
diphosphonates[49].

• In 1997 the first antibody for cancer therapy was approved by the FDAg. Rituximab

is a monoclonal antibody against the protein CD20 h found on the surface of B cells,
a kind of lymphocytes. Since then, more and more monoclonal antibodies have been
used for radio immunotherapy (RIT) of cancer[50]. Mainly antibodies labeled with 131I
and 90Y have been accepted for clinical use. But recent research focused also on com-
pounds with 188Re[46]. In 2004, clinical trials of 188Re-labeled antibodies against the
protein tenascin were reported by the Department of Nuclear Medicine of the LMU
Munichi. The protein tenascin is expressed by degenerated cells showing symptoms
of malignant glioma, a kind of brain cancer. For such a radio-immune therapy, the
labeled monoclonal antibodies show high target-specific activity.

• The following example shows the successful transfer of knowledge obtained from
technetium imaging agents to therapy with rhenium isotopes. Octreotid is a synthetic
analogon of the peptide hormone somatostatin. Some of its functions are to inhibit
other hormones, such as the growth hormone (GH) and hormones of carbohydrate
metabolism (glucagon and insulin). It is an even more potent inhibitor than natu-
ral somatostatin. Certain tumors have an increased number of receptors for these
hormones (receptor overexpressing tumors), which is useful for the diagnosis. Imag-
ing agents containing 99mTc-labeled octreotide showed a high affinity toward these
tumors[51]. The analog 188Re-labeled compounds would be suitable for therapy. As
shown in Figure 1.4, this cyclic eight-amino-acid peptide offers two chelating sites
for rhenium(V) after cleavage of the disulfide bridge. Depending on the acylation of

g U.S. Food and Drug Administration
h cluster of differentiation 20, an immunological surface characteristics of cells
i M. Decker, F. J. Gildehaus, C. Götz, K. Hahn, A. Hischa, G. Jung, G. Pöpperl, W. Rachinger, H. J.

Reulen, P. Riva, O. Schnell, S. Stocker, K. Tatsch, J.C. Tonn, T.A. Yousry, link.
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1 Introduction

the N-terminus, two coordination modes of rhenium(V) were detected. In both com-
plexes, octreotide is recyclized by the metal core and both show even higher affinities
against target receptors. Although so far only preclinical studies were reported for
these compounds, animal studies showed its therapeutic potential[46].

CysS

CysS

NThr

NPhe

2 + 2

D-Phe

Cys
Phe

D-Trp

Lys
Thr

Cys
Thr

CysS

D-PheN

NPhe

SCys

3 + 1

Figure 1.4 Coordination of rhenium(V) to octreotide, a derivative of the bioactive peptide
somatostatin[52]. The observed binding sites (green: 3 + 1) after cleavage of the disulfide
bridge are overlaid to the structure of free octreotide reported by Sheldrick et al.[53]. The second
coordination mode (orange: 2 + 2) was observed for the same reaction with N-acetylated
octreotide.
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1 Introduction

1.4 Aims of this work

As shown on the previous pages, the most selective radiopharmaceuticals are in-
volved with peptides. Rhenium compounds with carbohydrates have not been taken
into account for this purpose so far. Carbohydrates labeled with the isotope 18F
are known solely as diagnostic agentsj, but not for therapy. Compounds containing
both carbohydrates and amino acids show interesting properties in view of biochem-
istry. Glycopeptides[54, 55], for example, or sugar amino acids (SAA)[56, 57] are research
fields of increasing interest for drug design.

Fundamental research is still necessary for the attachment of radiometals such as
188Re to biologically active molecules. Most rhenium-based radiopharmaceuticals
lack stability (at physiological conditions) or selectivity (in terms of targeting cells, or
in terms of preparing an exactly defined therapeutic agent). This work focuses on the
interaction of non-radioactivek rhenium(V) species with carbohydrates and amino
acids in solution and in the solid state. In this work, three basic building blocks were
varied around a rhenium(V) core in the search for stable rhenium complexes. As illus-
trated in Figure 1.5, an oxido- or phenylimido-rhenium(V) unit (A) may be connected
with two further molecules. One of these molecules may be a carbohydrate with a
diol function (B). The other molecule, a nitrogen-containing co-ligand (C), completes
the octahedral coordination of the rhenium core. The following chapters are grouped
by these co-ligands: diethylenetriamine (chapter 2.1), amino-alanine (chapter 2.2),
L-histidine (chapter 2.3), L-carnosine (chapter 2.4) and other ligands (chapter 2.5).

A

C
B

Figure 1.5 General composition of the compounds in this work. A: the rhenium(V) core with
an oxido or phenylimido ligand. B: a carbohydrate with a diol function. C: a nitrogen con-
taining co-ligand.

j FDG: 2-fluoro-2-deoxy-D-glucose is most commonly used for medical imaging, as it shows the
regional glucose uptake of cells.

k Naturally occurring rhenium consists of the isotopes 185Re (37 %) and 187Re (63 %). 185Re is non-
radioactive, 187Re is weakly radioactive with a long half-life (β−-radiation, t 1

2
= 4.3·1010 years)[12].
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2 Results

2.1 Compounds of rhenium(V) with diethylenetriamine

Diethylenetriamine (dien) is a common chelating ligand for transition metals. In the
chemistry of rhenium(V), complexes with dien in bi- and tridentate binding modes
are known. Whereas in the compound [ReO2(dien)2]I reported by Kremer et al.[58]

the third nitrogen atom of dien remains non-bonded, tridentate binding modes are
observed in compounds bearing a {ReO}3+ core. For example, in the compounds
[ReO(dien)(L-leu)]I and [ReO(dien)(L-pro)]ReO4 with the amino acids L-leucine and
L-proline (also reported by Kremer et al.[39]), dien is part of an (N,N,N)(N,O) donor
atom set.

Figure 2.1 Scheme of the reactions with diethylenetriamine (dien) in this chapter. R may be
an oxido or phenylimido ligand depending on the precursor, diol denotes a carbohydrate
with a cis-vicinal diol function.

In this chapter mixed-ligand compounds with rhenium(V), dien and carbohydrates
are presented. The preparations start from different rhenium(V) precursors, dien
and carbohydrates with a cis-vicinal diol function (see Figure 2.1). Different bind-
ing modes are observed: Figure 2.2 shows fac/mer coordination of dien and syn/anti

isomerism of the diol. According to the “3 + 2” approach[19], these new compounds
are built with tri- and bidentate ligands in the coordination sphere of a distorted octa-
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hedral complex with an {ReO}3+ or {ReNPh}3+ core. This (N,N,N)(O,O) donor set is
also to be found in compounds reported by M. Oßberger[23]. The first two compounds
in this chapter were made in analogy to this work.

Figure 2.2 Scheme of the observed binding modes with rhenium and diethylenetriamine. R1

implies for an oxido or phenylimido ligand, diol with R6 and R7 represents a carbohydrate
with a cis-vicinal diol function.

To synthesize these new compounds the diols must be deprotonated. If the starting
material is iodido-dioxido-bis(triphenylphosphane)-rhenium(V), no further base is
needed for deprotonation as one of the leaving groups acts as a built-in base: an
oxido ligand. The geometry of the complexes changes from five-coordinate trigonal-
bipyramidal to six-coordinate octahedral. With this reactive precursor, reactions at
room temperature are possible, but the solutions are not very stable.

The other precursors trans-trichlorido-oxido-bis(triphenylphosphane)-rhenium(V)
and trans-trichlorido-phenylimido-bis(triphenylphosphane)-rhenium(V) are less re-
active. They require higher temperatures and a base like triethylamine must be added
to start the reaction.

12



2 Results

2.1.1 The reaction of [ReO2(PPh3)2I] with dien and cytidine

The rhenium(V) precursor [ReO2(PPh3)2I] reacts with diethylenetriamine and cyti-
dine in methanol at room temperature to give a lilac compound, from which the
complex [ReO(fac-dien)(syn-Cyd2’,3’H−2)]I (1) was recrystallized (Figure 2.3).

O1

Re

O22

O32N6N5

N7

O21
C21

N31
C41

N41

C51

C61

N11

C12

O42

O52

C52

C42

C22

C32

C10

C9

C7
C8

Figure 2.3 ORTEP presentation of 1a in crystals of [ReO(fac-dien)(syn-Cyd2’,3’H−2)]I.
Ellipsoids are drawn at 20 % probability level. Distances [Å] and angles [°]: Re-O1 1.658(16),
Re-O22 1.936(12), Re-O32 1.928(12), Re-N5 2.197(15), Re-N6 2.29(2), Re-N7 2.18(2); O1-Re-
O22 112.3(6), O1-Re-O32 109.7(7), O1-Re-N5 88.8(7), O1-Re-N6 160.1(7), O1-Re-N7 94.1(8),
O22-Re-O32 82.0(5), O22-Re-N5 158.9(6), O22-Re-N6 85.1(6), O22-Re-N7 81.8(6), O32-Re-N5
90.6(6), O32-Re-N6 81.2(6), O32-Re-N7 155.0(7), N5-Re-N6 74.1(6), N5-Re-N7 97.6(7), N6-
Re-N7 78.5(7), furanose torsion angle O22-C22-C32-O32: 24(2), puckering parameters[59] for
O42-C12-C22-C32-C42: Q2 = 0.30(2) Å, φ2 = 327(4)°, conformation E4. Distances [Å] and
angles [°] of the other molecule 1b in the asymmetric unit (with same atom numbering):
Re-O1 1.624(17), Re-O22 1.931(14), Re-O32 1.945(13), Re-N5 2.219(15), Re-N6 2.257(16), Re-
N7 2.193(17); O1-Re-O22 112.3(7), O1-Re-O32 110.0(7), O1-Re-N5 89.6(7), O1-Re-N6 155.8(7),
O1-Re-N7 91.0(7), O22-Re-O32 81.0(5), O22-Re-N5 157.4(6), O22-Re-N6 87.2(6), O22-Re-N7
85.3(6), O32-Re-N5 86.5(5), O32-Re-N6 86.3(5), O32-Re-N7 158.1(6), N5-Re-N6 73.2(6), N5-
Re-N7 100.3(6), N6-Re-N7 76.0(6), furanose torsion angle O22-C22-C32-O32: 4(2), puckering
parameters[59] for O42-C12-C22-C32-C42: Q2 = 0.25(2) Å, φ2 = 349(5)°, conformation OT4.

The asymmetric unit of the crystals in the monoclinic space group P21 contains two
slightly different molecules (1a and 1b). The charge of these cationic complexes is
counterbalanced with two iodide ions. Diethylenetriamine acts as a tridentate chela-
tor in facial coordination while the deprotonated ribofuranosyl ligand is connected via
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O2’ and O3’ in syn-position respective to the {ReO}3+ core forming a five-membered
chelate ring. The diols’ torsion angles for the two molecules (24° and 4°) are smaller
than the corresponding angle in free cytidine[60] (44.4°) and the N-glycosidic torsion
angles χ for both molecules (−126.4° and −154.4°) are determining according to the
JCBN[61] an anti conformation of the pyrimidine part, like the free form of cytidine
(anti with −162.6°).

Figure 2.3 shows 1a of the two molecules in the asymmetric unit. 1b is very similar,
the main difference between them is illustrated in Figure 2.4. The free form of cytidine
being in 3T2 conformation, in this case the ribofuranosyl residues are in E4 or OT4

conformation including a different hydrogen bond environment.

1b: O
T 41a: E4free Cyd: 3

T2

O1_a

C61_b

O52_b

Re_b

Re_a

Re_a

C6’O5’

O1_a O1_b

Figure 2.4 MERCURY presentation of the furanose rings in cytidine, 1a and 1b. The atoms of
the dien ligand are not shown. Yellow and green dashed lines: classical hydrogen bonds and
weak interactions of the type C-H· · ·O.

Another difference to the free form is the absence of an intramolecular interaction
of the type C-H· · ·O from the pyrimidine’s H61 to O52 of the ribose part. In lieu of
this, an intermolecular bonding is observed: there is a hydrogen bond and a C-H· · ·O
interaction from 1b to the {ReO}3+ core of 1a. The distances and angles for these in-
teractions are listed in Table 2.1 including the values of the intramolecular C-H· · ·O
interaction in free cytidine. All the remaining hydrogen bonds are illustrated in Fig-
ure 2.5. Along [1̄00] there are iodide-connected sheets of hydrogen-bond-connected
chains of complex molecules. These chains are built of the two different molecules of
the asymmetric unit in two orientations. Each chain consists of one sort of molecule
connected to each other with two hydrogen bonds. The above-mentioned C-H· · ·O
contact from the pyrimidine’s C6-H6 of 1b to O1 of 1a completes the hydrogen bond
environment of the molecules: together with the hydrogen bond from the ribofura-
nose’s O52 to O1, the 1a chain is cross-linked to the 1b chain.
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2 Results

Figure 2.5 MERCURY presentation of hydrogen bonds (yellow dashed lines) and C-H· · ·O con-
tacts (green dashed lines) in 1. The rectangles with "1a" and "1b" refer to the two independent
molecules in the asymmetric unit. For symmetry codes see Table 2.1.

15

Compound:

[ReO(fac-dien)(syn-Cyd2',3'H-2)]I



2 Results

Table 2.1 Distances [Å] and angles [°] of hydrogen bonds in 1. As there are two molecules in
the asymmetric unit, the following suffixes are attached to the atoms’ names: "_a" and "_b".
I1 and I2 are from the anionic part of the structure. Values without standard deviation are
related to hydrogen atoms at calculated positions. For atom numbering see Figure 2.3. In
the last row the values of an intramolecular C-H· · ·O interaction in a published structure of
free cytidine are listed[60]. D: donor, A: acceptor, x: difference of (H· · ·A) and the sum of the
van-der-Waals radii[62].

D H A D· · ·A D-H H· · ·A x D-H· · ·A

O52_b H852_b O1_a 3.18(5) 0.84 2.47 −0.25 143
N41_b H741_b O32_bi 2.85(2) 0.88 1.97 −0.75 174
N5_b H751_b N31_bii 3.08(2) 0.92 2.23 −0.52 152
N5_b H752_b I1iii 3.746(17) 0.92 3.00 −0.18 140
N6_b H76_b O52_a 2.99(2) 0.93 2.20 −0.52 142
N7_b H771_b I1iii 3.595(17) 0.92 2.69 −0.49 167
O52_a H852_a O21_biv 2.69(2) 0.84 1.92 −0.81 154
N41_a H741_a O32_aii 2.97(2) 0.88 2.11 −0.61 167
N5_a H751_a N31_ai 2.98(2) 0.92 2.08 −0.67 166
N5_a H752_a I2v 3.77(2) 0.92 2.96 −0.22 148
N6_a H76_a I2 3.50(2) 0.93 2.60 −0.58 162
N7_a H771_a I2v 3.55(2) 0.92 2.80 −0.38 139
C61_b H61_b O1_a 3.18(3) 0.95 2.28 −0.44 157

C6’ H6’ O5’ 3.246(5) 0.94(3) 2.35(3) −0.38 161(3)

Symmetry codes: i 1 + x, y, z; ii 1 + x, y, z; iii 2 − x, 1
2 + y, −z; iv 1 − x, − 1

2 + y, −z;
v 1 − x, 1

2 + y, −1 − z.

According to NMR spectroscopy, there should not be a difference between the sig-
nals of the very similar molecules of 1a and 1b of the XRD study. Syn/anti isomerism
has a much greater effect. Both diastereomeric forms should be present in solution
(see Figure 2.6), but only one major species was observed in spectra of the crude re-
action mixture as well as in solutions of the redissolved lilac compound. Most of the
signals of the minor species were below the limit of detection for 13C NMR. But 1H
NMR experiments showed a ratio of 90:10 for major to minor isomer. The free form
of the nucleoside was not detected.
Table 2.2 presents the 13C NMR data of the major species from the redissolved lilac

compound in MeOH-d4. The signals of C2’ and C3’ are moved on the NMR scale by
+28 ppm compared with the free form of cytidine. This coordination-induced shift
(CIS, δcomplex − δfreeligand) shows a connection of the nucleoside to the rhenium center
via O2’ and O3’. Contrariwise, the small CIS of C5’ confirms that O5’ is not metal-
lated. Except for the signals of C2’ and C3’, the influence of the rhenium core on most
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Figure 2.6 Scheme of the diastereomeric forms of 1 and atom numbering used in the 13C
NMR study according to the recommendations of the JCBN[61]. XRD: result of the structure
determination.

of the signals is only small. Therefore the assignment of the signals is possible by
comparing with the reported data of the free form[63]. But due to the large CIS of up
to +28 ppm an exact assignment of C2’ and C3’ is only possible by 2D NMR and 1H
NMR experiments. In Table 2.3 the 3JHH couplings of the protons of 1 are listed. The
identical values for the couplings attest to the correct assignment. A cross-check with
the H-C-C-H angles of the X-ray structure determination is possible by the Karplus

relation, adopted by Haasnoot et al.[64]. Obviously the structure of the solid state is
similar to the species in solution. The other ligand in this complex, dien, loses sym-
metry caused by the distorted octahedral coordination. Four signals, instead of two
for the free form, are observed in the 13C NMR spectra (Table 2.2). Only small CIS
values are observed, despite the fact that the distance to the rhenium center is similar
to C2’ and C3’ bearing a much larger CIS.
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Table 2.2 13C NMR chemical shifts (in ppm) of 1 in MeOH-d4 (101 MHz, 25 °C) and com-
parison with the free ligands under the same conditions. The signal of the deuterated solvent
(δ = 49.00 ppm) was used as an internal secondary reference[65] for the chemical shift. For
atom numbering see Figure 2.6. ∆δ values indicating a diolate coordination are in boldface.
Assignment of free cytidine according to literature[63].

C7/C10 C8/C9

dien δ 40.40 49.84
1 δ 44.66, 44.53 50.60, 50.42

∆δ 4.23, 4.13 0.76, 0.58

C1’ C2’ C3’ C4’ C5’ C2 C4 C5 C6

Cyd δ 91.93 75.89 70.63 85.49 61.87 158.36 167.47 96.29 142.93
1 δ 93.42 104.18 99.02 86.59 62.94 158.22 167.47 96.75 143.58

∆δ 1.49 28.29 28.39 1.10 1.07 −0.14 0.00 0.46 0.65

Table 2.3 1H NMR chemical shifts and 3JHH coupling (in Hz) of 1 in MeOH-d4 (400 MHz,
25 °C) and comparison with calculated values. The signal of the deuterated solvent (δ =
3.31 ppm) was used as an internal secondary reference[65] for the chemical shift. For atom
numbering see Figure 2.6. Assignment was controlled with HMQC and HMBC experiments.
The torsion angles H-C-C-H for the calculated[64] values derive from 1a and 1b of the structure
determination.

H1’ H2’ H3’ H4’/H5’

1 δ 5.71 5.26 5.30 3.79 – 3.86a

multipl. d dd dd m
3JHH 4.0 4.0, 6.6 6.6, 4.8 a

3J(H1, H2) 3J(H2, H3) 3J(H3, H4) 3J(H4, H5ab)

calc. 1a 4.7 6.7 6.5 0.5, 5.2
calc. 1b 3.2 6.0 7.3 11.0, 2.5

a signal overlap
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2.1.2 The reaction of [ReO2(PPh3)2I] with dien and uridine

A modification of the preparation in the previous section leads to a new compound.
Uridine, another pyrimidine nucleoside, reacts with the precursor [ReO2(PPh3)2I]
and diethylenetriamine in methanol to give a lilac raw compound. Crystals were
obtained with a different anion: [ReO(fac-dien)(syn-Urd2’,3’H−2)]BPh4 · MeOH (2)
was recrystallized from methanol after addition of equimolar amounts of sodium
tetraphenylborate.

O52

C52
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C32

O32

O6

Re

N6

C10

C9

N4

C8

C7

N5

O22
C22

C12

O42

O21

N11

N31

C51

C41
O41

C21
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Figure 2.7 ORTEP presentation of 2 in crystals of [ReO(fac-dien)(syn-Urd2’,3’H−2)]BPh4 ·
MeOH. Ellipsoids are drawn at 50 % probability level. Distances [Å] and angles [°]:
Re-O6 1.684(4), Re-O22 1.936(4), Re-O32 1.965(4), Re-N4 2.159(6), Re-N5 2.279(5), Re-N6
2.189(5); O6-Re-O22 109.1(2), O6-Re-O32 108.62(19), O6-Re-N4 92.5(2), O6-Re-N5 160.7(2),
O6-Re-N6 91.8(2), O22-Re-O32 82.47(17), O22-Re-N4 84.7(2), O22-Re-N5 85.08(18), O22-Re-
N6 158.89(18), O32-Re-N4 158.0(2), O32-Re-N5 85.69(19), O32-Re-N6 87.87(18), N4-Re-N5
75.5(2), N4-Re-N6 98.1(2), N5-Re-N6 75.47(18), furanose torsion angle O22-C22-C32-O32:
15.9(7), puckering parameters[59] for O42-C12-C22-C32-C42: Q2 = 0.364(6) Å, φ2 = 335.1(10)°,
conformation OT4.

The asymmetric unit in the orthorhombic space group P212121 contains an anionic
part (one molecule of tetraphenylborate), a cationic part (one molecule of the complex
with rhenium) and a neutral part (one molecule of methanol). Figure 2.7 shows the
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cationic part. Diethylenetriamine forms a tridentate chelator in facial coordination
and uridine is connected in syn-position with the deprotonated hydroxy functions
(O2’ and O3’) as a five-membered-ring chelator. Due to this chelate, the torsion angle
O2’-C2’-C3’-O3’ is smaller (15.9°) than in free uridine (46.7° and 52.1°)[66]. In free
uridine the furanose ring is in 3T2 or 3E conformation whereas in this compound it is
in OT4 conformation. The conformation about the N-glycosidic bond is anti (torsion
angle χ = −133.1°) and not far from the one of free uridine (−153.0° and −164.4°).

With their classical donor and acceptor functions like N(H) or O(H), the dien and
uridine ligands of the cationic part build sheets of polar cationic areas in the crystal,
that are connected with typical hydrogen bonds (Table 2.4). The anion tetraphen-
ylborate fills up the space between these sheets along the ab plane. These charge-
separated areas are also visible in the packing diagram of the crystal structure (Fig-
ure 6.2 on page 187). In Figure 2.8 weak interactions of tetraphenylborate with the
dien ligands are illustrated, as well as the hydrogen bonds of the polar section. Com-
pared with the crystal structure of free uridine[66] there is a similar intermolecular
interaction of the type C-H· · ·O from the pyrimidine’s C51-H51 as donor (see Table
2.4). But the acceptors differ: O41 of the neighboring pyrimidine part instead of O4
of the neighboring ribosyl moiety.

Table 2.4 Distances [Å] and angles [°] of hydrogen bonds in 2. O99 is affiliated to methanol. In
the last row the values of an intermolecular C-H· · ·O interaction in free uridine are listed[66].
D: donor, A: acceptor, x: difference of (H· · ·A) and the sum of the van-der-Waals radii[62].

D H A D· · ·A D-H H· · ·A x D-H· · ·A

N31 H31 O32i 2.890(6) 0.88 2.01 −0.71 177
N5 H75 O99 2.875(10) 0.93 1.98 −0.74 162
N6 H761 O21ii 2.922(7) 0.92 2.03 −0.69 164
N6 H762 O52iii 2.898(7) 0.92 2.06 −0.66 150
O52 H852 O41iv 2.868(6) 0.84 2.17 −0.55 141
C7 H72 Cg1v 3.444(8) 0.99 2.52 −0.12a 156
N4 H741 C91vi 3.377(10) 0.92 2.52 −0.38 155
N4 H742 Cg2v 3.160(7) 0.92 2.31 −0.41b 154
O99 H899 Cg3vii 3.284(7) 0.84 2.44 −0.16c 178
C51 H51 O42viii 3.364(8) 0.95 2.53 −0.19 147

C5 H5 O4 3.258 0.95 2.42 −0.30 150

Symmetry codes: i −1 + x, y, z; ii 1 + x, y, z; iii 2 − x, − 1
2 + y, 1

2 − z; iv 1 −x, − 1
2 + y, 1

2 − z;
v x, −1 + y, z; vi 1 + x, −1 + y, z; vii x, y, z; viii 1 − x, 1

2 + y, 1
2 − z.

Calculated centroids Cg1: C82 – C87, Cg2: C70 – C75, Cg3: C76 – C81. a contact of H72 to C87
of Cg1, b contact of H742 to C72 of Cg2, c contact of H899 to C79 of Cg3.
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Figure 2.8 MERCURY presentation of hydrogen bonds (yellow dashed lines) and weak inter-
actions (green dashed lines) in 2 forming sheets along the ab plane. For symmetry codes and
centroid definition see Table 2.4.

The 13C NMR spectrum of the redissolved lilac raw compound shows mainly sig-
nals of one of the two possible isomers of this compound (Figure 2.9), while the other
one seems to be below the detection limit. Integration of 1H NMR signals showed a
ratio of ca. 90:10. In Table 2.5 signals of the major isomer of a solution of 2 in D2O
are listed. Most of them are similar to the signals of free uridine[67]. Depending on
the distance to the rhenium center they are more or less shifted, except for the sig-
nals of C2’ and C3’. Their large CIS of up to 28.10 ppm indicates a chelate via O2’
and O3’ to the metal. The signals of the other chelating ligand, dien, are shifted up
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to 3.1 ppm. Table 2.6 shows the 3JHH couplings of the protons of 2 and calculated
couplings according to the Karplus relation, adopted by Haasnoot et al.[64]. The val-
ues for the couplings around the diol group attest a similar conformation in solution
compared with the structure determination.

Figure 2.9 Scheme of the diastereomeric forms of 2 and atom numbering used in the 13C
NMR study according to the recommendations of the JCBN[61]. XRD: result of the structure
determination.

Table 2.5 13C NMR chemical shifts (in ppm) of 2 in D2O (101 MHz, 25 °C) and compari-
son with the free ligands under the same conditions. The signal of a drop of methanol (δ =
49.50 ppm in D2O) was used as an internal secondary reference[65] for the chemical shift. For
atom numbering see Figure 2.9. ∆δ values indicating a diolate coordination are in boldface.
Assignment of free uridine according to literature[67].

C7/C10 C8/C9

dien δ 40.89 50.06
2 δ 44.09, 44.01 50.04

∆δ 3.20, 3.12 −0.02

C1’ C2’ C3’ C4’ C5’ C2 C4 C5 C6

Urd δ 89.98 74.27 70.03 84.82 61.33 152.17 166.64 102.88 142.44
2 δ 91.66 101.64 98.13 85.93 62.19 152.25 166.82 103.28 143.28

∆δ 1.68 27.37 28.10 1.11 0.86 0.08 0.18 0.40 0.84
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Table 2.6 1H NMR chemical shifts and 3JHH coupling (in Hz) of 2 in D2O (400 MHz, 25 °C)
and comparison with calculated values. The signal of the deuterated solvent (δ = 4.79 ppm)
was used as an internal secondary reference[65] for the chemical shift. For atom numbering
see Figure 2.9. Assignment was controlled with HMQC experiments. The torsion angles
H-C-C-H for the calculated[64] values derive from the result of the structure determination of
2.

H1’ H2’ H3’ H4’ H5’

2 δ 5.73 5.38 5.31 3.88 3.97
multipl. d dd dd dt d
3JHH 4.4 4.4, 6.6 6.6, 5.5 5.5, 3.3 3.3

3J(H1, H2) 3J(H2, H3) 3J(H3, H4) 3J(H4, H5ab)

calc. 3.8 6.3 7.5 2.5, 11.0

2.1.3 The reaction of [ReOCl3(PPh3)2] with dien and other

nucleosides

The following pyrimidine- and purine-type nucleosides were tested with the less
reactive precursor trans-trichlorido-oxido-bis(triphenylphosphane)-rhenium(V): cy-
tidine, uridine, adenosine, guanosine and inosine (Figure 2.10). Three equivalents
of triethylamine were added to the mixtures of one equivalent of the precursor and
dien and two equivalents of the nucleosides in methanol. They were stirred for three
hours at 60 °C. Although no crystals were obtained, the spectra of the crude reaction
mixtures in methanol were promising (Figure 2.11). The signals in the spectra of the
reactions with uridine and cytidine showing a coordination to the metal (marked or-
ange) are identical to the spectra of redissolved crystals of 1 and 2 from the previous
chapters. Partially (at small intensities, not tagged in the figure), the spectra show
a second signal set indicating syn/anti isomerism. Table 2.7 shows the signals of the
major isomers of the mixtures with the purine nucleosides adenosine, guanosin and
inosine. The signals of C2’ and C3’ are shifted up to 28 ppm compared with the free
nucleosides. This indicates a coordination via O2’ and O3’ to the rhenium center.
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Figure 2.10 Scheme of the nucleosides used in this work and atom numbering for the
13C NMR study according to the recommendations of the JCBN[61].

Table 2.7 13C NMR chemical shifts (in ppm) of non-crystalline compounds of adenosine, gua-
nosine, inosine with dien in MeOH-d4 and comparison with the free ligands under the same
conditions. The signal of the deuterated solvent (δ = 49.00 ppm) was used as an internal se-
condary reference[65] for the chemical shift. ∆δ values indicating a diolate coordination are in
boldface. Assignment according to literature: adenosine[68], guanosine[69], inosine[69].

Compound with adenosine
adenosine C1’ C2’ C3’ C4’ C5’ C2 C4 C5 C6 C8

free δ 90.88 75.34 72.47 87.93 63.32 153.30 149.77 120.77 157.20 141.80
cmp. δ 91.78 102.80 100.85 88.20 63.72 153.48 149.86 120.45 157.06 141.51

∆δ 0.90 27.46 28.38 0.27 0.40 0.18 0.09 −0.32 −0.14 −0.29
Compound with guanosine

guanosine C1’ C2’ C3’ C4’ C5’ C2 C4 C5 C6 C8

free δ 88.65 74.44 71.40 86.23 62.26 154.68 152.00 117.25 159.65 138.67
cmp. δ 89.87 101.47 99.20 86.79 62.82 154.78 152.09 117.25 159.69 138.76

∆δ 1.22 27.03 27.80 0.56 0.56 0.10 0.09 0.00 0.04 0.09
Compound with inosine

inosine C1’ C2’ C3’ C4’ C5’ C2 C4 C5 C6 C8

free δ 90.44 76.08 72.06 87.45 62.94 146.82 149.49 125.80 158.75 140.85
cmp. δ 91.57 103.65 100.44 87.93 63.55 146.87 149.53 125.61 158.75 140.85

∆δ 1.13 27.57 28.38 0.48 0.61 0.05 0.04 −0.19 0.00 0.00
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Figure 2.11 13C NMR spectra of crude reaction mixtures with the nucleosides cytidine, uri-
dine, adenosine, guanosine and inosine in methanol. Green: free nucleoside, orange: complex
with oxidorhenium and dien. For atom numbering see Figure 2.10.
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2.1.4 The reaction of [Re(NPh)Cl3(PPh3)2] with dien and

anhydroerythritol

2.1.4.1 The syn-isomer

In this section a different rhenium(V) precursor was chosen. The oxygen atom of
the {ReO}3+ core was replaced by the isoelectronical motif phenylimine giving the
phenylimidorhenium core. First, the reaction with a simple diol was investigated.
Harsher conditions were necessary: the rhenium(V) precursor [Re(NPh)Cl3(PPh3)2]
reacted with diethylenetriamine and anhydroerythritol in methanol only after addi-
tion of triethylamine at 50 °C to give a green solution. By evaporation and addition
of equimolar amounts of sodium tetraphenylborate, the complex [Re(NPh)(fac-dien)-
(syn-AnErytH−2)]BPh4 (3) was recrystallized (Figure 2.12).

O3

N1

Re

O2
C2

C1

O4

C4

C3

N3

C12

C11

C13

C14 N2

N4

C5

Figure 2.12 ORTEP presentation of 3 in crystals of [Re(NPh)(fac-dien)(syn-AnErytH−2)]-
BPh4. Ellipsoids are drawn at 20 % probability level. Distances [Å] and angles [°]: Re-O2
1.961(6), Re-O3 1.937(8), Re-N1 1.720(8), Re-N2 2.075(9), Re-N3 2.239(10), Re-N4 2.144(10);
O2-Re-O3 82.3(3), O2-Re-N1 107.0(3), O2-Re-N2 86.8(3), O2-Re-N3 85.6(3), O2-Re-N4 159.2(3),
O3-Re-N1 107.1(4), O3-Re-N2 157.4(3), O3-Re-N3 84.3(4), O3-Re-N4 87.7(3), N1-Re-N2 95.0(4),
N1-Re-N3 163.8(4), N1-Re-N4 93.3(4), N2-Re-N3 75.1(4), N2-Re-N4 95.9(4), N3-Re-N4 75.3(4),
Re-N1-C5 170.6(8), diol torsion angle O2-C2-C3-O3: −20.8(18), puckering parameters[59] for
O4-C1-C2-C3-C4: Q2 = 0.32(2) Å, φ2 = 34(4)°, conformation E1.
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The green crystals in the monoclinic space group P21/n have four formula units
in the unit cell and one in the asymmetric unit with an anionic (tetraphenylborate)
and a cationic part. Figure 2.12 shows the cationic part, a phenylimidorhenium(V)
complex in distorted octahedral coordination. The phenylimidorhenium unit is not
exactly linear. Similarly to the precursor compound (172.6°)[70] the angle of Re-N-C5
is diminished to 170.6(8)°. The tridentate chelator dien coordinates in facial binding
mode and the diol anhydroerythritol gives a five-membered chelate in syn-position
respective to the phenylimido ligand. The furanose ring adopts an envelope confor-
mation on C1 and the torsion angle O2-C2-C3-O3 (−20.8°) is similar to a structure
based on the oxidorhenium core (Oßberger[23]: 29.7°).

Only one classical hydrogen bond can be found in 3. It is of the type N-H· · ·O
(from N2 of dien to O2 of the diol) and connects two molecules of 3. In addition there
is a weak interaction of the type C-H· · ·N (from C11 of dien to N1 of the phenylimido
group) assisting the connection between these molecules. Figure 2.13 illustrates the
classical and non-classical hydrogen bonds between these dimeric units including
other contacts with the surrounding phenyl groups listed in Table 2.8.

Table 2.8 Distances [Å] and angles [°] of hydrogen bonds in 3. Values without standard
deviation are related to hydrogen atoms at calculated positions. For atom numbering see
Figure 2.12. D: donor, A: acceptor, x: difference of (H· · ·A) and the sum of the van-der-Waals
radii[62].

D H A D· · ·A D-H H· · ·A x D-H· · ·A

N2 H721 O2i 2.856(11) 0.90 2.03 −0.68 151
C11 H111 N1i 3.493(17) 0.97 2.58 −0.17 156
N3 H73 C36ii 3.375(17) 0.91 2.54 −0.36 154
N4 H742 Cgiii 3.177(10) 0.90 2.39 −0.35a 146

Symmetry code: i 1 − x, −y, 1 − z; ii − 1
2 + x, 1

2 − y, 1
2 + z; iii x, y, z.

Calculated centroid Cg: C15 – C20. a contact of H742 to C18 of Cg.
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Figure 2.13 MERCURY presentation of hydrogen bonds (yellow dashed lines) and weak inter-
actions (green dashed lines) in 3 forming units of two molecules.
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This structure determination shows the syn-isomer, but a hint to another isomer
(Figure 2.14) can be found in the 13C NMR spectrum of the reaction mixture (Fig-
ure 2.15). With different settings it was possible to obtain the other isomer with an-
hydroerythritol in anti-position (see next paragraph).

Figure 2.14 Scheme of possible isomers with anhydroerythritol. Left: syn-isomer, Right: anti-
isomer.

100 98 96 94 92 90 88 86 84 82 80 78 76 74 72

C1/C4

C2/C3

C1, C4

C2, C3

δ/ppm

Figure 2.15 13C NMR spectrum of the reaction mixture of 3. Green: free anhydroerythritol,
yellow: major isomer, orange: minor isomer. For atom numbering see Figure 2.14.
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2.1.4.2 The anti-isomer

In order to crystallize the anti-isomer of 3, the following mixed crystal approach was
chosen. The two rhenium(V) precursors [Re(NPh)Cl3(PPh3)2] and [ReOCl3(PPh3)2]
were heated with diethylenetriamine, anhydroerythritol and triethylamine in metha-
nol. From this mixture, crystals in the monoclinic space group P21/c were obtained.

O31 Re1

N1

N11

N31

N21

O21C21

C11

C41

C31

O41

C91

Figure 2.16 ORTEP presentation of the phenylimido-complex 4 in crystals of [Re(NPh)(fac-
dien)(anti-AnErytH−2)][ReO(fac-dien)(anti-AnErytH−2)][BPh4]Cl. Ellipsoids are drawn at
50 % probability level. The minor parts (occupancy ca. 40 %) of the disordered atoms
C611/C612 and C711/C712 are not depicted. Distances [Å] and angles [°]: Re1-O21 1.964(2),
Re1-O31 1.962(2), Re1-N1 1.723(3), Re1-N11 2.157(3), Re1-N21 2.240(3), Re1-N31 2.185(3);
O21-Re1-O31 82.14(9), O21-Re1-N1 109.81(11), O21-Re1-N11 156.14(10), O21-Re1-N21
81.80(9), O21-Re1-N31 89.98(9), O31-Re1-N1 108.01(11), O31-Re1-N11 88.17(10), O31-Re1-
N21 85.68(10), O31-Re1-N31 160.98(9), N1-Re1-N11 93.90(11), N1-Re1-N21 162.80(13), N1-
Re1-N31 90.93(11), N11-Re1-N21 75.75(10), N11-Re1-N31 92.33(10), N21-Re1-N31 76.04(10),
Re1-N1-C91 165.9(3), diol torsion angle O21-C21-C31-O31: 5.4(4), donor-acceptor distance of
intramolecular hydrogen bond: N21· · ·O41 3.255(5), puckering parameters[59] for O41-C11-
C21-C31-C41: Q2 = 0.423(4) Å, φ2 = 354.4(6)°, conformation OE. The values for the other mole-
cule in the asymmetric unit [ReO(fac-dien)(anti-AnErytH−2)]+, are very similar to a reported
structure[23].
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There are four formula units in the unit cell and one in the asymmetric unit with
an anionic (tetraphenylborate and chloride) and a cationic part (one phenylimidorhe-
nium complex and one oxidorhenium complex). Figure 2.16 shows the phenylimido-
rhenium complex of the cationic part. The oxidorhenium complex is not shown as it
is similar to a known structure[23]. In both complexes anhydroerythritol is connected
in anti position respective to the phenylimido- or oxido-rhenium core and the torsion
angles of the chelating diol are small (5.4° and −3.2°). The furanose rings are both in
envelope conformation (OE). The tridentate ligand diethylenetriamine (facial binding
mode) is disordered on two atoms: C611/C612 and C711/C712. Figure 2.16 shows
the atoms of the major part (occupancy ca. 60 %). The bond angle of the phenyl-
imido ligand to the metal (165.9°) deviates more from linearity than in the precursor
compound (172.6°)[70].

In respect to the hydrogen bond connections, the phenylimido- and oxido-rhenium
complexes in this crystal are different: the oxido-rhenium complexes (above in Fig-
ure 2.17) are connected only via one classical hydrogen bond to their environment,
while the phenylimido-complexes (bottom in Figure 2.17) form chains along [010]
with stronger hydrogen bonds (see Table 2.9).

Figure 2.17 MERCURY presentation of hydrogen bonds (yellow: intermolecular, yellow
dashed: intramolecular) and weak interactions (green dashed lines) in 4.
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Table 2.9 Distances [Å] and angles [°] of hydrogen bonds in 4. Values without standard
deviation are related to hydrogen atoms at calculated positions. For atom numbering see
Figure 2.16. D: donor, A: acceptor, x: difference of (H· · ·A) and the sum of the van-der-Waals
radii[62].

D H A D· · ·A D-H H· · ·A x D-H· · ·A

N11 H112 O21i 2.798(3) 0.92 1.90 −0.82 166
N11 H113 Cl 3.179(3) 0.92 2.27 −0.68 171
N21 H211 O41 3.225(5) 0.93 2.35 −0.37 156
N31 H311 Cl 3.357(3) 0.92 2.49 −0.46 158
N31 H312 O31ii 2.905(3) 0.92 1.99 −0.73 174
N32 H322 Cl 3.246(3) 0.92 2.41 −0.54 151
N22 H722 O42 3.231(4) 0.93 2.37 −0.35 154
C22 H22 Cliii 3.451(4) 1.00 2.74 −0.21 128
C51 H511 O12 3.364(5) 0.99 2.46 −0.26 152

Symmetry codes: i −x, − 1
2 + y, 1

2 − z; ii −x, 1
2 + y, 1

2 − z; iii x, −1 + y, z.

2.1.5 The reaction of [Re(NPh)Cl3(PPh3)2] with dien and ethanol

In analogy to the behavior of the {ReO}3+ core, the phenylimidorhenium(V) moi-
ety is able to build complexes with alcoholic solvents. This reaction is observed in
cases were a proper diol is missing. In these cases methanol or ethanol act as oxygen
donor ligands. The crystalline compound [Re(NPh)(mer-dien)(OEt)(PPh3)][ReO4]Cl ·
EtOH · 0.5 Me2CO (5) was obtained starting from the phenylimidorhenium(V) pre-
cursor [Re(NPh)Cl3(PPh3)2] with diethylenetriamine in boiling ethanol.

Its unit cell in the triclinic space group P1̄ contains nine independent ions and
molecules that can be merged to the moiety formula: 2(C30H38N4OPRe), 2(C2H6O),
C3H6O, 2(ReO4), 2(Cl). In the asymmetric unit there are four and a half different
species. They are separated in a cationic rhenium complex with the charge 2+, an an-
ionic part (perrhenate and chloride) and a neutral part (half occupied acetone and
disordered ethanol). Figure 2.18 shows the phenylimidorhenium complex of the
cationic part. The bond angle of the phenylimido ligand to the metal is close to linear-
ity (173.7°), like the angle found in the precursor compound (172.6°)[70]. Contrary to
the compounds so far described, dien is coordinated in a meridional binding mode.
The fourth position is occupied by triphenylphosphane, a ligand remaining from the
precursor (see Figure 2.1). A deprotonated ethanol molecule is connected to the rhe-
nium center with a typical Re-O distance (1.935 Å) compared with the distances of
the diolato-structures in the previous sections. This ethoxido ligand is oriented trans

to the phenylimido ligand.
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Figure 2.18 ORTEP presentation of 5 in crystals of [Re(NPh)(mer-dien)(OEt)(PPh3)]
[ReO4]Cl · EtOH · 0.5 Me2CO. Ellipsoids are drawn at 50 % probability level. Distances [Å]
and angles [°]: Re1-P1 2.4349(16), Re1-O1 1.935(4), Re1-N1 2.165(5), Re1-N2 2.148(5), Re1-N3
2.158(5), Re1-N4 1.733(5); P1-Re1-O1 86.61(14), P1-Re1-N1 102.01(13), P1-Re1-N2 171.53(15),
P1-Re1-N3 96.05(13), P1-Re1-N4 91.66(16), O1-Re1-N1 84.77(19), O1-Re1-N2 85.34(19), O1-
Re1-N3 82.78(19), O1-Re1-N4 178.2(2), N1-Re1-N2 79.86(19), N1-Re1-N3 157.4(2), N1-Re1-N4
95.3(2), N2-Re1-N3 80.35(19), N2-Re1-N4 96.4(2), N3-Re1-N4 97.7(2), Re1-N4-C7 173.7(4), tor-
sion angle of N1-C3-C4-N2: −52.7(7), N2-C5-C6-N3: 57.7(7), puckering parameters[59] for
Re1-N1-C3-C4-N2: Q2 = 0.451(7) Å, φ2 = 107.9(7)°, for Re1-N2-C5-C6-N3: Q2 = 0.473(7) Å,
φ2 = 267.7(6)°.
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The NH and NH2 groups of the dien ligand act as donors in intermolecular hydro-
gen bonding. With their bonds to the oxygen atoms of perrhenate and the chloride
ions, the cationic complexes form chains along the a axis (Figure 2.19).
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Figure 2.19 MERCURY presentation of hydrogen bonds (yellow dashed lines) in 5 forming
chains along the a axis.

Table 2.10 Distances [Å] and angles [°] of hydrogen bonds in 5. O921 is affiliated to the major
part of disordered isopropanol. Values without standard deviation are related to hydrogen
atoms at calculated positions. For atom numbering see Figure 2.18. D: donor, A: acceptor, x:
difference of (H· · ·A) and the sum of the van-der-Waals radii[62].

D H A D· · ·A D-H H· · ·A x D-H· · ·A

N2 H72 Cli 3.145(5) 0.93 2.25 −0.70 160
N1 H711 O5ii 2.938(8) 0.92 2.21 −0.51 136
N1 H712 Clii 3.204(6) 0.92 2.35 −0.60 154
N3 H731 O921 2.871(19) 0.92 1.98 −0.74 162
N3 H732 O3 3.022(8) 0.92 2.20 −0.52 149
O921 H925 Cl 3.121(18) 0.84 2.31 −0.64 162

Symmetry codes: i −x, − 1
2 + y, 1

2 − z; ii −x, 1
2 + y, 1

2 − z.
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2.2 Compounds of rhenium(V) with

rac-2,3-diaminopropionic acid

In contrast to the cationic complexes described in the previous section, this chap-
ter deals with neutral compounds of rhenium(V) with racemic 2,3-diaminopropionic
acid (rac-dapH), a derivative of the amino acid alanine (Figure 2.20). rac-dapH is
a non-proteinogenic amino acid and a common plant metabolite. In 1999, for ex-
ample, it was discovered to be the direct precursor of the neurotoxin β-N-oxalyl-L-
α,β-diaminopropionic acid (ODAP) in lathyrus sativus[71] that causes human neuro-
lathyrism, a neurone disease.

D L

Figure 2.20 Scheme of the D- and L-enantiomers of rac-2,3-diaminopropionic acid.

In organometallic chemistry, most of the complexes known are of the deproto-
nated form rac-dap with transition metals such as copper(II), nickel(II), mercury(II)
or cobalt(III) but rarely with rhenium. In most of the reported complexes rac-dap
binds as a bidentate chelate to the metal via two of the three potential binding sites:
Nα, Nβ and the carboxylate oxygen. Depending on the pH of the solution, these po-
tential binding sites are variably protonated. Figure 2.21 shows these species with
the abbreviations dapH3, dapH2, dapH and dap. To a certain degree this protonation
has an influence on which donor atoms are used for metal-binding. The copper com-
plex depicted in Figure 2.22 with the deprotonated form (dap) was prepared at pH
10 while at lower pH other protonated species are apparent in solution[72]. On the
other hand the cobalt(III) complex (on the left) was prepared at pH 2. Apart from the
pH of the solutions, the metal itself and the ligand-to-metal ratio have a significant
influence on the complexes formed in solution.
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dapH3 dapH2 dapH dap

Figure 2.21 Scheme of the pH-dependent forms of rac-2,3-diaminopropionic acid. The ab-
breviations dapH3, dapH2, dapH and dap correspond to the different protonated forms in
water[72, 73].

The sole example in the literature concerning a complex of dap with rhenium is the
carbonyl compound [Re(L-dap)(CO)3] reported by Alberto et al.[74] (see on the right
in Figure 2.22). It was prepared at pH 7. This complex with rhenium at the low
oxidation state I is a rare example with dap in a tridentate binding mode.

Figure 2.22 Scheme of complexes with rac-2,3-diaminopropionic acid. From left to right:
Compound with cobalt(III)[75], copper(II)[76] and rhenium(I)[74].

In contrast to this, the following complexes in this work were prepared with rhe-
nium at the oxidation state V. They are built in analogy to the “3 + 2” approach[19], as
with the complexes in the previous section. Figure 2.23 shows the general route. The
reactions were carried out in methanol at 65 °C in the presence of triethylamine start-
ing from the rhenium(V) precursor [ReOCl3(PPh3)2], rac-dapH and an excess of a diol
with a cis-vicinal diol function. pH values of 9 – 10 were observed for samples of the
reaction mixtures after addition of water. In the resulting complexes, rac-dap serves
as a tridentate (Nβ,Nα,O)-chelate and the deprotonated diol as an (O,O)-chelate. Both
enantiomeric forms of rac-dap are able to bind to the rhenium center and the carbox-
ylate group in these new compounds is oriented exclusively in trans position to the
oxido ligand of the {ReO}3+ core.
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+      -dapH + diol + 3 NEtrac 3

MeOH
diolH-2

+ 2 PPh + 3 HNEt Cl3 3

Figure 2.23 Scheme of the general reaction route with rac-dap in this chapter. diol represents
a carbohydrate with a cis-vicinal diol function. The wavy bond denotes that both the D- and
L-enantiomeric forms of rac-dap were detected as chelators.

2.2.1 The reaction of [ReOCl3(PPh3)2] with

rac-2,3-diaminopropionic acid and 1,2-ethanediol

To explore this system, first the simplest diol was chosen: 1,2-ethanediol. It was
stirred with [ReOCl3(PPh3)2], rac-dapH and triethylamine in methanol for 3 hours at
65 °C. Over night, dark violet crystals of [ReO(rac-dap)(EthdH−2)] (6) were obtained
from this solution.

N31

C31

C21
N21

O111
C11

O112

Re

O1

O13

O23 C23

C13

Figure 2.24 ORTEP presentation of both isomers (on the left) and in detail of the isomer
[ReO(D-dap)(EthdH−2)] (on the right) in crystals of 6. The atoms C12, C22, C32 of the other
disordered part (L-dap, occupancy ca. 19 %) were omitted for lucidity in the presentation
on the right side. Ellipsoids are drawn at 50 % probability level. Distances [Å] and an-
gles [°]: Re-O1 1.686(4), Re-O13 1.976(4), Re-O23 1.943(3), Re-O111 2.118(3), Re-N21 2.151(5),
Re-N31 2.186(5); O1-Re-O13 104.01(18), O1-Re-O23 109.81(17), O1-Re-O111 160.97(15), O1-Re-
N21 96.2(2), O1-Re-N31 87.99(18), O13-Re-O23 82.13(15), O13-Re-O111 86.05(14), O13-Re-N21
159.82(16), O13-Re-N31 100.25(16), O23-Re-O111 87.32(15), O23-Re-N21 91.46(18), O23-Re-
N31 161.07(19), O111-Re-N21 74.51(17), O111-Re-N31 74.19(16), N21-Re-N31 79.88(18), diol
torsion angle O13-C13-C23-O23: −40.7(6).
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6 crystallizes in the monoclinic space group P21/n with four formula units in the
unit cell. The asymmetric unit contains the rhenium complex (Figure 2.24) and one
molecule of methanol. The aminoalanine part of the complex consists of both the D-
and the L-enantiomer at disordered positions: the ratio is about 80:20 or 20:80, re-
spectively. Figure 2.24 shows on the right the isomer with D-dap. As the synthesis
started from the racemic compound rac-dapH, these crystals of 6 are a true racemate
with an overall ratio of 1:1 for the enantiomers. Strictly speaking, these two isomeric
complexes are not exactly mirror images of each other (see left presentation in Fig-
ure 2.24). But these small differences are, however, negligible in solution.

Classical hydrogen bonds mainly of the type NH· · ·O are listed in Table 2.11. They
are formed between the amino functions of dap as donor and the rhenium-bonded
oxygen atoms of 1,2-ethanediol as acceptor. The molecules of 6 form infinite layers
parallel to the (101) plane. In between these layers there are molecules of methanol as
donors and acceptors for hydrogen bonds with O112 of the carboxylato groups and
Nβ of the amino functions (Figure 2.25). The SCHAKAL packing diagram (Figure 6.6
on page 191) viewed along [01̄0] shows non-polar areas (with CH2 and CH3 groups)
in the crystal embedded in a matrix of polar parts with hydrogen bonds.

a c

Figure 2.25 MERCURY presentation of hydrogen bonds (yellow lines) in 6 forming layers pa-
rallel to the (101) plane.
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Table 2.11 Distances [Å] and angles [°] of hydrogen bonds in 6. O99 is affiliated to methanol.
Values without standard deviation are related to hydrogen atoms at calculated positions. For
atom numbering see Figure 2.24. D: donor, A: acceptor, x: difference of (H· · ·A) and the sum
of the van-der-Waals radii[62].

D H A D· · ·A D-H H· · ·A x D-H· · ·A

N21 H211 O23i 3.001(6) 0.92 2.15 −0.57 154
N21 H212 O13ii 3.004(6) 0.92 2.13 −0.59 157
N31 H313 O13iii 2.975(6) 0.92 2.07 −0.65 166
N31 H314 O99 2.917(7) 0.92 2.10 −0.62 148
O99 H899 O112v 2.731(7) 0.84 1.99 −0.73 146

Symmetry codes: i 1 − x, 1 − y, −z; ii x, 1 + y, z; iii 1
2 − x, 1

2 + y, 1
2 − z;

iv 1
2 − x, − 1

2 + y, 1
2 − z; v 3

2 − x, − 1
2 + y, 1

2 − z.

As mentioned above, in solution (with a non-chiral solvent like D2O) the difference
between the two complex species with D- and L-dap are not resolved by NMR spec-
troscopy in achiral solvents. Only one signal set is observed in spectra of the reaction
mixture as well as of the redissolved product in D2O (Table 2.12). As a chelator, 1,2-
ethanediol has a lowered symmetry and two signals are observed for C1/C2, shifted
21 ppm to lower field. Although air-stable, 6 decomposes in water within several
hours to give a brown solution with solely free 1,2-ethanediol detectable by NMR
spectroscopy.

Figure 2.26 Scheme of the enantiomeric forms of 6 and atom numbering used in the 13C NMR
study.
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Table 2.12 13C NMR chemical shifts (in ppm) of 6 in D2O (101 MHz, 25 °C) and comparison
with the free ligands under the same conditions (pH 4.7). The signal of a drop of methanol (δ =
49.50 ppm in D2O) was used as an internal secondary reference[65] for the chemical shift. For
atom numbering see Figure 2.26. ∆δ values indicating a diolate coordination are in boldface.
Assignment of free dap according to the literature[73].

dap ethanediol
CCO Cα Cβ C1/C2

free δ 171.48 50.83 39.42 63.18
6 δ 177.85 67.02 50.63 84.26, 84.02

∆δ 6.37 16.19 11.21 21.08, 20.84

2.2.2 The reaction of [ReOCl3(PPh3)2] with

rac-2,3-diaminopropionic acid and anhydroerythritol

The analog reaction of [ReOCl3(PPh3)2] with rac-dapH, anhydroerythritol and trieth-
ylamine in methanol leads to the new compound [ReO(rac-dap)(syn-AnErytH−2)] ·
H2O (7), presented in Figure 2.25. The diol anhydroerythritol can be regarded as a
model compound for furanoidic carbohydrates with a cis-vicinal diol function.

7 crystallizes in the orthorhombic space group Pbcn with eight formula units in
the unit cell. The asymmetric unit contains one molecule of the rhenium complex
and one half-occupied molecule of water. Related to the previous compound 6, the
aminoalanine part of the complex consists of both the D- and the L-enantiomer of dap
on disordered positions with a ratio of about 37:63 or 63:37, respectively. Figure 2.27
shows both forms (above) and in detail the enantiomer with L-dap (below). The de-
protonated diol is connected in syn orientation with respect to the oxido ligand of the
oxidorhenium(V) unit having a typical torsion angle (11°) for a chelating diolato(2−)
group. The furanose ring of anhydroerythritol is twisted on the C41-O41 bond hav-
ing a conformation close to OT4.
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Figure 2.27 ORTEP presentation of both enantiomers (above) and in detail of the enan-
tiomer [ReO(L-dap)(syn-AnErytH−2)] (below) in crystals of 7. The atoms C122, C222, C322
of the other disordered part (D-dap, occupancy ca. 37 %) were omitted for lucidity in the pre-
sentaion below. Ellipsoids are drawn at 50 % probability level. Distances [Å] and angles [°]:
Re-O1 1.677(4), Re-O21 1.938(3), Re-O31 1.939(3), Re-O121 2.167(3), Re-N22 2.150(4), Re-N32
2.164(4); O1-Re-O21 106.99(15), O1-Re-O31 108.83(15), O1-Re-O121 161.00(13), O1-Re-N22
92.34(15), O1-Re-N32 91.54(15), O21-Re-O31 82.12(13), O21-Re-O121 87.31(13), O21-Re-N22
160.44(14), O21-Re-N32 95.77(13), O31-Re-O121 85.07(12), O31-Re-N22 94.68(13), O31-Re-N32
159.29(14), O121-Re-N22 73.17(13), O121-Re-N32 74.25(12), N22-Re-N32 80.41(14), diol tor-
sion angle O21-C21-C31-O31: 10.8(5), puckering parameters[59] for O41-C11-C21-C31-C41:
Q2 = 0.401(5) Å, φ2 = 345.8(7)°, conformation OT4.

In view of intermolecular hydrogen bonding, the formation of chains along the c

axis is observed. Figure 2.28 shows the repetitive pattern of hydrogen bonds listed in
Table 2.13. As already observed in 6, they are mostly of the type NH· · ·O, connect-
ing the amino functions of dap as donor and the rhenium-bonded oxygen atoms of
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anhydroerythritol as acceptor. Molecules of water are part of the hydrogen bonding
in these chains. Affiliated to these hydrogen bonds of the type OH· · ·O, only H99 is
listed in Table 2.13, the second hydrogen atom of the water molecule is symmetry-
generated.

Figure 2.28 MERCURY presentation of hydrogen bonds (yellow dashed lines) in 7 forming
chains along the c axis.

Table 2.13 Distances [Å] and angles [°] of hydrogen bonds in 7. O99 is affiliated to water.
Values without standard deviation are related to hydrogen atoms at calculated positions. For
atom numbering see Figure 2.27. D: donor, A: acceptor, x: difference of (H· · ·A) and the sum
of the van-der-Waals radii[62].

D H A D· · ·A D-H H· · ·A x D-H· · ·A

O99 H99 O121i 2.882(5) 0.78(4) 2.10(4) −0.61 178(7)
N22 H221 O41ii 2.958(5) 0.92 2.08 −0.65 160
N22 H222 O31iii 2.917(5) 0.92 2.04 −0.68 159
N32 H321 O21iv 2.929(5) 0.92 2.03 −0.69 165
N32 H322 O122v 2.912(5) 0.92 2.17 −0.55 137

Symmetry codes: i 1
2 + x, − 1

2 + y, 1
2 − z; ii 1

2 + x, 1
2 − y, −z; iii −x, 1 − y, −z; iv −x, y, 1

2 − z;
v 1

2 − x, − 1
2 + y, z.

Syn/anti isomerism is observed in spectra of the reaction mixture as well as of 7
dissolved in water. The 13C NMR spectra in Figure 2.30 show two signal sets: one for
the major species (the two enantiomers of syn-7 found in the structure determination
and not differentiated by NMR spectroscopy) and one of lower intensity for the minor
species (the enantiomers of the anti-isomer). All species are depicted in Figure 2.29
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and the signals are listed in Table 2.14. Similarly to 6 the signals of C2/C3 and C1/C4
indicate that anhydroerythritol loses symmetry as chelate, and four signals instead
of two appear for each signal set. The signals of C2/C3 are shifted up to 25 ppm to
lower field, but the other signals are also remarkably shifted under the influence of
the metal.

Figure 2.29 Scheme of the enantiomeric (D,L) and diastereomeric (syn, anti) forms of 7 and
atom numbering used in the 13C NMR study. XRD: result of the structure determination.

43

Compound:

[ReO(rac-dap)(EthdH-2)]

Compound:

[ReO(rac-dap)(syn-AnErytH-2)]



2 Results

180 160 140 120 100 80 60

CCO

Ca

Cb

C2, C3

C1, C4

C2, C3

C1, C4

δ/ppm

8090100 70

Figure 2.30 13C NMR spectrum of 7 dissolved in D2O and close-up of the region of C1/C4
C2/C3 with a DEPT-135 experiment. For atom numbering see Figure 2.29. green: major
isomer, blue: minor isomer (ratio ca. 84:16 according to 1H NMR).

Table 2.14 13C NMR chemical shifts (in ppm) of 7 in D2O (67.9 MHz, 25 °C) and comparison
with the free ligands under the same conditions (pH 6.5). The signal of a drop of methanol
(δ = 49.50 ppm in D2O) was used as an internal secondary reference[65] for the chemical shift.
For atom numbering see Figure 2.29. Assignment of the free forms according to the literature:
dap[73], AnEryt[77]. ∆δ values indicating a diolate coordination are in boldface.

dap AnEryt
CCO Cα Cβ C2/C3 C1/C4

free δ 171.48 50.83 39.42 72.02 71.47

7 a δ 177.73 66.84 50.65 97.75, 96.87 75.63, 75.15
b δ 178.22 66.97 50.75 97.46, 96.59 74.60, 74.42
a ∆δ 6.25 16.01 11.23 25.73, 24.85 4.16, 3.68
b ∆δ 6.74 16.14 11.33 25.44, 24.57 3.13, 2.96

a: major isomer (ca. 84 %), b: minor isomer.
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2.2.3 The reaction of [ReOCl3(PPh3)2] with

rac-2,3-diaminopropionic acid and pyrimidine nucleosides

The nucleosides cytidine and uridine include the structural motifs of 1,2-ethane-
diol and anhydroerythritol used for the compounds 6 and 7, but also provide the
possibility of different coordination modes via the 1,3-diol function of the ribose
part or via the nitrogen atoms of pyrimidine. Nevertheless, exclusively 1,2-diol-
coordination was observed. While the reaction of [ReOCl3(PPh3)2] with rac-dapH, tri-
ethylamine and uridine in methanol seemed to be successful only according to NMR
spectroscopy, it was possible to obtain dark violet crystals of [ReO(rac-dap)(anti-
Cyd2’,3’H−2)] · 2 H2O (8) from the analog reaction with cytidine.

N42

C42

N32

C22

O22

N12

C62
C52

C11

O41

C41

C51
O51

C31

C21

O21 Re

O31
O131

C131

O132

N33

C331
C231

N23
O1

Cytidine

Figure 2.31 ORTEP presentation of both diastereomers (above) and exclusively the main
diastereomer [ReO(D-dap)(anti-Cyd2’,3’H−2)] (below) in crystals of 8. The atoms O133,
C132, C232, C332 of the disordered minor part (L-dap, occupancy ca. 46 %) were omitted
for lucidity in the presentation below. Ellipsoids are drawn at 50 % probability level. Dis-
tances [Å] and angles [°]: Re-O1 1.677(3), Re-O21 1.952(2), Re-O31 1.938(2), Re-O131 2.131(3),
Re-N23 2.169(3), Re-N33 2.151(3); O1-Re-O21 105.47(14), O1-Re-O31 108.33(12), O1-Re-O131
162.66(12), O1-Re-N23 90.59(14), O1-Re-N33 92.96(15), O21-Re-O31 82.23(10), O21-Re-O131
85.47(13), O21-Re-N23 96.49(12), O21-Re-N33 160.98(14), O31-Re-O131 86.16(10), O31-Re-N23
160.74(13), O31-Re-N33 96.59(10), O131-Re-N23 74.59(13), O131-Re-N33 75.51(14), N23-Re-
N33 78.36(12), furanose torsion angle O21-C21-C31-O31: 24.5(4), donor-acceptor distance of
intramolecular C-H· · ·O interaction: C62· · ·O51 3.200(5), puckering parameters[59] for O41-
C11-C21-C31-C41: Q2 = 0.232(4) Å, φ2 = 294.5(9)°, conformation 3E.
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The crystals of 8 in the orthorhombic space group P212121 have four formula units
in the unit cell. The asymmetric unit contains one molecule of the rhenium complex
and two molecules of water of which one is disordered. Also on disordered posi-
tions, both the D- and the L-enantiomers of dap are present in the complex. These
enantiomeric ligands build, with uridine, two diastereomeric forms of 8. Figure 2.31
shows both diastereomers (above) found in the structure determination and solely
the major diastereomer with D-dap (ca. 54 %, below). The ribofuranosyl moiety of the
cytidine part is connected via O21 and O31 in anti-position to the oxido ligand of the
rhenium core. Its torsion angle (24.5° for O21-C21-C31-O31) is diminished compared
with the free form of cytidine (44.4°)[60], and the conformation of the furanose ring
has changed from 3T2 to 3E with a smaller puckering amplitude (0.232 Å vs. 0.378 Å).
The 3E conformation is also predominantly found in base-paired rRNAs[78]. In 8 the
glycosidic torsion angle χ (−161.1° for O4’-C1’-N1-C2) is close to the angle of the free
form (−162.6°) and defines an anti orientation of the pyrimidine part. Although con-

Figure 2.32 MERCURY presentation of hydrogen bonds (yellow dashed lines) and C-H· · ·O
contacts (green dashed lines) in 8 forming double-strand molecule chains along the b axis.

taining the nucleoside cytidine, in 8 no typical hydrogen bondings of RNA base pairs
are observed in this structure, but there are similarities to the C:C base-pair group[78].
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Figure 2.32 shows hydrogen bonds forming eight-membered rings (N32-C42-N42-
H421· · ·O31-Re-N33-H336· · ·). Instead of connecting two cytosine moieties, they are
formed between the nitrogen atoms of cytosine, Nα of D-dap and the metal-bonded
O3’ of the ribose part. These bonds connect the molecules of 8 to infinite chains along
the [010] direction. Water molecules assist the cross-link of these chains (see also
SCHAKAL packing diagram on page 193). These hydrogen bonds of the water mole-
cules are also listed in Table 2.15 although their angles are partially unfavorable due
to disorder/data quality. Similarly to the free form of cytidine[60], there is an intra-
molecular contact of the type C-H· · ·O from H61 to O52 forcing the torsion angle χ

of the glycosidic bond very close to the angle of the free form, as mentioned above.

Table 2.15 Distances [Å] and angles [°] of hydrogen bonds in 8. O99 is affiliated to water,
O981/O982 to disordered water. Hydrogen bonds of the minor disordered part of dap are
not listed. Values without standard deviation are related to hydrogen atoms at calculated po-
sitions. In the last row the values of an intramolecular C-H· · ·O interaction in a published[60]

structure of free cytidine are listed. D: donor, A: acceptor, x: difference of (H· · ·A) and the
sum of the van-der-Waals radii[62].

D H A D· · ·A D-H H· · ·A x D-H· · ·A

O51 H851 O981i 2.529(12) 0.84 1.72 −1.00 162.5
O51 H851 O982i 2.782(12) 0.84 1.96 −0.76 164.3
N42 H421 O31ii 3.016(4) 0.88 2.15 −0.57 168.2
N42 H422 O132i 3.026(8) 0.88 2.17 −0.56 166.0
N23 H233 O99 2.939(5) 0.92 2.09 −0.63 152.9
N23 H234 O22iii 3.010(5) 0.92 2.11 −0.61 165.9
N33 H335 O99iii 2.904(6) 0.92 2.10 −0.62 145.4
N33 H336 N32iv 2.892(4) 0.92 2.00 −0.75 161.8
O981 H982 O22 2.875(17) 0.95(4) 2.09(12) −0.63 139(14)
O981 H981 O1vii 2.892(12) 0.94(4) 2.49(19) −0.23 106(13)
O982 H983 O99vi 2.863(14) 0.95(5) 2.21(15) −0.51 126(14)
O982 H984 O133ii 2.898(16) 0.94(4) 2.10(10) −0.62 142(13)
O99 H991 O132vi 2.776(8) 0.93(4) 1.96(5) −0.76 145(6)
O99 H992 O21 2.790(5) 0.94(4) 2.09(6) −0.63 130(6)
C62 H62 O51 3.200(5) 0.95 2.31 −0.41 155.3

C6’ H6’ O5’ 3.246(5) 0.94(3) 2.35(3) −0.34 161(3)

Symmetry codes: i x − 1
2 , −y + 1

2 , −z; ii x, y + 1, z; iii −x + 1, y − 1
2 , −z + 1

2 ; iv x, y − 1, z;
v −x + 2, y − 1

2 , −z + 1
2 ; vi −x + 2, y + 1

2 , −z + 1
2 ; vii −x + 1, y + 1

2 , −z + 1
2 .
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Table 2.16 shows the 13 C NMR data of 8 and the residue obtained from the analog
reaction with uridine (both solved in D2O). Altogether there are four signal sets with
different intensities in each spectrum. They are consistent with the result of the struc-
ture determination as the large CIS values for C2’ and C3’ attest to a coordination
via O2’ and O3’ to the rhenium center. It is likely that in the case of cytidine the two
major sets correspond to the two diastereomeric forms of anti-8 and the other two
sets to syn-8, as illustrated in Figure 2.33. These four species are observed in spectra
of the reaction mixtures as well as in spectra of the compounds redissolved in water.
A further enrichment of any diastereomeric species in solution was not successful.
Solutions of 8 in water (pH 5.5) are stable for several days whereas decomposition
within hours was observed for the previous compounds 6 and 7.

Figure 2.33 Scheme of the diastereomeric forms of 8 and atom numbering used in the 13C
NMR study according to the recommendations of the JCBN[61, 79]. XRD: result of the structure
determination.
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Table 2.16 13C NMR chemical shifts (in ppm) of 8, free cytidine, the related compound with
uridine and free uridine in D2O (101 MHz, 25 °C) under the same conditions (pH 5.5). The
signal of a drop of methanol (δ = 49.50 ppm in D2O) was used as an internal secondary
reference[65] for the chemical shift. For atom numbering see Figure 2.33. ∆δ values indi-
cating a diolate coordination are in boldface. Assignment of free cytidine[63] and uridine[67]

according to the literature.

Cyd C1’ C2’ C3’ C4’ C5’ C2 C4 C5 C6

free δ 90.69 74.51 69.77 84.47 61.21 155.08 164.49 96.37 142.91
8 in D2O:
a δ 91.94* 100.44* 95.97 85.52 62.13 154.79* 164.41 96.69* 143.72
b δ 91.94* 100.44* 95.85 84.88 62.30 154.79* 164.37 96.69* 143.85
c δ 91.57 99.21 94.51 85.86 62.39 154.14 164.30 96.60 143.97
d δ 91.19 100.34 95.81 86.27 62.50 153.56 164.18 96.55 144.01
a ∆δ 1.25 25.93 26.20 1.05 0.92 −0.29 −0.08 0.32 0.81
b ∆δ 1.25 25.93 26.08 0.41 1.09 −0.29 −0.12 0.32 0.94
c ∆δ 0.88 24.70 24.74 1.39 1.18 −0.94 −0.19 0.23 1.06
d ∆δ 0.50 25.83 26.04 1.80 1.29 −1.72 −0.31 0.18 1.10

Urd C1’ C2’ C3’ C4’ C5’ C2 C4 C5 C6

free δ 89.93 74.24 70.04 84.83 61.37 152.19 166.69 102.84 142.42
compound with uridine in D2O:
a δ 90.42 100.02 96.23 85.70 62.38 152.16 166.73* 103.06 143.32*
b δ 91.32 100.10 96.21 85.02 62.20 152.03 166.73* 103.16 143.32*
c δ 91.19 98.82* 94.87* 86.36 62.46 152.11 166.73* 103.16 143.36
d δ 90.82 98.82* 94.87* 85.96 62.54 152.13 166.73* 103.16 143.13
a ∆δ 0.49 25.78 26.19 0.87 1.01 −0.03 0.04 0.22 0.90
b ∆δ 1.39 25.86 26.17 0.19 0.83 −0.16 0.04 0.32 0.90
c ∆δ 1.26 24.58 24.83 1.53 1.09 −0.08 0.04 0.32 0.94
d ∆δ 0.89 24.58 24.83 1.13 1.17 −0.06 0.04 0.32 0.71

Signals of four species in solution were observed, according to the intensities, there was
distinguished between: a (major isomer) > b > c > d (minor isomer).
* signal overlap
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2.3 Compounds of rhenium(V) with L-histidine

As one of the 20 proteinogenic amino acids, L-histidine is present as subunit in most
of the naturally occurring proteins. Furthermore its side chain is a preferred ligand
for transition metals in many metalloproteins and enzymes. But even the free form
of L-histidine occurs in many organisms. It was detected as a metal chelator in plants
accumulating nickel from the soil[80], or even in human blood as a part of the cop-
per transport system[81]. Though being an essential trace element for organisms, free
copper is also toxic. Therefore, it exists only in bound form, such as histidinato com-
plexes.

Figure 2.34 Scheme of L-histidine and observed binding sites (blue: N,N,O with rhenium(V).
Atom numbering according to the recommendations of the JCBN[79].

As a chelating ligand, L-histidine provides up to three potential binding sites (Fig-
ure 2.34). There are many reported compounds with transition metals—well charac-
terized are complexes with nickel(II)[82, 83], chromium(III)[84], cobalt(III)[85], molybde-
num(V)[86], vanadium(IV)[87], copper(II)[81] and rhenium at low and high oxidation
states. Figure 2.35 shows the latter two examples with histidine in a tridentate bind-
ing mode reported by Alberto et al.[88] and Tessier et al.[42].

Figure 2.35 Complexes with tridentate L-histidine.
Left: [Re(CO)3(L-his)][88] with rhenium(I), right: [ReO(L-his)Cl2][42] with rhenium(V).

The rhenium(I) complex [Re(CO)3(L-his)][88] was prepared from [Re(CO)3(H2O)3]+

in water at pH 1, whereas the rhenium(V) complex [ReO(L-his)Cl2][42] was prepared
from [ReOCl3(OPPh3)(Me2S)] in acetonitrile at neutral conditions. While the former
is stable in water, decomposition occurs for the latter with rhenium(V). Figure 2.36
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shows a detailed presentation (including distances and angles) of the free form of
L-histidine (L-hisH) as well as of the structure with rhenium(V) for comparison with
the following structures in this chapter. Basically, the torsion angles of histidine are
affected by the coordination. The change of the bond distances is only minimal. The
acid group and the aromatic imidazole ring remain planar and the metal is placed
with deviations of 0.014 Å and 0.183 Å within these planes.
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Figure 2.36 ORTEP presentation of the free form of L-histidine[89] and [ReO(L-his)Cl2][42]

Atoms are drawn at 50 % probability level. Distances [Å] and angles [°] of the compound with
rhenium: Re-Cl1 2.351(4), Re-Cl2 2.334(3), Re-O1 1.660(7), Re-O2 2.081(6), Re-N1 2.099(9), Re-
N2 2.146(6); Cl1-Re-Cl2 86.95(11), Cl1-Re-O1 99.4(3), Cl1-Re-O2 87.2(2), Cl1-Re-N1 167.0(2),
Cl1-Re-N2 89.32(18), Cl2-Re-O1 108.7(2), Cl2-Re-O2 87.44(15), Cl2-Re-N1 90.4(2), Cl2-Re-N2
160.40(18), O1-Re-O2 162.8(3), O1-Re-N1 93.6(3), O1-Re-N2 90.9(3), O2-Re-N1 80.0(3), O2-
Re-N2 73.2(2), N1-Re-N2 88.9(3), Re-O2-C8 121.2(5), Re-N1-C2 126.0(7), Re-N1-C5 127.3(6),
Re-N2-C7 109.4(4); torsion angle of the coordinated acid group Re-O2-C8-O3 171.4(8).

The compounds in this chapter were prepared starting from the rhenium(V) pre-
cursor [ReOCl3(PPh3)2], L-histidine and, additionally, a carbohydrate with a cis-vicinal
diol function. Figure 2.37 shows the general reaction route. The resulting octahedral
complexes are built according to the “3 + 2” approach[19] with an (N,N,N)(O,O) donor
set. In contrast to the compound reported by Tessier et al.[42], these new compounds
are stable in aqueous media.
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+ L-hisH + diol + 3 NEt3

MeOH diolH-2

+ 2 PPh + 3 HNEt Cl3 3

Figure 2.37 Scheme of the general reaction route with L-histidine in this chapter. diol repre-
sents a carbohydrate with a cis-vicinal diol function.

There are various species of L-histidine in solution depending on the pH (Fig-
ure 2.38). At physiological pH the major form is L-hisH and the isoelectric point is
pH(I) = 7.47[90]. The reactions in this chapter were carried out in the solvent methanol,
but it is likely that the deprotonated form L-his was available, as pH 9 was observed
for samples of the crude reaction mixture after addition of water.

hisH3 hisH2 hisH his

Figure 2.38 Scheme of the pH-dependent forms of L-histidine and tautomeric equilibria of
the imidazole ring. hisH3, hisH2, hisH and his correspond to the different protonated forms
in aqueous solution from pH 1.0 to 10[91].
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2.3.1 The reaction of [ReOCl3(PPh3)2] with L-histidine and

oxalic acid

Oxalic acid (ethanedioic acid) is the smallest of the dicarboxylic acids. It was chosen
to explore the rhenium-histidine system, as its anion is known as ligand for metals.
In 1992, Brown et al.[30] reported of a first oxalato complex with rhenium(V) and the
co-ligand tpb, and in the following decade similar complexes with the co-ligands
ami[36], dppe and bipy[37] were reported.

The reaction of a methanolic solution of the rhenium(V) precursor [ReOCl3(PPh3)2]
with L-histidine and sodium oxalate in excess at 65 °C yielded the electroneutral com-
plex [ReO(L-his)(ox)] (9). Crystals suitable for X-ray diffraction were obtained from a
saturated solution in methanol/water.

C12

O122

O222 C22
O221

O121 O1

Re

O111

C11

O112

N51

C61

N71

C81

C41

C31

C21

N21

Figure 2.39 ORTEP presentation of [ReO(L-his)(ox)] (9). Ellipsoids are drawn at 50 %
probability level. Distances [Å] and angles [°]: Re-O1 1.676(5), Re-O111 2.113(6), Re-O121
2.034(5), Re-O221 2.019(6), Re-N21 2.128(7), Re-N51 2.071(5); O1-Re-O111 163.7(3), O1-Re-
O121 101.3(2), O1-Re-O221 108.6(3), O1-Re-N21 90.5(3), O1-Re-N51 97.9(2), O111-Re-O121
80.7(2), O111-Re-O221 87.8(2), O111-Re-N21 73.2(2), O111-Re-N51 81.5(2), O121-Re-O221
81.3(2), O121-Re-N21 93.5(2), O121-Re-N51 160.7(2), O221-Re-N21 160.9(2), O221-Re-N51
90.8(2), N21-Re-N51 88.2(2), torsion angle of O121-C12-C22-O221: −4.4(11), torsion angle
of the coordinated acid group Re-O111-C11-O112: 173.7(6).

The unit cell in the orthorhombic space group P212121 contains four formula units
of the rhenium complex illustrated in Figure 2.39. The monoanionic tridentate his-
tidinato ligand is connected as an (N,N,O)-donor to the metal via N21, N51 in cis
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position and O111 of the carboxylato group trans to the oxido ligand O1. With small
deviations the rhenium core is in-plane with all sp2-hybridized molecule parts: the
aromatic imidazole ring (deviation 0.075 Å), the carboxylato group (0.201 Å) and the
oxalato ligand (0.040 Å). The latter forms as a dianionic (O,O)-donor a five membered
chelate ring with approximately planar geometry (torsion angle O121-C12-C22-O221:
−4.4°). Together with the {ReO}3+ core these ligands build a distorted octahedral
complex with a non-linear O1-Re-O111 axis (163.7°), similar to a compound reported
by Tessier et al. (Figure 2.36 on page 51).

There are mainly classical hydrogen bonds of the type N-H· · ·O between the NH-
and NH2-functions of the amino acid and the carboxylato oxygen atoms of oxalate
and histidine (Table 2.17). A weak intermolecular interaction of the type C-H· · ·O at
C61 of the imidazole ring to O112 of the acid group should also be mentioned, as it
is part of the bonds connecting four molecules of 9. Figure 2.40 illustrates the ring
formation of these four molecules. There are tunnels along [1̄00] with a diameter of
about 7.5 Å, but no solvent molecules were found in them (the maximal remaining
electron density is located close to the rhenium atom, see Table 6.4 on page 217).

Table 2.17 Distances [Å] and angles [°] of hydrogen bonds in 9. Values without standard
deviation are related to hydrogen atoms at calculated positions. For atom numbering see
Figure 2.39. D: donor, A: acceptor, x: difference of (H· · ·A) and the sum of the van-der-Waals
radii[62].

D H A D· · ·A D-H H· · ·A x D-H· · ·A

N21 H211 O222i 2.875(8) 0.92 2.00 −0.72 159
N21 H212 O112ii 2.857(9) 0.92 1.99 −0.73 157
N71 H71 O222iii 2.956(9) 0.88 2.22 −0.50 141
N71 H71 O122iii 3.155(10) 0.88 2.39 −0.33 145
C61 H61 O112iv 3.142(10) 0.95 2.28 −0.44 150

Symmetry codes: i x + 1, y, z; ii −x + 1, y − 1
2 , −z + 1

2 ; iii −x − 1
2 , −y + 1, z − 1

2 ;
iv −x, − 1

2 + y, 1
2 − z.
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Figure 2.40 MERCURY presentation of hydrogen bonds (yellow lines) and C-H· · ·O contacts
(green lines) in 9. Above only a frame is illustrated and below the repetitive pattern forming
tunnels along [1̄00].
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Solutions of 9 in water were acidic (see experimental part chapter 5.5.9 on page 170)
and stable for several days. But due to its limited solubility in water, 13C NMR spectra
of 9 were recorded in DMSO-d6. These signals are listed in Table 2.18. As opposed
to coordinated diolato functions with sp3 carbon atoms, the signals of the oxalato
ligand (sp2) were shifted only by −0.84 ppm (instead of up to +28 ppm) to lower
field. Only one signal was observed for C1/C2 in spite of the distorted octahedral
geometry of the complex. Depending on the distance to the metal center, the signals
of the histidinato ligand were shifted up to 11 ppm.

Figure 2.41 Scheme of 9 and atom numbering used in the 13C NMR study according to the
recommendations of the JCBN[79].

Table 2.18 13C NMR chemical shifts (in ppm) of 9 in DMSO-d6 (67.9 MHz, 25 °C) and compari-
son with the free ligands under the same conditions. The signal of the deuterated solvent (δ =
39.52 ppm) was used as an internal secondary reference[65] for the chemical shift. For atom
numbering see Figure 2.41. Assignment of free L-histidine according to the literature[91].

L-histidine sodium oxalate
CCO Cα Cβ C2 C4 C5 C1/C2

free δ 169.98 51.62 25.63 134.59 127.61 118.13 161.94
9 δ 174.55 59.00 26.65 145.55 137.49 117.78 161.10

∆δ 4.57 7.38 1.02 10.96 9.88 −0.35 −0.84
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2.3.2 The reaction of [ReOCl3(PPh3)2] with L-histidine and

1,2-ethanediol

After recrystallization from water, crystals of [ReO(L-his)(EthdH−2)] · 4.5 H2O (10)
were obtained from the reaction of [ReOCl3(PPh3)2], L-histidine, 1,2-ethanediol and
triethylamine in methanol. The asymmetric unit in the monoclinic space group P21

contains eleven molecules: two rhenium complexes and nine molecules of water.
Two of water molecules are disordered and were refined without hydrogen atoms
(O911/O912, O921/O922). The two rhenium complexes are very similar, Figure 2.42
shows one of them.

O1

Re1

N21

C21

C31

C41

C81

N71

C61

O112

C11

O111
N51

O12

O22

C22

C12

Figure 2.42 ORTEP presentation of 10 in crystals of [ReO(L-his)(EthdH−2)] · 4.5 H2O. El-
lipsoids are drawn at 50 % probability level. Distances [Å] and angles [°]: Re1-O1 1.689(6),
Re1-O12 1.950(5), Re1-O22 1.945(6), Re1-O111 2.187(5), Re1-N21 2.143(6), Re1-N51 2.105(6);
O1-Re1-O12 111.2(3), O1-Re1-O22 103.9(3), O1-Re1-O111 163.6(2), O1-Re1-N21 93.6(3), O1-
Re1-N51 95.1(3), O12-Re1-O22 83.2(3), O12-Re1-O111 84.0(2), O12-Re1-N21 155.2(3), O12-
Re1-N51 88.4(2), O22-Re1-O111 83.3(2), O22-Re1-N21 90.5(3), O22-Re1-N51 160.9(3), O111-
Re1-N21 71.4(3), O111-Re1-N51 78.9(3), N21-Re1-N51 90.1(2), diol torsion angle O12-C12-
C22-O22: 43.5(10), torsion angle of the coordinated acid group Re1-O111-C11-O112: 155.1(6).
Distances [Å] and angles [°] of the other molecule in the asymmetric unit: Re2-O2 1.685(6),
Re2-O14 1.954(5), Re2-O24 1.958(6), Re2-O131 2.198(5), Re2-N23 2.151(6), Re2-N53 2.115(6);
O2-Re2-O14 110.5(3), O2-Re2-O24 103.8(3), O2-Re2-O131 163.4(2), O2-Re2-N23 93.6(3), O2-
Re2-N53 96.2(3), O14-Re2-O24 82.2(2), O14-Re2-O131 85.3(2), O14-Re2-N23 155.9(3), O14-
Re2-N53 88.5(3), O24-Re2-O131 82.8(2), O24-Re2-N23 91.0(2), O24-Re2-N53 159.9(3), O131-
Re2-N23 70.9(3), O131-Re2-N53 78.7(3), N23-Re2-N53 90.4(2), diol torsion angle O14-C14-
C24-O24: 44.1(9), torsion angle of the coordinated acid group Re2-O131-C13-O132: 153.9(6).
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The deprotonated form of L-histidine is in the tridentate binding mode as an (N,N,O)-
donor with O111 of the carboxylato-group trans to the oxido ligand O1. Compared
with 9 and the compound reported by Tessier et al. (Figure 2.36 on page 51), this com-
plex is more severely distorted octahedral: the imidazole ring is still planar, but the
rhenium center is shifted 0.172 Å out of its plane and the carboxylato group is tilted
(torsion angle of Re1-O111-C11-O112: 155.1°). Unlike the previous compound, the
chelating diolato moiety is non-planar with a torsion angle of 43.5° for O12-C12-C22-
O22. The same holds true for the other molecule in the asymmetric unit (see text of
Figure 2.42).

Concerning the crystal packing, there are sheets of rings parallel to the (1̄01) plane
connected by hydrogen bonds of the type N-H· · ·O. In between there are sheets of
water molecules with hydrogen bonds of the type O-H· · ·O (Table 2.19 and Fig-
ure 2.43). With a view along [010], the imidazole rings are staggered parallel with
distances of 3.21 Å and 3.26 Å. But they are not exactly lying upon each other: they
are shifted and approximately only two of the five atoms of imidazole are stacked
(see Figure 2.43).
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Table 2.19 Distances [Å] and angles [°] of hydrogen bonds in 10. Values without standard
deviation are related to hydrogen atoms at calculated positions. For atom numbering see
Figure 2.42. Hydrogen atoms of two disordered water molecules (O911/O912, O921/O922)
were not included, but in five further water molecules (O93 to O97) they were accounted in
calculation. D: donor, A: acceptor, x: difference of (H· · ·A) and the sum of the van-der-Waals
radii[62].

D H A D· · ·A D-H H· · ·A x D-H· · ·A

N21 H211 O1i 2.996(10) 0.92 2.15 −0.57 153
N21 H212 O22ii 2.822(11) 0.92 1.97 −0.75 154
N23 H231 O2iv 3.051(9) 0.92 2.20 −0.52 154
N23 H232 O24v 2.811(10) 0.92 1.96 −0.76 153
N71 H771 O131 2.834(8) 0.88 2.07 −0.65 145
N71 H771 O132 3.165(8) 0.88 2.53 −0.19 130
N73 H773 O111vi 2.808(8) 0.88 2.07 −0.65 141
O93 H931 O14iii 2.903(10) 0.80(7) 2.14(8) −0.58 161(7)
O93 H932 O99vii 2.878(11) 0.80(5) 2.42(9) −0.30 118(8)
O94 H941 O911 2.895(18) 0.80(4) 2.36(7) −0.36 126(8)
O94 H941 O912 2.739(18) 0.80(4) 2.03(5) −0.69 148(9)
O94 H942 O98 2.760(11) 0.80(8) 2.00(7) −0.72 160(7)
O95 H951 O94v 2.775(12) 0.79(6) 2.05(6) −0.67 152(6)
O95 H952 O98iv 2.775(11) 0.79(6) 2.05(8) −0.67 152(8)
O96 H961 O94v 2.802(11) 0.80(6) 2.06(7) −0.66 155(8)
O96 H962 O99 2.825(11) 0.80(7) 2.09(7) −0.63 154(9)
O97 H971 O93 2.767(11) 0.79(6) 2.02(5) −0.71 159(8)
O97 H972 O95 2.814(11) 0.80(7) 2.16(7) −0.56 140(8)
O98 H981 O132 2.762(9) 0.79(5) 2.04(6) −0.68 151(7)
O98 H982 O921 2.75(2) 0.79(7) 2.00(8) −0.73 159(7)
O98 H982 O922 2.85(3) 0.79(7) 2.12(6) −0.61 155(7)
O99 H991 O97 2.755(11) 0.80(7) 2.17(7) −0.54 130(7)
O99 H992 O112viii 2.766(8) 0.80(8) 2.04(8) −0.68 152(7)

Symmetry codes: i −x, y − 1
2 , −z; ii −x, y + 1

2 , −z; iii x, y −1, z; iv −x + 1, y − 1
2 , −z + 1;

v −x + 1, y + 1
2 , −z + 1; vi x, y + 1, z; vii −x + 1, y − 1

2 , −z; viii −x + 1, y + 1
2 , −z.
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Figure 2.43 MERCURY presentation of hydrogen bonds in 10. Top: π-stacking of the imidazole
groups and hydrogen bond chains (yellow lines) along the b axis presented without water
molecules. Below: view along the b axis including hydrogen bonds (yellow dashed lines) of
the water molecules.
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For solutions of 10, only one signal set was observed. Table 2.20 shows the 13C
NMR chemical shifts in D2O. As C1 and C2 of the ethanediolato ligand are not chem-
ically equivalent, two signals are observed. They are shifted 20 – 21 ppm due to the
coordination of the diol. The signals of L-histidine are shifted up to 7.9 ppm to lower
field.

Figure 2.44 Scheme of 10 and atom numbering used in the 13C NMR study according to the
recommendations of the JCBN[79].

Table 2.20 13C NMR chemical shifts (in ppm) of 10 in D2O (67.9 MHz, 25 °C) and comparison
with the free ligands under the same conditions (pH 5.8). The signal of a drop of methanol (δ =
49.50 ppm in D2O) was used as an internal secondary reference[65] for the chemical shift. For
atom numbering see Figure 2.44. ∆δ values indicating a diolate coordination are in boldface.
Assignment of free L-histidine according to the literature[91].

L-histidine ethanediol
CCO Cα Cβ C2 C4 C5 C1/C2

free δ 174.24 55.40 28.67 136.72 132.62 117.44 63.20
10 δ 180.32 59.00 27.78 144.60 138.80 118.10 83.51, 84.24

∆δ 6.08 3.60 −0.89 7.88 6.18 0.66 20.31, 21.04
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2.3.3 The reaction of [ReOCl3(PPh3)2] with L-histidine and

anhydroerythritol

To explore the reactions of more complex carbohydrates with the {ReO}3+ core and
L-histidine, anhydroerythritol was chosen as a model compound for furanoidic car-
bohydrates. Starting from the rhenium(V) precursor [ReOCl3(PPh3)2], L-histidine,
anhydroerythritol (AnEryt) and triethylamine in refluxing methanol, blue crystals of
[ReO(L-his)(syn-AnErytH−2)] · 2 H2O (11) were recrystallized from water.

C62
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C42

N52

C32

C22

C12
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N22

Re

O1

O21

O31

C21

C31

C41C11

O41

Figure 2.45 ORTEP presentation of 11 in crystals of [ReO(L-his)(syn-AnErytH−2)] · 2 H2O.
Ellipsoids are drawn at 50 % probability level. Distances [Å] and angles [°]: Re-O1 1.682(3),
Re-O21 1.924(3), Re-O31 1.959(3), Re-O121 2.205(3), Re-N22 2.169(3), Re-N52 2.102(3); O1-
Re-O21 112.78(17), O1-Re-O31 104.17(15), O1-Re-O121 162.64(16), O1-Re-N22 93.0(2), O1-Re-
N52 96.4(2), O21-Re-O31 82.47(13), O21-Re-O121 83.87(13), O21-Re-N22 154.2(2), O21-Re-N52
86.95(15), O31-Re-O121 82.17(13), O31-Re-N22 91.11(15), O31-Re-N52 159.21(19), O121-Re-
N22 70.5(2), O121-Re-N52 78.94(17), N22-Re-N52 90.71(14), diol torsion angle O21-C21-C31-
O31: 28.2(5), torsion angle of the coordinated acid group Re-O121-C12-O122: 157.6(3), puck-
ering parameters[59] for O41-C11-C21-C31-C41: Q2 = 0.345(6) Å, φ2 = 218.1(10)°, conformation
1E.

The asymmetric unit contains one molecule of the rhenium complex (Figure 2.45)
and two molecules of water while there are two of these formula units in the unit cell
of the monoclinic space group P21. In analogy to 9 and 10, the deprotonated form
of L-histidine is connected as an (N,N,O)-donor to the metal with O121 of the car-
boxylato group trans to the oxido ligand O1. The (O,O)-donor AnErytH−2 completes
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the distorted octahedral coordination in syn orientation to O1. The torsion angle of
the diol (28.2°) is smaller than the corresponding angle in 10 of the previous chap-
ter, but normal for an oxolanediolato ligand (see also 3 and 7). The closest pucker
descriptor[59] for the five membered ring C11-C21-C31-C41-O41 describes an enve-
lope conformation on C11.

In analogy to the isostructural crystal packing of 10, the imidazole rings are stacked
along [010] with a distance of 3.25 Å. Hydrogen-bonded eight membered rings are
forming chains in this direction, as illustrated in Figure 2.46 (above). The figure in
the middle shows the crystal packing including the water molecules linked between
these sheets parallel to the (010) plane. Among the hydrogen bonds listed in Table
2.21, two weak interactions of the type C-H· · ·O were also accounted for, as they
are part of the hydrogen bonding of the water chains along [010] (see below in Fig-
ure 2.46).

Table 2.21 Distances [Å] and angles [°] of hydrogen bonds in 11. Values without standard
deviation are related to hydrogen atoms at calculated positions. For atom numbering see
Figure 2.45. O98 and O99 are affiliated to water molecules. D: donor, A: acceptor, x: difference
of (H· · ·A) and the sum of the van-der-Waals radii[62].

D H A D· · ·A D-H H· · ·A x D-H· · ·A

N72 H72 O121iii 2.872(5) 0.88 2.08 −0.64 149
N22 H221 O1i 3.051(6) 0.92 2.21 −0.51 152
N22 H222 O31ii 2.779(7) 0.92 1.93 −0.79 152
O98 H981 O41 2.924(8) 0.82(5) 2.13(4) −0.59 163(5)
O98 H982 O99iv 2.740(8) 0.83(4) 1.92(4) −0.80 172(4)
O99 H991 O98 2.776(8) 0.83(4) 1.96(4) −0.76 171(4)
O99 H992 O122v 2.769(6) 0.82(4) 1.96(4) −0.76 167(4)
C62 H62 O99iv 3.600(7) 0.95 2.66 −0.06 171
C82 H82 O98vi 3.408(7) 0.95 2.61 −0.11 142

Symmetry codes: i −x + 1, y + 1
2 , −z; ii −x + 1, y − 1

2 , −z; iii −x, y − 1
2 , −z;

iv −x, y + 1
2 , −z + 1; v x, y − 1, z + 1; vi −x, y + 1

2 , −z.
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Figure 2.46 MERCURY presentation of hydrogen bonds and weak interactions in 11. Top: π-
π interactions of the imidazole groups and hydrogen bond chains (yellow lines) along the b
axis without water molecules. Middle: view along the b axis including hydrogen bonds (yel-
low dashed lines) and C-H· · ·O contacts (green dashed lines) affecting the water molecules.
Below: infinite water chain along the b axis.
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As mentioned above, the result of the structure determination shows the oxolane-
diolato ligand in syn orientation to the oxido ligand. The possible presence of syn/anti

isomerism (Figure 2.47) was not observed in spectra of the crude reaction mixture or
of redissolved crystals. These spectra showed only one signal set of syn-11, the sig-
nals of the possible anti-isomer were below detection limit. In Table 2.21 the 13C NMR
chemical shifts of redissolved crystals of 11 in D2O are listed. The signals of C2/C3
of the coordinated diol gain a low-field shift of up to 26.2 ppm and are observed as
separated signals due to the lack of chemical equivalence in this distorted octahedral
coordination. The same is observed for the signals of C1/C4, but these are shifted
only by up to 4.6 ppm. This relation of a large/small shift and the distance to the
rhenium core is also observed for the histidinato ligand: the signals of CCO, Cα, C2
and C4 are shifted up to 7.9 ppm to lower field, while the signals of Cβ and C5 are
shifted less than 0.9 ppm.

Figure 2.47 Scheme of the diastereomeric forms of 11 and atom numbering used in the 13C
NMR study according to the recommendations of the JCBN[79]. XRD: result of the structure
determination.

Table 2.22 13C NMR chemical shifts (in ppm) of 11 in D2O (67.9 MHz, 25 °C) and comparison
with the free ligands under the same conditions (pH 6.5). The signal of a drop of methanol (δ =
49.50 ppm in D2O) was used as an internal secondary reference[65] for the chemical shift. For
atom numbering see Figure 2.47. ∆δ values indicating a diolate coordination are in boldface.
Assignment according to the literature: L-histidine[91], anhydroerythritol[77].

L-histidine AnEryt
CCO Cα Cβ C2 C4 C5 C2/C3 C1/C4

free δ 173.66 55.38 28.67 136.65 133.12 117.40 72.06 71.04
11 δ 179.75 58.83 27.87 144.27 139.05 117.96 98.25, 95.84 76.08, 74.74

∆δ 6.09 3.45 −0.96 7.62 5.93 0.56 26.19, 23.78 4.66, 3.32
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2.3.4 The reaction of [ReOCl3(PPh3)2] with L-histidine and uridine

The successful preparation of the oxolanediolato complex 11 in the previous chap-
ter gave rise to the question of whether it is possible to coordinate a more com-
plex furanoidic carbohydrate derivative. Uridine (Urd), a pyrimidine nucleoside,
offers among its functions the structural motifs of the diols used so far in this sec-
tion (ethanediol, anhydroerythritol). The reaction of [ReOCl3(PPh3)2] with L-his-
tidine, uridine and triethylamine in methanol yielded a blue powder, from which
[ReO(L-his)(syn-Urd2’,3’H−2)] · 1.5 H2O (12) was recrystallized from water.
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Figure 2.48 ORTEP presentation of 12a in crystals of [ReO(L-his)(syn-Urd2’,3’H−2)] ·
1.5 H2O. Ellipsoids are drawn at 50 % probability level. Distances [Å] and angles [°]: Re1-O1
1.676(3), Re1-O22 1.962(3), Re1-O32 1.972(3), Re1-O111 2.142(3), Re1-N21 2.156(3), Re1-N51
2.117(3), O1-Re1-O22 109.37(15), O1-Re1-O32 101.99(15), O1-Re1-O111 160.12(14), O1-Re1-
N21 87.60(14), O1-Re1-N51 94.69(15), O22-Re1-O32 81.27(13), O22-Re1-O111 90.13(13), O22-
Re1-N21 163.00(13), O22-Re1-N51 92.31(13), O32-Re1-O111 84.31(12), O32-Re1-N21 94.54(13),
O32-Re1-N51 163.28(13), O111-Re1-N21 73.02(13), O111-Re1-N51 80.26(12), N21-Re1-N51
87.11(13), furanose torsion angle O22-C22-C32-O32: 28.6(5), torsion angle of the coordinated
acid group Re1-O111-C11-O112: 172.3(3), puckering parameters[59] for O42-C12-C22-C32-
C42: Q2 = 0.266(5) Å, φ2 = 283.0(10)°, conformation 3E. Distances [Å] and angles [°] of
the other molecule 12b in the asymmetric unit: Re2-O2 1.688(3), Re2-O26 1.934(3), Re2-O36
1.971(3), Re2-O141 2.139(3), Re2-N24 2.170(4), Re2-N54 2.092(4), O2-Re2-O26 110.99(16), O2-
Re2-O36 103.31(15), O2-Re2-O141 163.20(15), O2-Re2-N24 92.01(17), O2-Re2-N54 93.26(17),
O26-Re2-O36 81.94(13), O26-Re2-O141 84.62(13), O26-Re2-N24 156.92(16), O26-Re2-N54
88.52(15), O36-Re2-O141 84.48(13), O36-Re2-N24 94.98(15), O36-Re2-N54 162.96(16), O141-
Re2-N24 72.30(15), O141-Re2-N54 80.58(15), N24-Re2-N54 88.27(16), furanose torsion angle
O26-C26-C36-O36: 1.6(5), torsion angle of the coordinated acid group Re2-O141-C14-O142:
171.9(4), puckering parameters[59] for O46-C16-C26-C36-C46: Q2 = 0.395(5) Å, φ2 = 358.4(8)°,
conformation OE.
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12 crystallizes in the orthorhombic space group P212121 with eight formula units
in the unit cell. The asymmetric unit contains two similar rhenium complexes (Fig-
ure 2.48 shows one of them) and three molecules of water. Two of these water
molecules are disordered (O992/O993 and O994/O995). In both neutral rhenium
complexes the double deprotonated uridine ligands are connected as (O,O)-donor
ligands via O2’ and O3’ of the ribosyl moiety (for general carbohydrate numbering
see Figure 2.51) to the metal, namely O22, O32 and O26, O36. The orientation of
these Urd2’,3’H−2 ligands is syn to the respective oxido ligands O1/O2. Due to this
chelate formation the diol’s torsion angles (28.6° and 1.6°) deviate from the angles
found in the free form of uridine[66] (46.7° and 52.1°). The torsion angles for O4’-C1’-
N1-C2 about the N-glycosidic bond (χ = −106.8° and −154.7°) differ from the ones in
free uridine (−153.0° and −164.4°), though they are still defining an anti conforma-
tion. The monoanionic histidinato ligands are both in an (N,N,O) binding mode with
O111/O141 of the carboxylato groups in trans position to the oxido ligands O1/O2.
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Figure 2.49 MERCURY presentation of the furanose rings in free uridine[66] (above) and in 12a,
12b (below). The atoms of the histidinato ligand are not shown. Yellow and green dashed
lines: classical hydrogen bonds (N-H· · ·O) and weak interactions (C-H· · ·O).

In the structure of free uridine[66], an intramolecular weak interaction of the type
C-H· · ·O from the pyrimidine’s C6 to O5’ of the ribose part is found. No such intra-
molecular, but rather intermolecular interactions are to be found in the structure of 12.
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Figure 2.49 illustrates the furanose rings of 12 being in 3E and OE conformation with
different hydrogen-bond/short-contact environments. Among the various other hy-
drogen bonds (Table 2.23) only the stronger ones (shorter than svdW − 0.5 Å) were
accounted for Figure 2.50. Parallel to the (100) plane, hydrogen bonds of the type
N-H· · ·O and O-H· · ·O connect the pyrimidine and ribosyl parts to sheets of 12a
and 12b. Although no typical hydrogen bondings of RNA base pairs are observed,
in this case eight-membered rings (O43-C43-N33-H733· · ·O32-Re1-N21-H721· · ·) are
linking the uracil parts with neighboring molecules (similar to the U:U base-pair
group[78]). Above in Figure 2.50 the formation of such a sheet of 12a is illustrated (the
sheets of 12b are not shown). They are linked by hydrogen bonds from the amino
functions to the carboxylate oxygens of the histidinato ligands in [100] direction.
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Figure 2.50 MERCURY presentation of hydrogen bonds (yellow lines) in 12.
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Table 2.23 Distances [Å] and angles [°] of hydrogen bonds in 12. Values without standard
deviation are related to hydrogen atoms at calculated positions. O991 as well as O992/O993
and O994/O995 are affiliated to three water molecules. D: donor, A: acceptor, x: difference of
(H· · ·A) and the sum of the van-der-Waals radii[62].

D H A D· · ·A D-H H· · ·A x D-H· · ·A

N21 H721 O43i 2.863(5) 0.92 2.00 −0.72 155
N21 H722 O112ii 2.954(5) 0.92 2.04 −0.68 171
N71 H771 O52iii 2.938(5) 0.88 2.18 −0.54 144
O52 H852 O994 2.771(17) 0.84 1.94 −0.79 174
O52 H852 O995 2.784(16) 0.84 2.01 −0.71 152
N33 H733 O32v 2.768(5) 0.88 1.89 −0.83 173
N24 H241 O45vi 2.852(6) 0.92 1.99 −0.73 155
N24 H242 O142vii 2.825(5) 0.92 1.92 −0.80 168
N74 H774 O112viii 2.894(5) 0.88 2.20 −0.52 136
N35 H735 O36ix 2.772(5) 0.88 1.90 −0.82 172
O56 H856 O993v 3.00(2) 0.84 2.21 −0.52 157
O991 H991 O26x 2.986(7) 0.80(3) 2.21(3) −0.51 164(6)
O991 H992 O56i 2.931(7) 0.80(3) 2.16(3) −0.56 162(6)
O992 H993 O22i 2.806(7) 0.80(3) 2.10(4) −0.62 148(7)
O992 H994 O45viii 2.738(7) 0.80(3) 1.95(3) −0.77 170(7)
O993 H995 O22i 3.03(2) 0.80(3) 2.4(2) −0.29 132(26)
O993 H996 O45viii 3.10(2) 0.80(3) 2.41(16) −0.31 145(25)
O994 H997 O991 3.06(2) 0.80(3) 2.34(7) −0.38 151(12)
O994 H998 O23i 2.80(2) 0.80(3) 2.23(8) −0.49 129(9)
O995 H999 O992 2.72(2) 0.80(3) 2.06(8) −0.66 139(12)
O995 H990 O141x 3.13(4) 0.80(3) 2.73(11) −0.01 113(10)
C36 H36 O25vi 3.324(6) 1.00 2.49 −0.23 141

Symmetry codes: i −x + 1, y − 1
2 , −z + 1

2 ; ii x + 1
2 , −y + 1

2 , −z + 1; iii −x + 3
2 , −y + 1, z + 1

2 ;
iv −x + 1

2 , −y + 1, z + 1
2 ; v −x + 1, y + 1

2 , −z + 1
2 ; vi −x, y + 1

2 , −z + 1
2 ; vii x + 1

2 , −y + 1
2 , −z;

viii −x + 1
2 , −y, z − 1

2 ; ix −x, y − 1
2 , −z + 1

2 ; x x + 1, y, z.
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In view of NMR spectroscopy the small differences of 12a and 12b are negligible
in solution. Both ribosyl parts are in syn orientation to the oxido ligands and one
signal set is to be expected for this complex species in terms of NMR spectroscopy.
The possible trans isomeric form is shown in Figure 2.51, though it was not detected
by NMR spectroscopy, not even in spectra of the crude reaction mixture. Due to
the limited solubility of 12 in water or methanol, the spectra of the signals given in
Table 2.24 were recorded in DMSO-d6. They show only one signal set for the syn

form. While the signals of the histidinato ligand are shifted to lower field by up to
11.5 ppm depending on the distance to rhenium, only the signals of C2’ and C3’ of
Urd2’,3’H−2 gain a low field shift of up to 27.0 ppm.

Figure 2.51 Scheme of the diastereomeric forms of 12 and atom numbering used in the 13C
NMR study according to the recommendations of the JCBN[61, 79]. XRD: result of the structure
determination.

Table 2.24 13C NMR chemical shifts (in ppm) of 12 in DMSO-d6 (67.9 MHz, 25 °C) and com-
parison with the free ligands under the same conditions. The signal of the deuterated solvent
(δ = 39.52 ppm) was used as an internal secondary reference[65] for the chemical shift. For
atom numbering see Figure 2.51. ∆δ values indicating a diolate coordination are in boldface.
Assignment according to the literature: L-histidine[91], uridine[67].

CCO Cα Cβ C2 C4 C5

L-Histidine δ 169.98 51.62 25.63 134.59 127.61 118.13
12 δ 175.95 58.42 27.31 143.59 139.15 116.91

∆δ 5.97 6.80 1.68 9.00 11.54 −1.22

C1’ C2’ C3’ C4’ C5’ C2 C4 C5 C6

Uridine δ 87.93 73.76 70.05 85.01 61.02 150.93 163.44 101.88 140.89
12 δ 90.56 100.75 94.44 84.55 61.78 150.71 163.35 101.95 141.93

∆δ 2.63 26.99 24.39 −0.46 0.76 −0.22 −0.09 0.07 1.04
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2.3.5 The reaction of [ReO(L-his)(ox)] with cytidine

All the reactions so far in this work were carried out in methanol or ethanol. But a
substantial requirement for the handling of biologically active molecules at physio-
logical conditions is aqueous chemistry. The compounds so far presented meet this
requirement: they are soluble in water and, to a certain degree, stable against hy-
drolysis. But the preparation of such a compound in aqueous media has not been
explored yet, as the rhenium(V) precursor [ReOCl3(PPh3)2] is insoluble. Unlike this,
the complex [ReO(L-his)(ox)] (see 9 in section 2.3.1 on page 53) is soluble in water.
With this new precursor it is possible to substitute another carbohydrate for the oxa-
lato group. 9 reacts with an excess of cytidine (Cyd) in water to form a new com-
plex, while oxalate decomposes. From such an aqueous solution, crystals of [ReO(L-
his)(anti-Cyd2’,3’H−2)] · 5 H2O (13) were obtained within one day. The unit cell of the
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Figure 2.52 ORTEP presentation of 13 in crystals of [ReO(L-his)(anti-Cyd2’,3’H−2)] ·
5 H2O. Ellipsoids are drawn at 50 % probability level. Distances [Å] and angles [°]: Re-
O1 1.704(5), Re-O22 1.979(5), Re-O32 1.936(5), Re-O111 2.198(5), Re-N21 2.179(6), Re-N51
2.073(6), O1-Re-O22 103.7(2), O1-Re-O32 109.8(2), O1-Re-O111 163.7(2), O1-Re-N21 91.8(2),
O1-Re-N51 95.3(3), O22-Re-O32 82.2(2), O22-Re-O111 83.67(18), O22-Re-N21 94.9(2), O22-Re-
N51 160.7(2), O32-Re-O111 85.5(2), O32-Re-N21 158.4(2), O32-Re-N51 88.2(2), O111-Re-N21
72.9(2), O111-Re-N51 78.9(2), N21-Re-N51 87.9(2), furanose torsion angle O22-C22-C32-O32:
30.0(7), torsion angle of the coordinated acid group Re-O111-C11-O112: 176.1(5), puckering
parameters[59] for O42-C12-C22-C32-C42: Q2 = 0.382(8) Å, φ2 = 317.1(12)°, conformation E4.

crystals in the orthorhombic space group P212121 contains four formula units while
there is one molecule of the neutral rhenium complex (Figure 2.52) and five mole-
cules of water in the asymmetric unit. In analogy to the previous structure with the
nucleoside uridine, the deprotonated form of histidine is in an (N,N,O) binding mode
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with O111 of the carboxylato group trans to the oxido ligand O1. Cyd2’,3’H−2, the
dianionic form of the nucleoside cytidine, is also connected via O22 and O32 to the
metal, but in anti position to the oxido ligand O1. The torsion angle of this diolato
group (30.0°) is diminished, compared with the corresponding angle of the free form
(44.4°[60]) and the furanose conformation has changed from 3T2 to E4. Moreover, the
torsion angle about the N-glycosidic bond (χ = −154.0° for O42-C12-N13-C23) devi-
ates from that of free cytidine (−162.6°), but still defines an anti conformation.

At first glance the hydrogen bonding of 13 seems to be complex (see Table 2.25 and
SCHAKAL packing diagram on page 198). But if the solvent molecules are omitted,
patterns are apparent: Figure 2.53 shows (above) the crystal packing without water
molecules. Hydrogen bonds of the type N-H· · ·O link the cytosine and histidine
parts of neighboring molecules and build an infinite network with tunnels in [100]
direction. In these tunnels are hydrogen bonded water molecules.

Table 2.25 Distances [Å] and angles [°] of hydrogen bonds in 13. O91 to O95 are affiliated
to five water molecules. D: donor, A: acceptor, x: difference of (H· · ·A) and the sum of the
van-der-Waals radii[62].

D H A D· · ·A D-H H· · ·A x D-H· · ·A

N21 H211 O91 2.953(10) 0.92 2.22 −0.50 136
N21 H211 O93i 3.214(10) 0.92 2.62 −0.10 123
N21 H212 O112ii 3.010(8) 0.92 2.13 −0.59 160
N71 H71 O23iii 2.743(9) 0.88 1.87 −0.85 172
N43 H431 O95 2.908(11) 0.88 2.11 −0.61 150
N43 H432 O112iv 3.011(9) 0.88 2.14 −0.58 167
O52 H852 O94v 2.743(10) 0.84 1.93 −0.79 163
O91 H911 O95i 2.757(11) 0.85(6) 1.92(7) −0.80 165(9)
O91 H912 O22 2.752(9) 0.85(7) 2.22(10) −0.49 121(8)
O92 H921 O93i 2.756(10) 0.85(7) 1.95(6) −0.77 158(9)
O92 H922 O22 3.017(9) 0.84(7) 2.23(6) −0.50 157(8)
O93 H931 N33 3.071(10) 0.84(8) 2.26(7) −0.49 165(9)
O93 H932 O52vi 2.894(11) 0.83(7) 2.06(8) −0.66 175(10)
O94 H941 O92iii 2.717(11) 0.84(6) 1.93(7) −0.79 155(8)
O94 H942 O111 3.058(9) 0.83(4) 2.24(3) −0.49 169(9)
O95 H951 O94ii 2.822(12) 0.85(3) 2.07(6) −0.65 148(9)
O95 H952 O23vii 2.924(10) 0.84(3) 2.23(7) −0.50 141(8)
C31 H312 O91ii 3.347(10) 0.99 2.70 −0.03 124
C61 H61 O92iii 3.145(11) 0.95 2.82 −0.10 101

Symmetry codes: i −x, y − 1
2 , − z + 1

2 ; ii x + 1
2 , −y + 1

2 , −z + 1; iii x + 1
2 , −y − 1

2 , −z + 1;
iv −x, y + 1

2 , −z + 3
2 ; v −x + 1

2 , −y, z + 1
2 ; vi x − 1

2 , −y + 1
2 , −z + 1; vii −x, y + 1

2 , −z + 1
2 .
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Figure 2.53 MERCURY presentation of hydrogen bonds (yellow lines) and C-H· · ·O contacts
in 13. Above: the crystal packing with tunnels in [100] direction, below: a close-up of the
hydrogen bond environment of the water molecules within these tunnels.
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The 13C NMR chemical shifts of 13 in D2O are given in Table 2.26. Two signal
sets at different intensities were observed, as there are two possible orientations for
Cyd2’,3’H−2 being connected to the oxidorhenium core. Figure 2.53 illustrates this
syn/anti isomerism. Surprisingly, this isomerism was observed in spectra of the reac-
tion mixture as well as of redissolved crystals of 13, although the result of the struc-
ture determination showed only the anti isomer. In view of NMR spectroscopy, the
signals of both of these diastereomeric species are very similar, both show a coordi-
nation via O2’ and O3’ as the signals of C2’ and C3’ are shifted to lower field by up
to 26.4 ppm.

Figure 2.54 Scheme of the diastereomeric forms of 13 and atom numbering used in the 13C
NMR study. XRD: result of the structure determination.

Table 2.26 13C NMR chemical shifts (in ppm) of 13 in D2O (67.9 MHz, 25 °C) and comparison
with the free ligands under the same conditions (pH 6.4). The signal of a drop of methanol (δ =
49.50 ppm in D2O) was used as an internal secondary reference[65] for the chemical shift. For
atom numbering see Figure 2.54. ∆δ values indicating a diolate coordination are in boldface.
Assignment according to the literature: L-histidine[91], cytidine[63].

CCO Cα Cβ C2 C4 C5

L-his δ 173.66 55.38 28.83 136.65 133.12 117.40
13 δ 180.48a

180.13b
62.03a

62.18b
27.62a

27.70b
144.68a

144.91b
138.11a

138.22b
118.09

∆δ 6.82a

6.47b
6.65a

6.75b
−1.21a

−1.13b
8.03a

8.26b
4.99a

5.10b
0.69

C1’ C2’ C3’ C4’ C5’ C2 C4 C5 C6

Cyd δ 90.76 74.54 69.70 84.49 61.13 153.97 163.64 96.23 143.18
13 δ 93.23 99.92a

100.95b
92.22a

92.71b
85.64 62.03a

62.18b
153.76a

153.69b
163.34 96.10a

96.52b
144.19

∆δ 2.47 25.38a

26.41b
22.52a

23.01b
1.15 0.90a

1.05b
−0.21a

−0.28b
−0.30 −0.13a

0.29b
1.01

In the case of two signals observed: a major isomer, b minor isomer.
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2.3.6 The reaction of [ReOCl3(PPh3)2] with L-histidine and methyl

α-D-mannopyranoside

So far in this work only simple diols and furanoidic carbohydrates were investi-
gated, as these ligands seem to be flexible enough to adopt the torsion angle of the
affected hydroxy groups suitable for chelation. At this point the ability of pyra-
noidic carbohydrates had not been tested yet. Methyl α-D-mannopyranoside (Me-
α-D-Manp), a methylated derivative of D-mannose, was chosen to react with the
oxidorhenium core. Although it is polyfunctional like its parent saccharide, it is
conformationally stable and provides among its functions only one cis-vicinal diol
function. The reaction of this pyranoside with [ReOCl3(PPh3)2] and L-histidine in
boiling methanol yielded a blue powder from which crystals of [ReO(L-his)(syn-Me-
α-D-Manp2,3H−2)] · 2 MeOH (14) were recrystallized from water.
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Figure 2.55 ORTEP presentation of 14 in crystals of [ReO(L-his)(syn-Me-α-D-Manp2,3H−2)] ·
2 MeOH. Ellipsoids are drawn at 50 % probability level. Distances [Å] and angles [°]: Re-
O1 1.688(3), Re-O21 1.955(2), Re-O31 1.937(3), Re-O121 2.183(3), Re-N22 2.179(4), Re-N52
2.098(3); O1-Re-O21 106.12(14), O1-Re-O31 107.62(13), O1-Re-O121 161.78(14), O1-Re-N22
91.62(14), O1-Re-N52 95.20(13), O21-Re-O31 82.75(10), O21-Re-O121 81.83(13), O21-Re-N22
90.98(12), O21-Re-N52 158.64(13), O31-Re-O121 89.45(12), O31-Re-N22 160.73(13), O31-Re-
N52 89.62(12), O121-Re-N22 71.58(13), O121-Re-N52 78.17(11), N22-Re-N52 89.75(12), pyra-
nose torsion angle O21-C21-C31-O31: −40.8(5), torsion angle of the coordinated acid group
Re-O121-C12-O122: 169.6(3), puckering parameters[59] for O51-C11-C21-C31-C41-C51: Q =
0.527(5) Å, θ = 14.4(5)°, φ = 319(2)°, conformation 4C1.
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The asymmetric unit in the monoclinic space group C2 contains one molecule of the
rhenium complex (Figure 2.55) and two molecules of methanol while there are four
of these formulas in the unit cell. The histidinato ligand is in a tridentate (N,N,O)
binding mode with O121 of the carboxylato-group trans to the oxido ligand O1. With
a deviation of 0.092 Å the rhenium core is in-plane with the imidazole ring but not
with the planar carboxylato group (torsion angle Re-O121-C12-O122: 169.6°). The
(O,O)-donor Me-α-D-Manp2,3H−2 is coordinated via O21 and O31 in syn orientation
to O1. Although having a diminished torsion angle for O21-C21-C31-O31 (−40.8°)
compared with the free form (−55.5°), the pyranoside ring is still in 4C1 conforma-
tion (Puckering parameters[59] of the free form[92]: Q = 0.556 Å, θ = 0.51°). Hydrogen
bonds of the type N-H· · ·O are to be found between the amino functions of the histi-
dinato ligand and the oxygen acceptor atoms of the carboxylato group and the oxido
ligand O1. Assisted by hydrogen bonds of the type O-H· · ·O involving methanol sol-
vent molecules, sheets are formed parallel to the (100) plane. In Figure 2.56 a lateral
cut of such a sheet is shown. In between these sheets there are no classical hydro-
gen bonds, as the SCHAKAL packing diagram (Figure 6.14 on page 199) also exhibits.
Instead, weak interactions of the type C-H· · ·O link the Me-α-D-Manp moieties (see
below in Figure 2.56).

Table 2.27 Distances [Å] and angles [°] of hydrogen bonds in 14. Values without standard
deviation are related to hydrogen atoms at calculated positions. For atom numbering see
Figure 2.55. O98 and O99 are affiliated to methanol molecules. D: donor, A: acceptor, x:
difference of (H· · ·A) and the sum of the van-der-Waals radii[62].

D H A D· · ·A D-H H· · ·A x D-H· · ·A

N22 H221 O61i 2.910(5) 0.92 2.02 −0.70 161
N22 H222 O1i 2.974(4) 0.92 2.21 −0.51 139
N72 H772 O122ii 2.766(5) 0.88 1.93 −0.79 158
O41 H841 O98iii 2.720(6) 0.84 1.92 −0.80 158
O61 H861 O99iv 2.686(7) 0.84 1.90 −0.82 156
O98 H898 O121 2.768(6) 0.84 1.93 −0.79 175
O99 H899 O21v 2.718(5) 0.84 1.93 −0.80 157
C22 H22 O21i 3.309(5) 1.00 2.32 −0.40 169
C31 H31 O11vi 3.481(5) 1.00 2.54 −0.18 156
C51 H51 O41vi 3.515(7) 1.00 2.58 −0.14 156

Symmetry codes: i 1
2 − x, − 1

2 + y, −z; ii 1
2 − x, 1

2 + y, 1 − z; iii x, 1 + y, z; iv x, 1 + y, −1 + z;
v x, y, 1 + z; vi −x, y, − z.
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Figure 2.56 MERCURY presentation of the hydrogen bonds (yellow dashed lines) and weak
interactions (green dashed lines) forming sheets parallel to the bc plane in the structure of 14.
Below: view along the b axis, weak interactions of the carbohydrate moieties.

The 13C NMR spectra of redissolved crystals of 14 in D2O showed two signal sets at
different intensities (Table 2.28, the same was observed for the reaction mixture). The
signals of C2 and C3 are shifted up to 23.6 ppm to lower field, while the signal of C4
in both signal sets is shifted less than 1 ppm, indicating that O4 is not bonded to the
metal. This demonstrates the preference of cis-vicinal diol functions for a coordina-
tion to rhenium(V). No coordination of the trans-vicinal diol function O3-C3-C4-O4
was observed, not even in spectra of the reaction mixture. As there are two possible
orientations for Me-α-D-Manp2,3H−2 with respect to the oxido ligand (syn/anti iso-
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merism: see Figure 2.57), two signal sets were observed. In view of the result of the
structure determination, syn-14 can be regarded as the major species in solution.

CH OH2

CH OH2

Figure 2.57 Scheme of the diastereomeric forms of 14 and atom numbering used in the 13C
NMR study. XRD: result of the structure determination.

Table 2.28 13C NMR chemical shifts (in ppm) of 14 in D2O (67.9 MHz, 25 °C) and comparison
with the free ligands under the same conditions (pH 3.2). The signal of a drop of methanol (δ =
49.50 ppm in D2O) was used as an internal secondary reference[65] for the chemical shift. For
atom numbering see Figure 2.57. ∆δ values indicating a diolate coordination are in boldface.
Assignment according to the literature: L-histidine[91], Me-α-D-manp[93].

CCO Cα Cβ C2 C4 C5

L-Histidine δ 174.37 55.50 28.86 136.86 132.94 117.37
14 δ 180.31a

180.88b
59.51 27.94 145.64a

145.18b
138.57a

138.73b
117.91

∆δ 5.94a

6.50b
4.01 −0.92 8.78a

8.32b
5.63a

5.79b
0.54

C1 C2 C3 C4 C5 C6 OMe

Me-α-D-Manp δ 101.51 70.62 71.26 67.42 73.23 61.60 55.26
14 δ 101.62 90.48a

91.63b
91.02a

94.84b
68.26a

68.11b
71.81a

72.28b
61.74 55.49

∆δ 0.11 19.86a

21.01b
19.76a

23.58b
0.84a

0.69b
−1.42a

−0.95b
0.14 0.23

In the case of two observed signals: a major isomer, b minor isomer.
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2.3.7 The reaction of [ReOCl3(PPh3)2] with L-histidine and methyl

β-D-ribopyranoside

As opposed to the pyranoside used in the previous chapter, methyl β-D-ribopyra-
noside (Me-β-D-Ribp) provides a chelating ligand with two possible cis-vicinal diol
binding sites at O2, O3 and O3, O4. Its reaction with [ReOCl3(PPh3)2], L-histidine and
triethylamine in methanol gave a blue solid from which crystals of [ReO(L-his)(syn-
Me-β-D-Ribp3,4H−2)] · 0.5 MeOH (15) in the monoclinic space group P21 were ob-
tained.
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Figure 2.58 ORTEP presentation of 15 in crystals of [ReO(L-his)(syn-Me-β-D-Ribp3,4H−2)] ·
0.5 MeOH. Ellipsoids are drawn at 50 % probability level. Distances [Å] and angles [°]: Re-
O1 1.684(7), Re-O31 1.926(6), Re-O41 1.960(5), Re-O121 2.194(5), Re-N22 2.179(6), Re-N52
2.115(7), O1-Re-O31 111.6(3), O1-Re-O41 104.5(3), O1-Re-O121 162.5(3), O1-Re-N22 92.6(4),
O1-Re-N52 96.7(4), O31-Re-O41 82.8(2), O31-Re-O121 85.0(2), O31-Re-N22 155.9(4), O31-Re-
N52 87.0(3), O41-Re-O121 82.6(2), O41-Re-N22 91.2(3), O41-Re-N52 158.6(4), O121-Re-N22
71.0(4), O121-Re-N52 77.8(4), N22-Re-N52 90.5(3), pyranose torsion angle O31-C31-C41-O41:
41.3(10), torsion angle of the coordinated acid group Re-O121-C12-O122: 154.5(7), pucker-
ing parameters[59] for O51-C11-C21-C31-C41-C51: Q = 0.554(14) Å, θ = 17.9(13)°, φ = 35(5)°,
conformation 4C1.

There are two formula units in the unit cell while the asymmetric unit contains
one molecule of the rhenium complex (Figure 2.58) and a half-occupied methanol
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site. This distorted octahedral complex contains the doubly deprotonated form of
the pyranoside (Me-β-D-Ribp3,4H−2) connected via O3 and O4 in syn position to the
oxido ligand O1. Compared with the structure of free methyl β-D-ribopyranoside[94],
the diol’s torsion angle O3-C3-C4-O4 changes from 54.3° to 41.3°, and the pyranose
ring conformation from 1C4 to approximate 4C1 (Puckering parameters[59] of the free
form for O5-C1-C2-C3-C4-C5: Q = 0.569 Å, θ = 176.5°, φ = 55°). The histidinato ligand
is in an (N,N,O) binding mode with O121 of the carboxylato group being trans to the
oxido ligand O1. The above-mentioned distortion towards the histidinato ligand is
visible in the angle of the trans O=Re–O unit differing from 180° (O1-Re-O121 162.5°).

As far as hydrogen bonds and crystal packing, this structure is very similar to 14.
Mainly hydrogen bonds of the type N-H· · ·O link the amino functions of histidine
with the oxygen-acceptor atoms in this compound. Together with hydrogen bonds of
the type O-H· · ·O involving the carbohydrate part (O21) and methanol solvent mole-
cules, all these bondings form sheets parallel to the (001) plane (see Figure 2.59 or for
a larger overview the SCHAKAL packing diagram Figure 6.15 on page 200). Among
the classical hydrogen bonds in Table 2.29, two weak interactions of the type C-H· · ·O
are listed additionally. Although the angles are not very favorable for bonding, they
were exclusively found as the only interaction between the above-mentioned sheets
(see below in Figure 2.59).

Table 2.29 Distances [Å] and angles [°] of hydrogen bonds in 15. Values without standard
deviation are related to hydrogen atoms at calculated positions. For atom numbering see
Figure 2.58. O99 is affiliated to methanol. D: donor, A: acceptor, x: difference of (H· · ·A) and
the sum of the van-der-Waals radii[62].

D H A D· · ·A D-H H· · ·A x D-H· · ·A

O21 H821 O99 2.830(18) 0.84 2.10 −0.62 145
N22 H221 O1i 3.030(11) 0.92 2.17 −0.56 156
N22 H222 O41ii 2.790(13) 0.92 1.94 −0.78 153
N72 H772 O121iii 2.850(9) 0.88 2.12 −0.60 140
O99 H899 O122iii 2.795(13) 0.84 1.96 −0.76 172
C61 H611 O11v 3.39(2) 0.98 2.55 −0.17 144
C61 H611 O21v 3.46(2) 0.98 2.69 −0.03 136

Symmetry codes: i −x, y − 1
2 , −z; ii −x, y + 1

2 , −z; iii −x + 1, y + 1
2 , −z; iv x, y + 1, z;

v 1 − x, y + 1
2 , 1 − z.
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Figure 2.59 MERCURY presentation of hydrogen bonds (yellow dashed lines), π-π interactions
and C-H· · ·O contacts (green dashed lines) in 15.
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The two potential cis-vicinal diol binding sites of methyl β-D-ribopyranoside adopt
in the structure of the free form[94] angles of 54.3° (O2-C2-C3-O3) and 61.9° (O3-
C3-C4-O4). Surprisingly, the second one occurs in the structure determination as
a chelating unit, its angle diminishes to 41.3°. But the first one has to be accounted
for as a chelate species in solution, too. Due to the syn/anti isomerism of each of these
two complexes, four species are to be expected in solution. Figure 2.60 illustrates
these four diastereomeric forms. In agreement with this, 13C NMR spectra of the re-
action mixture showed four signal sets at different intensities. Surprisingly, the same
was observed in spectra of the crystalline product. Even as pure compound, 15 seems
to isomerize in water to the species given in Figure 2.60. Table 2.29 lists the chemical
shifts in D2O. Depending on the coordination via (O2,O3) or (O3,O4) the signals of
C2, C3 and C4 are shifted up to 25.6 ppm to lower field.

Figure 2.60 Scheme of the diastereomeric forms of 15 and atom numbering used in the 13C
NMR study according to the recommendations of the JCBN[79, 95]. XRD: result of the structure
determination.
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Table 2.30 13C NMR chemical shifts (in ppm) of 15 in D2O (101 MHz, 25 °C) and comparison
with the free ligands under the same conditions (pH 6.6). The signal of a drop of methanol (δ =
49.50 ppm in D2O) was used as an internal secondary reference[65] for the chemical shift. For
atom numbering see Figure 2.60. ∆δ values indicating a diolate coordination are in boldface.
Assignment according to the literature: L-histidine[91], Me-β-D-ribp[93].

CCO Cα Cβ C2 C4 C5

L-Histidine δ 174.57 56.69 28.89 136.96 132.94 117.41

15 a δ 180.41 58.72 27.67 145.05 138.49 118.06
b δ 180.35 59.29 27.98 145.55 138.77 118.06
c δ 180.55 58.78 27.78 144.73 138.85 118.23
d δ 180.52 58.76 27.91 145.80 138.63 117.90
a ∆δ 5.84 2.03 −1.22 8.09 5.55 0.65
b ∆δ 5.78 2.60 −0.91 8.59 5.83 0.65
c ∆δ 5.98 2.09 −1.11 7.77 5.91 0.82
d ∆δ 5.95 3.07 −0.98 8.84 5.69 0.49

C1 C2 C3 C4 C5 OMe

Me-β-D-Ribp δ 102.00 70.76 68.35 68.30 63.68 55.50

15 a δ 102.42 93.31 85.71 67.17 64.84 57.23
b δ 102.14 71.41 90.39 93.66 64.03 57.57
c δ 102.52 94.05 88.64 67.55 63.70 57.47
d δ 103.02 70.18 89.12 90.62 64.22 57.34
a ∆δ 0.42 25.55 17.36 −1.13 1.16 1.73
b ∆δ 1.14 0.65 22.04 25.36 0.35 2.07
c ∆δ 0.52 23.29 20.29 −0.75 0.02 1.97
d ∆δ 1.02 −0.58 20.77 22.32 0.54 1.84

Signals of four species in solution were observed, according to the intensities there was
distinguished between: a(major isomer) > b > c > d(minor isomer).
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2.3.8 The reaction of [ReOCl3(PPh3)2] with L-histidine and other

carbohydrates

So far, in this chapter complexes of the rhenium(V)-histidine system were presented
with simple diols and carbohydrates like glycosides and nucleosides. Many other
carbohydrates were tested for this system, but the findings of these reactions were
limited to 13C NMR spectra of the crude reaction mixtures, as it was not possible to
precipitate a product of these reactions.

Among the glycosides, nucleosides and their derivatives, methyl α-D-galactopyra-
noside, methyl α-D-glucopyranoside, methyl β-D-xylopyranoside, adenosine, AMP
and NADH showed a coordination.
Although the reaction mixtures with the monosaccharides D-erythrose, D-glucose,
D-mannose, D-galactose, D-arabinose, D-xylose, D-ribose and D-fructose were insta-
ble (they showed decomposition even at 4 °C), the spectra of the latter four reactions
in this series showed small signals at low intensities of complex species for some
hours.
Even spectra of reactions with disaccharides and oligosaccharides (D-turanose, D-iso-
maltulose, D-raffinose, D-stachyose, α-, β-, γ-cyclodextrin) showed hints of a coordi-
nation. With these saccharides decomposition did not occur, but it was not possible
to precipitate a product from the mixtures.
Finally, spectra of reaction mixtures with the antibiotics lincomycin and clindamycin
showed hints of a coordination.
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2.4 Compounds of rhenium(V) with L-carnosine

The dipeptide L-carnosine (L-carH) consists of the amino acids histidine and β-ala-
nine. In the year 1900 Gulewitsch and Amiradžibi were the first who isolated it from
meat extract[96]. In the following century it was found in muscle and nerve tissues, al-
though its function is not fully understood until today. Its ability to buffer protons[97],
chelate metals[98] and scavenge radicals[99] or reactive sugars[100], presumably is why
it protects cells against oxidative stress[101].

Figure 2.61 Scheme of L-carnosine and reported binding sites with metals (blue: observed for
rhenium). Atom numbering according to the recommendations of the JCBN[79].

L-Carnosine provides up to six different binding sites for metal ions, as shown in
Figure 2.61. In analogy to L-histidine, there are many reported compounds with cop-
per(II), zinc(II), cobalt(II,III), vanadium(IV) and other transition metals[102]. But until
today, there are only three structurally characterized metal complexes with L-carno-
sine (Figure 2.62). In all three cases the imidazole ring, the deprotonated acid group
and the deprotonated amide group are coordinated to the metal with their respective
oxygen or nitrogen donor atoms.

Figure 2.62 Complexes with L-carnosine that were characterized by X-ray crystal structure
analyses. From left to right: [Cu2(L-carH−1)2] with copper(II)[103], [Cr2(L-carH−1)2(OH)-
(OMe)] with chromium(III)[104] and [Co(L-car)(en)(OH2)]Cl2 with cobalt(III)[105].

Much work has been done on the system copper(II)-carnosine[106], as these com-
plexes depend not only on temperature and stoichiometry, but also on the pH of the
solution. The pH-dependent forms of carnosine are illustrated in Figure 2.63. Its iso-
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electric point (pH(I) = 8.17) is weakly shifted to alkaline conditions, compared with
histidine (pH(I) = 7.47)[90]. Figure 2.64 shows the structure of the neutral form of
carnosine (carH) that was crystallized from a water/ethanol mixture. It contains the
Nτ-protonated tautomer of imidazole, and the torsion angle of the peptide bond is
close to 180°, which defines a typical trans configuration as in most peptides.

carH3 carH2 carH car

Figure 2.63 Scheme of the pH-dependent forms of L-carnosine and tautomeric equilibria of
the imidazole ring. The abbreviations carH3, carH2, carH and car correspond to the various
protonated forms in aqueous solution from pH 1 to 10. The deprotonation of the amide
group HNα becomes important only at pH values in which the hydrolysis of the dipeptide is
relevant or in the presence of metal cations[102].

N1

C1

O1

C2

C3

N2

C4

C5

O2

O3

N3

C6
C7

C8

C9

N4

H13

Figure 2.64 ORTEP presentation of the free form of L-carnosine[107]. Atoms are drawn at
50 % probability level. Distances [Å] and angles [°]: O1-C3 1.233, O2-C5 1.257, O3-C5 1.250,
N1-C1 1.476, N2-C3 1.333, N2-C4 1.455, N3-C7 1.383, N3-C8 1.326, N4-C8 1.331, N4-C9 1.377,
C1-C2 1.489, C2-C3 1.500, C4-C5 1.535, C4-C6 1.539, C6-C7 1.485, C7-C9 1.356; peptide torsion
angle C2-C3-N2-C4: 174.9, O1-C3-N2-H13: 175.0.
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The information available for the chemistry of rhenium and dipeptides is scant
and nothing at all is found for rhenium and carnosine. But a similar system was
presented by Tessier et al. in 2004. They isolated complexes with the dipeptide his-
ala[41]. In contrast to carnosine, his-ala consists of N-terminal histidine and α-alanine.
As depicted in Figure 2.65, the peptide is coordinated via Nπ of the imidazole ring,
the carbonyl oxygen of the peptide bond and the terminal amino function.

MeCN
+    His-Ala

Figure 2.65 Scheme of the reaction route by Tessier et al. with dipeptides[41].

The general reaction route with L-carnosine in this chapter is shown in Figure 2.66.
In analogy to the reactions with L-histidine, they start from [ReOCl3(PPh3)2] in metha-
nol with an excess of a diol. Triethylamine was used to deprotonate the amide group
NαH and the hydroxy functions of the diol. pH values of about 10 were measured
for samples of the reaction mixtures after addition of water. The resulting octahedral
complexes were built according to the “3 + 2” approach[19] with a mixed-ligand set.
The diols were connected as an (O,O)-donor to the metal and in most cases (7 out of
8) the histidine moiety of carnosine served as an (N,N,O)-donor. Only in one case was
Nβ of the alanyl moiety metallated instead of Nπ of the imidazole ring. Unlike the
complexes in the Figures 2.62 and 2.65, a metallation of Nτ or of the amide oxygen
atom was never observed.

diolH-2

+ 2 PPh + 3 HNEt Cl3 3+ L-carH + diol + 3 NEt3

Figure 2.66 Scheme of the general reaction route with L-carnosine in this chapter. diol repre-
sents a carbohydrate with a cis-vicinal diol function.
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2.4.1 The reaction of [ReOCl3(PPh3)2] with L-carnosine and

oxalic acid

In analogy to the preparation of [ReO(L-his)(ox)] (see 9 in section 2.3.1 on page 53),
L-carnosine should react with the rhenium(V) precursor [ReOCl3(PPh3)2], sodium
oxalate and triethylamine in methanol. Indeed, it was possible to precipitate a pro-
duct from the reaction mixture. The blue powder was dissolved in water/methanol
and crystals in the orthorhombic space group P212121 were obtained from this satu-
rated solution. Figure 2.67 shows the result of the structure determination, the elec-
troneutral complex [ReO(L-car)(ox)] · 2 H2O (16).

N33
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C23

O1

Re
N22

C13 O13
C42

C82

N72

C62

N52

C32

C22

C12

O122

O121

O11

C1

O21

C2

O22

O12

Figure 2.67 ORTEP presentation of 16 in crystals of [ReO(L-car)(ox)] · 2 H2O. Ellipsoids are
drawn at 50 % probability level. Distances [Å] and angles [°]: Re-O1 1.660(6), Re-O11 2.131(6),
Re-O21 2.082(5), Re-O121 2.004(7), Re-N22 1.968(7), Re-N33 2.111(7); O1-Re-O11 164.9(3), O1-
Re-O21 97.1(3), O1-Re-O121 105.7(3), O1-Re-N22 104.7(3), O1-Re-N33 89.1(3), O11-Re-O21
74.7(2), O11-Re-O121 86.3(3), O11-Re-N22 85.9(2), O11-Re-N33 79.2(3), O21-Re-O121 83.8(3),
O21-Re-N22 156.2(2), O21-Re-N33 95.2(3), O121-Re-N22 81.2(3), O121-Re-N33 165.2(3), N22-
Re-N33 94.6(3), oxalic acid torsion angle O11-C1-C2-O21: 6.2(11), peptide torsion angle C23-
C13-N22-C22: −178.9(7), O13-C13-N22-Re: −162.1(6), torsion angle of the coordinated acid
group Re-O121-C12-O122: 176.3(7).

The asymmetric unit contains the rhenium complex and two molecules of water, of
which one is disordered. There are four of these formulas in the unit cell. Compared
to 9 with histidine in facial coordination, 16 shows a different binding mode: the
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imidazole ring in this new compound is not metallated, it is protonated. The amino
function of the alanyl part binds as a donor to the metal center and carnosine is in
a mer-(N,N,O) binding mode via N33, N22 and O121. While in 9 the carboxylato
group of histidine binds trans to the oxido ligand, in this case O11 of oxalate binds
trans to the oxido ligand O1 (these two possibilities for coordination are illustrated in
Figure 2.69). The chelating oxalate ligand is connected as an (O,O)-donor to the metal
via O11 and O21 with a small torsion angle (6.2°). As in 9, the rhenium core is, with
small deviations, in-plane with all sp2-hybridized molecule parts (except for the non-
coordinated imidazole ring): the oxalato group (0.04 Å) and the carboxylato group
(0.02 Å). The torsion angle about the peptide bond (C23-C13-N22-C22: −178.9°) is
closer to the ideal value of 180° than in the free form of carnosine (174.9°)[107].

Table 2.31 Distances [Å] and angles [°] of hydrogen bonds and contacts in 16. O99 is affiliated
to water, O981/O982 to disordered water. D: donor, A: acceptor, x: difference of (H· · ·A) and
the sum of the van-der-Waals radii[62].

D H A D· · ·A D-H H· · ·A x D-H· · ·A

N33 H333 O12i 3.070(9) 0.92 2.26 −0.46 147
N33 H334 O11ii 3.307(10) 0.92 2.43 −0.29 159
N33 H334 O12ii 3.247(9) 0.92 2.56 −0.16 132
N52 H752 O99iii 2.829(11) 0.88 2.04 −0.68 149
N52 H752 O122iii 2.989(10) 0.88 2.46 −0.26 119
N72 H772 O981iv 2.776(18) 0.88 1.97 −0.75 151
N72 H772 O982iv 2.66(2) 0.88 1.79 −0.93 168
O981 H981 O22ii 2.747(14) 0.84(10) 2.02(10) −0.70 145(10)
O981 H982 O21 2.933(16) 0.83(14) 2.35(19) −0.37 129(14)
O981 H982 O22 3.041(14) 0.83(14) 2.31(11) −0.41 148(15)
O99 H991 O981v 3.05(2) 0.84(7) 2.23(7) −0.49 168(7)
O99 H992 O121 2.799(10) 0.84(7) 2.05(8) −0.67 149(7)
C62 H62 O122iii 3.022(12) 0.95 2.51 −0.21 114
C82 H82 O13ii 3.538(12) 0.95 2.60 −0.12 169
O1 C12ii 2.782(11) −0.44
Cg O12i 2.769 a

Symmetry codes: i − 1
2 + x, 1

2 − y, −z; ii −1 + x, y, z; iii 2 − x, 1
2 + y, 1

2 − z; iv x, 1 + y, z;
v 1 + x, y, z; Calculated centroid Cg: C1-C2. a contact of O12 to C1: −0.42, O12 to C2: −0.27.

Mainly hydrogen bonds of the type N-H· · ·O link the molecules to sheets parallel
to the (100) plane. They are given in Table 2.31. Even all the hydrogen atoms of imi-
dazole are integrated in hydrogen bondings, if one regards also weak interactions of
the type C-H· · ·O (see below in Figure 2.68). The hydrogen-bonded sheets are con-
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nected in [100] direction by two intermolecular contacts between the oxalate ligands
(O12· · ·Cg) and between the oxido ligand O1 and the coordinated carboxylato group
of the amino acid (O1· · ·C12).

c
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Figure 2.68 MERCURY presentation of hydrogen bonds (yellow lines), C-H· · ·O contacts
(green lines) and C· · ·O contacts (grey dashed lines) in 16. Above, a close-up of weak in-
teractions, water molecules and hydrogen bonds omitted. The centroids of the C=C double
bond of oxalate are marked green. Below: a view along [100] including water molecules.

13C NMR spectra of 16 in D2O showed two signal sets at different intensities (ca.
3:1). The complex found in the structure determination is obviously not the only
species in solution. The minor species can be regarded as the primarily expected pro-
duct of this reaction (Figure 2.69). Compared to 9 with histidine in facial coordination,
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Nπ of the imidazole ring is connected to the metal and not Nβ of the alanyl part. This
different metallation has an impact on the signals of these species in solution. As
shown in Table 2.32, notably the signals of the alanine and oxalate parts are different
for these two isomers, while the signals of the histidine parts are similar. Remarkably,
the signal of Cβ from the alanine part is shifted 14.5 ppm or −1.0 ppm to lower or
higher field depending on the metallation of Nβ.

Figure 2.69 Scheme of the isomeric forms of 16 with different binding modes of L-carno-
sine. Left: result of the structure determination with mer-(N,N,O). Right: species detected in
solution with fac-(N,N,O).

Table 2.32 13C NMR chemical shifts (in ppm) of 16 in D2O (101 MHz, 25 °C) and comparison
with the free ligands under the same conditions (pH 4.3). The signal of a drop of methanol
(δ = 49.50 ppm in D2O) was used as an internal secondary reference[65] for the chemical shift.
For atom numbering see Figure 2.69. Assignment according to the literature: L-carnosine[108].

L-carnosine
CCOhis Cαhis Cβhis C2his C4his C5his

free δ 176.76 54.57 27.59 133.85 130.19 117.28
16 a δ 191.89 68.03 27.48 133.86 128.98 117.70

b δ 192.73 68.80 26.92 132.34 129.90 117.48
a ∆δ 15.13 13.46 −0.11 0.01 −1.21 −0.42
b ∆δ 15.97 14.23 −0.67 −1.51 −0.29 −0.20

L-carnosine sodium oxalate

CCOala Cαala Cβala C1/C2

free δ 172.17 32.53 36.35 161.91
16 a δ 187.27 37.75 50.87 165.43, 162.94

b δ 186.81 32.45 35.30 174.86, 171.88
a ∆δ 15.10 5.22 14.52 3.52, 0.76
b ∆δ 14.64 −0.08 −1.05 12.95, 9.97

a: major isomer, b: minor isomer.
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2.4.2 The reaction of [ReOCl3(PPh3)2] with L-carnosine and

1,2-ethanediol

The reaction of [ReOCl3(PPh3)2] with ethanediol, L-carnosine and triethylamine in
methanol yielded the compound [ReO(L-car)(EthdH−2)] · MeOH · H2O (17) after re-
crystallization from methanol/water. The unit cell of the crystals in the triclinic space
group P1 contains the rhenium complex (Figure 2.70), one molecule of methanol and
one molecule of water.
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C13
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C11
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C41

C31
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Figure 2.70 ORTEP presentation of 17 in crystals of [ReO(L-car)(EthdH−2)] · MeOH · H2O.
Ellipsoids are drawn at 50 % probability level. Distances [Å] and angles [°]: Re-O1 1.679(4),
Re-O13 1.946(3), Re-O23 1.946(4), Re-O111 2.171(3), Re-N21 2.105(3), Re-N51 2.120(4); O1-Re-
O13 106.08(17), O1-Re-O23 106.81(18), O1-Re-O111 167.70(16), O1-Re-N21 99.98(17), O1-Re-
N51 91.29(19), O13-Re-O23 82.21(13), O13-Re-O111 80.58(13), O13-Re-N21 153.92(12), O13-
Re-N51 91.67(14), O23-Re-O111 84.12(15), O23-Re-N21 91.31(13), O23-Re-N51 161.86(12),
O111-Re-N21 73.62(13), O111-Re-N51 78.02(16), N21-Re-N51 86.73(14), diol torsion angle
O13-C13-C23-O23: −36.7(5), peptide torsion angle C21-N21-C12-C22: 173.3(3), O12-C12-
N21-Re: 169.9(3), torsion angle of the coordinated acid group Re-O111-C11-O112: 167.9(3).
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Contrary to the oxalate ligand in 16, ethanediol does not offer further carboxylato
groups in competition with the carboxylato group of the amino acid. As shown in
Figure 2.70, O111 of the amino acid binds trans to the oxido ligand O1, a feature ob-
served in the structures with L-histidine of the previous section. L-Carnosine is coor-
dinated facial via N21, N71 and O111 of the histidine part, and the protonated amino
function N32 of the alanine part is left dangling. The peptide bond is nearly planar,
its torsion angle (ω = 173.3° for C21-N21-C12-C22) is close to the angle found in the
free form (174.9°)[107]. Except for the negative sign the diol torsion angle (−36.7° for
O13-C13-C23-O23) is similar to the corresponding angles found in 10 with histidine
and ethanediol (+43.5° and +44.1°).

The hydrogen bonds found in 17 are given in Table 2.33. The first three bonds in
the table are not involved with solvent molecules, they define a backbone of sheets
orthogonal to the [110] axis (Figure 2.71). The solvent molecules (water, methanol)
are placed within these sheets with strong hydrogen bonds (favorable angles >170°
and distances about 2.8 Å). Together, with an interaction of the type C-H· · ·O from
C61 of imidazole to O112 of the carboxylate function, they connect the sheets.

Table 2.33 Distances [Å] and angles [°] of hydrogen bonds in 17. Values without standard
deviation are related to hydrogen atoms at calculated positions. O98 is affiliated to water,
O99 to methanol. D: donor, A: acceptor, x: difference of (H· · ·A) and the sum of the van-der-
Waals radii[62].

D H A D· · ·A D-H H· · ·A x D-H· · ·A

N71 H771 O23iv 2.743(6) 0.88 1.94 −0.78 150
N32 H324 O13ii 2.848(5) 0.91 2.18 −0.54 130
N32 H324 O111ii 2.874(5) 0.91 2.10 −0.62 143
N32 H323 O99i 2.797(6) 0.91 1.90 −0.82 170
N32 H325 O98iii 2.740(7) 0.91 1.85 −0.87 164
O99 H899 O12 2.813(6) 0.84 1.98 −0.74 172
O98 H981 O12v 2.795(6) 0.83(6) 1.97(6) −0.75 173(5)
O98 H982 O112vi 2.868(5) 0.82(5) 2.05(5) −0.67 172(6)
C61 H61 O112iii 3.100(6) 0.95 2.15 −0.57 175

Symmetry codes: i x, −1 + y, z; ii x, y, −1 + z; iii −1 + x, −1 + y, z; iv −1 + x, 1 + y, z;
v x, 1 + y, z; vi x, 1+ y, −1 + z.
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Figure 2.71 MERCURY presentation of hydrogen bonds (yellow) and C-H· · ·O contacts (green)
in 17. Dashed bonds: connections between sheets orthogonal to the [110] axis.

Only one signal set was observed in spectra of the reaction mixture and of dis-
solved product in water. The 13C NMR chemical shifts of 17 in D2O are listed in
Table 2.34. Due to the distorted octahedral coordination, two signals are observed for
C1/C2 of ethanediol with a shift to lower field of up to 21.5 ppm. The values were
close to the data for 10, the analog compound with L-histidine. But for 17, the influ-
ence of the rhenium core on the signals of the histidine part is stronger: the signals
of CCO, Cα, C2 and C4 are shifted 7.8 – 11.6 ppm to lower field, while for 10 they are
shifted 3.6 – 7.9 ppm (see Table 2.20 on page 61).

Figure 2.72 Scheme of 17 and atom numbering used in the 13C NMR study according to the
recommendations of the JCBN[79].
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Table 2.34 13C NMR chemical shifts (in ppm) of 17 in D2O (67.9 MHz, 25 °C) and comparison
with the free ligands under the same conditions (pH 4.3). The signal of a drop of methanol (δ =
49.50 ppm in D2O) was used as an internal secondary reference[65] for the chemical shift. For
atom numbering see Figure 2.72. ∆δ values indicating a diolate coordination are in boldface.
Assignment of free L-carnosine according to the literature[108].

L-carnosine
CCOhis Cαhis Cβhis C2his C4his C5his

free δ 176.76 54.57 27.59 133.85 130.19 117.28
17 δ 184.59 63.42 28.34 145.48 138.86 117.32

∆δ 7.83 8.85 0.75 11.63 8.67 0.04

L-carnosine ethanediol

CCOala Cαala Cβala C1/C2

free δ 172.17 32.53 36.35 63.16
17 δ 177.45 34.68 38.36 82.34, 84.65

∆δ 5.28 2.15 2.01 19.18, 21.49

2.4.3 The reaction of [ReOCl3(PPh3)2] with L-carnosine and

adenosine

In the previous sections some structures of complexes with pyrimidine nucleosides
were presented (1, 2, 8, 12, 13), but none, so far, with a purine nucleoside. Generally,
compounds with rhenium and nucleosides are hardly found in the literature.

M. Oßberger[23] reported on a complex with adenosine (Ado) with the postulated
formula [ReO(dien)(AdoH−2)]I. But crystal-structure determinations are known so
far only with nucleobases, the subunit of nucleosides. Beauchamp et al.[109] reported in
1998 structures with N6,N6-dimethyladenine and rhenium(IV,V) and Alberto et al.[110]

with 7-methylguanine and rhenium(I) in 2005.
The reactions of the co-ligands presented in this work so far (dien, aminoalanine,

histidine) with rhenium(V) and purine nucleosides showed hints of successful co-
ordination according to NMR spectroscopy. But the yields were unsatisfying and a
crystal-structure determination was not possible. In contrast to this, the reaction of
[ReOCl3(PPh3)2] with L-carnosine, adenosine and triethylamine in methanol yielded
blue crystals of [ReO(L-car)(syn-AdoH2’,3’H−2)] · 3 MeOH · 2 H2O (18). With four
formula units in the unit cell of the monoclinic space group C2, the asymmetric
unit contains one molecule of the rhenium complex (Figure 2.73), three molecules
of methanol and two molecules of water.
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Figure 2.73 ORTEP presentation of 18 in crystals of [ReO(L-car)(syn-AdoH2’,3’H−2)] ·
3 MeOH · 2 H2O. The atoms N142, C242, N342, C442, C542, C642, N642, N742, C842 of
the minor disordered adenine moiety (occupancy ca. 34 %) were omitted for lucidity. Ellip-
soids are drawn at 50 % probability level. Distances [Å] and angles [°]: Re-O1 1.646(8), Re-
O23 1.977(4), Re-O33 1.947(7), Re-O111 2.177(7), Re-N21 2.066(5), Re-N81 2.131(8), O1-Re-O23
105.8(3), O1-Re-O33 107.7(3), O1-Re-O111 167.4(3), O1-Re-N21 100.9(3), O1-Re-N81 92.6(4),
O23-Re-O33 81.3(2), O23-Re-O111 80.2(2), O23-Re-N21 153.28(18), O23-Re-N81 93.2(2), O33-
Re-O111 84.0(3), O33-Re-N21 88.9(2), O33-Re-N81 159.7(3), O111-Re-N21 74.1(2), O111-Re-
N81 75.8(3), N21-Re-N81 87.5(3), furanose torsion angle O23-C23-C33-O33: −32.1(7), peptide
torsion angle C22-C12-N21-C21: 179.5(6), O12-C12-N21-Re: −176.8(5), torsion angle of the
coordinated acid group Re-O111-C11-O112: 167.5(7), puckering parameters[59] for O43-C13-
C23-C33-C43: Q2 = 0.296(8) Å, φ2 = 67.3(14)°, conformation 2E, donor-acceptor distances in
intramolecular hydrogen bonds: N32· · ·O12 3.010(8), O531· · ·N341 2.787(17).

The deprotonated form of L-carnosine binds facial via N81, N21 and O111 to the
metal with O111 of the carboxylate group trans to the oxido ligand O1. An intra-
molecular hydrogen bond is formed between the protonated amino function N32 as
donor and O12 of the peptide bond as acceptor. The torsion angle of the peptide bond
(ω = 179.5° for C22-C12-N21-C21) is even closer to the ideal value of 180° than in the
free form of L-carnosine (ω = 174.9°)[107]. With a deviation of 0.023 Å the rhenium
center is in-plane with the planar peptide bond.
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Adenosine binds as a double-deprotonated (O,O)-donor via O23 and O33 to the
rhenium core in syn orientation to the oxido ligand O1. Due to this chelate, the
diol’s torsion angle (O23-C23-C33-O33) diminishes to −32.1° compared with the an-
gle found in the free form (+45.4°)[111] and the conformation of the ribofuranosyl
ring changes from 3T2 to 2E. Except for N94, all the atoms of the adenine moiety and
CH2OH of the ribose moiety are disordered (occupancy of the major part ca. 66 %,
see Figure 2.74). For both disordered parts an intramolecular hydrogen bond is cor-
related with deviating torsion angles at the glycosidic bond. Their conformation is
syn (χ = 61.9° for O43-C13-N94-C441 and χ = 50.4° for O43-C13-N94-C442), while for
the free form it is anti (χ = −172.7°).

3.59

3.45

3.59

N94

N94

N94

N341N342

O531
O532

N6

C5

C4

free adenosine: :3 2
T E2 18

3.53

adenine rings of adenosine              disordered adenine rings in major part18

anti

syn

Figure 2.74 MERCURY presentation of free adenosine[111] (left) and disordered parts in 18
(right). Top: intramolecular hydrogen bond of adenosine (yellow dashed lines). Below: π-π
interactions of adenine, green dashed lines: distances between selected centroids.

The hydrogen bonds in 18 are given in Table 2.35. They connect the hydrophilic
parts in 18 and the solvent molecules to sheets parallel to the bc plane. In between,
there are π-π interactions of the adenine moieties (Figure 2.75). In analogy to the
free form of adenosine, π-stacking of adenine rings is observed with an interplanar
spacing of 3.45 – 3.59 Å. All hydrogen atoms of the protonated amino function N34
take part in hydrogen bonding.
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Figure 2.75 MERCURY presentation of hydrogen bonds (yellow dashed lines) and C-H· · ·O
contacts (green dashed lines) in 18.

Figure 2.76 illustrates the possible binding modes of adenosine. In accordance with
the other nucleoside-containing compounds in this work, syn/anti isomerism was ob-
served in 13C NMR spectra, but limited to protic solvents. Spectra of the crude reac-
tion mixture (methanol), or redissolved product in water, showed two signal sets at
a ratio of 2:1 but with poor intensities. However, spectra of 18 in DMSO-d6 showed
clearly only one signal set for the syn isomer. The chemical shifts listed in Table 2.36
show a coordination of the histidine residue of carnosine via Nπ, Nα, OCO and of the
nucleoside via O2’ and O3’. The signals of the C-atoms directly neighboring these
donor atoms (CCO, Cα, C2, C4, CCO) are shifted, as expected, 6.9 – 10.2 ppm to lower
field. The signals of the corresponding atoms C2’ and C3’ of the nucleoside are shifted
noticeably to lower field (24.5 ppm and 26.4 ppm) compared with the values for C1,
C2 in 17 (19.2 ppm and 21.5 ppm).
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Table 2.35 Distances [Å] and angles [°] of hydrogen bonds in 18. Values without standard
deviation are related to hydrogen atoms at calculated positions. O91, O92 are affiliated to
water and O93, O94, O95 to methanol. D: donor, A: acceptor, x: difference of (H· · ·A) and the
sum of the van-der-Waals radii[62].

D H A D· · ·A D-H H· · ·A x D-H· · ·A

N32 H323 O93i 2.879(11) 0.91 2.23 −0.49 128
N32 H324 O112ii 2.776(7) 0.91 1.89 −0.83 165
N32 H325 O92ii 2.873(10) 0.91 2.17 −0.55 134
N32 H325 O94 3.178(9) 0.91 2.47 −0.25 134
N641 H641 O23iii 2.900(12) 0.88 2.10 −0.62 151
N641 H642 O91iv 3.058(14) 0.88 2.33 −0.39 140
N61 H761 O94v 2.771(8) 0.88 1.95 −0.77 154
O531 H853 N341 2.787(17) 0.84 1.95 −0.80 170
O532 H854 N342 2.68(3) 0.84 1.89 −0.87 158
O93 H893 O12vi 2.742(7) 0.84 1.98 −0.74 150
O94 H894 O95 2.646(9) 0.84 1.81 −0.91 177
O95 H895 O33 2.720(9) 0.84 1.91 −0.81 163
O91 H911 N142iii 3.140(19) 0.83(7) 2.41(8) −0.34 148(8)
O91 H912 O531 2.770(12) 0.83(8) 2.07(8) −0.65 141(8)
O91 H912 O532 2.91(2) 0.83(8) 2.17(8) −0.55 148(7)
O92 H921 O91 2.827(11) 0.83(6) 2.07(7) −0.66 152(8)
O92 H922 O111 2.879(10) 0.84(6) 2.12(7) −0.60 151(7)
C71 H71 O91vii 3.290(10) 0.95 2.44 −0.28 148

Symmetry codes: i 1
2 − x, 1

2 + y, 1 − z; ii x, y, 1 + z; iii −x, y, −z; iv −x, −1 + y, −z;
v x, −1 + y, −1 + z; vi x, y, −1 + z; vii x, −1 + y, z.

Figure 2.76 Scheme of the diastereomeric forms of 18 and atom numbering used in the 13C
NMR study according to the recommendations of the JCBN[61, 79]. XRD: result of the structure
determination.
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Table 2.36 13C NMR chemical shifts (in ppm) of 18 in DMSO-d6 (101 MHz, 25 °C) and com-
parison with the free ligands under the same conditions. The signal of the deuterated solvent
(δ = 39.52 ppm) was used as an internal secondary reference[65] for the chemical shift. For
atom numbering see Figure 2.76. ∆δ values indicating a diolate coordination are in boldface.
Assignment according to the literature: adenosine[68], L-carnosine[108].

CCOhis Cαhis Cβhis C2his C4his C5his CCOala Cαala Cβala

L-car δ 172.90 52.47 27.61 134.67 132.23 115.70 169.59 31.98 35.44
18 δ 180.36 61.86 28.28 144.31 138.55 115.69 176.53 33.30 37.59

∆δ 7.40 9.40 0.67 9.64 6.32 −0.01 6.94 1.32 2.15

C1’ C2’ C3’ C4’ C5’ C2 C4 C5 C6 C8

Ado δ 87.98 73.50 70.71 85.95 61.73 152.44 149.11 119.40 156.21 139.98
18 δ 88.30 97.98 97.12 86.38 62.67 152.58 149.45 119.23 156.17 139.86

∆δ 0.32 24.48 26.41 0.43 0.94 0.14 0.34 −0.17 0.14 −0.12

2.4.4 The reaction of [ReOCl3(PPh3)2] with L-carnosine and

D-ribose

The complex with adenosine in the previous chapter showed a coordination of the
ribofuranosyl residue to the rhenium(V) core. Keeping in mind that adenosine is an
N-glycoside of the monosaccharide D-ribose, the question arises if it is possible to
build a complex with rhenium(V) and D-ribose. This aldopentose provides several
different binding sites for coordination due to the isomerism of the furanose and py-
ranose anomers. Structurally characterized coordination compounds with D-ribose
are rare, but they are known for both anomeric forms. They have been reported
for the furanose anomer (with calcium[112], silicon[113]) and for the pyranose ano-
mer (with palladium[114] and some elements of the lanthanoid series: lanthanum[115],
cerium[115], praseodymium[116], neodymium[117], samarium[118]).

Among the aldopentoses, D-ribose offers the largest percentage of furanose ano-
mers in aqueous solution (α: 7.4 %, β: 13.3 %)[119], while the pyranose anomers
are predominant as for all aldopentoses (α: 20.3 %, β: 58.9 %). But this flexibility
in view of possible binding sites may also lead to non-selective product mixtures.
Moreover, solutions of reducing sugars are prone to react with oxidizing agents like
rhenium(V) in analogy to Fehling’s solution. Only compounds with non-reducing
O1-methylated derivatives of D-aldopentoses were prepared successfully up to now:
[ReO(dien)(syn-Me-β-L-Arap3,4H−2)]I[24], [ReO(dien)(Me-β-D-Xylp2,3H−2)]I[24] and
[ReO(L-his)(syn-Me-β-D-Ribp3,4H−2)] (15). Decomposition to rhenium(IV) occurred
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for all reactions of free D-aldopentoses with rhenium(V) and the co-ligands phen[23],
tpb[23], dien, rac-dap and L-histidine.

A similar behavior was observed for reactions with L-carnosine. The mixtures with
D-aldopentoses showed a tendency to decompose within hours, but it was possible
to precipitate a blue raw product from the reaction of [ReOCl3(PPh3)2], L-carnosine,
D-ribose and triethylamine in methanol. This hygroscopic precipitate was recrystal-
lized from methanol. Figure 2.77 shows the result of the structure determination,
[ReO(L-car)(syn-α-D-Ribf 1,2H−2)] · 3 MeOH (19).
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Figure 2.77 ORTEP presentation of 19 in crystals of [ReO(L-car)(syn-α-D-Ribf1,2H−2)] ·
3 MeOH. Ellipsoids are drawn at 50 % probability level. Distances [Å] and angles [°]:
Re-O1 1.689(7), Re-O11 2.003(8), Re-O21 1.951(6), Re-O121 2.165(7), Re-N22 2.073(7), Re-
N52 2.158(8); O1-Re-O11 104.6(3), O1-Re-O21 107.9(3), O1-Re-O121 163.4(3), O1-Re-N22
101.0(3), O1-Re-N52 85.5(3), O11-Re-O21 80.4(3), O11-Re-O121 81.4(3), O11-Re-N22 154.2(3),
O11-Re-N52 99.3(3), O21-Re-O121 88.3(3), O21-Re-N22 89.2(3), O21-Re-N52 166.3(3), O121-
Re-N22 74.8(3), O121-Re-N52 78.2(3), N22-Re-N52 85.5(3), furanose torsion angle O11-C11-
C21-O21: −18.7(10), peptide torsion angle C23-C13-N22-C22: 176.7(8), O13-C13-N22-Re:
179.3(7), torsion angle of the coordinated acid group Re-O121-C12-O122: 171.4(8), pucker-
ing parameters[59] for O41-C11-C21-C31-C41: Q2 = 0.353(10) Å, φ2 = 300.1(16)°, conforma-
tion 3TO, donor-acceptor distances in intramolecular hydrogen bonds: N33· · ·O21 2.951(10),
N33· · ·O31 2.913(10).
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Compound 19 crystallizes in the monoclinic space group P21 with two formula
units in the unit cell. The asymmetric unit contains one molecule of the rhenium
complex and two molecules of methanol. Different to 15, not the β-pyranose anomer
of D-ribose is to be found in this complex, although this anomer is the main species of
free D-ribose in solution. Similarly to the silicon compound [K([18]crown-6)][PhSi(α-
D-Ribf 1,2H−2)2][113] the α-furanose anomer of D-ribose is coordinated to the cen-
tral atom. But in 19 the conformation of the ribofuranose ring is 3TO (vs. close to
E4)[113] and the torsion angle of the deprotonated cis-vicinal diol function (O11, O21)
is −18.7° (vs. −5.4°)[113]. The chelating dianionic α-D-Ribf 1,2H−2 ligand is oriented
syn to the oxido ligand O1. Its remaining hydroxy groups (O31-H and O51-H) are left
dangling, they are not deprotonated and take part in hydrogen bonding. L-Carno-
sine binds as monoanionic co-ligand facial via N22, N51 and O121 to the metal. O121
is in trans position to the oxido ligand O1. The torsion angle of the peptide bond
(C23-C13-N22-C22: 176.7°) is close to the value found in the free form of L-carnosine
(ω = 174.9°)[107]. The protonated amino function of the β-alanyl residue takes part
in an intramolecular bifurcated hydrogen bond to the acceptor atoms O21 and O31.
Further hydrogen bonds in 19 are listed in Table 2.37. Only two of the intermolecular
hydrogen bonds are without the participation of the solvent molecules. They build
an infinite two-dimensional network parallel to the ab-plane, which is extended in all
dimensions by the hydrogen bonding of the solvent molecules (Figure 2.78).

Table 2.37 Distances [Å] and angles [°] of hydrogen bonds in 19. Values without standard
deviation are related to hydrogen atoms at calculated positions. O97, O98, O99 are affiliated
to methanol. D: donor, A: acceptor, x: difference of (H· · ·A) and the sum of the van-der-Waals
radii[62].

D H A D· · ·A D-H H· · ·A x D-H· · ·A

N33 H333 O98i 2.794(13) 0.91 1.89 −0.83 174
N33 H334 O51ii 2.876(9) 0.91 2.03 −0.69 154
N33 H335 O21 2.951(10) 0.91 2.21 −0.51 138
N33 H335 O31 2.913(10) 0.91 2.11 −0.61 146
N72 H772 O122iii 2.802(13) 0.88 1.99 −0.73 153
O31 H831 O99 2.664(10) 0.84 1.84 −0.88 166
O51 H851 O97iv 2.74(2) 0.84 2.03 −0.69 142
O97 H897 O121v 2.89(2) 0.84 2.16 −0.56 145
O98 H898 O11vi 2.700(11) 0.84 1.86 −0.86 177
O99 H899 O13i 2.646(12) 0.84 2.05 −0.67 127

Symmetry codes: i 1 − x, − 1
2 + y, 1 − z; ii 1 + x, y, z; iii − x, 1

2 + y, 2 − z; iv −1 + x, y, z;
v 1 − x, 1

2 + y, 1 − z; vi − x, 1
2 + y, 1 − z.
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Figure 2.78 MERCURY presentation of hydrogen bonds (yellow lines) in 19.

2.4.4.1 NMR spectroscopy and reactions with other aldopentoses

The result of the structure determination shows a coordination of the α-ribofuranose
anomer. But in analogy to 15, a related structure with methyl β-D-ribopyranoside,
the pyranose anomer of D-ribose has to be considered as a chelating species, too. As
illustrated in Figure 2.79, D-ribose provides many different binding sites for coordi-
nation to rhenium. Although not all of them may be favorable, a mixture of isomers
is to be expected for the reaction mixture. Even more species result from the pres-
ence of syn/anti isomerism. 13C NMR spectra of the reaction mixture were hard to
interpret as they showed many small signals at low intensities. But even spectra of
redissolved product in water or methanol showed more than one species and the so-
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lutions decomposed within hours. In Table 2.38 only the signals of the main species
are listed. The large shifts of C1 and C2 are consistent with the result of the structure
determination.

According to NMR spectroscopy, reactions with D-arabinose, D-xylose, D-lyxose
showed hints of a coordination to the metal, but the solutions were not stable. Even
at 4 °C decomposition occurred after several hours.

a-Ribp

b-Ribp

a-Ribf

b-Ribf

[Re]

[Re]

[Re]

[Re]
[Re]

[Re]

[Re] [Re]

syn f- - -Rib 1,2Ha D -2

Figure 2.79 Scheme of 19 (on the left) and possible binding sites of D-ribose with cis-vicinal
diol functions (on the right). For the pyranose forms only the 4C1 conformation is depicted.
The open-chain anomers of D-ribose were not considered.

Table 2.38 13C NMR chemical shifts (in ppm) of 19 in D2O (101 MHz, 25 °C) and comparison
with the free ligands under the same conditions (pH 3.6). The signal of a drop of methanol (δ =
49.50 ppm in D2O) was used as an internal secondary reference[65] for the chemical shift. For
atom numbering see Figure 2.79. ∆δ values indicating a diolate coordination are in boldface.
Assignment according to the literature: D-ribose[119], L-carnosine[108].

CCOhis Cαhis Cβhis C2his C4his C5his CCOala Cαala Cβala

L-car δ 177.83 55.42 28.92 135.28 132.54 117.80 172.07 32.61 36.34
19 δ 184.76 63.04 28.49 145.67 138.34 117.34 177.93 34.58 38.28

∆δ 6.93 7.62 −0.43 10.39 5.80 −0.46 5.86 1.97 1.94

C1 C2 C3 C4 C5

α-Ribf δ 96.90 70.36 69.50 83.65 61.98
19 δ 117.14 96.08 74.25 86.61 64.22

∆δ 20.24 25.72 4.75 2.96 2.24
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Compound:
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[ReO(L-car)(syn-alpha-D-Ribf1,2H-2)]
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2.4.5 The reaction of [ReOCl3(PPh3)2] with L-carnosine and

D-mannose

According to the results so far presented, furanoidic carbohydrates seem to be pre-
ferred for coordination to rhenium(V). To test the reaction of a carbohydrate with
mainly pyranose species in solution, D-mannose was chosen. Aside from D-glucose,
D-mannose provides among the aldohexoses in aqueous solution, one of the lowest
percentages of furanose forms[120] (α: 0.64 %, β: 0.24 %), while the dominating species
are the pyranose forms (α: 66.23 %, β: 32.85 %). This also holds true for the solid state:
D-mannose crystallizes as α-D-mannopyranose[121]. Only few crystal-structure deter-
minations have been reported up to the present for metal complexes with D-mannose.
They contain the pyranose anomer (with palladium[114], copper[122]), but also the fu-
ranose anomer (with calcium[123]), as metal ions can enrich anomeric species[113].
With rhenium(V), only structures with non-reducing O1-methylated derivatives of
the pyranose anomer were prepared successfully, so far, with the co-ligands dien[23]

and L-histidine (14). In both compounds methyl α-D-mannopyranoside is coordi-
nated via O2 and O3 to the metal.

A similar coordination mode is to be expected for free D-mannose. Its reaction
with the rhenium(V) precursor [ReOCl3(PPh3)2], L-carnosine and triethylamine in
methanol yielded a blue solid, which is far less soluble in water or methanol than
related compounds in this chapter (19, 21, 22). It was redissolved in a hot mixture
of water/methanol, from which crystals of [ReO(L-car)(anti-α/β-D-Manp2,3H−2)] ·
MeOH (20) grew in the orthorhombic space group P212121. The asymmetric unit
contains the rhenium complex and one molecule of methanol, while there are four of
these formulas in the unit cell.

As depicted in Figure 2.80, both the α- and the β-form of D-mannopyranose are
present in the structure (slightly more α: occupancy ca. 58 %). This disorder of the
hydroxy group on position 1 of the pyranose ring (atoms O111/O112) affects also
the CH2OH group (atoms C611-O611/C612-O612) at the same ratio. As in 14, both
pyranose anomers are connected via O21 and O31 to the rhenium core, but in anti

orientation to the oxido ligand O1. The remaining hydroxy groups are not metallated.
As mentioned above, they are disordered (O111/O112 and O611/O612) and take
part in hydrogen bonding (see Figure 2.81). Further hydrogen bonds are listed in
Table 2.39). In analogy to the above-mentioned compounds with methyl α-D-man-
nopyranoside, the torsion angle of the chelating diolato group (O21-C21-C31-O31:
−46.0°) is diminished compared with the angle found in the free form (−61°)[121],
but in all three cases the pyranose ring is in 4C1 chair conformation.
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Compound:
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Compound:
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Compound:

[ReO(L-his)(syn-Me-alpha-D-Manp2,3H-2)]
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Figure 2.80 ORTEP presentation of 20 in crystals of [ReO(L-car)(anti-α/β-D-Manp2,3H−2)] ·
MeOH. The atoms of the minor disordered part (occupancy ca. 42 %) are drawn in orange.
Ellipsoids represent 50 % probability level. Distances [Å] and angles [°]: Re-O1 1.679(4), Re-
O21 1.982(4), Re-O31 1.972(3), Re-O131 2.166(4), Re-N23 2.075(4), Re-N53 2.139(4); O1-Re-O21
104.39(17), O1-Re-O31 107.13(16), O1-Re-O131 164.82(15), O1-Re-N23 99.86(17), O1-Re-N53
88.90(15), O21-Re-O31 81.57(13), O21-Re-O131 81.94(14), O21-Re-N23 155.72(15), O21-Re-N53
93.70(14), O31-Re-O131 87.30(14), O31-Re-N23 90.31(13), O31-Re-N53 163.94(14), O131-Re-
N23 74.82(13), O131-Re-N53 76.81(14), N23-Re-N53 87.84(14), pyranose torsion angle O21-
C21-C31-O31: −46.0(5), peptide torsion angle C24-C14-N23-C23: 178.3(4), O14-C14-N23-Re:
173.3(4), torsion angle of the coordinated acid group Re-O131-C13-O132: 171.5(4), puckering
parameters[59] for O51-C11-C21-C31-C41-C51: Q = 0.542(5) Å, θ = 9.8(5)°, φ = 319(3)°, confor-
mation 4C1.

The histidine part of the carnosine ligand is in a facial (N,N,O) binding mode with
O131 of the acid group trans to the oxido ligand O1. The β-amino function of the
alanyl residue is protonated and takes part in hydrogen bonding. With a small de-
viation (<0.06 Å) the rhenium core is in-plane with the imidazole ring. The torsion
angle of the peptide bond (C24-C14-N23-C23 178.3°) is closer to 180° than the angle
found in the free form of L-carnosine (ω = 174.9°)[107].
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Compound:

[ReO(L-car)(anti-alpha/beta-D-Manp2,3H-2)]
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Figure 2.81 MERCURY presentation of selected hydrogen bonds (yellow lines) in 20.

Table 2.39 Distances [Å] and angles [°] of hydrogen bonds in 20. Values without standard
deviation are related to hydrogen atoms at calculated positions. O99 is affiliated to methanol.
D: donor, A: acceptor, x: difference of (H· · ·A) and the sum of the van-der-Waals radii[62].

D H A D· · ·A D-H H· · ·A x D-H· · ·A

O99 H99 O41 3.203(6) 0.84 2.44 −0.28 151
O111 H113 O132i 2.675(8) 0.84 1.84 −0.88 175
O112 H114 O132i 2.732(9) 0.84 1.91 −0.81 165
N34 H341 O611ii 2.962(9) 0.91 2.10 −0.63 159
N34 H342 O21iii 2.864(7) 0.91 2.01 −0.71 157
N34 H343 O612iii 3.223(11) 0.91 2.48 −0.24 139
N34 H343 O132iv 2.966(7) 0.91 2.17 −0.55 145
N73 H573 O41v 2.796(6) 0.88 1.94 −0.78 165
O611 H611 O31vi 2.998(7) 0.84 2.17 −0.55 170
O612 H612 O14vii 2.856(10) 0.84 2.04 −0.68 163
O41 H841 O14vii 2.689(5) 0.84 1.87 −0.85 164

Symmetry codes: i 1 + x, y, z; ii 2 − x, 1
2 + y, 1

2 − z; iii 3
2 −x, 1 − y, 1

2 + z; iv 1 − x, 1
2 + y, 1

2 − z;
v 3

2 − x, 1 − y, − 1
2 + z; vi 2 − x, − 1

2 + y, 1
2 − z; vii 1 − x, − 1

2 + y, 1
2 − z.

13C NMR spectra of dissolved product in DMSO-d6 showed two signal sets, as
given in Table 2.40. The large shifts of C2 and C3 show a coordination of α- and
β-D-Manp2,3H−2 to the metal via O2 and O3. Syn/anti isomerism, or a coordination
via O1 and O2 was not observed. The presence of these phenomenons for the crude
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Compound:

[ReO(L-car)(anti-alpha/beta-D-Manp2,3H-2)]
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reaction mixture could not be approved due to the limited solubility of the product
in methanol.

Figure 2.82 Scheme of the diastereomeric forms of 20 and atom numbering used in the 13C
NMR study according to the recommendations of the JCBN[79, 95]. XRD: result of the structure
determination.

Table 2.40 13C NMR chemical shifts (in ppm) of 20 in DMSO-d6 (126 MHz, 25 °C) and com-
parison with the free ligands under the same conditions. The signal of the deuterated solvent
(δ = 39.52 ppm) was used as an internal secondary reference[65] for the chemical shift. For
atom numbering see Figure 2.82. ∆δ values indicating a diolate coordination are in boldface.
Assignment according to the literature: D-mannose[120], L-carnosine[108].

CCOhis Cαhis Cβhis C2his C4his C5his CCOala Cαala Cβala

L-car δ 172.90 52.47 27.61 134.67 132.23 115.70 169.59 31.98 35.44
20 a δ 181.40 61.61 28.47 144.10 138.55 115.88 176.50 34.82 37.21

b δ 181.18 61.90 28.59 144.66 138.66 115.86 176.46 34.52 37.24
a ∆δ 8.50 9.14 0.86 9.43 6.32 0.18 6.91 2.84 1.77
b ∆δ 8.28 9.43 0.98 9.99 6.43 0.16 6.87 2.54 1.80

C1 C2 C3 C4 C5 C6

α-Manp δ 94.09 71.52 70.70 67.46 73.24 61.66
β-Manp δ 94.24 71.71 73.93 67.13 77.09 61.53
20 a δ 94.38 95.32 92.94 67.85 71.93 62.26

b δ 93.68 93.45 95.74 67.61 77.04 62.38
a ∆δ 0.29 23.80 22.24 0.39 −1.31 0.60
b ∆δ −0.70 21.74 21.81 0.48 −0.05 0.85

a: major isomer (anti-isomer with α-manp), b: minor isomer (anti-isomer with β-manp).
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2.4.6 The reaction of [ReOCl3(PPh3)2] with L-carnosine and

D-fructose

Like the monosaccharides of the previous chapters, the ketohexose D-fructose exists
in aqueous solution at 20 °C in an equilibrium of pyranose (α: 2.3 %, β: 72.5 %) and
furanose anomers (α: 5.2 %, β: 20.0 %)[124]. Crystalline D-fructose solely occurs as β-
D-fructopyranose, the above given main anomer in solution[125, 126]. It is also found
in some of the few structurally characterized metal complexes (with strontium[127]

and calcium[128]). Complexes with β-D-fructofuranose are even more rare, as only
one structure with silicon[113] is known so far. Metal ions are able to change the
equilibrium composition of the anomers in solution, for example palladium(II)[129].
The reaction of rhenium(V) with D-ribose in chapter 2.4.4 showed a similar behavior
where the resulting complex contained the minor anomer of D-ribose. On the other
hand, the compound of chapter 2.4.5 was built with the major anomers of D-mannose.

The reaction of the rhenium(V) precursor [ReOCl3(PPh3)2] with L-carnosine, D-fruc-
tose and triethylamine in methanol yielded a blue powder from which crystals in the
orthorhombic space group P212121 were recrystallized. As shown in Figure 2.83, the
β-furanose anomer is coordinated to rhenium. The resulting compound is [ReO-
(L-car)(anti-β-D-Fruf 2,3H−2)] · MeOH (21).

The asymmetric unit of the crystals contains one molecule of the rhenium complex
and one molecule of methanol, which is disordered. The same holds true for the
hydroxy-function on C11 of the fructose moiety. Both take part in hydrogen bonding.
As in the above-mentioned silicate [PhSi(β-D-Fruf 2,3H−2)2]−, the furanose is coor-
dinated via O2 and O3 (here: O21 and O31) in anti orientation to the oxidorhenium
unit. But in 21, the torsion angle of the chelating diol group is increased (−28.4° vs.

13.1° and 16.1°) and the ring adopts an envelope conformation close to 3E (vs. 4T3

and E3). No intra-, but intermolecular hydrogen bonds are found for the remaining
hydroxy groups of the ribosyl moiety.

The tridentate co-ligand L-carnosine binds facial via N22, N52 and O121 to the
metal. Between the protonated β-amino function of the alanyl part and O13 of the
peptide bond an intramolecular hydrogen bond is established, although it is not
very strong due to an unfavorable angle (126°). It forms a six-membered ring (N33-
H333· · ·O13-C13-C23-C33-). In analogy to the other compounds in this section, the
peptide bond is closer to planarity than in the free form of L-carnosine (ω = 177.5° vs.

174.9°[107]). With small deviations, the rhenium core is in-plane with the imidazole
ring (<0.08 Å) and the peptide bond (<0.02 Å), but not with the acid group. The latter
one is tilted toward the imidazole group.
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Figure 2.83 ORTEP presentation of 21 in crystals of [ReO(L-car)(anti-β-D-Fruf2,3H−2)] ·
MeOH. Atom O112 of the disordered atom pair O111/O112 was omitted for lucidity. El-
lipsoids are drawn at 50 % probability level. Distances [Å] and angles [°]: Re-O1 1.680(5), Re-
O21 1.985(5), Re-O31 1.944(5), Re-O121 2.226(5), Re-N22 2.090(5), Re-N52 2.112(5); O1-Re-O21
106.3(2), O1-Re-O31 107.2(2), O1-Re-O121 165.3(2), O1-Re-N22 99.3(2), O1-Re-N52 89.6(2),
O21-Re-O31 82.0(2), O21-Re-O121 81.5(2), O21-Re-N22 154.3(2), O21-Re-N52 93.8(2), O31-Re-
O121 85.97(19), O31-Re-N22 88.54(19), O31-Re-N52 163.1(2), O121-Re-N22 74.02(19), O121-
Re-N52 77.2(2), N22-Re-N52 88.3(2), furanose torsion angle O21-C21-C31-O31: −28.4(8), pep-
tide torsion angle C23-C13-N22-C22: 177.5(6), O13-C13-N22-Re: 177.8(5), torsion angle of the
coordinated acid group Re-O121-C12-O122: 173.6(5), puckering parameters[59] for O51-C21-
C31-C41-C51: Q2 = 0.401(8) Å, φ2 = 285.0(11)°, conformation 3E, donor-acceptor distance of
the intramolecular hydrogen bond N33· · ·O13 2.709(9).

The hydrogen bonds in 21 are given in Table 2.41. All the bonds noted so far are
illustrated in Figure 2.84. Although the hydroxy function on C11 is disordered, a
strong hydrogen-bonded chain is formed along [100]. A typical feature of the imi-
dazole ring from the histidine part is the occurrence of weak interactions of the type
C-H· · ·O, in this case from C62 to O98 of methanol.
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Figure 2.84 MERCURY presentation of selected hydrogen bonds (yellow lines) and C-H· · ·O
contacts (green lines) in 21.

Table 2.41 Distances [Å] and angles [°] of hydrogen bonds in 21. Values without standard
deviation are related to hydrogen atoms at calculated positions. O98/O99 is affiliated to
disordered methanol. D: donor, A: acceptor, x: difference of (H· · ·A) and the sum of the
van-der-Waals radii[62].

D H A D· · ·A D-H H· · ·A x D-H· · ·A

O111 H115 O122i 2.730(12) 0.84 1.91 −0.81 166
N33 H331 O122ii 2.866(9) 0.91 1.97 −0.75 167
N33 H332 O51iii 2.859(8) 0.91 1.98 −0.74 161
N33 H333 O13 2.709(9) 0.91 2.08 −0.64 126
N33 H333 O61ii 3.112(9) 0.91 2.39 −0.33 137
N72 H772 O41iv 2.789(7) 0.88 1.95 −0.77 159
O41 H841 O13v 2.698(7) 0.84 1.89 −0.83 160
O61 H861 O122vi 2.764(7) 0.84 1.93 −0.79 170
O98 H898 O111vii 2.76(2) 0.84 1.92 −0.80 170
C62 H62 O98viii 3.282(18) 0.95 2.33 −0.39 176

Symmetry codes: i −1 + x, y, z; ii 1 − x, − 1
2 + y, 1

2 − z; iii 1
2 − x, 1 − y, 1

2 + z;
iv 1

2 − x, 1 − y, − 1
2 + z; v 1 − x, 1

2 + y, 1
2 − x; vi − 1

2 + x, 3
2 − y, −z; vii 1

2 + x, 1
2 − y, −x;

viii − 1
2 + x, 1

2 − y, −z.
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As detected by NMR spectroscopy, different complex species of 21 are apparent
in solution (Figure 2.85). Depending on the solvent, one or two signal sets were ob-
served. Two signal sets due to syn/anti isomerism were observed in spectra of the
reaction mixture (solvent: methanol) and of 21 redissolved in D2O. 1H NMR spec-
tra showed a ratio of about 1:4. Contrarily in DMSO-d6, an aprotic solvent, only
one species was observed. In accordance with the structure determination, β-D-
Fruf 2,3H−2 can be regarded as connected in anti orientation to the Re=O unit. In
all these solvents the signals of C2 and C3 are shifted up to 26 ppm, indicating a coor-
dination via (O2, O3). A possible coordination via (O1, O2) or of the pyranose form
was not detected.

possible -isomer -isomer (XRD)syn anti

Figure 2.85 Scheme of the diastereomeric forms of 21 and atom numbering used in the 13C
NMR study according to the recommendations of the JCBN[79, 95]. XRD: result of the structure
determination.
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Table 2.42 13C NMR chemical shifts (in ppm) of 21 in DMSO-d6 and D2O (each 67.9 MHz,
25 °C) and comparison with the free ligands under the same conditions. The signal of the
deuterated solvent (δ = 39.52 ppm for DMSO-d6) or a drop of methanol (δ = 49.50 ppm in D2O)
was used as an internal secondary reference[65] for the chemical shift. For atom numbering
see Figure 2.85. ∆δ values indicating a diolate coordination are in boldface. Assignment
according to the literature: D-fructose[130], L-carnosine[108].

DMSO-d6 CCOhis Cαhis Cβhis C2his C4his C5his CCOala Cαala Cβala

L-car δ 172.83 52.37 28.33 134.67 132.54 116.71 169.56 32.09 35.49
21 δ 180.54 62.10 28.26 144.49 138.38 115.65 176.20 33.06 37.41

∆δ 7.71 9.73 −0.07 9.82 5.84 −1.06 6.64 0.97 1.92

DMSO-d6 C1 C2 C3 C4 C5 C6

β-Fruf δ 64.55 102.14 75.93 75.50 82.04 63.06
21 δ 63.20 123.65 102.21 77.41 85.45 62.96

∆δ −1.35 21.51 26.28 1.91 3.41 −0.10

D2O CCOhis Cαhis Cβhis C2his C4his C5his CCOala Cαala Cβala

L-car δ 178.26 55.72 29.41 135.97 133.46 118.03 172.08 32.69 36.38
21 a δ 185.06 63.48 28.31 145.66 138.35 117.22 177.50 34.80 38.30

b δ 184.73 63.25 c 145.50 138.55 117.31 177.44 35.11 c
a ∆δ 6.80 7.76 −1.10 9.69 4.89 −0.81 5.42 2.11 1.92
b ∆δ 6.47 7.53 c 9.53 5.09 −0.72 5.36 2.42 c

D2O C1 C2 C3 C4 C5 C6

β-Fruf δ 63.30 102.01 76.00 75.04 81.17 62.93
21 a δ 64.22 124.01 101.99 77.48 85.50 62.58

b δ 64.14 123.47 99.88 76.82 84.26 c
a ∆δ 0.92 22.00 25.99 2.44 4.33 −0.35
b ∆δ 0.84 21.46 23.88 1.78 3.09 c

a: major isomer (80 %), b: minor isomer (20 %), c: broad signal.
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2.4.7 The reaction of [ReOCl3(PPh3)2] with L-carnosine and

D-isomaltulose

The reducing disaccharide D-isomaltulose is composed of glucose (Glc) and fructose
(Fru) units with an O-glycosidic α(1→6) linkage. Its commercial name Palatinose®

derives from palatinum, the Latin name of the region were it was first isolated by
Weidenhagen and Lorenz[131] in 1957. D-Isomaltulose is a natural constituent of honey
and sugar cane, although commercially it is produced from sucrose[132, 133]. By en-
zymatical rearrangement, the α(1↔2) linkage of sucrose changes to α(1→6), which
causes the reducing properties of the fructose moiety. As 6-O-glycosylated fructose it
is restricted to adopt furanoidic forms of the fructose ring. At 20 °C in water the equi-
librium composition consists of 80 % β- and 20 % α-anomer, while the open-chain
form is only relevant in the solvent DMSO[134].

Coordination compounds with D-isomaltulose are discussed with silicon[135] and
palladium[129], but no structural information is available as yet. Crystals of the free
form of this disaccharide were characterized in 1973 as 6-O-α-D-Glcp-β-D-Fruf [136],
which is also the main anomer in solution. It contains a β-fructofuranose motif, that
was also found in 21 of the previous chapter.

The reaction of [ReOCl3(PPh3)2] with L-carnosine, D-isomaltulose and triethylamine
in methanol was conducted at an even higher rate of yield than the reaction with D-
fructose. The result of the structure determination is depicted in Figure 2.86.

[ReO(L-car)(syn-6-O-α-D-Glcp-β-D-Fruf 2,3H−2)] · 3 H2O (22) crystallizes in the or-
thorhombic space group P212121 with four formula units in the unit cell. The asym-
metric unit contains one molecule of the rhenium complex and three molecules of
water. The free dangling, and not-metallated β-amino function (N341/N342) of the
alanine part is disordered (occupancies ca. 30:70). An intramolecular hydrogen bond
is established between this amino function and O21 of the glucopyranose part form-
ing a molecule ring. As in 21, β-D-fructofuranose is coordinated via O22 and O32 to
the metal. The torsion angle of this chelating diolato group (−32.1°) is close to the an-
gle found in 21 (−28.4°) or in the free form (−36.3°). The conformation of the furanose
ring in 22 is in between 3E and 3T2, while it is in between 3T2 and E2 for the free form.
The pyranose ring is in typical 4C1 conformation, which is also to be found in the free
form. L-Carnosine is connected facial with the donor atoms N23, N53 and O131 of the
histidine part to the metal. The peptide bond is close to planarity, although its torsion
angle (C24-C14-N23-C23: −176.3°) differs by 8.8° to the angle found in the free form
(+174.9°)[107]. With a deviation of only 0.005 Å the rhenium core is in-plane with the
atoms of the peptide bond.
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Figure 2.86 ORTEP presentation of 22 in crystals of [ReO(L-car)(syn-6-O-α-D-Glup-β-D-
Fruf2,3H−2)] · 3 H2O. The atom pair N341/N342 is disordered (occupancies ca. 30:70). Ellip-
soids are drawn at 50 % probability level. Distances [Å] and angles [°]: Re-O1 1.678(2), Re-
O22 1.984(2), Re-O32 1.968(2), Re-O131 2.198(2), Re-N23 2.073(3), Re-N53 2.120(3); O1-Re-O22
107.41(11), O1-Re-O32 106.32(11), O1-Re-O131 166.16(11), O1-Re-N23 100.44(12), O1-Re-N53
89.78(12), O22-Re-O32 81.73(9), O22-Re-O131 85.24(8), O22-Re-N23 89.86(10), O22-Re-N53
162.78(10), O32-Re-O131 80.57(9), O32-Re-N23 153.24(10), O32-Re-N53 92.58(10), O131-Re-
N23 73.42(10), O131-Re-N53 77.77(10), N23-Re-N53 88.03(11), chelating fructofuranose’s tor-
sion angle O22-C22-C32-O32: −32.1(3), peptide torsion angle C24-C14-N23-C23: −176.3(3),
O14-C14-N23-Re: 178.7(2), torsion angle of the coordinated acid group Re-O131-C13-O132:
171.2(3), puckering parameters[59] for O52-C22-C32-C42-C52: Q2 = 0.414(4) Å, φ2 = 278.7(4)°,
conformation in between 3E and 3T2, for O51-C11-C21-C31-C41-C51: Q = 0.587(4) Å, θ =
6.8(4)°, φ = 298(3)°, conformation 4C1, donor-acceptor distance of the intramolecular hydro-
gen bond N341· · ·O21 2.664(18).

The hydrogen bonds of 22 are listed in Table 2.43. The molecules are connected
by a complex system of hydrogen bonds, as illustrated in the SCHAKAL packing dia-
gram (Figure 6.22 on page 207). They form sheets parallel to the ab plane. All of the
remaining hydroxy groups take part in hydrogen bonding, even all metallated and
ether-type oxygen atoms (as acceptors). Exceptions are O62 of the glycosidic bond
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and O1, the oxido ligand of rhenium. No hydrogen bonds were to be found here.
Among the nitrogen atoms, only the protonated atoms N73 and N341/N342 take
part as donors in hydrogen bonding.

Table 2.43 Distances [Å] and angles [°] of hydrogen bonds in 22. Values without standard
deviation are related to hydrogen atoms at calculated positions. O97, O98, O99 are affiliated
to water. D: donor, A: acceptor, x: difference of (H· · ·A) and the sum of the van-der-Waals
radii[62].

D H A D· · ·A D-H H· · ·A x D-H· · ·A

N73 H73 O97i 2.906(4) 0.88 2.05 −0.67 164
N341 H345 O131ii 2.764(12) 0.91 1.90 −0.82 159
N341 H347 O12iii 2.745(13) 0.91 2.13 −0.59 124
N341 H346 O21 2.664(18) 0.91 1.77 −0.95 168
N342 H340 O131ii 2.903(6) 0.91 2.07 −0.65 152
N342 H348 O12iii 2.806(7) 0.91 1.97 −0.75 151
N342 H349 O61iv 2.735(7) 0.91 2.01 −0.71 136
O12 H812 O52v 2.792(3) 0.84 2.05 −0.67 147
O21 H821 O32ii 2.759(4) 0.84 1.99 −0.73 153
O31 H831 O97vi 2.768(4) 0.84 1.98 −0.74 155
O41 H841 O14vii 2.737(4) 0.84 1.95 −0.77 157
O42 H842 O98 2.828(5) 0.84 2.01 −0.71 163
O61 H861 O22vii 3.014(4) 0.84 2.18 −0.54 170
O97 H971 O99iv 2.744(4) 0.91(3) 1.85(3) −0.87 168(3)
O97 H972 O14viii 2.673(4) 0.89(3) 1.83(3) −0.89 158(4)
O98 H981 O41 3.320(5) 0.89(3) 2.58(3) −0.14 141(3)
O98 H982 O132vii 2.834(4) 0.89(2) 1.96(2) −0.76 166(4)
O99 H991 O31viii 2.880(4) 0.91(3) 1.97(3) −0.74 174(3)
O99 H992 O132vii 2.867(4) 0.90(3) 1.98(3) −0.74 166(3)

Symmetry codes: i −x, 1/2 + y, 1/2 − z; ii 1 + x, y, z; iii 1/2 + x, 1/2 − y, −z; iv x, −1 + y, z;
v −1/2 + x, 1/2 − y, −z; vi 1 − x, 1/2 + y, 1/2 − z; vii x, 1 + y, z; viii −1 + x, y, z.

The 13C NMR spectrum of crystals of 22 redissolved in water showed only one
signal set, as given in Table 2.44. In accordance to the spectra of the previous chapters,
the signals of L-carnosine are shifted up to 8 ppm. The large CIS values for C2 and
C3 prove a coordination of the fructofuranose moiety to the rhenium core, while the
signals of the glycopyranosyl moiety are shifted only marginally. After one week, a
second signal set appeared at small intensities, consistent with spectra of the crude
reaction mixture. These two signal sets reflect the different populations of the two
possible isomeric forms (see Figure 2.87) in solution at a ratio of about 5:1 according
to 1H NMR.
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Table 2.44 13C NMR chemical shifts (in ppm) of 22 in D2O (67.9 MHz, 25 °C) and comparison
with the free ligands under the same conditions (pH 5.8). The signal of a drop of methanol (δ =
49.50 ppm in D2O) was used as an internal secondary reference[65] for the chemical shift. For
atom numbering see Figure 2.87. ∆δ values indicating a diolate coordination are in boldface.
Assignment according to the literature: D-isomaltulose[137], L-carnosine[108].

CCOhis Cαhis Cβhis C2his C4his C5his CCOala Cαala Cβala

L-car δ 178.26 55.72 29.41 135.97 133.46 118.03 172.08 32.69 36.38
22 a δ 184.59 63.56 28.35 145.41 138.59 117.28 177.48 35.24 38.48

b δ 184.93 63.76 27.86 145.64 138.43 117.11 177.36 34.82 38.48
a ∆δ 6.33 7.84 −0.43 9.44 5.13 −0.75 5.40 2.55 1.95
b ∆δ 6.67 8.04 −0.49 9.67 4.97 −0.92 5.28 2.13 2.10

C1’ C2’ C3’ C4’ C5’ C6’

α-D-Glcp δ 98.92 72.07 72.53 70.24 73.72 61.27
22 a δ 98.70 72.11 72.71 70.30 73.72 61.11

b δ 99.11 72.34 72.57 70.17 73.29 61.16
a ∆δ −0.22 0.04 0.18 0.06 0.00 −0.16
b ∆δ −0.19 0.27 0.04 −0.07 −0.43 −0.11

C1 C2 C3 C4 C5 C6

β-D-Fruf δ 63.31 102.35 75.97 75.20 79.60 68.43
22 a δ 64.38 123.07 99.54 75.54 81.88 66.52

b δ 64.21 124.11 101.36 75.26 83.33 67.73
a ∆δ 1.07 20.72 23.57 0.34 2.28 −1.91
b ∆δ 0.90 21.76 25.39 0.06 3.73 −0.70

a: major isomer, b: minor isomer appears after one week at a ratio of 1:5.
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Figure 2.87 Scheme of the diastereomeric forms of 22 and atom numbering used in the 13C
NMR study according to the recommendations of the JCBN[79, 95]. XRD: result of the structure
determination.

2.4.7.1 Application to aqueous chemistry

All the syntheses in this section, so far, were carried out in methanol due to the inso-
lubility of the rhenium(V) precursor [ReOCl3(PPh3)2]. But in analogy to the prepara-
tion of 13 from [ReO(L-his)(ox)] and cytidine in water (see chapter 2.3.5 on page 71), it
should be possible to start the reactions from [ReO(L-car)(ox)] (see 16 in chapter 2.4.1
on page 88). One handicap may be the different binding modes of oxalate and L-car-
nosine found in the structure determination of 16. But at least a complex species with
a similar binding mode to L-histidine was detected in aqueous solution (see Table 2.32
on page 91).

The crystalline complex 16 was stirred in water with a twofold excess of D-isomal-
tulose (see Route 2 on page 180 of the experimental part). The 13C NMR spectrum
of this mixture showed many species. But on closer inspection, the signals of free
and metallated D-isomaltulose (Table 2.44) and of the minor species of 16 (Table 2.32)
were present. It was possible to grow crystals from this mixture, their cell parameters
(orthorhombic, length /Å: a = 9.024, b = 10.806, c = 30.378) were close to the data of
the already presented structure in this chapter (see 22 in Table 6.9 on page 222).
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2.4.7.2 Application to radiolabeling with 188Re

All the compounds presented so far in this work were prepared from precursor com-
pounds derived from commercially available ammonium perrhenate, which consists
of the naturally occurring isotopes 185Re and 187Re. The perrhenate of the radioactive
isotope 188Re is available as elution from a 188W/188Re generator with saline solu-
tion. To adopt the reactions so far presented in this work, first, a one-pot-synthesis
must be found starting from an aqueous perrhenate solution. Second, the volume of
the reaction medium must be downscaled drastically, as the amounts of the radioac-
tive isotope are in nanomolar range. To meet the first requirement, a reducing agent
for a one-pot-synthesis has to be found. According to the literature, tin(II) is capa-
ble of reducing rhenium(VII) to rhenium(IV) if used in 100fold excess at pH 2 for a
0.5 mM perrhenate solution[138]. But it is also used to generate radiopharmaceutical
compounds with rhenium in the oxidation state V[48].

In a first step, non-radioactive ammonium perrhenate was stirred in water with
L-carnosine, D-isomaltulose and tin(II) oxalate (see Route 3 on page 181 of the exper-
imental part). Surprisingly the 13C NMR spectrum of this mixture did not show a
complex mixture as reported in the paragraph before. The signals were consistent
to the data in Table 2.44, syn/anti isomerism was observed. A convenient one-pot
synthesis for aqueous media was found.

5 10 15 20 /min

ReO4

-

A

B

0

Figure 2.88 HPLC radiochromatogram of 22 with the isotope 188Re. The products are marked
with A (12.1 min, 63 %) and B (15.5 min, 23 %), free perrhenate with ReO4

− (2.4 min, 11 %).

In the second step, the reaction volume was downscaled and the amounts of the
reactants were adopted to a range typically found for radiopharmaceutical prepara-
tions with 188Re (see Route 4 on page 181 of the experimental section). A possible
problem was the limited solubility of the reactants, but the best results were obtained
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from a reaction of L-carnosine, D-isomaltulose and tin(II) oxalate with a stoichiom-
etry of 1:15:20 in a range of 10 – 200 µmol and only 0.5 mL solvent, giving a white
suspension. After filtration, up to 97 % of the total activity was recovered in solution
and further purification was done by HPLC. The radiochromatogram (Figure 2.88)
shows free 188ReO4

− (11 %), but also two radiometallated species (63 %, 23 %). All in
all, the radiochemical purity of this labelling experiment was 86 %.

A control HPLC experiment with redissolved crystals of the already presented
(non-radioactive) compound 22 was done with an UV/VIS detector at 220 nm. First,
a freshly prepared solution showed only peak A, but after one week both peaks were
detected. As already observed for NMR spectroscopy of aqueous solutions of 22,
these two complex species can be regarded as the two diastereomers of 22 due to
syn/anti isomerism.

2.4.8 The reaction of [ReOCl3(PPh3)2] with L-carnosine and other

carbohydrates

Apart from the carbohydrates that were presented as ligands in this section, there
were hints of a successful coordination to the rhenium core with further carbohy-
drates. According to NMR spectroscopy, the reaction mixtures of the following carbo-
hydrates with rhenium(V) and L-carnosine showed the presence of complex species:

Among the glycosides, methyl α-D-galactopyranoside, methyl β-D-galactopyrano-
side, methyl α-D-glucopyranoside, methyl β-D-xylopyranoside, methyl α-D-manno-
pyranoside and D-salicin were tested positive.
Among the nucleosides and their derivatives, cytidine, uridine, guanosine, inosine,
5-methyl-uridine, AMP and NADH showed a coordination.
Among the monosaccharides, reactions with D-erythrose, D-threose, D- and L-arabi-
nose, D- and L-xylose, D- and L-lyxose, D-allose, D-glucose, D-fucose showed decom-
position, but small signals of complex species were detectable for several hours with
D-arabinose, D-xylose, D-lyxose and D-galactose.
Spectra of the reaction mixtures with the disaccharides D-turanose, D-melibiose, D-tre-
halose, D-lactose, D-lactulose and D-maltose showed signals of coordinated species at
small intensities, but not D-leucrose, D-saccharose or D-lactobionic acid. Even spectra
of reactions with the trisaccharides D-maltotriose, D-melezitose and D-raffinose and
the tetrasaccaride D-stachyose were promising, but complex.
Finally, the following antibiotics with amino sugar moieties showed a reaction: lin-
comycin, clindamycin and erythromycin.
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2.5 Other compounds with rhenium

The first three paragraphs in this chapter deal with compounds that were obtained
without any further addition of a co-ligand. They were prepared from various rhe-
nium(V) precursors and carbohydrates such as oxalate and anhydroerythritol. These
preparations are, however, limited to simple diols and acids. The remaining para-
graphs deal with complexes that were prepared with various co-ligands in accor-
dance to the “3 + 2” approach[19].

2.5.1 The reaction of [ReOCl3(PPh3)2] with oxalic acid

Apart from the oxalato complexes so far presented in this work (9 and 16 with the co-
ligands L-histidine and L-carnosine), there have been other mononuclear complexes
reported in the recent years with rhenium(V) and the co-ligands ami[36], tpb[30], phen
and dppe[37] (see Figure 1.1 on page 4). They are all built with one oxalato ligand
and a nitrogen-containing co-ligand. Complexes with two oxalate ligands are only
known for rhenium(IV). Generally, rhenium complexes with two (O,O)-donor chelate
ligands are rare. Figure 2.89 shows two complexes with catecholate, a similar (O,O)-
donor chelate ligand. Even though these complexes are in dissimilar oxidation states,
their geometry resembles a new compound that is to be presented in this chapter[139].

Figure 2.89 Scheme of compounds related to 23 with catecholate and oxalate. From left to
right: [ReO(cat)2(PPh3)]− with rhenium(V)[140], [ReO2(cat)2(PPh3)]− with rhenium(VII)[141]

and [Re(ox)2Br2]2− with rhenium(IV)[142].

(HNEt3)[ReO(ox)2(PPh3)] (23) was obtained from the reaction of [ReOCl3(PPh3)2]
with a fourfold excess of oxalic acid and triethylamine in methanol. The crystals
in the orthorhombic space group Pbca contain eight formula units in the cell. The
asymmetric unit is separated in two charged parts: the anionic rhenium complex
(Figure 2.90) and one molecule of protonated triethylamine as counterion. One tri-
phenylphosphane and two oxalate ligands are connected to a {ReO}3+ core. The dis-
tances of the oxygen donor atoms to the metal vary from 2.00 to 2.09 Å, but they do
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not deviate much from the values observed for the previously mentioned compound
[Re(ox)2Br2]2− with rhenium(IV) (2.02 to 2.05 Å)[142]. The longest bond is trans to the
oxido ligand. With small deviations, the chelating oxalate ligands are planar: the tor-
sion angle of the oxalate ligand with the shorter distances to the metal is 1.4°, and the
torsion angle of the oxalate ligand with the longer distances to the metal is 4.4°.

O11
C1

O12

C2

O22

O21O41
O31

C4

O42O32

C3

Re

O1P

Figure 2.90 ORTEP presentation of 23 in crystals of (HNEt3)[ReO(ox)2(PPh3)]. Ellipsoids
are drawn at 50 % probability level. Distances [Å] and angles [°]: Re-P 2.4626(11), Re-
O1 1.685(3), Re-O11 2.003(3), Re-O21 2.031(3), Re-O31 2.046(3), Re-O41 2.092(3); P-Re-O1
89.94(10), P-Re-O11 94.51(9), P-Re-O21 165.22(9), P-Re-O31 94.11(8), P-Re-O41 80.59(8), O1-
Re-O11 105.32(12), O1-Re-O21 104.84(13), O1-Re-O31 94.51(12), O1-Re-O41 166.23(12), O11-
Re-O21 81.40(11), O11-Re-O31 158.35(12), O11-Re-O41 85.50(11), O21-Re-O31 85.24(11), O21-
Re-O41 84.92(11), O31-Re-O41 76.38(11), oxalate torsion angle O11-C1-C2-O21: 1.4(6), O31-
C3-C4-O41: 4.4(5).
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Due to a lack of hydrogen donors, there is only one classical hydrogen bond in 23
(Table 2.45). This bifurcated bond is established between the NH donor of triethy-
lammonium and the oxygen acceptors of the oxalato ligand with the longer distances
to the metal. A weak interaction of the type C-H· · ·O,O between C25-H251 of the
triethylammonium molecule and the other oxalate ligand is established with similar
geometry. As shown in Figure 2.90, these bonds connect the anions and cations in the
crystal packing of 23.

Table 2.45 Distances [Å] and angles [°] of hydrogen bonds in 23. Values without standard
deviation are related to hydrogen atoms at calculated positions. N is affiliated to triethylam-
monium. D: donor, A: acceptor, x: difference of (H· · ·A) and the sum of the van-der-Waals
radii[62].

D H A D· · ·A D-H H· · ·A x D-H· · ·A

N H71 O32 3.030(5) 0.93 2.29 −0.43 136
N H71 O42 3.022(5) 0.93 2.25 −0.47 140
C25 H251 O12i 3.268(6) 0.99 2.53 −0.19 131
C25 H251 O22i 3.376(6) 0.99 2.43 −0.29 160

Symmetry codes: i 1 − x, 1 − y, 1 − z.

O12

O22

C25 N

O42

O32

O12

O22O32
O42

C25N

c

a

b

Figure 2.91 MERCURY presentation of hydrogen bonds (yellow dashed lines) and C-H· · ·O
contacts (green dashed lines) in 23.
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2.5.2 The reaction of [Re(NPh)Cl3(PPh3)2] with oxalic acid

As shown in chapter 2.1.4, it is possible to build rhenium-diolato complexes with the
phenylimido-rhenium(V) precursor [Re(NPh)Cl3(PPh3)2]. The nitrogen atom of the
phenylimido unit is formally isoelectronic with the oxido ligand of [ReOCl3(PPh3)2],
and a similar complex to 23 of the previous chapter was expected for the reaction with
oxalate. According to the literature, there were, so far, only some imido-rhenium(V)
complexes reported with oxalate or catechol and the co-ligands tacn and PNP (Fig-
ure 2.92).

tBu

Figure 2.92 Scheme of compounds with an imido-rhenium(V) core. From left to right:
[Re(NPh)Cl3(PPh3)2][70], [Re(NtBu)(tacn)(ox)][143], [Re(NPh)(PNP)(cat)]Cl[144],

But first, a modification of the preparation in analogy to 23 was necessary, as the
phenylimido-rhenium precursor decomposed in the presence of base. For this rea-
son, the disodium salt of oxalic acid was used. [Re(NPh)Cl3(PPh3)2] was refluxed
in methanol with a twofold excess of oxalic acid disodium salt. Green crystals were
formed over night.

Figure 2.93 shows the result of the structure determination, the electroneutral com-
plex [Re(NPh)(ox)(PPh3)2Cl] · MeOH (24). It crystallizes in the monoclinic space
group P21/n with four formula units in the unit cell. The asymmetric unit contains
the rhenium complex and one disordered molecule of methanol. Compared to the
precursor (see left in Figure 2.92), only two chlorido ligands are replaced by oxalate
and all other ligands are still present. The phenylimido-rhenium unit is almost linear
(angle Re-N-C3: 171.5°) as in the precursor compound (172.6°)[70] or the compounds
of chapter 2.1: 3 (170.6°), 4 (165.9°) and 5 (173.7°). But among all these compounds,
the shortest Re-N bond length is found for 24: 1.709 Å (precursor: 1.726 Å, 3: 1.720 Å,
4: 1.723 Å, 5: 1.733 Å). The oxalate ligand is almost planar, its chelating unit adopts
a torsion angle of 2.6°. This angle and the bond lengths to the metal are close to the
values for the oxido-rhenium(V) complex of the previous chapter. Strictly speaking,
they are close to the values of the oxalate ligand with O41 in trans orientation to the
Re=O unit (see Figure 2.90 on page 122).
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Compound:

[Re(NPh)(ox)(PPh3)2Cl]

Compound:

[Re(NPh)(fac-dien)(syn-AnErytH-2)]BPh4

Compound:

[Re(NPh)(fac-dien)(anti-AnErytH-2)][ReO(fac-dien)(anti-AnErytH-2)][BPh4]Cl

Compound:

[Re(NPh)(mer-dien)(OEt)(PPh3)][ReO4]Cl



2 Results

Cl

Re

P1

O11
O21

C1

O12

O22

C2

P2

N

C3

Figure 2.93 ORTEP presentation of 24 in crystals of [Re(NPh)(ox)(PPh3)2Cl] · MeOH. Ellip-
soids are drawn at 50 % probability level. Distances [Å] and angles [°]: Re-Cl 2.360(3), Re-P1
2.466(2), Re-P2 2.479(2), Re-O11 2.059(5), Re-O21 2.090(5), Re-N 1.709(7); Cl-Re-P1 89.82(8),
Cl-Re-P2 90.35(8), Cl-Re-O11 87.25(17), Cl-Re-O21 162.24(19), Cl-Re-N 102.5(2), P1-Re-P2
173.25(7), P1-Re-O11 83.54(17), P1-Re-O21 90.09(13), P1-Re-N 94.8(2), P2-Re-O11 89.72(17),
P2-Re-O21 87.71(13), P2-Re-N 91.7(2), O11-Re-O21 75.1(2), O11-Re-N 170.2(3), O21-Re-N
95.2(3), Re-N-C3 171.5(6), oxalic acid torsion angle O11-C1-C2-O21: 2.6(10).

Similar to the previous compound 23, there is a lack of classical hydrogen donors in
24. Only two classical hydrogen bonds are to be found in 24. Donors for both bonds
are O98/O99 of the disordered molecule of methanol (Table 2.46). But in view of
intermolecular bonding, weak interactions of the type C-H· · ·O and C-H· · ·Cl should
be accounted for, too. The donor-acceptor distances of these contacts (and the com-
parison with the van-der-Waals radii[62]) deviate not much from classical hydrogen
bonds. All these bonds build a two-dimensional network parallel to the ac plane
(Figure 2.94).
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Table 2.46 Distances [Å] and angles [°] of hydrogen bonds and contacts in 24. Values without
standard deviation are related to hydrogen atoms at calculated positions. O98/O99 is affili-
ated to disordered methanol. D: donor, A: acceptor, x: difference of (H· · ·A) and the sum of
the van-der-Waals radii[62].

D H A D· · ·A D-H H· · ·A x D-H· · ·A

O98 H898 O21 2.91(2) 0.84 2.22 −0.50 139
O99 H899 O12i 3.08(3) 0.84 2.52 −0.20 125
C37 H37 O12ii 3.196(14) 0.95 2.25 −0.47 172
C44 H44 O21 3.090(10) 0.95 2.23 −0.49 149
C98 Cliii 3.06(2) −0.39

Symmetry codes: i x − 1, y, z; ii − 1
2 + x, 1

2 − y, − 1
2 + z; iii − 1

2 + x, 1
2 − y, 1

2 + z.
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a

Figure 2.94 MERCURY presentation of hydrogen bonds (yellow dashed lines) and weak inter-
actions (green dashed lines) in 24.
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2.5.3 The reaction of [ReOCl3(PPh3)2] with anhydroerythritol

Most of the reported diolato complexes with rhenium(V) contain nitrogen donor li-
gands (see Figure 1.1 on page 4). Rare exceptions are [ReO(Cp*)(EthdH−2)], [ReO-
(dppe)(ox)] or [ReO(cat)2(PPh3)]− derived from ethanediol[21], oxalic acid[37] or cate-
chol[140].

The following compound, [ReO(syn-AnErytH−2)(MeOH)(PPh3)Cl] (25), is another
example of these rare species. 25 was prepared by heating [ReOCl3(PPh3)2] with
anhydroerythritol and methanol. It crystallizes in the triclinic space group P1̄ with
one molecule in the asymmetric unit. The molecular structure of 25 is shown in Fig-
ure 2.95.

O4

C1

C2 O2

O3

C3

C4

O99

C99

Cl

P
Re

O1

Figure 2.95 ORTEP presentation of 25 in crystals of [ReO(syn-AnErytH−2)(MeOH)(PPh3)
Cl]. Ellipsoids are drawn at 50 % probability level. Distances [Å] and angles [°]: Re-Cl
2.3833(10), Re-P 2.4850(9), Re-O1 1.670(3), Re-O2 1.928(3), Re-O3 1.955(3), Re-O99 2.255(3);
Cl-Re-P 90.49(3), Cl-Re-O1 97.07(10), Cl-Re-O2 157.89(9), Cl-Re-O3 87.96(9), Cl-Re-O99
79.01(8), P-Re-O1 85.07(9), P-Re-O2 94.93(8), P-Re-O3 166.83(8), P-Re-O99 83.74(7), O1-Re-
O2 104.73(13), O1-Re-O3 108.10(12), O1-Re-O99 168.10(11), O2-Re-O3 81.90(11), O2-Re-O99
80.30(11), O3-Re-O99 83.13(11), Re-O99-C99 127.5(2), diol torsion angle O2-C2-C3-O3: 7.3(5),
puckering parameters[59] for O4-C1-C2-C3-C4: Q2 = 0.364(5) Å, φ2 = 348.0(8)°, conformation
OT4.
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One molecule of methanol is coordinated to the metal in trans position to the oxido
ligand O1. With rhenium(V), complexes of protonated[145] and deprotonated[37, 146]

methanol ligands are known, their Re-O distances vary from 1.859 – 2.289 Å. The
value found in this structure (2.255 Å) is typical for the protonated form, it is 21 %
longer than the bond length for a methoxido ligand to the rhenium core. The remain-
ing hydrogen atom takes part in hydrogen bonding (Table 2.47). The dianionic chelat-
ing ligand AnErytH−2 is coordinated via O2 and O3 to the metal in syn orientation to
the oxido ligand O1. The diol torsion angle and the conformation of the oxolane ring
(OT4) are similar to other rhenium(V) complexes with anhydroerythritol[31].

In the crystal packing of 25, only one classical hydrogen bond is established from
H899 of the protonated methanol ligand to O3 of AnErytH−2. This hydrogen bond
and its centrosymmetric counterpart form dimers of 25. As illustrated in the SCHAKAL

packing diagram (Figure 6.25 on page 210), these polar molecule parts seem to be iso-
lated between bulky triphenylphosphane ligands. But a closer inspection of weak C-
H· · ·Cl and C-H· · ·O interactions shows a formation of chains of dimers along [100]
(Figure 2.96).

Figure 2.96 MERCURY presentation of hydrogen bonds (yellow dashed lines) and intermole-
cular interactions shorter than [svdW − 0.3 Å] (green dashed lines) in 25 forming chains of
dimers along [100]. svdW: sum of the van-der-Waals radii[62].
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Table 2.47 Distances [Å] and angles [°] of hydrogen bonds in 25. Values without standard
deviation are related to hydrogen atoms at calculated positions. D: donor, A: acceptor, x:
difference of (H· · ·A) and the sum of the van-der-Waals radii[62].

D H A D· · ·A D-H H· · ·A x D-H· · ·A

O99 H899 O3i 2.708(4) 0.84 1.88 −0.84 170
C3 H3 Cli 3.421(5) 1.00 2.65 −0.30 134
C10 H10 O1 3.149(5) 0.95 2.37 −0.35 139
C13 H13 O1ii 3.208(5) 0.95 2.39 −0.33 145
C22 H22 O2 3.119(5) 0.95 2.36 −0.36 137
C4 H42 O4iii 3.477(6) 0.99 2.59 −0.14 150

Symmetry codes: i 1 − x, 1 − y, 1 − z; ii 1 + x, y, z; iii −x, 1 − y, 1 − z.

2.5.4 The reaction of [ReOCl3(PPh3)2] with L-threonine and

anhydroerythritol

The amino acid L-threonine (L-thrH) offers up to three binding sites for coordination
to metals, although so far, threoninato complexes with rhenium are unknown in the
literature. Similarly to the compounds in chapter 2.2 with racemic 2,3-diaminopropionic
acid (rac-dapH), a tridentate binding mode was expected (Figure 2.97).

Figure 2.97 Scheme of rac-dapH and L-thrH.

The analog reactions of the rhenium(V) precursor [ReOCl3(PPh3)2] with L-threo-
nine and the diols ethanediol, anhydroerythritol, methyl α-D-galactopyranoside and
cytidine showed a coordination to the metal in view of NMR spectroscopy, but with
numerous complex species. Only the reaction with anhydroerythritol yielded a small
amount of crystals in the orthorhombic space group P212121. Figure 2.98 shows the
result of the structure determination: [ReO(L-thr)(syn-AnErytH−2)(PPh3)] (26).

In this electroneutral complex, L-threonine binds bidentately to the rhenium core
via the α-amino and carboxylate functions, while the β-hydroxy function is left dan-
gling.
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Figure 2.98 ORTEP presentation of 26 in crystals of [ReO(L-thr)(syn-AnErytH−2)(PPh3)]. El-
lipsoids are drawn at 50 % probability level. Distances [Å] and angles [°]: Re-P1 2.4666(13),
Re-O1 1.680(3), Re-O21 1.948(4), Re-O31 1.965(3), Re-O121 2.117(3), Re-N22 2.196(4); P1-
Re-O1 87.13(12), P1-Re-O21 91.25(10), P1-Re-O31 164.67(10), P1-Re-O121 82.66(9), P1-Re-
N22 93.82(11), O1-Re-O21 108.33(17), O1-Re-O31 108.12(15), O1-Re-O121 161.16(17), O1-
Re-N22 91.59(17), O21-Re-O31 82.56(15), O21-Re-O121 87.75(14), O21-Re-N22 159.67(14),
O31-Re-O121 83.10(12), O31-Re-N22 87.52(15), O121-Re-N22 73.43(15), diol torsion angle
O21-C21-C31-O31: −20.4(5), torsion angle of the coordinated acid group Re-O121-C12-
O122: −161.6(4), puckering parameters[59] for O41-C11-C21-C31-C41: Q2 = 0.401(6) Å, φ2 =
156.8(9)°, conformation 4TO.

Although it is similarly acidic to the diol functions of anhydroerythritol, it is non-
deprotonated and takes part in hydrogen bonding. As observed for other amino acids
in this work, O121 of the acid group binds trans to the oxido group O1. The other
bidentate ligand in this complex, the deprotonated diol AnErytH−2, is coordinated
via O2 and O3 to the metal in syn orientation to the oxido ligand O1. Compared to the
previous compound 25, the diol torsion angle in 26 differs (−20° vs. 7°) as well as the
conformation of the oxolane ring (4TO vs. OT4). But both the angles and the confor-
mations, were observed for other rhenium(V) complexes with anhydroerythritol[31].
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The hydrogen bonds in 26 are listed in Table 2.48. The intermolecular hydrogen
bonds are formed between the dangling β-hydroxy function and O31 of the chelat-
ing diol, and between the α-amino function and O122 of the acid function. They
connect the molecules of 26 to chains along [010], as illustrated in Figure 2.98. The
intramolecular hydrogen bond N22-H222· · ·O32 is not depicted in the figure due to
its unfavorable angle (106°).

Figure 2.99 MERCURY presentation of hydrogen bonds (yellow dashed lines) in 26.

Table 2.48 Distances [Å] and angles [°] of hydrogen bonds in 26. Values without standard
deviation are related to hydrogen atoms at calculated positions. D: donor, A: acceptor, x:
difference of (H· · ·A) and the sum of the van-der-Waals radii[62].

D H A D· · ·A D-H H· · ·A x D-H· · ·A

N22 H221 O122i 3.112(6) 0.92 2.25 −0.47 157
N22 H222 O32 2.893(6) 0.92 2.50 −0.22 106
O32 H832 O31ii 2.745(5) 0.84 1.94 −0.78 160

Symmetry codes: i 2 − x, − 1
2 + y, 1

2 − z; ii 2 − x, 1
2 + y, 1

2 − z.
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2.5.5 The reaction of [ReOCl3(PPh3)2] with iminodiacetic acid and

erythromycin

Iminodiacetic acid (idaH2) is well known as chelating ligand in various complexes
with metal cores such as copper(II), nickel(II), chromium(III) or cadmium(II) but
scarcely with rhenium. In 2005 the compound [Re(NO)(CO)2(fac-ida)] with rhenium(I)
was reported by Schibli et al., but complexes with rhenium(V) have not been reported
so far. As illustrated in Figure 2.100, ida offers a tridentate O,N,O donor atom set.
In analogy to the compounds with dien in this work (chapter 2.1), ida was tested as
co-ligand for reactions of carbohydrates with a diol function and [ReOCl3(PPh3)2]. In
view of NMR spectroscopy, reactions with ethanediol, anhydroerythritol, adenosine,
uridine and cytidine seemed to be successful, but it was not possible to precipitate a
product from these mixtures. Surprisingly, this was possible for the reaction with a
larger molecule: erythromycin, a polyhydroxy-lactone.

Figure 2.100 Scheme of idaH2 and a complex with ida: [Re(NO)(CO)2(fac-ida)][147].

Erythromycin is one of the oldest and best studied antibiotics of the macrolide
class. Discovered in 1952 (with the name Ilotycin[148]), it is still used today for the
treatment of bacterial infections. It is produced by fermentation from streptomyces

erythreus as a mixture of the homologous erythromycins A – F (see Figure 2.101).
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Figure 2.101 Scheme of the erythromycins A – F[149].
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The A form is the major component of commercial-grade erythromycin. It consists
of a 14-membered lactone ring and two sugar moieties, α-L-cladinose (a hexose de-
oxy sugar) and β-D-desosamine (an aminosugar), linked glycosidic on C3 and C5.
It inhibits protein synthesis in bacteria by reversibly binding to the large ribosomal
subunit. The transpeptidation reactions are blocked, as it binds to the exit tunnel
for the nascent peptides[150–152]. Structure-activity relationship studies showed that
the lactone ring and the desosamine sugar are involved with hydrogen-bond inter-
actions to the ribosome, while the cladinose unit seems to be dispensable (see blue
marked regions of erythromycin A in Figure 2.104). In a newer class of antibiotics,
the ketolides, the cladinose is replaced by a keto group.

The major drawback of erythromycin is its chemical instability. Acid and base cat-
alyzed degradations are known. Well explored is the decomposition in acidic aque-
ous solution, given in Figure 2.102. The ketone and enol-ether forms are in equi-
librium and decompose under acidic conditions irreversible to the anhydro-form,
which has no antibiotic activity. The enol-ether causes gastrointestinal distress, as it
is a mimic of the peptide hormone motilin[153]. In alkaline media, transesterification
occurs for the lactone ring. The resulting pseudoerythromycins have no antibiotic ac-
tivity, either. All these processes are observed in aqueous media, whereas in methanol
erythromycin is reported to be more stable. Kanfer et al. reported only 5 % degrada-
tion in methanol over a period of 168 h, but the influence of a base like triethylamine
was not investigated[154].

The available information on the interaction of metals with erythromycin is scant.
An iron complex of erythromycin for scavenging radicals was reported by Muranaka

et al. in 1997, but without any information about its structure or binding mode[155].
The sole structurally characterized coordination compound of erythromycin was re-
ported in 1986 by Oliver et al. They reported of [Zn(C2H3O2)2(C37H67NO13)(H2O)], a
zinc(II) acetate complex where erythromycin is coordinated via the desosamine moi-
ety as (N,O)-donor[156].

The rhenium(V) complex, that is to be presented in this chapter, shows a differ-
ent binding mode of erythromycin. As illustrated in Figure 2.103, the enol ether of
erythromycin A is coordinated via the vicinal hydroxy functions on C11 and C12 of
the lactone ring to the oxido-rhenium core. A tridentate ida ligand in facial binding
mode completes the distorted octahedral coordination sphere. The resulting com-
pound, [ReO(fac-ida)(Emy11,12H−2)] · MeOH · H2O (27), was obtained from the re-
action of [ReOCl3(PPh3)2] with iminodiacetic acid, erythromycin and triethylamine
in methanol. Despite the presence of base and a temperature of 60 °C, degradation of
erythromycin to anhydro- or pseudo-erythromycin did not occur.
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acid

base

erythromycin enol ether erythromycin 9-ketone anhydro erythromycin

erythromycin 6-9-hemiketal erythromycin 9-12-hemiketal

-

erythromycin 6-9-hemiketal
carboxylic acid

pseudoerythromycin 6-9-hemiketal pseudoerythromycin enol ether

Figure 2.102 Scheme of the acid and base catalyzed degradations of erythromycin A. Starting
point is erythromycin 9-ketone. In acidic media it decomposes to the anhydro form[157, 158], in
alkaline media to pseudoerythromycin enol ether[159–161]. Des: desosamine, Cla: cladinose.
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Figure 2.103 ORTEP presentation of 27 in crystals of [ReO(fac-ida)(Emy11,12H−2)] · MeOH ·
H2O. Hydrogen atoms were omitted for lucidity. Ellipsoids are drawn at 50 % probability
level. Distances [Å] and angles [°]: Re-O1 1.671(5), Re-O11 2.069(5), Re-O51 2.101(5), Re-
O112 1.949(5), Re-O122 1.955(5), Re-N3 2.185(6), double bond C82-C92 1.307(11); O1-Re-O11
94.8(2), O1-Re-O51 161.0(2), O1-Re-O112 110.7(2), O1-Re-O122 102.0(2), O1-Re-N3 87.0(2),
O11-Re-O51 79.3(2), O11-Re-O112 90.52(19), O11-Re-O122 162.9(2), O11-Re-N3 80.0(2), O51-
Re-O112 87.52(19), O51-Re-O122 85.7(2), O51-Re-N3 74.2(2), O112-Re-O122 80.55(19), O112-
Re-N3 160.6(2), O122-Re-N3 104.0(2), diol torsion angle O112-C112-C122-O122: 41.3(7),
torsion angle of the axial coordinated acid group Re-O51-C5-O52: 174.0(7), puckering
parameters[59] for O72-C62-C72-C82-C92: Q2 = 0.185(9) Å, φ2 = 40(3)°, for O14-C14-C24-C34-
C44-C54: Q = 0.613(9) Å, θ = 2.9(8)°, φ = 133(16)°, conformation 4C1, for O13-C13-C23-C33-
C43-C53: Q = 0.531(9) Å, θ = 173.2(10)°, φ = 38(8)°, conformation 1C4.

27 crystallizes in the orthorhombic space group P212121 with four formula units
in the unit cell. The asymmetric unit contains the rhenium complex (Figure 2.103)
and two solvent molecules (methanol and water), which are disordered. The tor-
sion angle of the chelating diol moiety O112-C112-C122-O122 (41.3°) is similar to the
angles found for complexes with ethanediol in this work (6: −40.7°, 10: 43.5°, 17:
−36.7°). The two sugar moieties, α-L-cladinose and β-D-desosamine, are in chair
conformations (1C4 and 4C1) which also holds true for the three related structures
with erythromycin depicted in Figure 2.104. As shown there, the geometry of the
lactone ring in 27 is close to a structure of a derivative of erythromycin enol ether[162].
This derivative was chosen for comparison, as the structure of free erythromycin enol
ether has not been reported yet. But for 27, the length of the C8-C9 double bond is
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closer to the expected value of 1.33 Å[163] (1.31 Å vs. 1.17 Å). In addition to the struc-
ture of 27, in this figure all available structures of erythromycin, the enol ether and
the anhydro-compound from the Cambridge Structural Database[164] are presented.

Emy-enoletherEmy-9-ketone

anhydro-Emy 27
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Figure 2.104 Structures of free erythromycin A[165], the enol-ether (as cyclic carbonate ester
on O11/O12, methylated on N3’)[162], the anhydride (acetylated on O2’)[166] and 27 (from top
left to down right). The shortest intramolecular distances are given as dotted lines. The inter-
acting groups of erythromycin A with the peptidyl transferase cavity are marked blue[152].

The hydrogen bonds in 27 are listed in Table 2.49. As illustrated in Figure 2.105,
chains are formed along [100] by strong intermolecular hydrogen bonds between the
donor and acceptor functions of the ida-ligand. Noteworthy is also an interaction of
the type C-H· · ·O from the methylene unit of ida (C2-H22) to the rhenium-bonded
oxido ligand (O1) as the distance is markedly shorter than the sum of the van-der-
Waals radii[62] and the angle is typical for a classical hydrogen bond. Although there
are many functional groups in this molecule, no intramolecular hydrogen bonds are
established. But on closer inspection, two other weak interactions of the type C-
H· · ·O are found between the α-L-cladinose and β-D-desosamine parts. These two
sugar moieties are closer to each other than in the related structures in Figure 2.104.
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Figure 2.105 MERCURY presentation of selected hydrogen bonds (yellow lines) and C-H· · ·O
contacts (green lines) in 27 forming chains along [100]. Disordered solvent molecules are not
shown.

Table 2.49 Distances [Å] and angles [°] of hydrogen bonds in 27. Values without standard de-
viation are related to hydrogen atoms at calculated positions. O997 is affiliated to disordered
water, O990 to disordered methanol. D: donor, A: acceptor, x: difference of (H· · ·A) and the
sum of the van-der-Waals radii[62].

D H A D· · ·A D-H H· · ·A x D-H· · ·A

N3 H73 O12i 2.805(8) 0.93 1.89 −0.83 167
N34 H734 O112ii 2.720(8) 0.93 1.80 −0.92 168
O24 H824 O997iii 2.83(3) 0.84 2.12 −0.60 142
O43 H843 O52iv 2.683(8) 0.84 1.90 −0.82 155
O990 H990 O122v 2.93(3) 0.84 2.27 −0.45 135
C2 H22 O1vi 3.394(10) 0.99 2.41 −0.31 170
C14 H14 O33 3.492(11) 1.00 2.54 −0.18 160
C54 H54 O43 3.327(11) 1.00 2.43 −0.29 149

Symmetry codes: i − 1
2 + x, − 1

2 − y, 1 − z; ii 1 − x, 1
2 + y, 1

2 − z; iii 1 − x, − 1
2 + y, 1 1

2 − z;
iv 3

2 − x, −y, − 1
2 + z; v 3

2 − x, 1 − y, − 1
2 + z; vi 1

2 + x, − 1
2 − y, 1 − z.
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2.5.6 The reaction of [ReO(L-his)(ox)] with Cu2+ and phen

Faus et al. reported in 2001 on a heterobimetallic complex with rhenium(IV) and
copper(II). The tetranuclear anion [Ni{ReCl4(ox)}3]4− was prepared starting from a
rhenium(IV)-oxalato complex[167]. As shown in Figure 2.106, an adaption of this re-
action route to rhenium(V) was intended.

phen, Cu2+

phen, Cu2+

28

phen

phen

Figure 2.106 Scheme of the reaction route for bimetallic complexes with rhenium(IV) and
copper(II) reported by Faus et al. and intended adaption to rhenium(V).

Instead, a change of the oxidation state of rhenium was observed. The oxalato-
rhenium(V) complex 9 (see section 5.5.9 on page 170) was heated with 1,10-phen-
anthroline and Cu(NO3)2 · 3 H2O in acetonitrile. From this green solution, crys-
tals of a coordination polymer compound with rhenium(VII) and copper(II) were
obtained with the formula [Cu2(phen)2(ox)(ReO4)2]n (28). They crystallized in the
monoclinic space group C2/c with eight formula units in the unit cell. The asymmet-
ric unit contains the smallest subunit of the polymeric chain with the sum formula
C13H8CuN2O6Re. Six of these subunits are depicted in Figure 2.107, they form three
repetitive units of the polymeric chains in 28. As shown there, perrhenate ions con-
nect binuclear oxalato-bridged copper moieties. Despite the linkages to the copper
cores, the Re-O distances vary only from 1.71 to 1.74 Å. This is close to the observed
values for uncombined perrhenate ions: the distances in the perrhenate anion of 5
(chapter 2.1.5, page 32) vary from 1.70 to 1.73 Å. The distances of the perrhenate-
oxygen atoms to the copper cores are long, but within a range reported in the PhD
thesis of G. Kramer (see Figure 2.108).
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Re

O3
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Figure 2.107 ORTEP presentation of 3 units of the polymeric chain of 28 in crystals of
[Cu2(phen)2(ox)(ReO4)2]n. Ellipsoids are drawn at 50 % probability level. Distances [Å] and
angles [°]: Re-O1 1.738(2), Re-O2 1.718(3), Re-O3 1.705(3), Re-O4 1.723(3), Cu-O1 2.295(2),
Cu-O101 1.972(3), Cu-N1 1.989(3), Cu-N2 1.997(3), Cu-O2i 2.433(2), Cu-O102iii 1.974(2); O1-
Re-O2 108.06(12), O1-Re-O3 111.02(13), O1-Re-O4 108.92(14), O2-Re-O3 110.62(15), O2-Re-
O4 108.55(15), O3-Re-O4 109.61(16), O1-Cu-O101 91.14(10), O1-Cu-N1 94.47(11), O1-Cu-N2
96.11(10), O1-Cu-O2i 174.60(10), O1-Cu-O102iii 89.41(9), O101-Cu-N1 174.35(11), O101-Cu-
N2 95.80(12), O101-Cu-O2i 84.54(10), O101-Cu-O102iii 85.86(11), N1-Cu-N2 82.98(13), N1-Cu-
O2i 89.90(12), N1-Cu-O102iii 94.83(11), N2-Cu-O2i 87.56(11), N2-Cu-O102iii 174.20(11), O2i-
Cu-O102iii 87.07(10), Re-O1-Cu 139.48(12), Re-O2-Cuii 137.41(17), oxalate torsion angle O101-
C100-C100iii-O102iii: −3.1(4), phen torsion angle N1-C5-C6-N2: 0.4(4). i x, −1+y, z; ii x, 1+y,
z; iii 2−x, y, 1

2−z.
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Figure 2.108 Scheme of related compounds with copper(II) reported by G. Kramer with oxa-
late/bipy and tartronic acid/phen[168]. Left: [Cu(bipy)(ox)]n, right: [Cu(phen)(C3H2O5)-
(H2O)].
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No classic hydrogen bonds are established in this structure due to missing hydro-
gen donors. But apart from the van-der-Waals interactions, the only interaction be-
tween the polymeric chains are C-H· · ·O contacts between the phen and perrhenate
moieties. As given in Table 2.50, the distances of four interactions are more than
0.25 Å shorter than the sum of the van-der-Waals radii[62]. Figure 2.108 shows the
interaction of two adjacent chain-link moieties.

Figure 2.109 MERCURY presentation of C-H· · ·O contacts (green lines) between the phen and
perrhenate moieties in 28.

Table 2.50 Distances [Å] and angles [°] of C-H· · ·O contacts in 28. D: donor, A: acceptor, x:
difference of (H· · ·A) and the sum of the van-der-Waals radii[62].

D H A D· · ·A D-H H· · ·A x D-H· · ·A

C1 H1 O4i 3.212(5) 0.95 2.47 −0.25 135
C8 H8 O1ii 3.349(6) 0.95 2.47 −0.25 155
C9 H9 O3iii 3.179(5) 0.95 2.38 −0.34 141
C11 H11 O4iv 3.340(6) 0.95 2.47 −0.25 153

Symmetry codes: i 2 − x, 1 − y, −z; ii 3
2 − x, − 1

2 + y, 1
2 − z; iii − 1

2 + x, − 1
2 + y, z;

iv 3
2 − x, 1

2 − y, −z.
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2.5.7 The reaction of [ReOCl3(PPh3)2] and other amino acids

In this work, mixed-ligand complexes were presented with the amino acid derivative
rac-dap, the amino acids L-histidine and L-threonine, and the dipeptide L-carnosine.
But the following combinations of amino acids (or derivatives thereof) and diols
should be mentioned, too, as the NMR spectra of the reaction mixtures were promis-
ing. The reaction mixtures of [ReOCl3(PPh3)2] in methanol with three equivalents
triethylamine and the following standard proteinogenic amino acids (in brackets the
respective diols) showed complex species:

L-alanine (cytidine), L-arginine (cytidine), L-asparagine (ethanediol, methyl α-D-ga-
lactopyranoside, adenosine), L-aspartic acid (ethanediol, anhydroerythritol, methyl
α-D-galactopyranoside, cytidine), L-cysteine (cytidine), L-glycine (cytidine), L-isoleu-
cine (cytidine), L-leucine (cytidine), L-proline (cytidine).

The same holds true for the following amino acid derivatives and peptides: β-as-
partame (anhydroerythritol, adenosine, cytidine, uridine, D-isomaltulose), BICINE
(anhydroerythritol, methyl α-D-galactopyranoside, cytidine, uridine), TRICINE (cy-
tidine), 4-hydroxy-L-proline (cytidine), and the dipeptide L-gly-his (uridine). The
latter system was investigated in the MSc thesis of M. Korth[169].
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3 Discussion

3.1 Selectivity of the reactions

Most of the compounds in this work are built according to the “3 + 2” approach[19].
But what is so special about this approach? As shown in the previous chapters, it is
possible to synthesize stable mixed-ligand complexes with carbohydrates containing
a diolato function and tridentate co-ligands like dien (chapter 2.1), rac-dap (chap-
ter 2.2), L-histidine (chapter 2.3) and L-carnosine (chapter 2.4). At first glance, the
“3 + 2” approach seems to be only a simple methodology to synthesize complexes
with tri- and bidentate ligands, with the chelate effect as the only driving force. But
these reactions also showed a high chemo- and regioselectivity and the products were
more stable against hydrolysis than possible side products. Figure 3.1 illustrates the
possible reaction routes, that may compete with the “3 + 2” reactions in this work.

Re -precursorV

[3+2]

( )I( )II

( )III

diol
co-ligand

diolco-ligand

solvent

Figure 3.1 Competing reactions of the “3 + 2” approach.

(I)

It is possible to synthesize homoleptic complexes with simple diols and rhenium(V).
Zubieta et al. reported in 1994 on an air-sensitive compound of oxido-rhenium(V) with
two ligands of catechol (benzene-1,2-diol)[140]. The anionic complex [ReO(cat)2]−

was prepared under nitrogen in the presence of base from the rhenium(V) precursor
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[ReOCl3(PPh3)2] in anhydrous methanol. The same reaction in air yielded a com-
plex with dioxido-rhenium(VII), as reported in 1990 by Dilworth et al.[141]. Obviously
rhenium(V) was oxidized to rhenium(VII) by air. Three compounds in this work
were also obtained without the addition of a co-ligand (chapter 2.5). The oxalate-
substituted derivatives 23 and 24 of the precursors [ReOCl3(PPh3)2] and [Re(NPh)-
Cl3(PPh3)2] are stable against air. A third compound in this series, the oxolanediolato-
substituted derivative 25 contains additionally a coordinated molecule of methanol.
But all these compounds were insoluble in aqueous media and it was not possible to
synthesize such complexes with more complex diols. Furthermore, in the presence of
one of the above mentioned tridentate co-ligands, these products were not detectable
in the reaction mixtures, not even as side-products.

(II)

It is possible to build complexes with rhenium(V) that contain the above-mentioned
co-ligands, but not a diolato moiety. Complexes with dien and L-histidine are struc-
turally characterized. The hygroscopic compound [ReO2(dien)2]I was reported by
Kremer et al. in 2001[58]. In addition to this compound, Oßberger observed [ReO(OMe)-
(dien)(PPh3)]I2 as a further side product of the reaction with diols in methanol[23].
Tessier et al. reported in 2002 the structure of [ReO(L-his)Cl2] with L-histidine[42].
Within the scope of this work, the hydrolytic stability of this compound was tested:
in water, decomposition within minutes was observed for this complex. Moreover,
this complex was not detected in the presence of diols. Potentially related compounds
with rac-dap or L-carnosine were not detected, irrespective of the presence of diols.

(III)

A third possibility is the reaction with the solvent. The widely used precursors [ReO2-
(PPh3)2I] and [ReOCl3(PPh3)2] react with alcohols to alkoxido complexes. Struc-
turally characterized are compounds with the formula [ReO(OR)X2(PPh3)2] (X = Cl,
Br, I) for methanol[146, 170] and ethanol[171, 172]. But not till 2007, was any hydroxido
complex reported. As shown by Gerber et al.[173], [ReO(OH)Cl2(PPh3)2] was obtained
from [ReOCl3(PPh3)2] in acetone containing 1 % water and an imidazole deriva-
tive. The product of the reaction of [ReOCl3(PPh3)2] with DMSO was tentatively
reported[174] to be [ReOCl3(Me2SO)(PPh3)], though later analyses showed that the
correct formula is [ReOCl3(Me2S)(OPPh3)][175]. In the course of this work, the known
compound [ReO(OMe)Cl2(PPh3)2][170] was crystallized repeatedly, but only for re-
actions where NMR spectroscopy did not show a coordination of the diols or co-
ligands.
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In addition to the routes I – III, further reactions may compete with the “3 + 2” ap-
proach as some oxido-rhenium(V) compounds were reported to have catalytic prop-
erties. Generally, transition-metal-oxo species like permanganate or osmiumtetroxide
have been long known as stoichiometric or catalytic oxidants[12]. In the chemistry of
rhenium, mainly compounds such as methyl rhenium(VII) trioxide (MTO) are known
as catalysts for the oxidation and epoxidation of organic compounds[176]. But in the
last decade many oxido-rhenium(V) complexes were also reported to have catalytic
propertiesa, too. They all have in common the presence of a phosphane or phos-
phaneoxide ligand. These catalytic reactions were not included in Figure 3.1, as they
were not observed for the reactions in this work. A reason for this may be the use of
methanol or water as solvents, while the reported catalytic properties were observed
mainly in aprotic solvents.

All these competing reactions were not observed for the “3 + 2” reactions with the
nitrogen-containing co-ligands and the diols in this work. In particular, the combina-
tion of amino acids and diols showed a strong tendency to bind to oxido-rhenium(V).
The reactions with L-histidine and L-carnosine (paragraphs 5.5.9 to 5.5.22 of the ex-
perimental part) were carried out with 1 mmol of a rhenium(V) precursor in 10 to
500 mL methanol or water, but it was also possible to operate in 2500 mL solvent. The
molar concentration range was 0.4 to 100 mM or even only in a nanomolar range with
the isotope 188Re (see page 181 of the experimental part). For the reactions in metha-
nol, it was possible to use various rhenium(V) precursors like [ReOCl3(PPh3)2][172],
[ReO2(PPh3)2I][146], [ReOCl3(SMe2)(OPPh3)][174] or [BzNEt3][ReOCl4][187] with sim-
ilar findings, as the resulting complexes were mainly determined by the incoming
ligands and not by the precursors[17]. But the reactions in water were only possible
starting from the oxalato complexes 9 and 16 with L-histidine and L-carnosine, or
with in-situ-prepared rhenium(V) species by the reduction of perrhenate with tin(II).
Such flexibility as to the choice of precursor, reaction volume or solvent, was not
observed for the reactions with dien. The reactions with dien in water were not suc-
cessful at all, only decomposition to rhenium(IV) was observed.

a The oxidation of thiols to disulfides was reported to be catalyzed by [ReOCl3(PPh3)2] and
[ReOCl3(SMe2)(OPPh3)][177]. [ReOCl3(PPh3)2] catalyzes in presence of DMSO the oxidation of pri-
mary/secondary alcohols to aldehydes/ketones[178, 179]. The reduction of aldehydes and ketones
via hydrosilylation, is also reported for [ReO2(PPh3)2I] and [ReOCl3(PPh3)2] in the presence of
silanes[180, 181]. [ReOCl2(CNbox)(OPPh3)] catalyzes an enantioselective reduction of imines with
silanes[182]. Even carbon-carbon bond forming reactions are catalyzed by oxido-rhenium(V) com-
pounds. A mild aromatic propargylation reaction in analogy to Friedel-Crafts reactions was re-
ported for [ReOCl3(dppm)][183]. Aldehyde-olefination reactions in analogy to Wittig reactions are
catalyzed by [ReOCl3(PPh3)2][184, 185]. Concerning the chemistry of carbohydrates, a catalyzed O-
glycosylation was reported for 2-deoxyglycosides with [ReOCl3(SMe2)(OPPh3)][186].
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3 Discussion

These observations substantiate a tendency to large association constants of the
“3 + 2” compounds in equilibrium, in particular with amino acids. Furthermore,
these reactions showed a high selectivity towards the attendant functional groups in
terms of chemo- and regio-selectivity.

The {ReO}3+ core shows a high regioselectivity toward cis-vicinal diolato functions
of furanoses and pyranoses. Up to now, the sole exception to this observation is a hy-
drolytically unstable complex with dien and methyl β-D-xylopyranoside[24]. The tor-
sion angle of the chelating trans-diolato moiety in [ReO(dien)(Me-β-D-Xylp2,3H−2)]I
is the largest so far observed (47.2°) for diols connected to the rhenium(V) core. As
illustrated in Figure 3.2 (page 146), most of the torsion angles are much smaller. In
all cases where amino acids were used as co-ligands, the carboxylato functions were
connected as preferred binding sites to the metal. They were connected exclusively in
trans-position to the {ReO}3+ core. This holds true for compounds with rac-dap, L-his-
tidine, L-carnosine, L-threonine and generally for co-ligands with carboxylic acid
functions[27, 32, 169, 188, 189]. In this work, an exception to this rule was observed for
the oxalato complex 16 with L-carnosine (chapter 2.4.1, page 88). The carboxylato-
groups of the amino acid and of the oxalate ligand seem to compete for the trans

position, as the two complex species in solution attested. The analog compound with
L-histidine did not show this behavior.

Almost all “3 + 2” complexes in this work are chiral. The stereocenters (if present)
of the diols and co-ligands were not affected by the reactions, and both reactants
retained their configurations. But in most cases, the presence of more than one dia-
stereomeric complex species was detected in solution.
• On the one hand, two signal sets were observed in many cases due to syn/anti

isomerism, as there are two possible orientations for coordinated diols towards the
Re=O axis. In cases were syn/anti isomerism was observed, equilibrium adjustment
was rapid in protic solvents such as water or methanol, and slow in an aprotic solvent
such as DMSO, as shown for the spectra of 21 and 22 (pages 113 and 117). But in most
cases, steric restrictions seemed to reduce the observed number of all these species or
they were below the detection limit of NMR spectroscopy.
• On the other hand, this may be caused by the presence of more than one cis-vicinal
diolato function, as any further suitable diolato moiety may compete for coordina-
tion. This was observed for the ribose-derived compounds 15 and 19. For 15, the
result of the structure determination showed a coordination via (O3,O4), whereas in
solution additionally (O2,O3)-coordinated minor species were observed (page 83).
Various minor species were observed for 19 in solution (page 104), whereas the struc-
ture determination showed only a coordination of the furanose anomer via (O1,O2).

145

Compound:

[ReO(L-car)(ox)]

Compound:

[ReO(L-car)(anti-beta-D-Fruf2,3H-2)]

Compound:

[ReO(L-car)(syn-6-O-alpha-D-Glcp-beta-D-Fruf2,3H-2)]

Compound:

[ReO(L-his)(syn-Me-beta-D-Ribp3,4H-2)]

Compound:

[ReO(L-car)(syn-alpha-D-Ribf1,2H-2)]

Compound:

[ReO(L-his)(syn-Me-beta-D-Ribp3,4H-2)]

Compound:

[ReO(L-car)(syn-alpha-D-Ribf1,2H-2)]



3 Discussion

But in the cases of 20, 21 and 22, no coordination was detected in solution other than
the (O2,O3)-coordination found in the structure, although there were other suitable
hydroxy functions. This even holds true for naturally raw sugar materials, where
carbohydrates occur as mixturesb.

But which diolato functions are suitable for chelation? The above used criterion,
the availability of a cis-vicinal diolato function, is sufficient for furanoses and pyra-
noses, but not for open-chain diols or acids. A closer look on the torsion angles of
all coordinated diols that were observed so far in this and other works is given in
Figure 3.2. Values were observed from −46.0° to +47.2°, the absolute values cover a
range from 1.2° to 47.2°. In general, small values are observed for acids and large val-
ues for pyranoses. Open-chain diols also adopt wide angles, which can be explained
by the Pitzer strain of an eclipsed conformation. Due to their flexibility, furanoses
cover the largest range within this interval from 1.2° to 32.1°. Although 51 structures
are not a reliable basis for statistics, a furanose-preference for rhenium(V) becomes
apparent (21 out of 51 structures). In the chemistry of silicon, a preference of fura-
noses has already been reported yet[77]. Though, in the chemistry of rhenium, such
an effect could not be confirmed in solution. Experiments with oxido-rhenium(V)
precursor compounds, dien and equal amounts of two types of diols did not show a
preference for furanoses over pyranosesc.

0 5 10 15 20 25 30 35 40 45 50 /°

oxalic acid

hydroxy carboxylic acids

furanoses

open-chain diols

pyranoses

Figure 3.2 Absolute values of the torsion angles in 1 – 27 and 24 other reported structures with
rhenium(V) and pyranoses, open-chain diols, furanoses, hydroxy carboxylic acids and oxalic
acid[23, 24, 32, 169, 188, 189].

b A great quantity of sugars was detected by NMR techniques in naturally raw honeys[190]. Apart
from the well known main components D-fructose (ca. 35 %) and D-glucose (ca. 25 %), they con-
tained up to 10 % of several di- and trisaccharides. It was even possible to adopt the reaction
5.5.21 (page 179) to honey. The NMR spectra showed the same species as for the reaction with pure
D-fructose, despite the presence of other carbohydrates.

c tested combinations: methyl α-D-galactopyranoside and adenosine or uridine
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3 Discussion

However, substitution reactions of rhenium-bonded diolato ligands were observed.
As illustrated in Figure 3.3, it is possible to substitute ethanediolato or oxalato ligands
with furanoidic diolates. In particular, the oxalate-based compounds [ReO(L-his)-
(ox)] and [ReO(L-car)(ox)] showed a high tendency for substitution with furanoidic
carbohydrates. The substitution reactions with cytidine (chapter 2.3.5, page 71) and
D-isomaltulose (chapter 2.4.7.1, page 118) were quantitative, even at a ratio of 1:1.
To a smaller extent, and only at temperatures above 50° C, substitution with nucle-
osides was also observed for [ReO(L-his)(EthdH−2)] and [ReO(L-car)(EthdH−2)], if
provided in excess. Substitution with pyranoidic carbohydrates or open-chain diols
was not observed. The driving force of these reactions seems to involve the law of
mass action, the different strains of the chelate rings, or, in the case of ethanediol,
the various acidities of the diols. The following observations appear to support the

diolH-2

diolH-2

or

or

diol

diol

Figure 3.3 Diolate substitution reactions. Above: reactions based on [ReO(L-his)(EthdH−2)]
or [ReO(L-his)(ox)] (chapter 2.3.5). Below: reactions based on [ReO(L-car)(EthdH−2)] or [ReO-
(L-car)(ox)] (chapter 2.4.7.1). diol denotes a furanoidic carbohydrate.

ring-strain as origin of this behavior. As shown on the previous page, the torsion
angle range for diols is 1.2° to 47.2° (absolute values). The angles for the ethanedio-
lato and oxalato ligands are near the extreme values of this range (4 – 6° for oxalate,
37 – 44° for ethanediol), and the successfully substituted ligands adopt values in the
mid region: 30° for cytidine and 32° for D-isomaltulose. The torsion angles adopted
by furanoses might result in more thermodynamically stable products. The observed
hydrolytic stabilities of diolato complexes support this thesis. The diolato ligands of
the hydrolytically most stable compounds in this work, 18 and 22, are both furanoses,
and they both adopt a torsion angle of −32.1°. In contrast to this, a pyranose with a
torsion angle of 47.2° was found in the compound [ReO(dien)(Me-β-D-Xylp2,3H−2)]I,
which decomposes in water within minutes[24].
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3.2 NMR spectroscopy

As shown on the previous pages, NMR spectroscopy is a useful tool to study the
syn/anti isomerism of coordinated diols. In the past, syn/anti isomerism was even
found for amines connected to the Re=O unit. As reported in 1996, the amino side
chains of two diastereomeric aminothiol complexes[191] were directed toward or away
from an Re=O core, and the 13C NMR signals differed by up to 10.7 ppm. But
generally, there are not many data in the literature about 13C NMR shifts of oxido-
rhenium(V) complexes, although they are useful for gathering information about
the binding mode of the ligands to the metal. The coordination induced shift (CIS,
δcomplex − δligand) of such signals was first reported in 1992 for the catecholato com-
plex [ReO(cat)(PPh3)2Cl][145]. For this compound, a downfield shift of ca. 20 ppm was
found for the signals of the carbon atoms that are adjacent to the coordinated oxygen
atoms. Much smaller values were reported for aminothiol complexes[192]. The sig-
nals for the adjacent carbon atoms of coordinated sulfur atoms were shifted 4.9 to
6.8 ppm, while this effect was even smaller in the case of coordinated nitrogen atoms
(1.0 to 2.4 ppm). The reason for all these shifts is the deshielding of the carbon atoms
caused by the removal of electron density from the adjacent donor atoms to the metal,
which is a powerful indicator of the molecular and electronic structure[145, 192, 193].

In this work, CIS values were observed in a wide range. From −0.8 ppm (for the
oxalato complex 9) to +28.4 ppm (for 1 with cytidine), which is consistent with other
reported values for diolsd in a range from +1.1 ppme to +31.4 ppmf. Figure 3.4
illustrates all these data for the adjacent carbon atoms of (O,O) coordinated diols.
Separate ranges are to be found for alkoxides (with a CIS of more than ca. 14 ppm)
and carboxylates (with a CIS of less than ca. 14 ppm). α-Hydroxy carboxylic acids
combine both types, and their signals are roughly in the mid region. Although the
origin of this effect is unclear, the electron density and the magnetic shielding of these
atoms must be affected. The carbon atoms in question differ in oxidation state and
geometry (planar vs. tetrahedral).

d reported by Filser[189], Grimminger[24], Korth[169], Labisch[32], Oßberger[23], Tremaggi[188].
e for [(ReO)2(tpb)2(Xyl1,5A2H−4)] reported by Labisch[32]

f for [ReOCl(AnErytH−2)(phen)] reported by Oßberger[23]
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Figure 3.4 13C NMR coordination induced shift values ∆δ = δcomplex − δligand [ppm] of coor-
dinated diolato groups in oxido-rhenium(V) compounds. On top: the main geometry of all
“3 + 2” compounds and reported values for complexes with dien and diols [23, 24], tpb and
diols [23, 32] and α-hydroxy carboxylic acids [32], L-his and α-hydroxy carboxylic acids[188],
L-car and α-hydroxy carboxylic acids[189], L-gly-his and diols[169]. Below, the respective val-
ues for the complexes in this work are shown: dien and diols (chapter 2.1), rac-dap and diols
(chapter 2.2), L-his with diols and oxalic acid (chapter 2.3), L-car with diols and oxalic acid
(chapter 2.4). CIS values of alkoxido carbon atoms are marked green, of α-hydroxy carbon
atoms orange and of carboxylic acid carbon atoms red. *differing coordination geometry in
the major isomer of 16 in this work: oxygen atom in trans-position to the Re=O unit.

All these observations so far correspond to diols that are coordinated in cis-position
to the Re=O unit. As will be presented in the next chapter, there is a difference in cis-
and trans-positions with respect to the Re=O unit. It is likely that the CIS-values
are smaller for ligands in trans-position. But the data in the literature are even more
scarce for diols or alkoxides in trans-position. CIS-values of 8.4 and 9.5 ppm were re-
ported for methoxido ligands in trans-position[194, 195]. Most of the “3 + 2” complexes
in this work bear the diolato moiety in cis-position to the Re=O unit, aside from the
oxalato complex [ReO(L-car)(ox)] (16). The two species observed in solution showed
two coordination modes of oxalate: (cis-O,trans-O) and (cis-O,cis-O). The CIS-values
of the former coordination mode were much smaller than the values for the latter
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mode (3.5/0.8 ppm vs. 13.0/10.0 ppm). But strictly speaking, these values are not
comparable, as the amino-acid moieties are coordinated via different binding sites.
But another functional group was observed repeatedly in trans-position. The carb-
oxylato functions of rac-dap, L-histidine and L-carnosine were connected trans to the
Re=O unit. The CIS values for the carbon atoms of these amino acids were in a range
from 4.6 to 8.5 ppm. Once again, the values of the above-mentioned isomers of the
oxalato complex (16) were outstanding from this range (15.1 and 16.0 ppm).

In analogy to the shifts of the oxygen-coordinated groups, the nitrogen-adjacent
carbon atoms of the amino acids showed characteristic shifts to lower field, too. The
CIS-values were even larger than for the carboxylato functions in trans-position. For
rac-dap, these signals were shifted up to 16.2 ppm, for L-histidine up to 11.5 ppm and
for L-carnosine up to 11.6 ppm.

3.3 Structural observations

The main geometrical parameters of the rhenium(V) compounds in this work are
summarized in Figure 3.5. The bond distances vary in narrow ranges and all com-
plexes are (distorted) octahedralg. The atoms of the main molecular axis, defined by
the Re=O or Re=NPh units, form an angle of 164° (X-Re-Y, averaged over all). The
mean Re=O distances for the complexes with dien (1.66 Å), rac-dap (1.68 Å), L-his
(1.69 Å) and L-car (1.68 Å) are very similar; they are in a typical range observed for
oxido-rhenium(V) complexesh. They can be regarded as multiple bonds with the
participation of strong dπ-pπ bonding[146]. The same holds true for the Re=N bond of
the phenylimido-rhenium(V) complexes (1.73 Å). Quantum chemical analyses of the
electronic structures of oxido-rhenium(V) complexes showed that the multiple bonds
are strongly covalent and the σ- and π-contributions are strongly polarized toward
the oxygen atom[198]. The following distances were proposed in the 1960s, adopted
from Pauling’s radii tablei for typical single, double and triple bonds [Å]: 2.04, 1.86,
1.75 for oxygen[199] and 2.08, 1.90, 1.79 for nitrogen[200]. According to these values,
the Re=O and Re=N bonds in this work are triple bonds. But they are drawn as dou-
ble bonds in all schemes in this work, as this presentation is commonly accepted in
the literature.

g Table 6.12 in the Appendix on page 225 gives more details.
h A statistical study[196] of metal-oxygen multiple bonds reported for rhenium(V) mono-oxido d2

complexes a mean value of 1.691(11) Å, and quantum chemical calculations[197] a value of 1.653 Å.
i L. Pauling: The Nature of the Chemical Bond, 1960, Cornell University Press.
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Figure 3.5 Mean bond distances [Å] of the “3 + 2” complexes in this work with the co-ligands
dien (1 – 4), rac-dap (6 – 8), L-his (9 – 15) and L-car (17 – 22). The mean values were calculated
for the color-coded bonds. X denotes an oxido or phenylimido ligand. [ReO(L-car)(ox)] (16)
was excluded due to a different coordination mode.

The remaining bonds to the ligands (Re-O and Re-N) are distorted away from the
Re=O and Re=N units with angles > 90° (see Table 3.1). The Re-O distances of the
diols are in a range from 1.95 to 1.97 Å. As reported in chapter 3.1, the torsion angles
of these diols adopt values from −46.0° to +47.2°. For symmetrical co-ligands such
as tpb or dien, the distribution of these angles should be statistical. But a tendency
for these angles in complexes with enantiopure amino acids was observed. Positive
values were observed for L-histidine, negative values for L-carnosine (Table 6.12 on
page 225). The reason for this may be a steric hindrance of the side chain or the
peptide bond for L-carnosine.

The nitrogen-donor atoms of the co-ligands are connected to the metal cores in a
range from 2.08 to 2.16 Å. On closer inspection, a difference between the complexes
with L-histidine and L-carnosine becomes apparent. Although this amino acid and
its β-alanyl-derivative seem to have similar properties as chelators, their α-amino
functions are different. While for complexes with L-histidine, the primary amine is
bonded more weakly than the imidazole-nitrogen to the rhenium core, the complexes
with L-carnosine differ. The secondary amine of the peptide bond is bonded more
strongly to the metal than the imidazole-nitrogen.
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Table 3.1 Structural observations on the compounds in this work. The angles [°] around the
oxido ligands (X: O) and the phenylimido ligands (X: NPh) show a distortion of the cis ligands
away from the Re=O or Re=NPh units, respectively. To illustrate the trans influence, the Re-
Y distances [Å] of the ligands in trans position were compared with compounds, were the
ligands are in cis position, given as difference [Å].

X-Re-Z Re-Ytrans ∆(lit.)

with dien: 1a 112, 110, 94, 89a 2.29(2) 0.2 – 0.4d

1b 112, 110, 91, 90a 2.26(2) 0.1 – 0.4d

2 109, 109, 93, 92a 2.279(5) 0.14 – 0.39d

3 107, 107, 95, 93a 2.239(10) 0.09e

4 110, 108, 94, 91a 2.240(3) 0.09e

with rac-dap: 6 110, 104, 96, 88a 2.118(3) 0.03 – 0.11f

7 109, 107, 92, 92a 2.167(3) 0.08 – 0.16f

8 108, 105, 93, 91a 2.131(3) 0.05 – 0.13f

with L-his: 9 109, 101, 98, 91a 2.113(6) 0.03 – 0.11f

10a 111, 104, 95, 94a 2.187(5) 0.10 – 0.18f

10b 111, 104, 96, 94a 2.198(5) 0.11 – 0.19f

11 113, 104, 96, 93a 2.205(3) 0.12 – 0.20f

12a 109, 102, 95, 88a 2.142(3) 0.06 – 0.14f

12b 111, 103, 93, 92a 2.092(4) 0.06 – 0.14f

13 110, 104, 95, 92a 2.198(5) 0.01 – 0.09f

14 108, 106, 95, 92a 2.183(3) 0.10 – 0.18f

15 112, 105, 97, 93a 2.194(5) 0.11 – 0.19f

with L-car: 16 106, 105, 97, 89a 2.131(6) 0.05 – 0.13f

17 106, 107, 100, 92b 2.171(3) 0.09 – 0.17f

18 108, 106, 101, 93b 2.177(7) 0.09 – 0.17f

19 108, 105, 101, 86b 2.165(7) 0.08 – 0.16f

20 107, 104, 99, 90b 2.166(4) 0.08 – 0.16f

21 107, 106, 99, 90b 2.226(5) 0.14 – 0.22f

22 107, 106, 100, 90b 2.198(2) 0.11 – 0.19f

other: 26 108, 108, 92, 87c 2.117(3) 0.03 – 0.11f

27 111, 102, 95, 87a 2.101(5) 0.02 – 0.10f

X

Z'

Z''

Y

Z''''

Z'''

Y: O , Ntrans trans

X: O, N

Z: O , Ncis cis

a smallest angle: X is directed to the amino ligand. b smallest angle: X is directed to the imida-
zole ligand. c smallest angle: X is directed to the phosphane ligand. d compared with values
found in the literature in a range from 1.89 – 2.14 Å[20, 23, 39]. e compared with 5. f compared
with 16 and values found in the literature in a range from 2.00 – 2.09 Å[201–203].
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The trans effect

As a kinetic phenomenon, the trans effect was originally observed for square pla-
nar complexes (like Cisplatin or its trans isomer), where ligands in trans position to
a certain group are substituted more rapidly. But this effect was also observed for
octahedral complexes[204]. At first glance, the distances of the atoms in trans-position
to the oxido- (or phenylimido-) ligands in this work seem to be markedly longer
than the distances of cis-bonded atoms. But as these complexes are heteroleptic, and
the atoms belong to different chemical groups (alkoxy vs. carboxylato function, pri-
mary vs. secondary amine), these distances can not be compared directly. Therefore,
Table 3.1 gives a correlation with values of ligands of the same type, found in the lit-
erature. Even in comparison with these values, a more or less distinctive trans-bond
elongation is found for the compounds in this work. These observations manifest a
structural trans influence for the compounds in this work. The reported trans influ-
ence order for imido and oxido ligands (imido < oxido)[204] seems to be confirmed.
But are these positions bonded more weakly to the metal? Such a kinetic trans effect
was reported by Cerda et al. in 2002 for cyclic voltammetry experiments of glycine,
alanine and valine complexes, were the acid groups of these amino acids were re-
ported to behave as left dangling[205]. But a bond-weakening in terms of a higher
substitution rate was not found for the compounds in this work. The sole substi-
tution of a ligand in trans position was observed for the substitution reactions with
[ReO(L-car)(ox)] (see Figure 3.3 on page 147).
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This work deals with coordination compounds of rhenium(V). The combination of
an oxido- or phenylimido-rhenium(V) unit with tri- and bidentate chelating ligands
resulted in kinetically inert complexes. This so-called “3 + 2” approach[19] was origi-
nally invented by Chiotellis et al. in 1999 for oxido-rhenium(V) complexes with amine-
dithiol- and phosphanephenol-ligands, forming a (S,N,S)(P,O) donor set connected
to a {ReO}3+ unit. As presented in this work, alternative donor sets are capable of
building stable complexes even with polyfunctional amino acids and carbohydrates.

The first part of this work deals with complexes derived from an (N,N,N)(O,O)
donor set (chapter 2.1). (N,N,N) denotes the tridentate co-ligand dien, and (O,O)
a carbohydrate with a diolato moiety. In methanol, both oxido-rhenium(V) precur-
sors [ReO2(PPh3)2I] and [ReOCl3(PPh3)2] were successfully used to coordinate dien
in a facial binding mode and the 2’,3’-diolato moiety of several nucleosides (adeno-
sine, guanosine, inosine, cytidine, uridine). The complexes were characterized in
solution by 2D NMR techniques and in the solid state by X-ray diffraction (1 with
cytidine, 2 with uridine). The isoelectronical phenylimido-rhenium(V) unit is less
known for such complexes. Compounds with this motif were investigated start-
ing from the precursor [Re(NPh)Cl3(PPh3)2], which is less reactive than the latter
two oxido-rhenium(V) precursors. It was possible, however, to prepare complexes
with anhydroerythritol (3, 4) and ethanol (5). Generally, the geometry of all these
cationic complexes is distorted octahedral and the ligand dien is coordinated facial to
the rhenium(V) central atom. The latter compound with ethanol is a rare example
of a meridional binding mode of dien. For all diolato complexes with dien, a strong
selectivity towards cis-vicinal diolato functions was observed, even in the presence of
other functional groups, as they are found in nucleosides. A more-or-less distinctive
syn/anti isomerism was observed in protic solvents, as there are two possible orien-
tations for coordinated carbohydrates with respect to the main molecule axis. While
for the nucleoside complexes 1 and 2 this kind of isomerism was hardly observed, it
was possible to crystallize both species with anhydroerythritol (3, 4).
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The subsequent chapters deal with compounds derived from (N,N,O)(O,O) donor
sets. The coordination geometry is still distorted-octahedral, but in contrast to the
complexes with dien, the overall charge is neutral, as the co-ligands bear an addi-
tional negative charge.

In chapter 2.2, complexes are presented with the co-ligand rac-dap, which serves as
(N,N,O) donor. dap is an derivative of the amino acid alanine. It is capable of binding
to the rhenium core via the α-, β-amino and carboxylato functions. As the racemic
form was used, the reactions with carbohydrates resulted in mixtures of isomeric
complexes. The reaction with ethanediol yielded crystals of 6, in which the two enan-
tiomeric complexes [ReO(D-dap)(EthdH−2)] and [ReO(L-dap)(EthdH−2)] were both
present. A similar result showed the reaction with anhydroerythritol. The crystals
of 7 contained the enantiomers [ReO(D-dap)(syn-AnErytH−2)] and [ReO(L-dap)(syn-
AnErytH−2)]. In addition to these enantiomers, syn/anti isomerism was observed in
protic solvents, even for redissolved crystals. All in all, these solutions contained
four species due to the enantiomeric (D, L) and diastereomeric (syn, anti) forms. But
as non-chiral NMR solvents were used, only two signal sets for the diastereomeric
forms were detected in solution at a ratio of about 80:20. Depending on the chirality
of the diol, all these species may even be diastereomers. The reaction with the nucle-
oside cytidine yielded crystals of 8, containing [ReO(D-dap)(anti-Cyd2’,3’H−2)] and
[ReO(L-dap)(anti-Cyd2’,3’H−2)] at about the same ratio. As expected, four signal sets
were detected for crystals of 8 in solution.

All the compounds presented so far with the co-ligands dien and rac-dap decom-
pose in water within hours or days. A similar behavior was reported for related
compounds with dien and other diols[23, 24]. A substantial requirement for the use
of such compounds in the field of radiopharmacy, is the hydrolytic stability at phys-
iological conditions, which these compounds only partially meet. A much higher
stability was observed for a new class of compounds derived from amino acids and
carbohydrates. The chapters 2.3 and 2.4 deal with complexes derived from the amino
acid L-histidine and the dipeptide L-carnosine. With this system, tt was possible to
operate even in aqueous media.

Seven crystalline compounds were prepared which were derived from the amino
acid L-histidine and a carbohydrate. The yields were reasonable (in most cases above
50 %) and most of these water soluble complexes were stable against hydrolysis for
more than two months. The compounds [ReO(L-his)(ox)] (9), [ReO(L-his)(EthdH−2)] ·
4.5 H2O (10) and [ReO(L-his)(syn-AnErytH−2)] · 2 H2O (11) were obtained from the
reactions with simple diols such as oxalic acid, ethanediol and anhydroerythritol.
But even with more complex diols, such as the nucleosides uridine and cytidine,
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or the glycosides methyl α-D-mannopyranoside and methyl β-D-ribopyranoside, the
following compounds were obtained: [ReO(L-his)(syn-Urd2’,3’H−2)] · 1.5 H2O (12),
[ReO(L-his)(anti-Cyd2’,3’H−2)] · 5 H2O (13), [ReO(L-his)(syn-Me-α-D-Manp2,3H−2)] ·
2 MeOH (14) and [ReO(L-his)(syn-Me-β-D-Ribp3,4H−2)] · 0.5 MeOH (15). In all these
chiral compounds (the stereocenters of the ligands were not affected by the reac-
tions), L-histidine is coordinated via Nα of the amino function, Nπ of the imidazole
ring and OCO of the carboxylato function to the rhenium core. In analogy to the com-
pounds with rac-dap, OCO is oriented trans to the oxido ligand of the {ReO}3+ unit.
Apart from 9, 10 and 11, all these complexes showed syn/anti isomerism in protic sol-
vents. Solely for the ribose-derived compound 15, even more species were detected
in solution. Both cis-vicinal diolato functions (O2,O3 and O3,O4) were able to coordi-
nate to the metal and an equilibrium was established in solution with 15 as the main
species. The most convenient route to prepare all these histidine-based complexes
started with the oxido-rhenium(V) precursor [ReOCl3(PPh3)2] in methanol at alka-
line conditions, similar to the preparations of the complexes with dien or rac-dap.
An alternative route was developed to synthesize rhenium(V) diolato complexes as
well. Starting from 9 and 10, it was possible to substitute more complex furanoidic
carbohydrates for simple ligands like oxalate or ethanediol, even in aqueous media
at a pH value of 5. The cytidine complex 13 was prepared according to this approach
from the oxalato complex 9.

The dipeptide L-carnosine is a derivative of the amino acid L-histidine with β-ala-
nine. In analogy to the above given reactions with L-histidine, in a first step the fol-
lowing complexes were prepared with simple diols or nucleosides. Structurally cha-
racterized were: [ReO(L-car)(ox)] · 2 H2O (16) with oxalic acid, [ReO(L-car)(EthdH−2)] ·
MeOH · H2O (17) with ethanediol and [ReO(L-car)(syn-AdoH2’,3’H−2)] · 3 MeOH ·

2 H2O (18) with adenosine. L-Carnosine was deprotonated on Nα and, as in the free
form, the peptide bonds were still planar. In 17 and 18, it was coordinated via Nα,
Nπ and OCO to the metal, similar to the complexes with L-histidine. The alanyl moi-
eties were not involved in any bonding to the metal and the β-amino functions were
protonated and left dangling. At first glance, these complexes were only a simple
variation of the complexes with L-histidine. But in 16, a different binding mode via
Nβ of the alanyl part instead of Nπ was found in the structure determination. The ex-
pected binding mode (like in the histidine complex 9) was detected only for a minor
species in solution. Moreover, the Re-N bond lengths in 17 and 18 deviated from the
mean values found for the histidine complexes. The nitrogen atoms Nα at the peptide
bonds were about 0.1 Å closer to the central metal than the respective distances for
the α-amino functions of L-histidine.
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In a second step, the capability of this system to build stable complexes with re-
ducing carbohydrates was tested. At present, the information on coordination com-
pounds with reducing sugars is sparse, which may be caused by the reactivity of
these carbohydrates. They are sensitive against oxidation, unstable in alkaline media
and overall, they occur as elaborate mixtures of isomeric forms[8]. Previous work on
rhenium(V) with the co-ligands phen, tpb and dien showed that the reactions with
monosaccharides do not yield stable compounds, although there were indications for
the existence of such complexes[23, 32]. As shown in this work, the same holds true for
reactions with the co-ligand L-histidine. Decomposition was observed for the reac-
tions with monosaccharides, and only in some casesa the presence of complex species
was detected in solution for several hours. Surprisingly, some of these reactions with
the co-ligand L-carnosine behaved differently. The reactions with the monosaccha-
rides D-ribose, D-mannose, D-fructose, and even with D-isomaltulose, a disaccha-
ride, yielded crystalline compounds. The resulting complexes, [ReO(L-car)(syn-α-
D-Ribf 1,2H−2)] · 3 MeOH (19), [ReO(L-car)(anti-α/β-D-Manp2,3H−2)] · MeOH (20),
[ReO(L-car)(anti-β-D-Fruf 2,3H−2)] · MeOH (21), [ReO(L-car)(syn-6-O-α-D-Glcp-β-D-
Fruf 2,3H−2)] · 3 H2O (22), showed, in the cases of 21 and 22, a high hydrolytic stabil-
ity at physiological pH. Merely, syn/anti isomerism was observed in protic solvents.
For 22, the most stable compound in this series, two alternative reaction routes were
developed. As with the previously given substitution reaction of the histidine com-
plex 13 from 9, it is possible to prepare 22 from 16 in water. But even this route
might be disadvantageous for an application to radioactive rhenium, as it requires
several reaction steps starting from 188ReO4

−. For this reason, a facile one-pot syn-
thesis was developed for aqueous perrhenate solutions. Usually, tin(II) compounds
reduce rhenium(VII) in water directly to rhenium(IV). But in the presence of L-carno-
sine and D-isomaltulose, intermediate rhenium(V) species seem to be intercepted as
22. A radiolabeling experiment with the isotope 188Re showed a radiochemical purity
of 86 %, two radiometallated species were detcted by HPLC techniques (63 % syn-22
and 23 % anti-22). Even in this nanomolar concentration range, syn/anti isomerism
was detected for the product.

The last part of this work deals with compounds that are build with other donor
sets. As presented for (HNEt3)[ReO(ox)2(PPh3)] (23) and [Re(NPh)(ox)(PPh3)2Cl] ·
MeOH (24) with oxalate or [ReO(syn-AnErytH−2)(MeOH)(PPh3)Cl] (25) with anhy-
droerythritol, it is possible to prepare carbohydrate complexes without the addition
of a co-ligand, but these syntheses are limited to simple diols and require harsh con-
ditions with temperatures of 60 °C and higher. The same holds true for [ReO(L-thr)-

a D-arabinose, D-xylose, D-ribose and D-fructose
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Compound:

[Re(NPh)(ox)(PPh3)2Cl]

Compound:

[ReO(syn-AnErytH-2)(MeOH)(PPh3)Cl]
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(syn-AnErytH−2)(PPh3)] (26). In this complex, the amino acid L-threonine is coor-
dinated bidentately to rhenium(V), while the potential third donor function is left
dangling. All these complexes are insoluble in water, as they still contain triphenyl-
phosphane ligands remaining from the precursor compounds. Finally, with a mass
of 1.05 kDa the largest complex in this work, [ReO(fac-ida)(Emy11,12H−2)] · MeOH ·

H2O (27), was obtained from iminodiacetic acid and erythromycin, a macrolide an-
tibiotic. As with the compounds with dien, rac-dapH, L-histidine and L-carnosine,
this complex is built in analogy to the “3 + 2” approach[19] with iminodiacetate as
tridentate (O,N,O) donor and erythromycin enolether as (O,O) donor.

It is concluded that the concomitant coordination of amino acids and carbohydrates
on a rhenium(V) core is a very flexible and versatile approach. The compounds in this
work are promising candidates for future work in the field of radiopharmacy. In par-
ticular, the reactions with the dipeptide L-carnosine showed some as yet unknown
attributes of the chemistry of rhenium(V) including a high regioselectivity. They
resulted in thermodynamic stable complexes, even with reducing carbohydrates in
aqueous media.
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5.1 Common working techniques

Reactions with non-radioactive rhenium were carried out with magnetic stirring un-
der normal air conditions and standard laboratory glassware. Preparative work with
the radioactive isotope 188Re was done in collaboration with M. Coporda and F.-J.
Gildehaus at the Department of Nuclear Medicine at the Klinikum Großhadern of
the LMU Munich. 188Re was purchased from ITM (Isotopen Technologien München
AG) in Garching.

5.2 Analytical methods

NMR spectroscopy:
The spectra were recorded on the following machines by Jeol: Eclipse 270, ECX 400,
Eclipse 400, Eclipse 500. Data processing was done with the Jeol Delta[206] Software.
1H NMR and 13C NMR signals were assigned by routine 1H-1H-COSY45, DEPT135,
1H-13C-HMQC and 1H-13C-HMBC experiments.
Mass spectroscopy: Jeol JMS 700, method: FAB+, matrix: NBA or glycerine
IR spectroscopy: Nicolet 520 FT-IR
pH measurement: Mettler Toledo MP 220
HPLC: Agilent 1100 Liquid Chromatograph. Column: Nucleosil® 100-5 C18 4.0 ·

250 mm with pre-column 4.0 · 20 mm, eluent: acetonitrile/water, pressure: 190 – 240
bar, detector: Berthold gamma ray counter.
X-ray diffraction:
Crystals suitable for X-ray diffraction were selected using a microscope (Leica MZ6
with polarization filters), covered with liquid paraffin and mounted on the tip of a
glass fiber with Lithelen® grease. The measurements were done with the following
diffractometers: Enraf-Nonius Kappa-CCD with rotating anode or STOE-IPDS with
imaging plate technology and sealed tube anode. Both are equipped with Oxford-
Cryostream cooling system and graphite-monochromated Mo-Kα radiation. One
measurement was done on an Oxford XCalibur 3 diffractometer. The structures were
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solved using direct methods with the program SIR-97[207]. SHELXL-97[208] was used
to refine them by full-matrix, least-squares refinement against F2

o − F2
c . Distances and

angles were calculated with the program PLATON[209]. Intermolecular contacts were
analyzed with the programs PLATON[209] and MERCURY[210]. Molecular graphics
were performed with the programs ORTEP[211], SCHAKAL[212] and MERCURY[210].
Further details on the structures are listed in the Appendix, Tables 6.2 – 6.11. The
values given there are defined as follows:

R(F) =
∑ ||Fo| − |Fc||

∑ |Fo|
(5.1)

Rint =
∑ |F2

o − 〈Fo〉
2 |

∑ F2
o

(5.2)

wR(F2) =

√

∑ w(F2
o − F2

c )2

∑ w(F2
o )2 (5.3)

S =

√

∑
w(F2

o − F2
c )2

Nhkl − Nparameter
(5.4)

the weighting factors w and P are defined as follows:

w =
1

σ2( f 2
o ) + (xP)2 + yP

(5.5)

P =
max(F2

o , 0) + 2F2
c

3
(5.6)

In analogy to SHELXL-97[208], the values of the parameters x and y were adopted to
minimize the variance of w(F2

c /F2
o ) for several (intensity-ordered) groups of reflexes.

The coefficient Ueq ist defined as:

Ueq =
1
3

(

3

∑
i=1

3

∑
j=1

Uijaiaja
∗
i a∗j

)

(5.7)
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5.3 Reagents and solvents

acetone ≥ 99.5 % Fluka
acetic acid 99.8 % Riedel-de Haën
adenosine 99.0 % Fluka
ammonium perrhenate 99+ % ABCR
anhydroerythritol - [213, 214]

aniline 99+ % Acros
benzene ≥ 99.5 % Merck
L-carnosine ≥ 99 % Fluka
copper(II) nitrate trihydrate > 98 % Fluka
cytidine ≥ 99.0 % Fluka
rac-2,3-diaminopropionic acid monohydro- ≥ 99.0 % Fluka
chloride
deuterium oxide 99.9 % Aldrich
diethylenetriamine ≥ 97.0 % Fluka
diethyl ether ≥ 99 % Fluka
dimethylsulfoxide-d6 99.8 % euriso-top
erythromycin hydrate 96 % Aldrich
1,2-ethanediol ≥ 99.5 % Fluka
ethanol ≥ 99.8 % Fluka
D-fructose ≥ 99.8 % Fluka
L-histidine ≥ 99.0 % Fluka
hydrochloric acid 37 % Merck
hydroiodic acid 55 – 58 % Fluka
iminodiacetic acid > 99 % Fluka
D-isomaltulose - Südzucker
D-mannose > 99 % Fluka
methanol ≥ 99.9 % Biesterfeld Graën
methanol-d4 99.8+ % Aldrich
methyl α-D-mannopyranoside ≥ 99.0 % Fluka
methyl β-D-ribopyranoside 99.1 % Glycon
oxalic acid ≥ 99.0 % Fluka
1,10-phenanthroline 99+ % Aldrich
D-ribose ≥ 99.0 % Fluka
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sodium oxalate ≥ 99.0 % Fluka
sodium tetraphenylborate ≥ 99.0 % Fluka
L-threonine 98 % Aldrich
tin(II) oxalate 95 % ABCR
toluene ≥ 99.0 % Fluka
triethylamine ≥ 99.5 % Fluka
triphenylphosphane ∼ 99.0 % Fluka
uridine ≥ 99.0 % Fluka
water de-ionizeda

ahouse installation with ion exchange resin
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5.4 Preparation of the precursor compounds

5.4.1 Iodido-dioxido-bis(triphenylphosphane)-rhenium(V)

2

Literature: G. F. Ciani, G. D’Alfonso, P. Romiti, A. Sironi, M. Freni, Inorg. Chim. Acta

1983, 72, 29 – 37.

At room temperature ammonium perrhenate (1.00 g, 3.73 mmol) and triphenylphos-
phane (5.24 g, 20.00 mmol) were stirred in ethanol (50 mL). 56 % hydroiodic acid
(5.00 mL, 37.88 mmol) was added carefully and the brown mixture was heated under
reflux for 1/2 h. The obtained olive-green solid was filtered off and washed twice
with ethanol and diethylether. Without further drying this compound and a mixture
of water (6 mL) and acetone (150 mL) were stirred in an ice bath for 1 h. A violet
compound deposited, which was filtered off and dried in vacuo.

Yield: 2.53 g (78 %) of a dark-violet solid
Empirical formula, Mr/gmol−1: C36H30IO2P2Re, 869.69
IR (KBr, cm−1): ν = 921 (s, Re=O)
Elemental analysis (%):
calcd. for C36H30IO2P2Re, 869.69: C 49.72, H 3.48
found: C 49.13, H 3.45

5.4.2 Trichlorido-oxido-trans-bis(triphenylphosphane)-rhenium(V)

Literature: J. Chatt, G. A. Rowe, J. Chem. Soc. 1962, 4019 – 4033.

Ammonium perrhenate (2.68 g, 10.00 mmol) and 37 % hydrochloric acid (20 mL)
were heated in ethanol (100 mL) under reflux until the perrhenate was dissolved. A
solution of triphenylphosphane (15.74 g, 60.00 mmol) in hot ethanol (40 mL at 60 °C)
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was added and immediately the clear solution turned into a green-yellow suspen-
sion. After 1/2 h of reflux, a yellow solid was filtered off and washed twice with hot
ethanol and acetone.

Yield: 7.50 g (90 %) of a yellow solid
Empirical formula, Mr/gmol−1: C36H30Cl3O2P2Re, 833.15
Elemental analysis (%)
calcd. for C36H30Cl3OP2Re, 833.15: C 51.90, H 3.63, Cl 12.77
found: C 52.02, H 3.66, Cl 12.35

5.4.3 Trichlorido-phenylimido-trans-bis(triphenylphosphane)-

rhenium(V)

Literature: J. Chatt, J. D. Garforth, N. P. Johnson, G. A. Rowe, J. Chem. Soc. 1964,
1012 – 1020.

Trichlorido-oxido-trans-bis(triphenylphosphane)-rhenium(V) (8.33 g, 10.00 mmol, see
5.4.2 on page 163) and aniline (1.00 g, 10.08 mmol) were refluxed in benzene (500 mL)
for 18 h. The brown solution was evaporated to 50 mL. Addition of aqueous acetic
acid (1:1, 100 mL) gave a green solid, which was recrystallized from benzene.

Yield: 4.60 g (53 %) of a green solid
Empirical formula, Mr/gmol−1: C42H35Cl3N2P2Re, 908.26
Elemental analysis (%)
calcd. for C48H41Cl3NP2Re =
[M + C6H6]: C 58.45, H 4.19, N 1.42
found: C 58.41, H 4.22, N 1.41
MS (FAB+, NBA) m/z

calcd. for C42H35Cl3NP2Re: 907.1 [M]+, 872.1 [M − Cl]+

found: 906.9, 872.0
(each with a characteristic Re1 pattern)
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5.5 Preparation of the crystalline compounds

5.5.1 [ReO(fac-dien)(syn-Cyd2’,3’H−2)]I (1)

[ReO2I(PPh3)2] + dien + cytidine −→ 1 + 2 PPh3 + H2O

At room temperature cytidine (243 mg, 1.00 mmol) and iodido-dioxido-bis(triphenyl-
phosphane)-rhenium(V) (348 mg, 0.40 mmol) were stirred in methanol (50 mL). After
addition of diethylenetriamine (41 mg, 0.40 mmol) in methanol (5 mL) within 5 min,
the mixture was kept stirring for 2 h. The solution was evaporated to 5 mL and a lilac
compound was filtered off. 1 was recrystallized from methanol within two days at
room temperature.

Yield, properties: 52 % of a lilac solid. A solution of 50 mg
in 5 mL water (pH 6.5 at 23.9 °C) decom-
poses within 2 h.

IR (KBr, cm−1): ν = 973.2 (s, Re=O)
Elemental analysis (%)
calcd. for C13H24IN6O6Re = [M + I]: C 23.18, H 3.59, N 12.48, I 18.84
found: C 23.09, H 3.82, N 12.29, I 19.07
MS (FAB+, NBA) m/z

calcd. for C13H24N6O6Re = [M]+: 547.1
found: 547.2 with a characteristic Re1 pattern
NMR (MeOH-d4): 13C NMR: Table 2.2 on page 18,

1H NMR: Table 2.3 on page 18.

5.5.2 [ReO(fac-dien)(syn-Urd2’,3’H−2)]BPh4 · MeOH (2)

[ReO2I(PPh3)2] + dien + uridine + Na(BPh4) −→ 2 + 2 PPh3 + H2O + NaI

A suspension of uridine (244 mg, 1.00 mmol) and iodido-dioxido-bis(triphenylphos-
phane)-rhenium(V) (348 mg, 0.40 mmol) was stirred at room temperature in metha-
nol (50 mL). Then a solution of diethylenetriamine (41 mg, 0.40 mmol) in methanol
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Compound:
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(5 mL) was added within 5 min and the mixture was stirred for 2 h. The solution was
evaporated to 5 mL, the lilac raw product was filtered off and recrystallized from
methanol. Suitable crystals of 2 for X-ray diffraction were obtained within one week
at 4 °C by addition of sodium tetraphenylborate (136 mg, 0.40 mmol).

Yield: 55 % of a lilac solid
IR (KBr, cm−1): ν = 969.6 (s, Re=O)
Elemental analysis (%)
calcd. for C13H23IN5O7Re = [M + I]: C 23.15, H 3.44, N 10.38, I 18.82
found: C 23.31, H 3.49, N 10.39, I 19.01
MS (FAB+, NBA) m/z

calcd. for C13H23N5O7Re = [M]+: 548.1
found: 548.2 with a characteristic Re1 pattern
NMR (D2O): 13C NMR: Table 2.5 on page 22,

1H NMR: Table 2.6 on page 23.

5.5.3 [Re(NPh)(fac-dien)(syn-AnErytH−2)]BPh4 (3)

[Re(NPh)Cl3(PPh3)2] + dien + anhydroerythritol + 2 NEt3 + Na(BPh4) −→
3 + 2 HNEt3Cl + 2 PPh3 + NaCl

Over the course of 3 h the phenylimido-rhenium complex trichlorido-phenylimido-
trans-bis(triphenylphosphane)-rhenium(V) (364 mg, 0.40 mmol) was stirred with an-
hydroerythritol (84 mg, 1.60 mmol), diethylenetriamine (82 mg, 0.80 mmol) and tri-
ethylamine (212 mg, 1.60 mmol) in ethanol (250 mL) at 50 °C. Within this period of
time the suspension turned into a greenish solution. Then the volume was evapo-
rated to 20 mL and sodium tetraphenylborate (136 mg, 0.40 mmol) was added. Over
night at room temperature green crystals of 3 were obtained.

Yield: <1 % of green platelets
MS (FAB+, NBA) m/z

calcd. for C14H24N4O3Re = [M]+: 483.1
found: 483.4 with a characteristic Re1 pattern
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5.5.4 [Re(NPh)(fac-dien)(anti-AnErytH−2)][ReO(fac-dien)(anti-

AnErytH−2)][BPh4]Cl (4)

[Re(NPh)Cl3(PPh3)2] + [ReOCl3(PPh3)2] + 2 dien + 2 anhydroerythritol +

4 NEt3 + Na(BPh4) −→ 4 + NaCl + 4 PPh3 + 4 HNEt3Cl

The rhenium(V) precursor compounds trichlorido-phenylimido-trans-bis(triphenyl-
phosphane)-rhenium(V) (364 mg, 0.40 mmol) and trichlorido-oxido-trans-bis(triphen-
ylphosphane)-rhenium(V) (333 mg, 0.40 mmol) were stirred under reflux with anhy-
droerythritol (84 mg, 1.60 mmol), diethylenetriamine (82 mg, 0.80 mmol) and trieth-
ylamine (212 mg, 1.60 mmol) in methanol (250 mL). After stirring for 3 h at 65 °C
the suspension turned into a greenish-brown solution. The reaction mixture was
evaporated to 20 mL and sodium tetraphenylborate (340 mg, 1.00 mmol) was added.
Within one month at room temperature green crystals of 4 were obtained.

Yield: <1 % of green platelets

5.5.5 [Re(NPh)(mer-dien)(OEt)(PPh3)][ReO4]Cl · EtOH ·

0.5 Me2CO (5)

[Re(NPh)Cl3(PPh3)2] + 2 dien + EtOH + NH4(ReO4) −→
5 + NH4Cl + PPh3 + dien·HCl

The phenylimido-rhenium(V) precursor trichlorido-phenylimido-trans-bis(triphenyl-
phosphane)-rhenium(V) (908 mg, 1.00 mmol) was stirred with diethylenetriamine
(102 mg, 1.00 mmol) in ethanol (250 mL). The green mixture turned into a green-
brown solution while stirring for 3 h at 60 °C. Then the mixture was concentrated in

vacuo to 50 mL and ammonium perrhenate (268 mg, 1.00 mmol) was added. Over-
laying with acetone provided green crystals of 5 at room temperature over night.

Yield: <1 % of green platelets
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5.5.6 [ReO(rac-dap)(EthdH−2)] · MeOH (6)

[ReOCl3(PPh3)2] + rac-dapH·HCl + 1,2-ethanediol + 4 NEt3 −→

6 + 2 PPh3 + 4 HNEt3Cl

Under reflux trichlorido-oxido-trans-bis(triphenylphosphane)-rhenium(V) (833 mg,
1.00 mmol) was stirred with 1,2-ethanediol (124 mg, 2.00 mmol), rac-2,3-diamino-
propionic acid monohydrochloride (141 mg, 1.00 mmol) and triethylamine (405 mg,
4.00 mmol) in methanol (250 mL). While stirring for 3 h at 65 °C the yellow suspen-
sion turned into a brown solution which then was evaporated to 30 mL. Over night
at room temperature dark-violet crystals of 6 were obtained.

Yield, properties: 48 mg (13 %) of dark-violet crystals. A
solution of 25 mg in 2 mL water (pH 4.7
at 27.4 °C) decomposes within 3 h.

Elemental analysis (%)
calcd. for C6H15N2O6Re = [M + MeOH]: C 18.13, H 3.80, N 7.05
found: C 18.09, H 3.78, N 7.03
MS (FAB+, glycerine) m/z

calcd. for C5H12N2O5Re = [M + H]+: 367.0
found: 367.2 with a characteristic Re1 pattern
13C NMR (101 MHz, D2O): see Table 2.12 on page 40

5.5.7 [ReO(rac-dap)(syn-AnErytH−2)] · H2O (7)

[ReOCl3(PPh3)2] + rac-dapH·HCl + anhydroerythritol + 4 NEt3 −→

7 + 2 PPh3 + 4 HNEt3Cl

Trichlorido-oxido-trans-bis(triphenylphosphane)-rhenium(V) (833 mg, 1.00 mmol),
anhydroerythritol (208 mg, 2.00 mmol), rac-2,3-diaminopropionic acid monohydro-
chloride (141 mg, 1.00 mmol) and triethylamine (405 mg, 4.00 mmol) were stirred
under reflux in methanol (250 mL). After 3 h at 65 °C the yellow suspension turned
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into a brown solution, which was concentrated in vacuo to 30 mL. Over night at ambi-
ent temperature a dark-violet powder was obtained and recrystallized from metha-
nol/water (10:1) to give crystals of 7.

Yield, properties: 220 mg (54 %) of dark-violet crystals.
A solution in pure water decomposes
within 3 h.

Elemental analysis (%)
calcd. for C7H13N2O6Re, 407.40: C 20.64, H 3.22, N 6.88
found: C 20.55, H 3.02, N 6.77
MS (FAB+, NBA) m/z

calcd. for C7H14N2O6Re = [M + H]+: 409.0
found: 409.3 with a characteristic Re1 pattern
13C NMR (67.9 MHz, D2O): see Table 2.14 on page 44

5.5.8 [ReO(rac-dap)(anti-Cyd2’,3’H−2)] · 2 H2O (8)

[ReOCl3(PPh3)2] + rac-dapH·HCl + cytidine + 4 NEt3 −→

8 + 2 PPh3 + 4 HNEt3Cl

A suspension of cytidine (486 mg, 2.00 mmol), rac-2,3-diaminopropionic acid mono-
hydrochloride (141 mg, 1.00 mmol), triethylamine (405 mg, 4.00 mmol) and trichlori-
do-oxido-trans-bis(triphenylphosphane)-rhenium(V) (833 mg, 1.00 mmol) was stirred
in methanol (250 mL). After 3 h at 65 °C the yellow suspension turned into a brown
solution, which was concentrated in vacuo to 30 mL. Dark-violet crystals of 8 were
obtained over night at room temperature.

Yield, properties: 98 mg (18 %) of dark-violet crystals. A
solution of 50 mg in 5 mL water (pH 5.5
at 24.4 °C) is stable for several days.
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Compound:

[ReO(rac-dap)(syn-AnErytH-2)]

Compound:

[ReO(rac-dap)(anti-Cyd2',3'H-2)]

Compound:

[ReO(rac-dap)(anti-Cyd2',3'H-2)]
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Elemental analysis (%)
calc. for C12H20.3N5O9.15Re =
[M + 1.15 H2O]: C 25.41, H 3.61, N 12.35
found: C 25.58, H 3.76, N 12.15
MS (FAB+, NBA) m/z

calc. for C12H19N5O8Re = [M + H]+: 548.1
found: 548.3 with a characteristic Re1 pattern
13C NMR (101 MHz, D2O): see Table 2.16 on page 49

5.5.9 [ReO(L-his)(ox)] (9)

[ReOCl3(PPh3)2] + L-histidine + Na2C2O4 + NEt3 −→

9 + 2 PPh3 + 2 NaCl + HNEt3Cl

A suspension of trichlorido-oxido-trans-bis(triphenylphosphane)-rhenium(V) (833 mg,
1.00 mmol), sodium oxalate (268 mg, 2.0 mmol), L-histidine (155 mg, 1.0 mmol) and
triethylamine (505 mg, 5.00 mmol) in methanol (250 mL) was stirred under reflux for
1 h. The yellow suspension turned into a blue suspension. The blue raw product was
filtered off and washed with methanol/water (1:1) and acetone. 9 was recrystallized
from boiling methanol/water.

Yield, properties: 401 mg (90 %) of a blue solid. A solution
of 50 mg in 5 mL water (pH 2.8 at 23.4 °C)
is stable for several days.

Elemental analysis (%)
calc. for C9.5H11N3O7.5Re =
[M + 0.5 C3H6O]: C 24.10, H 2.34, N 8.88
found: C 24.29, H 2.20, N 9.43
MS (FAB+, NBA) m/z

calc. for C8H9N3O7Re = [M + H]+: 446.0
found: 446.3 with a characteristic Re1 pattern
13C NMR (67.9 MHz, DMSO-d6): see Table 2.18 on page 56
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Compound:

[ReO(L-his)(ox)]

Compound:

[ReO(L-his)(ox)]
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5.5.10 [ReO(L-his)(EthdH−2)] · 4.5 H2O (10)

[ReOCl3(PPh3)2] + L-histidine + 1,2-ethanediol + 3 NEt3 −→

10 + 2 PPh3 + 3 HNEt3Cl

1,2-ethanediol (124 mg, 2.00 mmol), L-histidine (155 mg, 1.00 mmol), triethylamine
(303 mg, 3.00 mmol) and trichlorido-oxido-trans-bis(triphenylphosphane)-rhenium(V)
(833 mg, 1.00 mmol) were stirred in methanol (250 mL). After heating under reflux
for 4 h at 50 °C the yellow suspension turned into a blue solution, which was evap-
orated to dryness. The remaining blue solid was redissolved in water (10 mL) and
blue crystals of 10 formed within one night at room temperature.

Yield, properties: 246 mg (59 %) of a blue solid. A solution
of 50 mg in 5 mL water (pH 5.8 at 23.8 °C)
is stable for more than a week.

Elemental analysis (%)
calc. for C8H12N3O5Re, 416.41: C 23.08, H 2.90, N 10.09
found: C 23.36, H 3.05, N 9.99
MS (FAB+, NBA) m/z

calc. for C8H13N3O5Re = [M + H]+: 418.0
found: 418.1 with a characteristic Re1 pattern
13C NMR (67.9 MHz, D2O): see Table 2.20 on page 61

5.5.11 [ReO(L-his)(syn-AnErytH−2)] · 2 H2O (11)

[ReOCl3(PPh3)2] + L-histidine + anhydroerythritol + 3 NEt3 −→

11 + 2 PPh3 + 3 HNEt3Cl

A mixture of anhydroerythritol (208 mg, 2.00 mmol), L-histidine (155 mg, 1.00 mmol)
and triethylamine (303 mg, 3.00 mmol) was stirred with trichlorido-oxido-trans-bis-
(triphenylphosphane)-rhenium(V) (833 mg, 1.00 mmol) in methanol (250 mL). After
2 h at 60 °C the yellow suspension turned into a blue solution, which was evaporated
to dryness. The remaining blue solid was redissolved in water (10 mL). At room
temperature blue crystals of 11 formed within one night.
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Compound:

[ReO(L-his)(EthdH-2)]

Compound:

[ReO(L-his)(EthdH-2)]

Compound:

[ReO(L-his)(syn-AnErytH-2)]

Compound:

[ReO(L-his)(syn-AnErytH-2)]
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Yield, properties: 142 mg (31 %) of a blue solid. A solution
of 25 mg in 2 mL water (pH 6.8 at 24.1 °C)
is stable for more than two months.

Elemental analysis (%)
calc. for C10H14N3O6Re, 458.4: C 26.20, H 3.08, N 9.17
found: C 26.31, H 3.14, N 9.12
MS (FAB+, glycerine) m/z

calc. for C10H15N3O6Re = [M + H]+: 460.1
found: 460.3 with a characteristic Re1 pattern
13C NMR (67.9 MHz, D2O): see Table 2.22 on page 65

5.5.12 [ReO(L-his)(syn-Urd2’,3’H−2)] · 1.5 H2O (12)

[ReOCl3(PPh3)2] + L-histidine + uridine + 3 NEt3 −→ 12 + 2 PPh3 + 3 HNEt3Cl

Uridine (488 mg, 2.0 mmol), L-histidine (155 mg, 1.00 mmol), triethylamine (303 mg,
3.00 mmol) and trichlorido-oxido-trans-bis(triphenylphosphane)-rhenium(V) (833 mg,
1.00 mmol) were stirred in methanol (250 mL). The yellow suspension turned into a
blue solution after 2 h at 50 °C. The solution was evaporated to dryness and the re-
maining blue powder was washed with acetone and stirred with water (10 mL) at
50 °C for 5 min. After filtration blue crystals of 12 formed within one night at room
temperature.

Yield, properties: 293 mg (49 %) of a blue solid. A solution
of 50 mg in 5 mL water (pH 5.2 at 22.3 °C)
is stable for more than two months.

Elemental analysis (%)
calc. for C15H21N5O10.5Re =
[M + 1.5 H2O]: C 28.80, H 3.38, N 11.19
found: C 28.68, H 3.40, N 11.16
MS (FAB+, glycerine) m/z

calc. for C15H19N5O9Re = [M + H]+: 600.1
found: 600.3 with a characteristic Re1 pattern
13C NMR (67.9 MHz, DMSO-d6): see Table 2.24 on page 70
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Compound:

[ReO(L-his)(syn-Urd2',3'H-2)]

Compound:

[ReO(L-his)(syn-Urd2',3'H-2)]
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5.5.13 [ReO(L-his)(anti-Cyd2’,3’H−2)] · 5 H2O (13)

Route 1: [ReOCl3(PPh3)2] + L-histidine + cytidine + 3 NEt3 −→

13 + 2 PPh3 + 3 HNEt3Cl

Cytidine (486 mg, 2.0 mmol), L-histidine (155 mg, 1.00 mmol), triethylamine (303 mg,
3.00 mmol) and trichlorido-oxido-trans-bis(triphenylphosphane)-rhenium(V) (833 mg,
1.00 mmol) were stirred in methanol (250 mL) for 3 h at 50 °C. After the yellow sus-
pension turned into a blue solution, the solvent was removed in vacuo. The remaining
blue powder was washed with acetone and recrystallized from boiling methanol.

Yield, properties: 335 mg (56 %) of a blue solid. A solution
of 50 mg in 5 mL water (pH 6.4 at 21.7 °C)
is stable for more than two months.

Elemental analysis (%)
calc. for C17H27N6O10Re =
[M + 2 MeOH]: C 30.86, H 4.11, N 12.70
found: C 31.23, H 3.96, N 12.88
MS (FAB+, glycerine) m/z

calc. for C15H20N6O8Re = [M + H]+: 599.1
found: 599.3 with a characteristic Re1 pattern
13C NMR (67.9 MHz, D2O): see Table 2.26 on page 74

Route 2: 9 + cytidine −→ 13 + 2 CO2 ↑

The rhenium(V) compound [ReO(L-his)(ox) (444 mg, 1.00 mmol, see section 5.5.9
on page 170) was stirred with cytidine (486 mg, 2.00 mmol) in water (10 mL). Af-
ter 30 min at room temperature the suspension was heated within 1 min. to 60 °C
and filtrated. The blue solution was stored at room temperature and within 1 day
blue crystals of 13 were formed.

Yield: <1 % of blue crystals
cell data of X-ray analysis and 13C NMR data are consistent with the data of Route 1.
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Compound:

[ReO(L-his)(anti-Cyd2',3'H-2)]

Compound:

[ReO(L-his)(ox)]

Compound:

[ReO(L-his)(anti-Cyd2',3'H-2)]

Compound:

[ReO(L-his)(anti-Cyd2',3'H-2)]
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5.5.14 [ReO(L-his)(syn-Me-α-D-Manp2,3H−2)] · 2 MeOH (14)

[ReOCl3(PPh3)2] + L-histidine + Me-α-D-mannopyranoside + 3 NEt3 −→

14 + 2 PPh3 + 3 HNEt3Cl

A mixture of methyl α-D-mannopyranoside (388 mg, 2.0 mmol), L-histidine (155 mg,
1.00 mmol), triethylamine (303 mg, 3.00 mmol) and trichlorido-oxido-trans-bis(tri-
phenylphosphane)-rhenium(V) (833 mg, 1.00 mmol) was stirred in methanol (250 mL).
After heating for 2 h at 50 °C the yellow suspension turned into a blue solution. Then
the volume was reduced in vacuo to 30 mL. A blue powder of 14 was filtered off and
recrystallized from methanol.

Yield, properties: 340 mg (62 %) of a blue solid. A solution
of 50 mg in 5 mL water (pH 3.2 at 25.3 °C)
is stable for more than two months.

Elemental analysis (%)
calc. for C14H24N3O10Re = [M + MeOH]: C 28.96, H 4.17, N 7.24
found: C 29.13, H 4.23, N 7.46
MS (FAB+, glycerine) m/z

calc. for C13H21N3O9Re = [M + H]+: 550.1
found: 550.4 with a characteristic Re1 pattern
13C NMR (67.9 MHz, D2O): see Table 2.28 on page 78

5.5.15 [ReO(L-his)(syn-Me-β-D-Ribp3,4H−2)] · 0.5 MeOH (15)

[ReOCl3(PPh3)2 ]+ L-histidine + Me-β-D-ribopyranoside + 3 NEt3 −→

15 + 2 PPh3 + 3 HNEt3Cl

Methyl β-D-ribopyranoside (328 mg, 2.00 mmol), L-histidine (155 mg, 1.00 mmol), tri-
ethylamine (303 mg, 3.00 mmol) and trichlorido-oxido-trans-bis(triphenylphosphane)-
rhenium(V) (833 mg, 1.00 mmol) were stirred in methanol (100 mL). After 3 h at 60 °C
the yellow suspension turned into a blue solution. The solvent was removed in vacuo

and the remaining blue solid was recrystallized from a mixture of methanol (10 mL)
and water (1 mL). At room temperature blue crystals of 15 formed within 3 days.
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Compound:

[ReO(L-his)(syn-Me-alpha-D-Manp2,3H-2)]

Compound:

[ReO(L-his)(syn-Me-alpha-D-Manp2,3H-2)]

Compound:

[ReO(L-his)(syn-Me-beta-D-Ribp3,4H-2)]

Compound:

[ReO(L-his)(syn-Me-beta-D-Ribp3,4H-2)]
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Yield, properties: 21 mg (4 %) of a blue solid. A solution of
25 mg in 2 mL water (pH 6.8 at 25.0 °C) is
stable for more than two months.

Elemental analysis (%)
calc. for C12H22N3O10Re =
[M + 2 H2O]: C 25.99, H 4.00, N 7.58
found: C 26.02, H 4.01, N 7.61
MS (FAB+, NBA) m/z

calc. for C12H19N3O8Re = [M + H]+: 520.1
found: 520.3 with a characteristic Re1 pattern
13C NMR (101 MHz, D2O): see Table 2.30 on page 83

5.5.16 [ReO(L-car)(ox)] · 2 H2O (16)

[ReOCl3(PPh3)2] + L-carnosine + Na2C2O4 + NEt3 −→

16 + 2 PPh3 + HNEt3Cl + 2 NaCl

Sodium oxalate (268 mg, 2.00 mmol), L-carnosine (226 mg, 1.00 mmol), triethylamine
(101 mg, 1.00 mmol) and trichlorido-oxido-trans-bis(triphenylphosphane)-rhenium(V)
(833 mg, 1.00 mmol) were stirred in methanol (500 mL). After 2 h at 50 °C the yellow
suspension turned into a blue-violet solution, which was filtered to remove any re-
maining reactants. The filtrate was evaporated to dryness and the remaining blue
powder was washed with methanol/water (1:1) and acetone at room temperature.
16 was recrystallized from boiling methanol/water (1:1).

Yield, properties: 247 mg (48 %) of a blue solid. A solu-
tion of 21 mg in 2.5 mL water (pH 4.1 at
23.0 °C) is stable for months.
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Compound:

[ReO(L-car)(ox)]

Compound:

[ReO(L-car)(ox)]
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Elemental analysis (%)
calc. for C11H13N4O8Re, 515.45: C 25.63, H 2.54, N 10.87
found: C 25.64, H 2.74, N 10.87
MS (FAB+, glycerine) m/z

calc. for C11H14N4O8Re = [M + H]+: 517.0
found: 517.4 with a characteristic Re1 pattern
13C NMR (101 MHz, D2O): see Table 2.32 on page 91

5.5.17 [ReO(L-car)(EthdH−2)] · MeOH · H2O (17)

[ReOCl3(PPh3)2] + L-carnosine + 1,2-ethanediol + 3 NEt3 −→

17 + 2 PPh3 + 3 HNEt3Cl

1,2-Ethanediol (124 mg, 2.00 mmol), L-carnosine (226 mg, 1.00 mmol), triethylamine
(303 mg, 3.00 mmol) and trichlorido-oxido-trans-bis(triphenylphosphane)-rhenium(V)
(833 mg, 1.00 mmol) were stirred in methanol (100 mL). After 3 h at 50 °C the yellow
suspension turned into a blue solution. Any remaining reactants were filtered off and
the solution was evaporated to dryness. The blue solid was washed with boiling ace-
tone and recrystallized in a mixture of methanol (10 mL) and water (1 mL). At room
temperature blue crystals of 17 formed within two days.

Yield, properties: <1 % of blue crystals. A solution of 15 mg
in 2.5 mL water (pH 4.3 at 23.0 °C) de-
composes within 1 day.

Elemental analysis (%)
calc. for C14H25N4O7Re =
[M + i-propanol]: C 30.71, H 4.60, N 10.23
found: C 30.63, H 4.60, N 10.49
MS (FAB+, NBA) m/z

calc. for C11H18N4O6Re = [M + H]+: 489.1
found: 489.0 with a characteristic Re1 pattern
13C NMR (67.9 MHz, D2O): see Table 2.34 on page 95
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Compound:

[ReO(L-car)(EthdH-2)]

Compound:

[ReO(L-car)(EthdH-2)]
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5.5.18 [ReO(L-car)(syn-AdoH2’,3’H−2)] · 3 MeOH · 2 H2O (18)

[ReOCl3(PPh3)2] + L-carnosine + adenosine + 3 NEt3 −→ 18 + 2 PPh3 + 3 HNEt3Cl

A suspension of adenosine (534 mg, 2.0 mmol), L-carnosine (226 mg, 1.00 mmol), tri-
ethylamine (303 mg, 3.00 mmol) and trichlorido-oxido-trans-bis(triphenylphosphane)-
rhenium(V) (833 mg, 1.00 mmol) was stirred in methanol (250 mL). After 2 h at 50 °C
the yellow suspension turned into a blue solution. The volume was reduced in vacuo

to 30 mL and water (5 mL) was added. At ambient temperature blue crystals of 18
formed within one night.

Yield, properties: 173 mg (25 %) of a blue solid. A solution
of 50 mg in 5 mL water (pH 5.3 at 23.8 °C)
is stable for more than two months.

Elemental analysis (%)
calc. for C19.7H29N9O9.8Re =
[M + 1.1 H2O + 0.7 MeOH]: C 32.20, H 3.98, N 17.15
found: C 32.19, H 3.97, N 17.16
MS (FAB+, NBA) m/z

calc. for C19H25N9O8Re = [M + H]+: 694.1
found: 693.6 with a characteristic Re1 pattern
13C NMR (101 MHz, DMSO-d6): see Table 2.36 on page 100

5.5.19 [ReO(L-car)(syn-α-D-Ribf1,2H−2)] · 3 MeOH (19)

[ReOCl3(PPh3)2] + L-carnosine + D-ribose + 3 NEt3 −→ 19 + 2 PPh3 + 3 HNEt3Cl

A suspension of D-ribose (300 mg, 2.00 mmol), L-carnosine (226 mg, 1.00 mmol), tri-
ethylamine (303 mg, 3.00 mmol) and trichlorido-oxido-trans-bis(triphenylphosphane)-
rhenium(V) (833 mg, 1.00 mmol) was stirred in methanol (500 mL). After continued
stirring for 2 days at room temperature, the yellow suspension turned partially into a
blue solution. The remaining reactants were filtered off and the volume was reduced
in vacuo to 50 mL. To obtain the raw product, iso-propanol (50 mL) was added and a
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Compound:

[ReO(L-car)(syn-AdoH2',3'H-2)]

Compound:

[ReO(L-car)(syn-AdoH2',3'H-2)]

Compound:

[ReO(L-car)(syn-alpha-D-Ribf1,2H-2)]
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grey deposit was filtered off and recrystallized from methanol. At room temperature
blue crystals of 19 formed within three days on the surface of a filter paper projecting
outside the liquid.

Yield, properties: <1 % of blue crystals. A solution of 25 mg
in 2.5 mL water (pH 3.6 at 23.2 °C) de-
composes within hours.

Elemental analysis (%)
calc. for C16H29N4O11Re =
[M + 2 MeOH]: C 30.04, H 4.57, N 8.76
found: C 30.20, H 4.40, N 8.71
MS (FAB+, glycerine) m/z

calc. for C14H22N4O9Re = [M + H]+: 577.1
found: 577.0 with a characteristic Re1 pattern
13C NMR (101 MHz, D2O): see Table 2.38 on page 104

5.5.20 [ReO(L-car)(anti-α/β-D-Manp2,3H−2)] · MeOH (20)

[ReOCl3(PPh3)2] + L-carnosine + D-mannose + 3 NEt3 −→

20 + 2 PPh3 + 3 HNEt3Cl

D-Mannose (360 mg, 2.00 mmol), L-carnosine (226 mg, 1.00 mmol), triethylamine
(303 mg, 3.00 mmol) and trichlorido-oxido-trans-bis(triphenylphosphane)-rhenium(V)
(833 mg, 1.00 mmol) were stirred in methanol (250 mL). Over night at room tempera-
ture the yellow suspension turned blue. A blue powder was filtered off and recrys-
tallized in MeOH/H2O (10 mL).

Yield, properties: 448 mg (74 %) of a blue solid. A solution
of 28 mg in 5 mL water (pH 5.3 at 22.4 °C)
decomposes within one week.
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Compound:

[ReO(L-car)(syn-alpha-D-Ribf1,2H-2)]

Compound:

[ReO(L-car)(anti-alpha/beta-D-Manp2,3H-2)]
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Elemental analysis (%)
calc. for C16H27N4O11Re = [M + MeOH]: C 30.14, H 4.27, N 8.79
found: C 29.94, H 4.34, N 8.73
MS (FAB+, glycerine) m/z

calc. for C15H24N4O10Re = [M + H]+: 607.1
found: 607.6 with a characteristic Re1 pattern
13C NMR (126 MHz, DMSO-d6): see Table 2.40 on page 108

5.5.21 [ReO(L-car)(anti-β-D-Fruf2,3H−2)] · MeOH (21)

[ReOCl3(PPh3)2] + L-carnosine + D-fructose + 3 NEt3 −→ 21 + 2 PPh3 + 3 HNEt3Cl

D-Fructose (360 mg, 2.00 mmol) was stirred with L-carnosine (226 mg, 1.00 mmol), tri-
ethylamine (303 mg, 3.00 mmol) and trichlorido-oxido-trans-bis(triphenylphosphane)-
rhenium(V) (833 mg, 1.00 mmol) in methanol (250 mL). Over night at room tempera-
ture the yellow suspension turned into a blue solution. The solvent was removed in

vacuo and the remaining blue powder was redissolved in MeOH/H2O (10 mL). At
room temperature blue crystals of 21 formed within three days on the surface of a
filter paper projecting outside the liquid.

Yield, properties: 230 mg (38 %) of a blue solid. A solu-
tion of 27 mg in 2.5 mL water (pH 7.3 at
22.3 °C) is stable for more than a week.

Elemental analysis (%)
calc. for C16H27N4O11Re = [M + MeOH]: C 30.14, H 4.27, N 8.79
found: C 30.19, H 4.23, N 8.70
MS (FAB+, glycerine) m/z

calc. for C15H24N4O10Re = [M + H]+: 607.1
found: 607.5 with a characteristic Re1 pattern
13C NMR (67.9 MHz, D2O, DMSO-d6): see Table 2.42 on page 113
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Compound:

[ReO(L-car)(anti-beta-D-Fruf2,3H-2)]

Compound:

[ReO(L-car)(anti-beta-D-Fruf2,3H-2)]
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5.5.22 [ReO(L-car)(syn-6-O-α-D-Glcp-β-D-Fruf2,3H−2)] · 3 H2O (22)

Route 1: [ReOCl3(PPh3)2] + L-carnosine + D-isomaltulose + 3 NEt3 −→

22 + 2 PPh3 + 3 HNEt3Cl

D-Isomaltulose (684 mg, 2.00 mmol), L-carnosine (226 mg, 1.00 mmol), triethylamine
(303 mg, 3.00 mmol) and trichlorido-oxido-trans-bis(triphenylphosphane)-rhenium(V)
(833 mg, 1.00 mmol) were stirred in methanol (250 mL). The yellow suspension turned
into a blue solution over night at room temperature. The solvent was removed in

vacuo and the remaining blue powder was recrystallized in MeOH/H2O (10 mL).

Yield, properties: 407 mg (53 %) of a blue solid. A solu-
tion of 25 mg in 2.5 mL water (pH 5.8
at 23.4 °C) is stable for more than two
months.

Elemental analysis (%)
calc. for C22H38N4O16Re = [M + MeOH]: C 33.00, H 4.78, N 7.00
found: C 32.82, H 4.91, N 7.01
MS (FAB+, glycerine) m/z

calc. for C21H35N4O15Re = [M + H]+: 770.2
found: 769.6 with a characteristic Re1 pattern
UV/VIS: λmax = 604 nm
13C NMR (67.9 MHz, D2O): see Table 2.44 on page 117

Route 2: 9 + D-isomaltulose −→ 22 + 2 CO2 ↑

The rhenium(V) compound [ReO(L-his)(ox)] (444 mg, 1.00 mmol, see section 5.5.9
on page 170) was stirred with D-isomaltulose (684 mg, 2.00 mmol) in water (10 mL).
After 30 min at room temperature the suspension was heated to 60 °C within one
minute and filtrated. The blue solution was stored at room temperature and within
1 day blue crystals of 22 were formed. The cell data of X-ray analysis and 13C NMR
data were consistent with the data of Route 1.
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Compound:

[ReO(L-car)(syn-6-O-alpha-D-Glcp-beta-D-Fruf2,3H-2)]

Compound:

[ReO(L-his)(ox)]

Compound:

[ReO(L-car)(syn-6-O-alpha-D-Glcp-beta-D-Fruf2,3H-2)]

Compound:

[ReO(L-car)(syn-6-O-alpha-D-Glcp-beta-D-Fruf2,3H-2)]
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Route 3: NH4ReO4 + L-carnosine+ D-isomaltulose + SnC2O4 −→

22 + SnO2 + NH4
+ + H3O+ + C2O4

2−

Ammonium perrhenate (268 mg, 1.00 mmol), L-carnosine (226 mg, 1.00 mmol) and
D-isomaltulose (684 mg, 2.00 mmol) were stirred at room temperature in water (5 mL).
A suspension of tin(II) oxalate (827 mg, 4.00 mmol) in water (5 mL) was added. After
stirring over night the suspension was filtered and a 13C NMR spectrum of the blue
solution was recorded, the results were consistent with the data of Route 1.

Route 4: Na188ReO4 + L-carnosine+ D-isomaltulose + SnC2O4 −→

22 + SnO2 + H3O+ + Na+ + C2O4
2−

As given in the following table, the respective amounts of L-carnosine, D-isomaltu-
lose and tin(II) oxalate were stirred under argon at 60 °C with degassed water and
eluate (0.9 % saline) taken from a 188W/188Re generator containing the rhenium iso-
tope with an activity of 1.0 GBq. After filtration the solution still contained 97 % of
the total activity. It was purified and analyzed by HPLC. The radiochromatogram of
the third experiment is depicted on page 119.

L-carnosine 226 mg
(1.00 mmol)

23 mg
(0.10 mmol)

2.3 mg
(0.01 mmol)

0.7 mg
(0.003 mmol)

D-isomaltulose 513 mg
(1.50 mmol)

50 mg
(0.15 mmol)

50 mg
(0.15 mmol)

1.0 mg
(0.003 mmol)

tin(II) oxalate 412 mg
(2.00 mmol)

41 mg
(0.20 mmol)

41 mg
(0.20 mmol)

0.7 mg
(0.003 mmol)

solvent (total) 7.0 mL 0.9 mL 0.5 mL 1.8 mL
time 85 min 90 min, 120 min 130 min 60 min
HPLC result 26 % 62 %, 82 % 86 % 4 %
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Compound:

[ReO(L-car)(syn-6-O-alpha-D-Glcp-beta-D-Fruf2,3H-2)]

Compound:

[ReO(L-car)(syn-6-O-alpha-D-Glcp-beta-D-Fruf2,3H-2)]
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5.5.23 (HNEt3)[ReO(ox)2(PPh3)] (23)

[ReOCl3(PPh3)2] + 2 H2C2O4 + 4 NEt3 −→ 23 + PPh3 + 3 HNEt3Cl

A suspension of oxalic acid (360 mg, 4.00 mmol), triethylamine (405 mg, 4.00 mmol)
and trichlorido-oxido-trans-bis(triphenylphosphane)-rhenium(V) (833 mg, 1.00 mmol)
was stirred in methanol (100 mL) for 3 h at 60 °C. The mixture was evaporated to
20 mL and over night at ambient temperature violet crystals of 23 were obtained.

Yield: <1 % of violet crystals

5.5.24 [Re(NPh)(ox)(PPh3)2Cl] · MeOH (24)

[Re(NPh)Cl3(PPh3)2] + Na2C2O4 −→ 24 + 2 NaCl

Oxalic acid disodium salt (268 mg, 2.00 mmol) was stirred with trichlorido-phenyl-
imido-trans-bis(triphenylphosphane)-rhenium(V) (908 mg, 1.00 mmol) in methanol
(250 mL) for 3 h at 60 °C. Within this period of time the green suspension turned into
a brown solution. Then the volume was reduced in vacuo to 30 mL. Over night at
room temperature green crystals of 24 were obtained.

Yield: <1 % of green crystals

5.5.25 [ReO(syn-AnErytH−2)(MeOH)(PPh3)Cl] (25)

[ReOCl3(PPh3)2] + anhydroerythritol + MeOH −→ 25 + PPh3 + 2 HCl

Anhydroerythritol (5.00 mL, 6.35 g, 61.0 mmol) was heated with trichlorido-oxido-
trans-bis(triphenylphosphane)-rhenium(V) (416 mg, 0.50 mmol) without any further
solvent for 3 min at 100 °C. The hot mixture was cooled to room temperature and
heated once again with methanol (20 mL) to 60 °C. Over night at ambient tempera-
ture violet crystals of 25 were obtained.

Yield: <1 % of violet crystals
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Compound:

(HNEt3)[ReO(ox)2(PPh3)]

Compound:

(HNEt3)[ReO(ox)2(PPh3)]

Compound:

[Re(NPh)(ox)(PPh3)2Cl]

Compound:

[Re(NPh)(ox)(PPh3)2Cl]

Compound:

[ReO(syn-AnErytH-2)(MeOH)(PPh3)Cl]

Compound:

[ReO(syn-AnErytH-2)(MeOH)(PPh3)Cl]
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5.5.26 [ReO(L-thr)(syn-AnErytH−2)(PPh3)] (26)

[ReOCl3(PPh3)2] + L-threonine + anhydroerythritol + 3 NEt3 −→

26 + PPh3 + 3 HNEt3Cl

Anhydroerythritol (208 mg, 2.00 mmol), L-threonine (155 mg, 1.00 mmol), triethyl-
amine (303 mg, 3.00 mmol) and trichlorido-oxido-trans-bis(triphenylphosphane)-rhe-
nium(V) (833 mg, 1.00 mmol) were stirred under reflux in methanol (100 mL). After
3 h at 60 °C the yellow suspension turned into a violet solution. The solvent was re-
moved in vacuo and the remaining brown precipitate recrystallized in boiling metha-
nol (10 mL). At room temperature green crystals of 26 formed within 1 day.

Yield: <1 % of green crystals
Elemental analysis (%)
calc. for C26H29NO7PRe, 684.70: C 45.61, H 4.27, N 2.05
found: C 45.59, H 4.14, N 2.00
MS (FAB+, NBA) m/z

calc. for C26H30NO7PRe = [M + H]+: 686.1
found: 686.3 with a characteristic Re1 pattern

5.5.27 [ReO(fac-ida)(Emy11,12H−2)] · MeOH · H2O (27)

[ReOCl3(PPh3)2] + iminodiacetic acid + erythromycin + 3 NEt3 −→

27 + 2 PPh3 + 3 HNEt3Cl

Erythromycin (1.101 g, 1.50 mmol), iminodiacetic acid (133 mg, 1.00 mmol), trieth-
ylamine (405 mg, 4.00 mmol) and trichlorido-trans-oxido-bis(triphenylphosphane)-
rhenium(V) (833 mg, 1.00 mmol) were refluxed in methanol (250 mL). After 3 h at
60 °C the yellow suspension turned into a brown solution. The volume was reduced
in vacuo to 30 mL and violet crystals of 27 were obtained over night at room tempera-
ture from this solution.
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Compound:

[ReO(L-thr)(syn-AnErytH-2)(PPh3)]

Compound:

[ReO(L-thr)(syn-AnErytH-2)(PPh3)]

Compound:

[ReO(fac-ida)(Emy11,12H-2)]

Compound:

[ReO(fac-ida)(Emy11,12H-2)]
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Yield: <1 % of violet crystals
Elemental analysis (%)
calc. for C41H69N2O17Re =
[M + MeOH + 0.4 H2O]: C 46.39, H 6.84, N 2.58
found: C 46.39, H 6.85, N 2.59
MS (FAB+, NBA) m/z

calc. for C41H70N2O17Re = [M + H]+: 1049.4
found: 1049.8 with a characteristic Re1 pattern

5.5.28 [Cu2(phen)2(ox)(ReO4)2]n (28)

Cu(NO3)2 + phen + 9 + 3 H2O −→ 28 + L-hisH + 2 NO3
−

The rhenium(V) compound [ReO(L-his)(ox)] (444 mg, 1.00 mmol, see section 5.5.9 on
page 170) was stirred with 1,10-phenanthroline (180 mg, 1.00 mmol) and Cu(NO3)2 ·

3 H2O (241 mg, 1.00 mmol) in acetonitrile (50 mL). After stirring for 30 min at 60 °C
the suspension was filtered. From the remaining green-blue solution green crystals
of 28 formed within one week at room temperature.

Yield: <1 % of green crystals
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Compound:

[ReO(L-his)(ox)]

Compound:

[Cu2(phen)2(ox)(ReO4)2]n

Compound:

[Cu2(phen)2(ox)(ReO4)2]n
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6.1 Packing diagrams of the crystal structures
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Figure 6.1 SCHAKAL packing diagram of 1 viewed along [01̄0]. Hydrogen bonds are indicated
by yellow dashed lines. The symmetry elements of the space group P21 are overlaid. Atoms:
carbon (grey, wireframe), hydrogen (light grey, small), nitrogen (blue, large), iodine (purple,
large), oxygen (red, large), rhenium (dark cyan, large).
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Compound:

[ReO(fac-dien)(syn-Cyd2',3'H-2)]I



6 Appendix

o

c

a

Figure 6.2 SCHAKAL packing diagram of 2 viewed along [01̄0]. Hydrogen bonds are indicated
by yellow dashed lines. The symmetry elements of the space group P212121 are overlaid.
Atoms: carbon (grey, wireframe), hydrogen (light grey, small), boron (orange, large), nitrogen
(blue, large), oxygen (red, large), rhenium (dark cyan, large).
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Compound:

[ReO(fac-dien)(syn-Urd2',3'H-2)]BPh4
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Figure 6.3 SCHAKAL packing diagram of 3 viewed along [1̄00]. Hydrogen bonds are indi-
cated by yellow dashed lines. The symmetry elements of the space group P21/n are overlaid.
Atoms: carbon (grey, wireframe), hydrogen (light grey, small), nitrogen (blue, large), oxygen
(red, large), boron (orange, large), rhenium (dark cyan, large).
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Compound:

[Re(NPh)(fac-dien)(syn-AnErytH-2)]BPh4
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Figure 6.4 SCHAKAL packing diagram of 4 viewed along [01̄0]. Hydrogen bonds are indicated
by yellow dashed lines. The symmetry elements of the space group P21/c are overlaid. The
atoms of the minor part of disordered diethylenetriamine are not shown. Atoms: carbon
(grey, wireframe), hydrogen (light grey, small), boron (orange, large), chlorine (green, large),
nitrogen (blue, large), oxygen (red, large), rhenium (dark cyan, large).
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Compound:

[Re(NPh)(fac-dien)(anti-AnErytH-2)][ReO(fac-dien)(anti-AnErytH-2)][BPh4]Cl
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Figure 6.5 SCHAKAL packing diagram of 5 viewed along [1̄00]. Hydrogen bonds are indi-
cated by yellow dashed lines. The symmetry elements of the space group P1̄ are overlaid.
The atoms of the minor part of disordered ethanol are not shown. Atoms: carbon (grey, wire-
frame), hydrogen (light grey, small), chlorine (green, large), nitrogen (blue, large), oxygen
(red, large), phosphorus (orange, large), rhenium (dark cyan, large).
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Compound:

[Re(NPh)(mer-dien)(OEt)(PPh3)][ReO4]Cl
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Figure 6.6 SCHAKAL packing diagram of 6 viewed along [01̄0]. Hydrogen bonds are indicated
by yellow dashed lines. The symmetry elements of the space group P21/n are overlaid. The
atoms of the minor part of disordered diaminopropionic acid are not shown. Atoms: carbon
(grey, wireframe), hydrogen (light grey, small), nitrogen (blue, large), oxygen (red, large),
rhenium (dark cyan, large).
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Compound:

[ReO(rac-dap)(EthdH-2)]
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Figure 6.7 SCHAKAL packing diagram of 7 viewed along [1̄00]. Hydrogen bonds are indicated
by yellow dashed lines. The symmetry elements of the space group Pbcn are overlaid. The
atoms of the minor part of disordered diaminopropionic acid are not shown. Atoms: carbon
(grey, wireframe), hydrogen (light grey, small), nitrogen (blue, large), oxygen (red, large),
rhenium (dark cyan, large).
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Compound:

[ReO(rac-dap)(syn-AnErytH-2)]
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Figure 6.8 SCHAKAL packing diagram of 8 viewed along [01̄0]. Hydrogen bonds are indicated
by yellow dashed lines. The symmetry elements of the space group P212121 are overlaid. The
atoms of the minor parts of disordered diaminopropionic acid and water are omitted. Atoms:
carbon (grey, wireframe), hydrogen (light grey, small), nitrogen (blue, large), oxygen (red,
large), rhenium (dark cyan, large).
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Compound:

[ReO(rac-dap)(anti-Cyd2',3'H-2)]
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Figure 6.9 SCHAKAL packing diagram of 9 viewed along [1̄00]. Hydrogen bonds are indicated
by yellow dashed lines. The symmetry elements of the space group P212121 are overlaid.
Atoms: carbon (grey, wireframe), hydrogen (light grey, small), nitrogen (blue, large), oxygen
(red, large), rhenium (dark cyan, large).
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Compound:

[ReO(L-his)(ox)]
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Figure 6.10 SCHAKAL packing diagram of 10 viewed along [01̄0]. Hydrogen bonds are indi-
cated by yellow dashed lines. Two disordered molecules of water were calculated without
hydrogen atoms. The symmetry elements of the space group P21 are overlaid. Atoms: car-
bon (grey, wireframe), hydrogen (light grey, small), nitrogen (blue, large), oxygen (red, large),
rhenium (dark cyan, large).
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Compound:

[ReO(L-his)(EthdH-2)]
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Figure 6.11 SCHAKAL packing diagram of 11 viewed along [01̄0]. Hydrogen bonds are indi-
cated by yellow dashed lines. The symmetry elements of the space group P21 are overlaid.
Atoms: carbon (grey, wireframe), hydrogen (light grey, small), nitrogen (blue, large), oxygen
(red, large), rhenium (dark cyan, large).
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Compound:

[ReO(L-his)(syn-AnErytH-2)]
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Figure 6.12 SCHAKAL packing diagram of 12 viewed along [1̄00]. Hydrogen bonds are indi-
cated by yellow dashed lines. The symmetry elements of the space group P212121 are over-
laid. Atoms: carbon (grey, wireframe), hydrogen (light grey, small), nitrogen (blue, large),
oxygen (red, large), rhenium (dark cyan, large).
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Compound:

[ReO(L-his)(syn-Urd2',3'H-2)]
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Figure 6.13 SCHAKAL packing diagram of 13 viewed along [1̄00]. Hydrogen bonds are indi-
cated by yellow dashed lines. The symmetry elements of the space group P212121 are over-
laid. Atoms: carbon (grey, wireframe), hydrogen (light grey, small), nitrogen (blue, large),
oxygen (red, large), rhenium (dark cyan, large).
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Compound:

[ReO(L-his)(anti-Cyd2',3'H-2)]
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Figure 6.14 SCHAKAL packing diagram of 14 viewed along [01̄0]. Hydrogen bonds are indi-
cated by yellow dashed lines. The symmetry elements of the space group C2 are overlaid.
Atoms: carbon (grey, wireframe), hydrogen (light grey, small), nitrogen (blue, large), oxygen
(red, large), rhenium (dark cyan, large).
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Compound:

[ReO(L-his)(syn-Me-alpha-D-Manp2,3H-2)]
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Figure 6.15 SCHAKAL packing diagram of 15 viewed along [01̄0]. Hydrogen bonds are indi-
cated by yellow dashed lines. The symmetry elements of the space group P21 are overlaid.
Atoms: carbon (grey, wireframe), hydrogen (light grey, small), nitrogen (blue, large), oxygen
(red, large), rhenium (dark cyan, large).
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Compound:

[ReO(L-his)(syn-Me-beta-D-Ribp3,4H-2)]
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Figure 6.16 SCHAKAL packing diagram of 16 viewed along [1̄00]. Hydrogen bonds are indi-
cated by yellow dashed lines. The symmetry elements of the space group P212121 are over-
laid. The minor part of disordered water is not shown. Atoms: carbon (grey, wireframe),
hydrogen (light grey, small), nitrogen (blue, large), oxygen (red, large), rhenium (dark cyan,
large).
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Compound:

[ReO(L-car)(ox)]
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Figure 6.17 SCHAKAL packing diagram of 17 viewed along [1̄00]. Hydrogen bonds are in-
dicated by yellow dashed lines. The space group is P1. Atoms: carbon (grey, wireframe),
hydrogen (light grey, small), nitrogen (blue, large), oxygen (red, large), rhenium (dark cyan,
large).
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Compound:

[ReO(L-car)(EthdH-2)]
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Figure 6.18 SCHAKAL packing diagram of 18 viewed along [01̄0]. Hydrogen bonds are indicated by yellow dashed lines. The symmetry
elements of the space group C2 are overlaid. The atoms of the minor part of disordered adenine and the CH2OH group of ribose are not
shown. Atoms: carbon (grey, wireframe), hydrogen (light grey, small), nitrogen (blue, large), oxygen (red, large), rhenium (dark cyan,
large).
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Compound:

[ReO(L-car)(syn-AdoH2',3'H-2)]
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Figure 6.19 SCHAKAL packing diagram of 19 viewed along [1̄00]. Hydrogen bonds are indi-
cated by yellow dashed lines. The symmetry elements of the space group P21 are overlaid.
Atoms: carbon (grey, wireframe), hydrogen (light grey, small), nitrogen (blue, large), oxygen
(red, large), rhenium (dark cyan, large).

204

Compound:

[ReO(L-car)(syn-alpha-D-Ribf1,2H-2)]
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Figure 6.20 SCHAKAL packing diagram of 20 viewed along [1̄00]. Hydrogen bonds are indi-
cated by yellow dashed lines. The symmetry elements of the space group P212121 are over-
laid. Atoms: carbon (grey, wireframe), hydrogen (light grey, small), nitrogen (blue, large),
oxygen (red, large), rhenium (dark cyan, large).
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Compound:

[ReO(L-car)(anti-alpha/beta-D-Manp2,3H-2)]
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Figure 6.21 SCHAKAL packing diagram of 21 viewed along [1̄00]. Hydrogen bonds are indi-
cated by yellow dashed lines. The symmetry elements of the space group P212121 are over-
laid. The atoms of the minor parts of disordered methanol and the hydroxy-function on C1
of fructose are not shown. Atoms: carbon (grey, wireframe), hydrogen (light grey, small),
nitrogen (blue, large), oxygen (red, large), rhenium (dark cyan, large).
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Compound:

[ReO(L-car)(anti-beta-D-Fruf2,3H-2)]
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Figure 6.22 SCHAKAL packing diagram of 22 viewed along [1̄00]. Hydrogen bonds are in-
dicated by yellow dashed lines. The minor part of disordered Nβ of alanine is not shown.
The symmetry elements of the space group P212121 are overlaid. Atoms: carbon (grey, wire-
frame), hydrogen (light grey, small), nitrogen (blue, large), oxygen (red, large), rhenium (dark
cyan, large).
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Compound:

[ReO(L-car)(syn-6-O-alpha-D-Glcp-beta-D-Fruf2,3H-2)]



6 Appendix

o

c

a

Figure 6.23 SCHAKAL packing diagram of 23 viewed along [01̄0]. Hydrogen bonds are indi-
cated by yellow dashed lines. The symmetry elements of the space group Pbca are overlaid.
Atoms: carbon (grey, wireframe), hydrogen (light grey, small), nitrogen (blue, large), oxygen
(red, large), phosphorus (orange, large), rhenium (dark cyan, large).
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Compound:

(HNEt3)[ReO(ox)2(PPh3)]
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Figure 6.24 SCHAKAL packing diagram of 24 viewed along [001̄]. Hydrogen bonds are indi-
cated by yellow dashed lines. The symmetry elements of the space group P21/n are overlaid.
The minor part of disordered methanol is not shown. Atoms: carbon (grey, wireframe), hy-
drogen (light grey, small), chlorine (green, large), nitrogen (blue, large), oxygen (red, large),
phosphorus (orange, large), rhenium (dark cyan, large).
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Compound:

[Re(NPh)(ox)(PPh3)2Cl]
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Figure 6.25 SCHAKAL packing diagram of 25 viewed along [1̄00]. Hydrogen bonds are indi-
cated by yellow dashed lines. The symmetry elements of the space group P1̄ are overlaid.
Atoms: carbon (grey, wireframe), hydrogen (light grey, small), chlorine (green, large), oxygen
(red, large), phosphorus (orange, large), rhenium (dark cyan, large).
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Compound:

[ReO(syn-AnErytH-2)(MeOH)(PPh3)Cl]
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Figure 6.26 SCHAKAL packing diagram of 26 viewed along [1̄00]. Hydrogen bonds are indi-
cated by yellow dashed lines. The symmetry elements of the space group P212121 are over-
laid. Atoms: carbon (grey, wireframe), hydrogen (light grey, small), nitrogen (blue, large),
oxygen (red, large), phosphorus (orange, large), rhenium (dark cyan, large).
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Compound:

[ReO(L-thr)(syn-AnErytH-2)(PPh3)]
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Figure 6.27 SCHAKAL packing diagram of 27 viewed along [1̄00]. Hydrogen bonds are indi-
cated by yellow dashed lines. The symmetry elements of the space group P212121 are over-
laid. Atoms: carbon (grey, wireframe), hydrogen (light grey, small), nitrogen (blue, large),
oxygen (red, large), rhenium (dark cyan, large). The atoms of disordered water and methanol
are depicted in large style without hydrogen atoms.
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Compound:

[ReO(fac-ida)(Emy11,12H-2)]
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Figure 6.28 SCHAKAL packing diagram of 28 viewed along [1̄00]. Hydrogen bonds are indi-
cated by yellow dashed lines. The symmetry elements of the space group C2/c are overlaid.
Atoms: carbon (grey, wireframe), hydrogen (light grey, small), copper (orange, large), nitro-
gen (blue, large), oxygen (red, large), rhenium (dark cyan, large).

213

Compound:

[Cu2(phen)2(ox)(ReO4)2]n



6 Appendix

6.2 Crystallographic tables

Table 6.1 Archive codes of the compounds in this work. Lower-quality measurements are
given in brackets.

Compound Archive code

1 i078
2 jn121 (in401)
3 i076
4 kn626
5 jn099
6 jn276
7 jn120
8 kn306 (kn114)
9 jn384
10 jn208
11 kn274 (jn179)
12 jn265
13 jn466
14 jn213
15 ln077
16 kn354 (ln106)
17 ln037 (ln023)
18 jn240 (ko012)
19 jn324
20 kn151 (kn104, kn105)
21 jn485
22 jn325 (kn457)
23 kn056
24 jn407
25 kn499
26 jn449
27 kn179
28 lo142
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Compound:

[ReO(fac-dien)(syn-Cyd2',3'H-2)]I

Compound:

[ReO(fac-dien)(syn-Urd2',3'H-2)]BPh4

Compound:

[Re(NPh)(fac-dien)(syn-AnErytH-2)]BPh4

Compound:

[Re(NPh)(fac-dien)(anti-AnErytH-2)][ReO(fac-dien)(anti-AnErytH-2)][BPh4]Cl

Compound:

[Re(NPh)(mer-dien)(OEt)(PPh3)][ReO4]Cl

Compound:

[ReO(rac-dap)(EthdH-2)]

Compound:

[ReO(rac-dap)(syn-AnErytH-2)]

Compound:

[ReO(rac-dap)(anti-Cyd2',3'H-2)]

Compound:

[ReO(L-his)(ox)]

Compound:

[ReO(L-his)(EthdH-2)]

Compound:

[ReO(L-his)(syn-AnErytH-2)]

Compound:

[ReO(L-his)(syn-Urd2',3'H-2)]

Compound:

[ReO(L-his)(anti-Cyd2',3'H-2)]

Compound:

[ReO(L-his)(syn-Me-alpha-D-Manp2,3H-2)]

Compound:

[ReO(L-his)(syn-Me-beta-D-Ribp3,4H-2)]

Compound:

[ReO(L-car)(ox)]

Compound:

[ReO(L-car)(EthdH-2)]

Compound:

[ReO(L-car)(syn-AdoH2',3'H-2)]

Compound:

[ReO(L-car)(syn-alpha-D-Ribf1,2H-2)]

Compound:

[ReO(L-car)(anti-alpha/beta-D-Manp2,3H-2)]

Compound:

[ReO(L-car)(anti-beta-D-Fruf2,3H-2)]

Compound:

[ReO(L-car)(syn-6-O-alpha-D-Glcp-beta-D-Fruf2,3H-2)]

Compound:

(HNEt3)[ReO(ox)2(PPh3)]

Compound:

[Re(NPh)(ox)(PPh3)2Cl]

Compound:

[ReO(syn-AnErytH-2)(MeOH)(PPh3)Cl]

Compound:

[ReO(L-thr)(syn-AnErytH-2)(PPh3)]

Compound:

[ReO(fac-ida)(Emy11,12H-2)]

Compound:

[Cu2(phen)2(ox)(ReO4)2]n
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Table 6.2 Crystallographic tables of [ReO(fac-dien)(syn-Cyd2’,3’H−2)]I (1), [ReO(fac-dien)-
(syn-Urd2’,3’H−2)]BPh4 · MeOH (2) and [Re(NPh)(fac-dien)(syn-AnErytH−2)]BPh4 (3).

1 2 3

empirical formula C13H24IN6O6Re C38H47BN5O8Re C38H44BN4O3Re
Mr/g mol−1 673.48 898.82 801.78
crystal system monoclinic orthorhombic monoclinic
space group P21 P212121 P21/n

a/Å 10.6867(11) 9.44440(10) 12.1087(9)
b/Å 14.4725(12) 10.6915(2) 19.8809(15)
c/Å 16.9558(18) 36.9230(6) 15.4707(11)
α/° 90 90 90
β/° 104.450(12) 90 102.691(9)
γ/° 90 90 90
V/Å3 2539.5(4) 3728.29(10) 3633.3(5)
Z 4 4 4
ρ/g cm−3 1.762 1.601 1.466
µ/mm−1 6.034 3.319 3.385
crystal size/mm 0.371 × 0.200 × 0.114 0.2 × 0.1 × 0.04 0.158 × 0.128 × 0.121
temperature/K 200(2) 200(2) 293(2)
diffractometer Stoe IPDS KappaCCD Stoe IPDS
radiation MoKα MoKα MoKα
anode fine-focus sealed tube rotating anode fine-focus sealed tube
rated input/kW 2.75 4.125 2.75
θ-range/° 1.88 – 23.92 3.31 – 27.46 1.69 – 22.37
reflections 5000 135910 5000
absorption correction numerical numerical numerical
transmission factor range 0.1927 – 0.5380 0.6193 – 0.8222 0.6166 – 0.7221
reflections measured 14269 31344 16964
observed reflections 7765 8394 4642
Rint 0.1265 0.0808 0.1094
mean σ(I)/I 0.1449 0.0753 0.1441
reflections with I ≥ 2σ(I) 5438 7298 2208
x, y (weighting scheme) 0.0725, 0 0.0099, 6.6625 0.0286, 0
refinement a,b b b

Flack parameter −0.015(15) 0.005(9) –
parameters 240 482 425
restraints 1 0 0
R(Fobs) 0.0637 0.0436 0.0408
Rw(F2) 0.1509 0.0828 0.0876
S 0.953 1.104 0.755
shift/errormax 0.001 0.001 0.001
max. electron density/e Å−3 1.443 1.556 0.871
min. electron density/e Å−3 −1.742 −1.500 −0.777

a

b

c

a

b

c

a

b

c

a All atoms were refined isotropic except for the heavy atoms (rhenium and iodide).
b All H atoms were calculated in idealized positions riding on their parent atoms.
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Compound:

[ReO(fac-dien)(syn-Cyd2',3'H-2)]I

Compound:

[ReO(fac-dien)(syn-Urd2',3'H-2)]BPh4

Compound:

[Re(NPh)(fac-dien)(syn-AnErytH-2)]BPh4

Compound:

[ReO(fac-dien)(syn-Cyd2',3'H-2)]I

Compound:

[ReO(fac-dien)(syn-Urd2',3'H-2)]BPh4

Compound:

[Re(NPh)(fac-dien)(syn-AnErytH-2)]BPh4
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Table 6.3 Crystallographic tables of [Re(NPh)(fac-dien)(anti-AnErytH−2)][ReO(fac-dien)(anti-
AnErytH−2)][BPh4]Cl (4), [Re(NPh)(mer-dien)(OEt)(PPh3)][ReO4]Cl · EtOH · 0.5 Me2CO (5)
and [ReO(rac-dap)(EthdH−2)] · MeOH (6).

4 5 6

empirical formula C46H63BClN7O7Re2 C33.5H47ClN4O6.5PRe2 C6H15N2O6Re
Mr/g mol−1 1244.69 1048.57 397.40
crystal system monoclinic triclinic monoclinic
space group P21/c P1̄ P21/n

a/Å 23.0247(3) 10.1983(2) 10.7818(3)
b/Å 10.03540(10) 13.9450(2) 5.8322(2)
c/Å 23.3793(3) 16.0432(4) 16.4924(4)
α/° 90 70.9763(9) 90
β/° 116.2546(6) 88.8968(10) 91.0526(10)
γ/° 90 70.1703(10) 90
V/Å3 4844.77(10) 2018.35(7) 1036.89(5)
Z 4 2 4
ρ/g cm−3 1.706 1.725 2.546
µ/mm−1 5.104 6.143 11.732
crystal size/mm 0.15 × 0.12 × 0.12 0.06 × 0.05 × 0.02 0.08 × 0.07 × 0.06
temperature/K 200(2) 200(2) 200(2)
diffractometer KappaCCD KappaCCD KappaCCD
radiation MoKα MoKα MoKα
anode rotating anode rotating anode rotating anode
rated input/kW 3.025 4.125 3.025
θ-range/° 3.25 – 27.51 3.14 – 27.47 3.71 – 27.50
reflections 59026 18048 11937
absorption correction multi-scan/sadabs numerical numerical
transmission factor range 0.3756 – 0.542 0.6346 – 0.8820 0.2424 – 0.6043
reflections measured 77855 28925 11571
observed reflections 11085 9154 2373
Rint 0.0398 0.0655 0.1319
mean σ(I)/I 0.0291 0.0727 0.0702
reflections with I ≥ 2σ(I) 9475 6597 2206
x, y (weighting scheme) 0.0233, 5.4231 0.0283, 3.6492 0.0404, 1.6428
refinement a a a

Flack parameter – – –
parameters 597 420 150
restraints 0 0 0
R(Fobs) 0.0264 0.0405 0.0351
Rw(F2) 0.0589 0.0889 0.0897
S 1.062 1.017 1.103
shift/errormax 0.002 0.001 0.001
max. electron density/e Å−3 1.365 1.441 2.921
min. electron density/e Å−3 −1.240 −1.324 −2.717b

a

b

c a

b

c

a

b

c

a All H atoms were calculated in idealized positions riding on their parent atoms.
b The maximum electron density is located at a distance of 0.90 Å to rhenium.
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Compound:

[Re(NPh)(fac-dien)(anti-AnErytH-2)][ReO(fac-dien)(anti-AnErytH-2)][BPh4]Cl

Compound:

[Re(NPh)(mer-dien)(OEt)(PPh3)][ReO4]Cl

Compound:

[ReO(rac-dap)(EthdH-2)]

Compound:

[Re(NPh)(fac-dien)(anti-AnErytH-2)][ReO(fac-dien)(anti-AnErytH-2)][BPh4]Cl

Compound:

[Re(NPh)(mer-dien)(OEt)(PPh3)][ReO4]Cl

Compound:

[ReO(rac-dap)(EthdH-2)]
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Table 6.4 Crystallographic tables of [ReO(rac-dap)(syn-AnErytH−2)] · H2O (7), [ReO(rac-dap)-
(anti-Urd2’,3’H−2)] · 2 H2O (8) and [ReO(L-his)(ox)] (9).

7 8 9

empirical formula C7H14N2O6.5Re C12H22N5O10Re C8H8N3O7Re
Mr/g mol−1 416.40 582.55 444.37
crystal system orthorhombic orthorhombic orthorhombic
space group Pbcn P212121 P212121
a/Å 10.0745(2) 8.3369(2) 7.25780(10)
b/Å 12.0837(3) 10.7135(2) 10.2442(2)
c/Å 18.1921(5) 19.9382(4) 17.4025(3)
α/° 90 90 90
β/° 90 90 90
γ/° 90 90 90
V/Å3 2214.66(9) 1780.83(6) 1293.88(4)
Z 8 4 4
ρ/g cm−3 2.498 2.173 2.281
µ/mm−1 10.996 6.890 9.424
crystal size/mm 0.18 × 0.16 × 0.15 0.20 × 0.16 × 0.09 0.20 × 0.05 × 0.02
temperature/K 200(2) 200(2) 200(2)
diffractometer KappaCCD KappaCCD KappaCCD
radiation MoKα MoKα MoKα
anode rotating anode rotating anode rotating anode
rated input/kW 4125 3.025 2.250
θ-range/° 4.05 – 27.48 3.19 – 27.53 3.44 – 27.48
reflections 8795 35582 11996
absorption correction numerical multi-scan/sadabs numerical
transmission factor range 0.1491 – 0.3305 0.338 – 0.538 0.3125 – 0.8943
reflections measured 15861 19877 15114
observed reflections 2532 4072 2915
Rint 0.0743 0.0427 0.1674
mean σ(I)/I 0.0442 0.0376 0.0837
reflections with I ≥ 2σ(I) 1864 3960 2860
x, y (weighting scheme) 0.0217, 0 0, 1.0888 0.0396, 2.3984
refinement a b c

Flack parameter – 0.010(7) 0.018(19)
parameters 178 316 173
restraints 2 9 0
R(Fobs) 0.0266 0.0199 0.0408
Rw(F2) 0.0557 0.0441 0.0929
S 1.020 1.081 1.045
shift/errormax 0.001 0.001 0.001
max. electron density/e Å−3 1.449 1.232 1.509
min. electron density/e Å−3 −1.513 −1.255 −2.724

a

b

c

a

b

c

a

b

c

a All H atoms were calculated in idealized positions except that one belonging to a half-occupied molecule of water. This

hydrogen atom was located in a difference Fourier map and refined as riding on its parent atom (the other hydrogen atom

is symmetry-generated). The distance for O-H was refined to 0.77759 Å and the H-H distance for H-O-H was fixed to the

1.57fold (forcing H-O-H to 105°).
b All H atoms were calculated in idealized positions except those of two molecules of water. These hydrogen atoms were

located in a difference Fourier map and refined as riding on their parent atoms. The distances for O-H were refined to

0.94140 Å and the H-H distances for H-O-H were fixed to the 1.57fold (forcing H-O-H to 105°).
c All H atoms were calculated in idealized positions riding on their parent atoms.
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Compound:

[ReO(rac-dap)(syn-AnErytH-2)]

Compound:

[ReO(rac-dap)(anti-Cyd2',3'H-2)]

Compound:

[ReO(L-his)(ox)]

Compound:

[ReO(rac-dap)(syn-AnErytH-2)]

Compound:

[ReO(rac-dap)(anti-Cyd2',3'H-2)]

Compound:

[ReO(L-his)(ox)]



6 Appendix

Table 6.5 Crystallographic tables of [ReO(L-his)(EthdH−2)] · 4.5 H2O (10), [ReO(L-his)(syn-
AnErytH−2)] · 2 H2O (11) and [ReO(L-his)(syn-Urd2’,3’H−2)] · 1.5 H2O (12).

10 11 12

empirical formula C8H21N3O9.5Re C10H18N3O8Re C15H21N5O10.5Re
Mr/g mol−1 497.48 494.47 625.57
crystal system monoclinic monoclinic orthorhombic
space group P21 P21 P212121
a/Å 15.6835(3) 10.4052(3) 11.45650(10)
b/Å 6.4703(2) 6.5733(3) 15.5288(2)
c/Å 16.0002(3) 10.5129(3) 22.0816(3)
α/° 90 90 90
β/° 99.2032(17) 92.181(2) 90
γ/° 90 90 90
V/Å3 1602.75(6) 718.52(4) 3928.44(8)
Z 4 2 8
ρ/g cm−3 2.062 2.285 2.115
µ/mm−1 7.630 8.502 6.257
crystal size/mm 0.13 × 0.08 × 0.05 0.20 × 0.14 × 0.03 0.06 × 0.05 × 0.03
temperature/K 200(2) 200(2) 200(2)
diffractometer KappaCCD KappaCCD KappaCCD
radiation MoKα MoKα MoKα
anode rotating anode rotating anode rotating anode
rated input/kW 4125 3.025 3.025
θ-range/° 3.38 – 27.43 3.66 – 27.53 3.17 – 27.47
reflections 23280 12902 99629
absorption correction numerical multi-scan/sadabs numerical
transmission factor range 0.4488 – 0.7286 0.3937 – 0.775 0.7109 – 0.8093
reflections measured 21889 11638 42700
observed reflections 7096 3165 8972
Rint 0.0523 0.0495 0.0527
mean σ(I)/I 0.0525 0.0450 0.0397
reflections with I ≥ 2σ(I) 6600 3054 8217
x, y (weighting scheme) 0.0529, 1.4642 0.0095, 0.4048 0.0149, 4.9247
refinement a b c

Flack parameter −0.025(12) 0.027(9) −0.015(5)
parameters 431 213 622
restraints 22 7 15
R(Fobs) 0.0388 0.0218 0.0260
Rw(F2) 0.0960 0.0501 0.0507
S 1.084 1.072 1.071
shift/errormax 0.001 0.001 0.001
max. electron density/e Å−3 3.318d 1.144 1.536
min. electron density/e Å−3 −2.102 −1.678 −0.792

a

b

c

a

b

c

a

b

c

a All H atoms were calculated in idealized positions except those of seven water molecules. These atoms were located in a

difference Fourier map and refined as riding on their parent atoms. The distances for O-H were refined to 0.79548 Å and the

H-H distances for H-O-H were fixed to the 1.57fold (forcing H-O-H to 105°). Two further water molecules are disordered, these

hydrogen atoms were not considered.
b All H atoms are calculated in idealized positions except those of two molecules of water. These hydrogen atoms were located

in a difference Fourier map and refined as riding on their parent atoms. The distances for O-H were refined to 0.82741 Å and

the H-H distances for H-O-H were fixed to the 1.57fold (forcing H-O-H to 105°).
c All H atoms were calculated in idealized positions except those of three water molecules. These atoms were located in a

difference Fourier map and refined as riding on their parent atoms. The distances for O-H were refined to 0.80230 Å and the

H-H distances for H-O-H were fixed to the 1.57fold (forcing H-O-H to 105°).
d The maximum electron density is located at a distance of 0.89 Å to C24.
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Compound:

[ReO(L-his)(EthdH-2)]

Compound:

[ReO(L-his)(syn-AnErytH-2)]

Compound:

[ReO(L-his)(syn-Urd2',3'H-2)]

Compound:

[ReO(L-his)(EthdH-2)]

Compound:

[ReO(L-his)(syn-AnErytH-2)]

Compound:

[ReO(L-his)(syn-Urd2',3'H-2)]
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Table 6.6 Crystallographic tables of [ReO(L-his)(anti-Cyd2’,3’H−2)] · 5 H2O (13), [ReO-
(L-his)(syn-Me-α-D-Manp2,3H−2)] · 2 MeOH (14) and [ReO(L-his)(syn-Me-β-D-Ribp3,4H−2)] ·
0.5 MeOH (15).

13 14 15

empirical formula C15H29N6O13Re C15H28N3O11Re C12.5H20N3O8.5Re
Mr/g mol−1 687.64 612.60 534.52
crystal system orthorhombic monoclinic monoclinic
space group P212121 C2 P21
a/Å 9.0100(2) 25.2622(4) 10.3763(3)
b/Å 14.6011(3) 9.0735(2) 6.4665(2)
c/Å 17.7754(3) 10.4724(2) 14.8657(5)
α/° 90 90 90
β/° 90 114.2054(9) 96.0005(19)
γ/° 90 90 90
V/Å3 2338.46(8) 2189.40(7) 992.00(5)
Z 4 4 2
ρ/g cm−3 1.953 1.859 1.789
µ/mm−1 5.274 5.610 6.168
crystal size/mm 0.15 × 0.13 × 0.06 0.13 × 0.11 × 0.05 0.18 × 0.13 × 0.02
temperature/K 200(2) 200(2) 200(2)
diffractometer KappaCCD KappaCCD KappaCCD
radiation MoKα MoKα MoKα
anode rotating anode rotating anode rotating anode
rated input/kW 2.250 4.125 3.025
θ-range/° 3.22 – 27.46 3.28 – 27.48 3.22 – 27.56
reflections 64961 14780 22898
absorption correction numerical numerical multi-scan/sadabs
transmission factor range 0.4372 – 0.6772 0.4851 – 0.7705 0.58583 – 0.884
reflections measured 30823 19131 17624
observed reflections 5309 4946 4490
Rint 0.0574 0.0367 0.0504
mean σ(I)/I 0.0376 0.0372 0.0477
reflections with I ≥ 2σ(I) 4933 4702 4112
x, y (weighting scheme) 0.0296, 10.1781 0.0172, 1.8116 0.0879, 0
refinement a b b

Flack parameter 0.001(12) −0.021(7) 0.043(15)
parameters 348 279 228
restraints 15 1 1
R(Fobs) 0.0357 0.0207 0.0452
Rw(F2) 0.0896 0.0486 0.1192
S 1.205 1.106 1.062
shift/errormax 0.001 0.001 0.001
max. electron density/e Å−3 1.581 1.167 6.282c

min. electron density/e Å−3 −1.614 −0.794 −1.935

a

b

c

a

b

c

a All H atoms were calculated in idealized positions except those of five water molecules. These atoms were located in a

difference Fourier map and refined as riding on their parent atoms. The distances for O-H were fixed to 0.83 Å and the H-H

distances for H-O-H were fixed to 1.31 Å.
b All H atoms were calculated in idealized positions riding on their parent atoms.
c The maximum electron density is located at a distance of 1.457 Å to O41.
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Compound:

[ReO(L-his)(anti-Cyd2',3'H-2)]

Compound:

[ReO(L-his)(syn-Me-alpha-D-Manp2,3H-2)]

Compound:

[ReO(L-his)(syn-Me-beta-D-Ribp3,4H-2)]

Compound:

[ReO(L-his)(anti-Cyd2',3'H-2)]

Compound:

[ReO(L-his)(syn-Me-alpha-D-Manp2,3H-2)]

Compound:

[ReO(L-his)(syn-Me-beta-D-Ribp3,4H-2)]
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Table 6.7 Crystallographic tables of [ReO(L-car)(ox)] · 2 H2O (16), [ReO(L-car)(EthdH−2)] ·
MeOH · H2O (17) and [ReO(L-car)(syn-AdoH2’,3’H−2)] · 3 MeOH · 2 H2O (18).

16 17 18

empirical formula C11H17N4O10Re C12H23N4O8Re C22H40N9O13Re
Mr/g mol−1 551.49 537.54 824.83
crystal system orthorhombic triclinic monoclinic
space group P212121 P1 C2
a/Å 5.53010(10) 7.1892(2) 40.8880(8)
b/Å 12.6054(3) 8.0406(2) 8.2436(2)
c/Å 22.9235(6) 9.2764(3) 9.3392(2)
α/° 90 64.6911(16) 90
β/° 90 88.8074(16) 99.8561(10)
γ/° 90 64.1544(15) 90
V/Å3 1597.98(6) 427.14(2) 3101.45(12)
Z 4 1 4
ρ/g cm−3 2.292 2.090 1.766
µ/mm−1 7.670 7.162 3.995
crystal size/mm 0.10 × 0.03 × 0.01 0.13 × 0.10 × 0.07 0.30 × 0.15 × 0.13
temperature/K 200(2) 200(2) 200(2)
diffractometer KappaCCD KappaCCD KappaCCD
radiation MoKα MoKα MoKα
anode rotating anode rotating anode rotating anode
rated input/kW 3.025 3.025 4.125
θ-range/° 3.23 – 27.83 3.18 – 27.51 3.24 – 27.47
reflections 41522 5145 49346
absorption correction multi-scan/sadabs multi-scan/sadabs numerical
transmission factor range 0.5479 – 0.926 0.41184 – 0.606 0.3913 – 0.6882
reflections measured 28457 7248 17621
observed reflections 3696 3341 6525
Rint 0.1219 0.0197 0.0409
mean σ(I)/I 0.0799 0.0421 0.0428
reflections with I ≥ 2σ(I) 2929 3341 6115
x, y (weighting scheme) 0.0323, 0 0, 0 0.0345, 18.2127
refinement a b c

Flack parameter 0.011(15) 0.001(7) 0.012(10)
parameters 254 237 472
restraints 9 6 7
R(Fobs) 0.0418 0.0140 0.0341
Rw(F2) 0.0825 0.0364 0.0822
S 1.049 0.919 1.063
shift/errormax 0.001 0.001 0.001
max. electron density/e Å−3 1.301 0.349 1.666
min. electron density/e Å−3 −1.063 −0.918 −1.156

a

b

c

a

b

c

a

b

c

a All H atoms were calculated in idealized positions except those of two water molecules. These atoms were located in a

difference Fourier map and refined as riding on their parent atoms. The distances for O-H were fixed to 0.83 Å and the H-H

distances for H-O-H were fixed to 1.31 Å.
b All H atoms were calculated in idealized positions except those of one molecule of water. These hydrogen atoms were located

in a difference Fourier map and refined as riding on their parent atom. The distances for O-H were refined to 0.82817 Å and

the H-H distance for H-O-H was fixed to the 1.57fold (forcing H-O-H to 105°).
c All H atoms were calculated in idealized positions except those of two water molecules. These atoms were located in a

difference Fourier map and refined as riding on their parent atoms. The distances for O-H were refined to 0.83381 Å and the

H-H distances for H-O-H were fixed to the 1.57fold (forcing H-O-H to 105°).
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Compound:

[ReO(L-car)(ox)]

Compound:

[ReO(L-car)(EthdH-2)]

Compound:

[ReO(L-car)(syn-AdoH2',3'H-2)]

Compound:

[ReO(L-car)(ox)]

Compound:

[ReO(L-car)(EthdH-2)]

Compound:

[ReO(L-car)(syn-AdoH2',3'H-2)]
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Table 6.8 Crystallographic tables of [ReO(L-car)(syn-α-D-Ribf 1,2H−2)] · 3 MeOH (19), [ReO(L-
car)(anti-α/β-D-Manp2,3H−2)] · MeOH (20) and [ReO(L-car)(anti-β-D-Fruf 2,3H−2)] · MeOH
(21).

19 20 21

empirical formula C17H33N4O12Re C16H27N4O11Re C16H27N4O11Re
Mr/g mol−1 671.67 637.62 637.62
crystal system monoclinic orthorhombic orthorhombic
space group P21 P212121 P212121
a/Å 8.3488(2) 9.9316(2) 10.0300(2)
b/Å 10.2430(3) 12.6902(2) 12.8684(3)
c/Å 13.7972(4) 16.7231(3) 16.9287(4)
α/° 90 90 90
β/° 93.9294(11) 90 90
γ/° 90 90 90
V/Å3 1177.12(6) 2107.68(7) 2184.99(8)
Z 2 4 4
ρ/g cm−3 1.895 2.009 1.938
µ/mm−1 5.230 5.833 5.627
crystal size/mm 0.12 × 0.12 × 0.08 0.07 × 0.05 × 0.04 0.18 × 0.11 × 0.07
temperature/K 200(2) 200(2) 200(2)
diffractometer KappaCCD KappaCCD KappaCCD
radiation MoKα MoKα MoKα
anode rotating anode rotating anode rotating anode
rated input/kW 2.200 3.025 2.250
θ-range/° 3.15 – 27.50 3.18 – 29.58 3.15 – 27.47
reflections 44537 3334 2830
absorption correction numerical multi-scan/sadabs numerical
transmission factor range 0.1681 – 0.6351 0.51448 – 0.792 0.1322 – 0.3865
reflections measured 19331 28513 19146
observed reflections 5367 5909 4972
Rint 0.1145 0.0503 0.0989
mean σ(I)/I 0.0689 0.0552 0.0636
reflections with I ≥ 2σ(I) 5132 5192 4433
x, y (weighting scheme) 0, 10.8648 0.0303, 0.4326 0.0396, 2.7110
refinement a a a

Flack parameter 0.006(15) 0.014(9) 0.009(12)
parameters 291 310 322
restraints 1 0 0
R(Fobs) 0.0441 0.0330 0.0394
Rw(F2) 0.1101 0.0706 0.0971
S 1.102 1.054 1.076
shift/errormax 0.001 0.001 0.001
max. electron density/e Å−3 1.825b 1.250 1.649
min. electron density/e Å−3 −1.922 −1.295 −1.402

a

b

c

a

b

c
a

b

c

a All H atoms were calculated in idealized positions riding on their parent atoms.
b The maximum electron density is located in between two molecules of methanol at a distance of 1.812 Å to C98 and

1.414 Å to O97.
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Compound:

[ReO(L-car)(syn-alpha-D-Ribf1,2H-2)]

Compound:

[ReO(L-car)(anti-alpha/beta-D-Manp2,3H-2)]

Compound:

[ReO(L-car)(anti-beta-D-Fruf2,3H-2)]

Compound:

[ReO(L-car)(syn-alpha-D-Ribf1,2H-2)]

Compound:

[ReO(L-car)(anti-alpha/beta-D-Manp2,3H-2)]

Compound:

[ReO(L-car)(anti-beta-D-Fruf2,3H-2)]
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Table 6.9 Crystallographic tables of [ReO(L-car)(syn-6-O-α-D-Glcp-β-D-Fruf 2,3H−2)] · 3 H2O
(22), (HNEt3)[ReO(ox)2(PPh3)] (23) and [Re(NPh)(ox)(PPh3)2Cl] · MeOH (24).

22 23 24

empirical formula C21H39N4O18Re C28H31NO9PRe C45H39ClNO5P2Re
Mr/g mol−1 821.76 742.71 957.36
crystal system orthorhombic orthorhombic monoclinic
space group P212121 Pbca P21/n

a/Å 9.00600(10) 12.4146(2) 10.7762(2)
b/Å 10.29090(10) 15.3531(2) 19.7020(4)
c/Å 30.6272(3) 30.3448(5) 18.5788(4)
α/° 90 90 90
β/° 90 90 91.0589(9)
γ/° 90 90 90
V/Å3 2838.52(5) 5783.80(15) 3943.84(14)
Z 4 8 4
ρ/g cm−3 1.923 1.706 1.612
µ/mm−1 4.373 4.310 3.278
crystal size/mm 0.14 × 0.035 × 0.02 0.14 × 0.10 × 0.06 0.21 × 0.03 × 0.02
temperature/K 200(2) 200(2) 200(2)
diffractometer KappaCCD KappaCCD KappaCCD
radiation MoKα MoKα MoKα
anode rotating anode rotating anode rotating anode
rated input/kW 2.200 2.250 2.250
θ-range/° 3.29 – 27.48 3.15 – 27.65 3.29 – 27.51
reflections 49980 7243 9233
absorption correction numerical multi-scan/sadabs numerical
transmission factor range 0.6866 – 0.9130 0.6312 – 0.772 0.5474 – 0.9057
reflections measured 28884 60925 55432
observed reflections 6382 6646 9002
Rint 0.0592 0.0859 0.1430
mean σ(I)/I 0.0383 0.0502 0.0992
reflections with I ≥ 2σ(I) 6190 3895 5662
x, y (weighting scheme) 0.0239, 1.5920 0.0284, 5.1510 0.0265, 20.9597
refinement a b b

Flack parameter −0.016(5) – –
parameters 435 365 500
restraints 9 0 2
R(Fobs) 0.0228 0.0334 0.0637
Rw(F2) 0.0521 0.0790 0.1373
S 1.033 1.021 1.060
shift/errormax 0.001 0.001 0.001
max. electron density/e Å−3 0.796 1.084 2.052c

min. electron density/e Å−3 −1.144 −0.566 −0.917

a

b

c

a

b

c

a

b

c

a All H atoms were calculated in idealized positions except those of three water molecules. These atoms were located in a

difference Fourier map and refined as riding on their parent atoms. The distances for O-H were refined to 0.90200 Å and the

H-H distances for H-O-H were fixed to the 1.57fold (forcing H-O-H to 105°).
b All H atoms were calculated in idealized positions riding on their parent atoms.
c The maximum electron density is located at a distance of 0.99 Å to rhenium.
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Compound:

[ReO(L-car)(syn-6-O-alpha-D-Glcp-beta-D-Fruf2,3H-2)]

Compound:

(HNEt3)[ReO(ox)2(PPh3)]

Compound:

[Re(NPh)(ox)(PPh3)2Cl]

Compound:

[ReO(L-car)(syn-6-O-alpha-D-Glcp-beta-D-Fruf2,3H-2)]

Compound:

(HNEt3)[ReO(ox)2(PPh3)]

Compound:

[Re(NPh)(ox)(PPh3)2Cl]
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Table 6.10 Crystallographic tables of [ReO(syn-AnErytH−2)(MeOH)(PPh3)Cl] (25), [ReO-
(L-thr)(syn-AnErytH−2)(PPh3)] (26) and [ReO(fac-ida)(Emy11,12H−2)] · MeOH · H2O (27).

25 26 27

empirical formula C23H25ClO5PRe C26H29NO7PRe C42H75N2O19Re
Mr/g mol−1 634.05 684.67 1098.24
crystal system triclinic orthorhombic orthorhombic
space group P1̄ P212121 P212121
a/Å 9.2143(2) 10.1324(2) 9.25580(10)
b/Å 9.5063(2) 10.21270(10) 21.9502(3)
c/Å 12.9866(4) 24.6530(4) 28.9555(4)
α/° 95.0705(14) 90 90
β/° 93.6892(16) 90 90
γ/° 90.3853(17) 90 90
V/Å3 1130.66(5) 2551.07(7) 5882.79(13)
Z 2 4 4
ρ/g cm−3 1.862 1.783 1.240
µ/mm−1 5.595 4.872 2.127
crystal size/mm 0.07 × 0.05 × 0.04 0.13 × 0.05 × 0.02 0.12 × 0.1 × 0.1
temperature/K 200(2) 200(2) 200(2)
diffractometer KappaCCD KappaCCD KappaCCD
radiation MoKα MoKα MoKα
anode rotating anode rotating anode rotating anode
rated input/kW 3.025 2.250 3.025
θ-range/° 3.16 – 27.53 3.18 – 27.49 3.19 – 25.06
reflections 14027 3306 197984
absorption correction multi-scan/sadabs numerical multi-scan/sadabs
transmission factor range 0.5508 – 0.799 0.4363 – 0.8526 0.6325 – 0.808
reflections measured 20676 25304 62298
observed reflections 5160 5834 10326
Rint 0.0395 0.1022 0.0685
mean σ(I)/I 0.0413 0.0580 0.0629
reflections with I ≥ 2σ(I) 4574 5457 8564
x, y (weighting scheme) 0.0131, 2.8024 0.0143, 2.7975 0.0812, 0.4218
refinement a a a,b

Flack parameter – −0.013(8) 0.025(9)
parameters 283 328 584
restraints 0 0 0
R(Fobs) 0.0291 0.0297 0.0475
Rw(F2) 0.0582 0.0685 0.1289
S 1.046 1.035 1.086
shift/errormax 0.001 0.001 0.001
max. electron density/e Å−3 1.596 1.469 1.024
min. electron density/e Å−3 −1.258 −1.592 −0.544

a

b

c

a

b

c

a

b

c

a All H atoms were calculated in idealized positions riding on their parent atoms.
b The H atoms of one molecule of disordered water were not considered.
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Compound:

[ReO(syn-AnErytH-2)(MeOH)(PPh3)Cl]

Compound:

[ReO(L-thr)(syn-AnErytH-2)(PPh3)]

Compound:

[ReO(fac-ida)(Emy11,12H-2)]

Compound:

[ReO(syn-AnErytH-2)(MeOH)(PPh3)Cl]

Compound:

[ReO(L-thr)(syn-AnErytH-2)(PPh3)]

Compound:

[ReO(fac-ida)(Emy11,12H-2)]



6 Appendix

Table 6.11 Crystallographic table of [Cu2(phen)2(ox)(ReO4)2]n (28).

28

empirical formula C13H8CuN2O6Re
Mr/g mol−1 537.95
crystal system monoclinic
space group C2/c

a/Å 20.514(3)
b/Å 7.372(3)
c/Å 18.973(4)
α/° 90
β/° 93.040(15)
γ/° 90
V/Å3 2865.2(14)
Z 8
ρ/g cm−3 2.494
µ/mm−1 9.959
crystal size/mm 0.31 × 0.24 × 0.09
temperature/K 200(2)
diffractometer Oxford XCalibur
radiation MoKα
anode fine-focus sealed tube
rated input/kW 2.00
θ-range/° 4.06 – 27.50
absorption correction numerical
transmission factor range 0.1630 – 0.2100
reflections measured 13605
observed reflections 3237
Rint 0.0355
mean σ(I)/I 0.0301
reflections with I ≥ 2σ(I) 2553
x, y (weighting scheme) 0.0312, 0
refinement a

Flack parameter –
parameters 208
restraints 0
R(Fobs) 0.0228
Rw(F2) 0.0535
S 1.021
shift/errormax 0.003
max. electron density/e Å−3 1.011
min. electron density/e Å−3 −1.298

a

b

c

a All H atoms were calculated in idealized positions. They are riding with U(H) = 1.2 · U(C) for CH.
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Compound:

[Cu2(phen)2(ox)(ReO4)2]n

Compound:

[Cu2(phen)2(ox)(ReO4)2]n
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6.3 Summary of rhenium coordination geometries

Table 6.12 Selected geometrical parameters of the compounds with rhenium(V) in this work. Re=O, Re=N: Distances [Å] of the oxido
and phenylimido ligands to the metal core. Re-O, Re-N: Distances [Å] of the alkoxido and amino ligands to the metal core in trans or cis
position. X-Re-Y, O-C-C-O: angles [°] of the main axes and torsion angles of the diolato moieties.

Re=O Re=N Re-Ocis Re-Ncis Re-Otrans Re-Ntrans X-Re-Y O-C-C-O

Compounds with dien:
1a 1.658(16) – 1.936(12), 1.928(12) 2.197(15), 2.18(2) – 2.29 (2) 160.1(7) 24(2)
1b 1.624(17) – 1.931(14), 1.945(13) 2.219(15), 2.193(17) – 2.257(16) 155.8(7) 4(2)
2 1.684(4) – 1.936(4), 1.965(4) 2.159(6), 2.189(5) – 2.279(5) 160.7(2) 15.9(7)
3 – 1.720(8) 1.961(6), 1.937(8) 2.075(9), 2.144(10) – 2.239(10) 163.8(4) −20.8(18)
4 – 1.723(3) 1.964(2), 1.962(2) 2.157(3), 2.185(3) – 2.240(3) 162.8(1) 5.4(4)
5 – 1.733(5) – 2.165(5), 2.148(5), 2.158(5) 1.935(4) – 178.2(2) –
mean 1.66 ± 0.03 1.73 ± 0.01 1.95 ± 0.02 2.17 ± 0.10 – 2.26 ± 0.03 164 ± 15 14 ± 10*

Compounds with dap:
6 1.686(4) – 1.976(4), 1.943(3) 2.151(5), 2.186(5) 2.118(3) – 161.0(2) −40.7(6)
7 1.677(4) – 1.938(3), 1.939(3) 2.150(4), 2.164(4) 2.167(3) – 161.0(1) 10.8(5)
8 1.677(3) – 1.952(2), 1.938(2) 2.169(3), 2.151(3) 2.131(3) – 162.7(1) 24.5(4)
mean 1.68 ± 0.01 – 1.95 ± 0.03 2.16 ± 0.02 2.14 ± 0.03 – 162 ± 1 25 ± 15*

Continued on next page
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Compound:

[ReO(fac-dien)(syn-Cyd2',3'H-2)]I

Compound:

[ReO(fac-dien)(syn-Cyd2',3'H-2)]I

Compound:

[ReO(fac-dien)(syn-Urd2',3'H-2)]BPh4

Compound:

[Re(NPh)(fac-dien)(syn-AnErytH-2)]BPh4

Compound:

[Re(NPh)(fac-dien)(anti-AnErytH-2)][ReO(fac-dien)(anti-AnErytH-2)][BPh4]Cl

Compound:

[Re(NPh)(mer-dien)(OEt)(PPh3)][ReO4]Cl

Compound:

[ReO(rac-dap)(EthdH-2)]

Compound:

[ReO(rac-dap)(syn-AnErytH-2)]

Compound:

[ReO(rac-dap)(anti-Cyd2',3'H-2)]
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Table 6.12 – continued from previous page

Re=O Re=N Re-Ocis Re-Ncis Re-Otrans Re-Ntrans X-Re-Y O-C-C-O

Compounds with L-histidine:
9 1.676(5) – 2.034(5), 2.019(6) 2.128(7), 2.071(5) 2.113(6) – 163.7(3) −4.4(11)
10a 1.689(6) – 1.950(5), 1.945(6) 2.143(6), 2.105(6) 2.187(5) – 163.6(2) 43.5(10)
10b 1.685(6) – 1.954(5), 1.958(6) 2.151(6), 2.115(6) 2.198(5) – 163.4(2) 44.1(9)
11 1.682(3) – 1.924(3), 1.959(3) 2.169(3), 2.102(3) 2.205(3) – 162.6(2) 28.2(5)
12a 1.676(3) – 1.962(3), 1.972(3) 2.156(3), 2.117(3) 2.142(3) – 160.1(1) 28.6(5)
12b 1.688(3) – 1.934(3), 1.971(3) 2.170(4), 2.092(4) 2.139(3) – 163.2(2) 1.6(5)
13 1.704(5) – 1.979(5), 1.936(5) 2.179(6), 2.073(6) 2.198(5) – 163.7(2) 30.0(7)
14 1.688(3) – 1.955(2), 1.937(3) 2.179(4), 2.098(3) 2.183(3) – 161.8(1) −40.8(5)
15 1.684(7) – 1.926(6), 1.960(5) 2.179(6), 2.115(7) 2.194(5) – 162.5(3) 41.3(10)
mean 1.69 ± 0.02 – 1.96 ± 0.07 2.13 ± 0.06 2.17 ± 0.06 – 164 ± 3 29 ± 28*

Compounds with L-carnosine:
16** 1.660(6) – 2.082(5), 2.004(7) 1.968(7), 2.111(7) 2.131(6) – 164.9(3) 6.2(11)
17 1.679(4) – 1.946(3), 1.946(4) 2.105(3), 2.120(4) 2.171(3) – 167.7(2) −36.7(5)
18 1.646(8) – 1.977(4), 1.947(7) 2.066(5), 2.131(8) 2.177(7) – 167.4(3) −32.1(7)
19 1.689(7) – 2.003(8), 1.951(6) 2.073(7), 2.158(8) 2.165(7) – 163.4(3) −18.7(10)
20 1.679(4) – 1.982(4), 1.972(3) 2.075(4), 2.139(4) 2.166(4) – 164.8(2) −46.0(5)
21 1.680(5) – 1.985(5), 1.944(5) 2.090(5), 2.112(5) 2.226(5) – 165.3(2) −28.4(8)
22 1.678(2) – 1.984(2), 1.968(2) 2.073(3), 2.120(3) 2.198(2) – 166.2(1) −32.1(3)
mean 1.68 ± 0.03 – 1.97 ± 0.04 2.11 ± 0.05 2.18 ± 0.04 – 166 ± 2 32 ± 14*

Continued on next page
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Compound:

[ReO(L-his)(ox)]

Compound:

[ReO(L-his)(EthdH-2)]

Compound:

[ReO(L-his)(EthdH-2)]

Compound:

[ReO(L-his)(syn-AnErytH-2)]

Compound:

[ReO(L-his)(syn-Urd2',3'H-2)]

Compound:

[ReO(L-his)(syn-Urd2',3'H-2)]

Compound:

[ReO(L-his)(anti-Cyd2',3'H-2)]

Compound:

[ReO(L-his)(syn-Me-alpha-D-Manp2,3H-2)]

Compound:

[ReO(L-his)(syn-Me-beta-D-Ribp3,4H-2)]

Compound:

[ReO(L-car)(ox)]

Compound:

[ReO(L-car)(EthdH-2)]

Compound:

[ReO(L-car)(syn-AdoH2',3'H-2)]

Compound:

[ReO(L-car)(syn-alpha-D-Ribf1,2H-2)]

Compound:

[ReO(L-car)(anti-alpha/beta-D-Manp2,3H-2)]

Compound:

[ReO(L-car)(anti-beta-D-Fruf2,3H-2)]

Compound:

[ReO(L-car)(syn-6-O-alpha-D-Glcp-beta-D-Fruf2,3H-2)]
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Table 6.12 – continued from previous page

Re=O Re=N Re-Ocis Re-Ncis Re-Otrans Re-Ntrans X-Re-Y O-C-C-O

other compounds:
23 1.685(3) – 2.003(3), 2.031(3), – 2.092(3) – 166.2(1) 1.4(6),

4.4(5)
2.046(3)

24 – 1.709(7) 2.090(5) – 2.059(5) – 170.2(3) 2.6(10)
25 1.670(3) – 1.928(3), 1.955(3) – 2.255(3) – 168.1(1) 7.3(5)
26 1.680(3) – 1.948(4), 1.965(3) 2.196(4) 2.117(3) – 161.2(2) −20.4(5)
27 1.671(5) – 2.069(5), 1.949(5), 2.185(6) 2.101(5) – 161.0(2) 41.3(7)

1.955(5)

*the mean torsion angles were calculated with the absolute values of the torsion angles.

**16 was excluded for mean value calculation due to a different coordination mode.

X

Z

Z

Y

Y: O , Ntrans trans

X: O, N

Z: O , Ncis cis
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Compound:

(HNEt3)[ReO(ox)2(PPh3)]

Compound:

[Re(NPh)(ox)(PPh3)2Cl]

Compound:

[ReO(syn-AnErytH-2)(MeOH)(PPh3)Cl]

Compound:

[ReO(L-thr)(syn-AnErytH-2)(PPh3)]

Compound:

[ReO(fac-ida)(Emy11,12H-2)]

Compound:

[ReO(L-car)(ox)]
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